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List of Abbreviations

Materials

PB Prussian blue (iron(lll) hexacyanoferrate(ll))

BG Berlin green (oxidised PB: iron(lll) hexacyanoferrite(lll))
PW Prussian white (reduced PB: iron(ll) hexacyanoferrate(ll))
CoFe-PB Cobalt iron Prussian blue (Cobalt hexacyanoferrate)

Electronic structure

DOS Density of States

Eqg Band gap

Er Fermi level

VB Valence band

VBM Valence band maximum

CB Conduction band

CBM Conduction band minimum

HOMO Highest occupied molecular orbital
LUMO Lowest unoccupied molecular orbital
CFSE Crystal field splitting energy

hs high-spin

Is low-spin

is intermediate-spin

FM Ferromagnetic

AFM Antiferromagnetic

Computational

DFT Density Functional Theory

KS Kohn-Sham

VASP Vienna Ab Initio Simulation Package
PAW Projector Augmented Wave
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PBE Perdew-Burke-Ernzerhof exchange-correlation func-

tional

PBEsol PBE revised for solids

HSE Heyd-Scuseria-Ernzerhof hybrid exchange-correlation
functional

(Photo)electrochemistry

PEC Photoelectrochemistry

PV Photovoltaic

Ccv Cyclic voltammetry

CA Chronoamperometry

EIS Electrochemical impedance spectroscopy
IPCE Incident photon-to-current conversion efficiency
RHE Reversible Hydrogen Electrode

SHE Standard Hydrogen Electrode

NHE Normal Hydrogen Electrode

OoCv /ocCpP Open-circuit voltage/potential

TOF Turnover frequency

Absorption spectroscopy

UV-Vis Ultraviolet-Visible

IR Infrared

SEC Spectroelectrochemistry

TAS Transient Absorption Spectroscopy
PIAS Photo-Induced Absorption Spectroscopy
Characterisation

SEM Scanning Electron Microscopy

TEM Transmission Electron Microscopy

EDX Energy-Dispersive X-Ray

XPS X-ray Photoelectron Spectroscopy
ICP-OES Itrr1§Iuctiver coupled plasma optical emission spectrome-
Other

OER Oxygen Evolution Reaction

HER Hydrogen Evolution Reaction

FTO Fluorine-doped tin oxide

DMSO Dimethyl sulfoxide
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Abstract

Artificial photosynthesis, in which high energy compounds such as
hydrogen are produced from water by using sunlight, seems to be
a very promising solution to the global energy crisis, regarding its
huge advantages of sustainability and abundance. Large progress
has been made in the development of photoelectrochemical water
splitting using Earth-abundant semiconductor materials. Nonethe-
less, industrial implementation is still hampered by the lack of a
stable, efficient, and cost-competitive photoanode for water oxida-
tion catalysis. To overcome these drawbacks and to enhance re-
action rates, a co-catalyst can be deposited on such a metal oxide
photoanode.

Materials based on Prussian blue, which fulfil all those require-
ments, have shown high water oxidation activities with exceeding
long-term stabilities. Notwithstanding, the detailed catalytic mech-
anisms remain unclear. In combining experimental methods with
theoretical calculations | aimed to elucidate the underlying photo-
physical mechanisms and its determining factors, such as electronic
structure and charge-transfer properties.

In this context, | successfully applied the cobalt iron analogue of
Prussian blue (CoFe-PB) onto the light-harvesting semiconductors
Fe_ O, and BiVO, in order to increase their performance. Deposition
of CoFe-PB largely increased the photocurrent and significantly low-
ered the onset potential of light-induced water oxidation on BiVO,,
while its beneficial influence on Fe,O, remained rather small. In
order to understand the effect of CoFe-PB, a wide range of photo-
electrochemical methods, including impedance spectroscopy, and
time-resolved spectroscopy, including transient and photo-induced
absorption spectroscopy, were used. In the case of BiVO,, it was
shown to efficiently transfer charges, whereas in the case of Fe, O,
it merely shifted the capacitance of surface states.

Various theoretical methods in the framework of DFT were as-
sessed, with respect to their ability to describe the complex elec-
tronic and magnetic structure of Prussian blues. A modified hybrid
functional with optimised amount of exact exchange was found ap-
propriate to compute the electronic energy levels of all employed
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compounds. Their analysis and alignment demonstrated the ther-
modynamic feasibility of charge-transfer from BiVO, to CoFe-PB and
further to H,O, in line with the experimental predictions. In CoFe-
PB/Fe, O, such a favourable alignment of electronic structures is
not given; therefore, charge-transfer via the CoFe-PB catalyst is
less likely, which may explain its inferior performance compared
to CoFe-PB/BiVO,.

Taken together, the role of CoFe-PB was concluded to be different
on both modified photoanodes: it acts as a true hole transfer cat-
alyst on BiVO,, whereas it only affects the surface electronic struc-
ture on Fe203.
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Chapter 1

Introduction

1.1 Solar fuels - a global challenge

The development of a viable alternative to fossil fuels is one of the
greatest challenges science and technology are facing today. Pop-
ulation growth and technological progress lead to a rapid increase
of the world’s energy demand, which is mainly met by fossil re-
sources, like coal, oil, or natural gas. The consumption of fossil
fuels to power the planet and to fulfil the needs of society lies at the
origin of a variety of socio-economic, geopolitical, environmental,
and health-related issues.

Although there may still be plenty of fossil resources available
on Earth, they are unevenly distributed and not always easily ac-
cessible.l'?2 Their unequal distribution gives rise to geopolitical in-
stabilities, while their limited accessibility may lead to use of envi-
ronmentally detrimental extraction methods.}'? Moreover, combus-
tion of fossils increases air pollution, often forming smog in highly
populated places, which is a risk factor for human health.3 The
major problem, however, is related to the largely enhanced carbon
dioxide emissions and their impact on the Earth’s atmosphere.* Ex-
haust gases, such as CO,, resulting from burning fossil fuels are
the main contributor to the greenhouse effect. These gases im-
pede the release of heat back into space and cause warming of
the Earth’s atmosphere.®> Apart from a rising global temperature,
other consequences of climate change involve increased intensities
and frequencies of heat waves,® heavy rain falls and other extreme
weather events,’ the expansion of dry lands and deserts,” and the
enhanced melting rate of ice from the Antarctic, Arctic, and Green-
land.®9 Another detrimental effect of CO, emission is its uptake by
the oceans, which leads to an oceanic acidification.1?

Figure 1.1 shows the increase of greenhouse gas emission since
1700, measured in the Mauna Loa observatory by the National
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. Oceanic and Atmospheric Administration. The Annual Greenhouse
Gas Index (AGGI), which is indexed to 1 for the year 1990 (on right
ordinate in red), gives a measure of the climate-warming influence
of long-lived trace gases and how that influence has changed
since the onset of the industrial revolution.!! Its by far largest
contribution comes from CO2 emissions (light-blue in Figure 1.1a or

cyan in Figure 1.1b).1:4:5.11
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Figure 1.1: a) Changes in the emission of CO, and other greenhouse
gases, and the corresponding AGGI since the year 1700. b) Radiative
forcing, relative to 1750, of all the long-lived greenhouse gases. Adapted
from Ref. [11].

With the drastically increasing rate of energy consumption, the
amount of accumulated carbon dioxide in the atmosphere is ex-
pected to double by 2050.1-12 Taken together, finding an alternative
energy supply, which needs to be clean, sustainable, and secure, is
of uttermost importance. Sunlight, which is by far the most abun-
dant energy source, appears to be an obvious choice. Being able
to harvest the energy of sunlight would be beneficial in many ways.
Apart from being environmentally friendly and non-toxic, it is avail-
able everywhere on the planet (even countries on the Northern or
Southern hemisphere do get sufficient solar irradiation to compen-
sate their energy needs),! which may also facilitate access to power
for economically less strong countries.

In order to efficiently utilise intermittent solar power, it has to
be harvested and stored. Its capture and its conversion into elec-
tricity can be accomplished by photovoltaic (PV) devices. Batteries
could be used for storing that energy, but their relatively heavy
weight poses problems for transportation. Furthermore, state-of-
the-art batteries are still an issue for environmental compatibility
and safety, as well as availability of raw materials, such as lithium.13

A more elegant way to tackle the challenge of storing solar en-
ergy is by artificial photosynthesis - “to fix the solar energy through
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suitable photochemical reactions” as it was described already more
than a century ago by Ciamician.'* The replacement of fossil fuels
by solar fuels, energy-rich chemicals formed with the aid of sunlight,
is the motivation for the work presented in this Thesis.

1.2 Artificial photosynthesis - approaches

Plants use photosynthesis in order to convert water into oxygen and
hydrogen, which is further combined with CO, to sugars and other
carbohydrates. Mimicking this process with a catalytic system is the
basic idea of artificial photosynthesis (see Figure 1.2).1°
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Figure 1.2: Schematic representation of a) plant photosynthesis and b)
artificial photosynthesis by a catalytic system.

The first step in natural photosynthesis, which is key to energy
storage, is the splitting of water (Equation 1.1):1>-1/

1
H>O — Hy + 502 (1.1)

The thermodynamic energy stored in this reaction is 2.46 eV
(~237 kJ/mol) at standard conditions (25°C, p(H») = 1 atm).18 By
taking hydrogen as an energy vector in a hydrogen-based economy,
one could make use of this energy by burning it in a hydrogen fuel
cell, i.e. in the back reaction.!® Moreover, the produced hydro-
gen can be supplied as feedstock for other reactions, for example,
for the reduction of atmospheric CO, to liquid fuels or for ammonia
production, which is crucial to sustain the planet.1?

The overall water splitting reaction can be divided into its re-
duction and oxidation half-reactions, the Hydrogen Evolution Reac-
tion (HER, Equation 1.2) and the Oxygen Evolution Reaction (OER,
Equation 1.3).
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2HY + 2e” = H> VO =0 Vsue (1.2)
Oy + 4HT + 4e™ = 2H,0 V° =1.23 Vsue (1.3)

The reversible reaction potentials V° are defined with respect to
the Standard Hydrogen Electrode (SHE). By convention, the refer-
ence zero is set to the potential of hydrogen reduction in the SHE
configuration (Pt electrode in 1 molar acidic solution at standard
conditions).18 In order to avoid a later confusion of labels, the re-
dox potential is referred to as V° instead of the often used E°, which
is also consistent with many reports in the field,?% 2! while the letter
“E" remains reserved to energy terms.

Finding a suitable catalytic system that can do both OER (Equa-
tion 1.3) and HER (Equation 1.2) with a high efficiency appears to
be infeasible. Thus, a straightforward solution is to find and opti-
mise suitable systems for both reactions separately. With its high
potential cost of V° = 1.23 Vsye the water oxidation reaction is par-
ticularly demanding, not only from a thermodynamic view point,
but also from a kinetic aspect, as it requires the transfer of four
electrons and four protons. This is why the search for an adequate
water oxidation catalyst system is often regarded as being the bot-
tleneck step to implement artificial photosynthesis in an industrial
scale.?2:23

Realising water oxidation catalysis and understanding its under-
lying mechanisms is also the main focus of my research. There are
different ways to put water splitting into practice, which are outlined
below.

1.2.1 Electrochemical water splitting

Electricity, generated by a photovoltaic cell, can be used to split
water electrochemically. This phenomenon of water electrolysis,
that electrical discharge can decompose water into “combustible
air” and “life-giving air”, has been first reported by Troostwijk and
Diemann in 1789.2425 An electrolyser consists of two electrodes,
a positively charged anode and a negatively charged cathode, at
which the respective oxygen evolution and hydrogen reduction re-
actions occur, and is schematically presented in Figure 1.3.

fOften reaction potentials are given relative to NHE (Normal Hydrogen Elec-
trode) or RHE (Reversible Hydrogen Electrode), which are both similar to the
SHE. In the NHE the effective acidic concentration (normality) is taken to be 1 N.
The potential of the RHE is independent of pH and it is related to the NHE by
VrHE = VnHE + 0.059 - pH.
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From a purely thermodynamic aspect, the required voltage
needs to be higher than the voltage difference between the HER
and OER redox potentials, that is 1.23 V. Nonetheless, in order to
overcome the kinetic barriers for the reactions to occur, a higher
potential needs to be applied, which is called the overpotential n.
High overpotentials are needed for water oxidation, on the order of
0.2-0.4 V for state-of-the art heterogeneous catalysts.23

+ -
2H*
s — B,
4e T . 26
—,
2H,0 ®/
ANODE CATHODE

Membrane

Figure 1.3: Scheme of the working mechanism of electrochemical wa-
ter splitting in liquid electrolyte (water with dissolved salt): On the posi-
tively charged anode (left) water is oxidised to oxygen, on the negatively
charged cathode (right) protons are reduced to hydrogen. Here, an ion-
exchange membrane separates the two compartments but permits ion
diffusion for charge equilibration.

Artificial photosynthesis could therefore be realised by coupling
a PV cell to an electrolyser (PV-electrolysis). Although both solar
cells and electrolysers are commercially available, a large-scale im-
plementation is still hindered by the fact that it is not economically
competitive with the much cheaper fossil fuels.2® While PV cells
are nowadays relatively inexpensive, the electrolyser part suffers
from several drawbacks, for instance, low efficiency or corrosion in
an alkaline electrolyser, or high cost of materials in a PEM (proton
exchange membrane) electrolyser.23.27

1.2.2 Photochemical water splitting

Photoelectrolysis or photochemical water splitting is a more direct
way of creating solar fuels, as it avoids the coupling of two different
devices and entailed energy loss pathways.28 It can be achieved

29



UNIVERSITAT ROVIRA I VIRGILI

EXPERIMENTAL AND THEORETICAL INVESTIGATION OF PRUSSIAN BLUE-TYPE CATALYSTS FOR ARTIFICIAL
PHOTOSYNTHESIS

Franziska Simone Hegner

. by having one photocatalytic system, which is able to harvest light
and to transform it directly into chemical bonds, such as shown in
Figure 1.4a. Light with an energy high enough to excite an electron
from its highest lying electronic states (valence band, VB) to its
lowest lying excited states (conduction band, CB) gets absorbed.!
The excited electrons can then reduce H,O or H* to H, and the holes
(the missing electrons in the highest electronic state) can oxidise
H,O to O,. For this, the electron levels must lie above the HER
potential and the hole levels below the OER potential.

a) @ b)
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; |
|

Eve T/ .42- '>
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Figure 1.4: Scheme of photocatalysis: a) Incoming light excites an elec-
tron from its highest occupied energy level (Eyg) to its lowest lying ex-
cited state (Ecg), leaving a hole in the VB. These photogenerated elec-
trons/holes are then available for HER/OER. b) Two light absorbing semi-
conductors are connected in a tandem device: After light absorption, the
excited electron of the semiconductor with lower lying energy levels (left)
fills the hole of the higher lying semiconductor (right).

The first photochemical water splitting was presented in the
landmark paper by Fujishima and Honda in 1972, using the inor-
ganic semiconductor Ti0,.?%3% Nonetheless, the high band gap
of TiO, and low catalytic efficiencies hinder its practical usage;
and ever since there has been a quest to overcome those limita-
tions.31:32 From an energetic viewpoint, it is unlikely to find a single
compound that efficiently absorbs light in the visible region, and is
able to do both water oxidation and water reduction.33 If the band
gap is too small, not enough energy gets absorbed to overcome the
difference of the HER and OER potentials, which is 1.23 eV plus the
respective overpotentials of both half-reactions.2%34

A solution to this can be a tandem device, in which two semi-
conductors with different energy level positions are connected in
series, as shown in Figure 1.4b. A semiconductor with a low valence

tThe significance of those energy levels is explained in more detail in Chapter 2
(Section 2.2 about semiconductors).
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band (below OER potential) creates holes, which oxidise water. Its
excited electrons transfer to the other semiconductor with higher
energy levels, which is able to perform HER. This scheme is often
referred to as “Z-scheme” named after the shape of the flow dia-
gram of electrons, in analogy to plant photosynthesis.3*

Nevertheless, also other practical problems, such as corrosion
of the photocatalyst in the electrolyte or generating an explosive
H,/O, gas mixture, need to be overcome. Another solution, which
could circumvent the latter, i.e. mixing of gases, and which | used
in this work, is photoelectrochemical water splitting.

1.2.3 Photoelectrochemical water splitting

Both electrochemical and photochemical water splitting can be
combined in a photoelectrochemical (PEC) cell, such as shown
in Figure 1.5. This is only one possible configuration of a PEC
device; other structures might be envisaged, as for example found
in Refs. [22] and [35]. In the presented two-electrode cell water
oxidation takes place at the photoanode, whereas water reduction
takes place at the photocathode. Mixing of gases can therefore be
avoided, as H, and O, evolve in separate compartments. Moreover,
energy can be supplied externally, for example, by a PV cell, if
the energy from light-absorption is insufficient to drive the overall
water splitting reaction.

PR
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W | 4 H — H*—— @ —
=== 9
— | 0 = S o=c
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PHOTOANODE |~ 2 H:0
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Figure 1.5: Scheme of PEC water splitting: Photoanode (left) with low
lying valence band (VB) and photocathode (right) with high lying conduc-
tion band (CB), both connected to an electrical circuit. Both absorb light
and generate excited electron-hole pairs. Holes in the photoanode oxidise
water and electrons flow into the circuit, while in the photocathode elec-
trons from the CB reduce water and holes get filled by electrons from the
external circuit.
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. In my research, | focus on the the photoanode part, i.e. inves-
tigation of possible catalytic systems and the underlying physical
processes. Finding adequate Earth-abundant photoanode materi-
als, which efficiently catalyse the OER, is still one of the major limi-
tations that prevent an industrial implementation of PEC water split-
ting.

1.3 Photoanode systems

A suitable photoanode material needs i) to absorb light in the visible
region; ii) to have a low lying valence band level Eyg, the highest
occupied electronic level, which lies below the thermodynamic re-
dox potential for water oxidation (1.23 eV); and iii) to be stable un-
der working conditions.3* These energetic criteria (i and ii) are the
same as was explained for the tandem device (Figure 1.4b) and are
further discussed in Chapter 2 along with the properties of (n-type)
semiconductors.

Figure 1.6 shows the positions of highest occupied (valence band
edge) and lowest unoccupied (conduction band edge) electronic lev-
els of different semiconductor photoelectrode materials, compared
to water reduction and oxidation potentials.3® Only those materi-
als with the valence band edge (dark blue) below the OER potential
fulfil the thermodynamic requirement for an application as photoan-
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Figure 1.6: Photoelectrode semiconductor materials and their valence
(highest occupied) and conduction (lowest unoccupied) band edges in con-
tact with aqueous electrolyte at pH 0, relative to NHE and the absolute
vacuum level, and compared to HER (0 Vyne) and OER (1.23 Vyye) poten-
tials. The metal oxides BiVO, and Fe,O,, which are studied in this thesis,
are highlighted in green. Adapted from Ref. [36].
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Apart from those key prerequisites, an appropriate candidate
material has to be inexpensive, non-toxic, and consist of Earth-
abundant elements for PEC water splitting to become competitive
to fossil fuels.!- 10

In this context, first-row transition metal oxides with favourably
aligned band edge positions show great promise. Generally, they
exert a larger resistance towards photo corrosion, compared to
many other typical semiconductor materials.32 Also, their relatively
low toxicity and easily scalable synthesis, which is necessary
for industrial implementation, make them interesting materials
to study.323437  This is why much attention has been paid to
the development and understanding of different n-type metal
oxide semiconductors, such as Ti0,,**3? a-Fe,0,,%%4% WO,*! and

BiVO,.*243 In my research, | have focused on the materials a-Fe,O,
and BiVO4 and their combination with a water oxidation co-catalyst,
as explained below.

Implementations of these materials in a PEC device is hindered
by several factors. Those include limited photon absorption, inef-
ficient separation of photogenerated electron-hole pairs and high
recombination rates, poor conduction, and low catalytic efficiency.
More mechanistic details are explained in Chapter 2.

Many current research efforts are devoted to overcome these
drawbacks, such as i) doping, to increase charge carrier concen-
tration and conduction; ii) nano-/mesostructuring, to increase the
amount of active surface sites and to shorten the travel distance
of photogenerated holes to the surface; iii) passivation of defect
sites, to eliminate centres of carrier recombination; iv) heterostruc-
ture formation of different light absorbers, to enhance light absorp-
tion; v) catalyst modification, to accelerate the OER rate; and oth-
ers.22:32.36.37 The |atter, addition of an electrocatalyst to act as a
co-catalyst, is the approach chosen and discussed herein.

1.4 Water oxidation catalysts

Depositing a water oxidation electrocatalyst on the surface of a
semiconductor can lead to an overall performance enhancement.
This strategy has often shown great success by increasing the rate
of oxygen production and/or reducing the required potential for OER
to occur, i.e. the onset potential.3644->>

Different materials can be envisaged to be successful water ox-
idation catalysts.?3:°® A useful identification of catalytic activity is
given by Trasatti’s volcano plot analysis, as shown in Figure 1.7.36.57
An efficient catalyst with optimal binding energies of reaction inter-
mediates lies close to the top of the volcano.>8:59 |ts intermediates
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. neither bind too weakly, nor too strongly, allowing for fast and ef-
ficient adsorption and desorption, according to the Sabatier princi-
ple.®0:61 |n order to be practically implemented in a PEC device, the
catalyst also needs to have a high surface area, low toxicity, easy
processability, and to be cost-effective.62
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Figure 1.7: Volcano plots: a) General: Reactivity as a function of inter-
mediate binding energy. b) Volcano of metal oxide OER catalysts: The
activity, defined by the overpotential, is plotted against the binding en-
ergy difference of oxo (AGp) and hydroxo (AGoy) intermediates. Taken
from Refs. [56] and [61].

1.4.1 Transition metal oxides

Transition metal oxides possessing redox active centres have
been known to be effective water oxidation catalysts for many
decades.?”:62-64 Those also include most employed metals and al-
loys, because at anodic water oxidation potentials they form oxidic
layers on the surface, which are the actual catalytic phase.%2:65

Amongst the binary metal oxides, rutile type structures show
highest water oxidation activities. Due to their ideal intermediate
binding energies (lying close to the top of the volcano), RuO, fol-
lowed by IrO,, are the most efficient.®!62.66.67 Up to date, IrO, still
outperforms most water oxidation catalysts in acidic medium.67:68
These catalysts, however, contain rare elements, which prevents
their large scale commercialisation.”® Hence, much research has
been focused on the development of Earth-abundant metal oxide
catalysts.

Thin film oxides containing first-row transition metals, such as
Fe, Co, and Ni, are nowadays state-of the art catalyst for water oxi-
dation in basic medium.%? 70 The reason for their success is their in
situ formation of an ion-permeable layered oxyhydroxide structure,
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which has shown to be crucial to OER activity. Other transition metal
oxides like Nin°1-yOx' where transformation to the layered oxyhy-

droxide is suppressed, are much less effective.’% Recently, qua-
ternary (FeCoW) oxyhydroxides have reached record performances
with less than 0.2 eV overpotential in alkaline media.’!

Also perovskites, ternary oxides with a ABO, stoichiome-
try, whose water oxidation activity has been known already
since the 1980ies,%3%% have potential for success (see Figure
1.7b).61.72.73  Through analysis and optimisation of the metal d-
orbital occupation, a highly efficient composite perovskite material
Ba, ;Sr, sCo, ;Fe, ,05 s was recently found.”?

Other mixed metal oxides have also shown promising results.
Those compounds include spinel-type AB,O, structures®374.7> and
amorphous mixed metal oxides containing Fe, Co, and Ni,’677
among others.

Taken together, excellent water oxidation efficiencies, even
higher than that of IrO,, have been achieved with Earth-abundant
(mixed) metal oxides’%72 in alkaline media. Notwithstanding, they
lack activity and stability in acidic and often also in neutral me-
dia.”® 78 This is unfavourable for implementing PEC water splitting,
as in alkaline media the corresponding hydrogen evolution half-cell
reaction is much more demanding.”?8% Thus, the development
of highly active and stable electrocatalysts in acidic and neutral
media is still focus of current research activities.”3:81.82

Cobalt catalysts

The cobalt catalyst CoP, has attracted recent attention in the field

of artificial photosynthesis!®83 due to its high stability in neutral
media and its successful implementation as co-catalyst in PEC de-
vices.16.44,45,49,50,84-87

It was found that the catalytically active centres in cobalt phos-
phate (CoP,) actually reside on cobalt oxide cores, whereas the
phosphate anions (P,) do not take part in the active catalysis.?8-1
Their role is to stabilise and self-heal the catalyst.88:92 |ndeed,
a similar catalytic behaviour is obtained for Co,O, in phosphate
buffer. Co 0, itself is an excellent catalysts in alkaline media with
highest activity at pH 14,23 but it is stable only at very high pH and
dissolves in neutral medium.?* In a phosphate buffer, however,
the dissolved cobalt ions are stabilised and electrodeposited again
upon oxidation, which is the process that is termed self-healing.88 95
Experimental®® and theoretical®’-?® studies suggest that a layered
cobalt (oxy)hydroxide, CoO(OH)/CoOOQH, is the catalytically active
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. phase under water oxidation conditions, i.e. at anodic potentials. In
this thesis, the general notation CoO, is used to take into account
different oxidic cobalt species that may be involved in the reaction.

CoO, is undoubtedly the most common water oxidation cata-
lyst that has been combined with semiconductor photoanodes to
achieve light-driven water oxidation.?®> However, its catalytic func-
tion is highly controversial.?® While several studies propose that it
truly catalyses the water oxidation reaction by accepting and trans-
ferring photogenerated holes,*:86.100 gther studies indicate that its
influence may be rather of electrostatic nature.87-101.102 |t5 effect
when forming an interface with a semiconductor is discussed later
in the text, and compared to that of cobalt iron Prussian blue, used
in this work.

1.4.2 Prussian blue analogues

Another class of materials are Prussian blue (PB) type networks,
metal hexacyanometallate structures with the general formula
AZXM?3_X)[Mb(CN)6]2-nH20,1°3 where A is an alkali metal counter

cation and M? and MP are transition metal centres. Its structural
and electronic properties are focus of Chapter 3. Owing to its
electronically distinct transition metal centres, the versatile nature
of Prussian blue analogues allows for a wide range of applications,
amongst them electrocatalytic oxidation and reduction.104.10>
Despite being widely employed as oxidation catalyst of H,O, and

organic materials,19°-108 jts OER activity was not established until
2013, when the group of Prof. Galdn-Mascarés first reported the
electrocatalytic water oxidation activity of the cobalt iron analogue
(CoFe-PB).103 Since then, several other publications on water
oxidation catalysis by Prussian blue analogues from our group and
others have followed.109-115

Figure 1.8a schematically represents the formation and com-
position of a highly stable and efficient CoFe-PB electrode, when
prepared by a two-step solvothermal-etching method.1% In here,
a dense Co(OH), layer on FTO (fluorine-doped tin oxide) is deriva-
tised to cobalt hexacyanoferrate (A Co [Fe(CN).],-nH,0, under
the magnifying glass in Figure 1.8a). Also other transition metal
hexacyanometallates were assessed for their water oxidation activ-
ity, but only cobalt hexacyanoferrate (as seen in Figure 1.8b) and
cobalt hexacyanocobaltate showed significant oxygen evolution.10?
Indeed, N-coordinated Co with vacant coordination sites are sug-
gested to be the catalytically active centres in the coordination
network; a mechanism is proposed in Refs. [110] and [112].
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Figure 1.8: Catalytic activity of CoFe-PB: a) Schematic representation
of the two-step CoFe-PB preparation by chemical etching of a covalently
bound CoO, film, and magnified image (TEM and ideal atomistic structure)
of CoFe-PB (adapted from Ref. [110]). b) Photocatalytic oxygen evolution
for a range of metal hexacyanoferrates combined with a photosensitiser
(from Ref. [109]). c¢) Current profile of CoFe-PB during bulk water electrol-
ysis at 1.82 Vgye (from Ref. [103]).

Due to its stabilisation by the hexacyanoferrate group, CoFe-PB
remains active in a wide range of pH (2 < pH < 13)110 wijth ex-
cellent long-term stability (see Figure 1.8c). Hence, while showing
comparable performance to CoO, (and other Earth-abundant metal
oxides) in neutral media, they largely outperform them in acidic me-
dia.23:103.110 |n addition, the polymeric structure of CoFe-PB offers
several advantages over metal oxides, which are generally asso-
ciated with molecular-based materials, such as low density, high
structural flexibility, facile processability, and large exposure of cat-
alytically active sites. Prussian blue type networks and their interac-
tion with light-absorbing semiconductors are the main focus of my
research and are discussed in the following Chapters.

1.4.3 Homogeneous catalysts

So far, | have only considered the implementation of heterogeneous
catalytic systems, i.e. solid materials. From an engineering per-
spective those are clearly beneficial, considering implementation
in a real working device. Homogeneous, molecular catalysts are
generally more efficient and selective,11® however they lack sta-
bility and are prone to decomposition, particularly under water ox-
idation reaction conditions.1”-117 There are possible strategies to
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. combine advantages of homogeneous and heterogeneous systems,
such as fixing the homogeneous electrocatalysts on inorganic solid
supports. Some successful examples can be found in Ref. [23] and
references therein.

1.5 Semiconductor-catalyst interfaces

Commonly used metal oxide photoanodes exhibit relatively slow
water oxidation kinetics compared to fast recombination of pho-
togenerated electron-hole pairs at the semiconductor-electrolyte
surface.87-118-122 |n order to overcome these drawbacks, a water
oxidation co-catalyst can be deposited on the surface; a strategy,
which has often led to large performance increase.36:49.52-54
Nonetheless, the reasons for the observed photocurrent im-
provement are often not well understood. An accurate description
of the semiconductor-catalyst interface and the interface with the
electrolyte, which govern the key processes of water oxidation,
is challenging from both experimental and theoretical perspec-
tives.99:123-126  Most of the employed materials (semiconductor
and catalyst) are not perfectly crystalline, and their defects may
play a crucial role in the mechanisms. In particular, the structure
and growth mechanisms of the electrocatalyst are often not well-
defined; it may be an impermeable or porous layer, or grow as
separate particles or islands on the semiconductor surface.
Experimental tools to unambiguously characterise the structure
and to measure directly interfacial processes are rare.33:123.126
Also from a theoretical point of view, modelling the semiconductor-
catalyst interface is demanding. Not only finding a representative
geometric model, but also choosing an adequate theoretical
method with sufficient accuracy is not straightforward, and a
solution is often hampered by its vast computational cost.127-131
Moreover, a rigorous determination to assess time-dependent
charge-transfer at complex interfaces has yet to be developed.12?
An overview of computational methods to align semiconductor-
catalyst-electrolyte interfaces is given in Chapter 4.

1.5.1 Function of the catalyst

In the most simple picture, as in Figure 1.9, the catalyst acts as
a true charge-transfer catalyst. This means holes transfer from
the semiconductor to the catalyst, and from there to H,O, initiat-
ing water oxidation. But also other mechanisms, with which the
“catalyst” affects the PEC performance, can be envisaged. These
include suppression of recombination by an electrostatic field (i.e.

38



UNIVERSITAT ROVIRA I VIRGILI

EXPERIMENTAL AND THEORETICAL INVESTIGATION OF PRUSSIAN BLUE-TYPE CATALYSTS FOR ARTIFICIAL
PHOTOSYNTHESIS

Franziska Simone Hegner

increasing band bendingt),132:133 passivation of charge carrier trap .
defects on the semiconductor surface,”? 1?4 enhancement of light
absorption,123:134 creation of a surface dipole,134 or development

of a capacitive layer that acts as a hole reservoir.”3

2H,0

Eyp c>__/’

PHOTOANODE |CAT

Figure 1.9: Charge-transfer scheme of a photoanode with deposited co-
catalyst (cathodic site is neglected for clarity): Electrons are excited from
the valence to the conduction band, where they enter the electric circuit.
Photogenerated holes transfer to the catalyst, from which they further
transfer to H, 0.

Clarifying the underlying mechanisms of performance enhance-
ment upon catalyst deposition is crucial to the development of
more efficient functionalised photoanodes. Depending on its role in
photo-induced water oxidation, different properties of the catalyst
and/or the interface can be optimised and the search of novel
catalytic materials can be targeted more effectively.

Literature in this field is often controversial, as it was shown for
CoO, .4>-86.87.99-102 Reasons for this dispute may be based on theill-
defined interface, as well as different measurement methods, which
are sensitive to different variables, such as electronic current or
optical signals.100.101

A screening of different electrocatalyst materials demonstrated
that there is a mismatch of performance, when the catalyst is de-
posited either on a conductive substrate (like FTO) or on a light-
absorbing semiconductor anode.'3> For example, IrO, showed no
activity on W-doped BiVO, under light, although it was the most ac-
tive electrocatalyst in the study. Also Hajibabaei et al. found that
of a series of different nickel iron oxides with varying compositions,

TTo establish electronic equilibrium, the electrostatic potential changes when
forming an interface, which can be described by band bending, explained in Sec-
tion 2.3.1.
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. the least electroactive catalyst performs best as a co-catalyst on
hematite.13® Hence, an efficient water oxidation catalyst does not
guarantee any catalytic activity when used as co-catalyst for PEC

water splitting.

From this consideration follows that the simple assessment of
catalytic activity by a linear volcano relation (Figure 1.7), i.e. consid-
ering solely the intermediate binding energies as descriptor, does
no longer apply for complex heterogeneous semiconductor-catalyst
interfaces.®1-6> Additional descriptors may be needed and their ap-
plicability, as well as their relative impact on the kinetics and ther-
modynamics, strongly depend on the system.”® Therefore an a pri-
ori evaluation of the system’s performance is not possible at the
current stage, as it would require a multidimensional volcano-type
analysis.

1.5.2 Interface morphology

The detailed structure of the interface, hence catalyst coverage and
morphology, is key to its functional properties.33® Conductive and
dense catalysts on top of a semiconductor form a so-called Schottky
junction with a constant electrostatic barrier,137-138 which impedes
effective hole transfer across the interface.139-141

Most active water oxidation catalysts, however, form nonuni-
form, porous, or layered structures, such as hydrous transition
metal oxides or (oxy)hydroxides, including the famous CoO, /CoP,1%°

and Ni(Fe)OOH catalysts,’?136 as well as the open Prussian blue
networks like CoFe-PB.103.110 Those ion-permeable and redox active
catalysts form so-called adaptive junctions at which the electronic
charge on the semiconductor surface is compensated by ions
from the electrolyte, and thus there is less potential drop at the
semiconductor-catalyst interface.125.139

This classification of interface types (Schottky or adaptive junc-
tions)126 is supported by a recent theoretical study by Ping et al.142
In the case of WO,/Ir0,, a full co-catalyst coverage led to an un-
favourable energy level alignment, whereas partial coverage, i.e.
permeability, resulted in thermodynamically favourable interfacial
charge-transfer.142

Another important point to consider is the morphology of the
semiconductor anode. In case of a planar and dense semicon-
ductor, electrons in the conduction band travel away from the
semiconductor-catalyst or semiconductor-electrolyte interface
when applying an electric field. If the semiconductor, however,
is mesostructured and electrons travel parallel to the interface
with the catalyst, the probability that those electrons recombine
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with holes stored in the catalyst is much higher. As thicker the
catalyst layer and, hence, the amount of holes stored, as higher
the likelihood of recombination, which results in decreasing PEC
performance. This effect was indeed observed in hematite and
CoO _140,143

Ifxthe semiconductor does not fully cover the underlying conduc-
tive FTO, i.e. when the semiconductor film is very thin and/or pin
hole defects are present, the deposited catalyst layer comes in di-
rect contact with the substrate. As a result, the holes stored in the
catalyst can recombine with electrons from the substrate, similar to
an electrical shunt,140.141

These morphology-dependent differences in mechanism may
also explain the differences observed in the mentioned case of
CoO,, as in the controversial studies both the underlying metal
oxide semiconductor and the catalyst were prepared by different
methods.44'1°0'132

1.6 Objectives

Artificial photosynthesis, by which the energy of sunlight is stored
into chemical bonds, seems the most plausible solution to satisfy
the world’s energy demand. With my research | want to have an
impact on the development of efficient devices for photoelectro-
chemical water oxidation, needed to make artificial photosynthesis
industrially viable.

The general objective of this Doctoral Thesis is to study Prussian
blue analogues and their application as water oxidation catalysts
by a combination of theoretical and experimental techniques. In
particular, | focus on cobalt iron Prussian blue (CoFe-PB) and its role
as a co-catalyst on the well-known photoanodes Fe, O, and BiVO,.

The main goals are: i) to identify a robust computational scheme
to accurately describe both the electronic structure of Prussian blue
and the photoanode systems; ii) to test the applicability and ef-
fectiveness of CoFe-PB as water oxidation catalyst on the different
metal oxides and to identify an easy synthetic route for its deposi-
tion; iii) to study the underlying photochemical and -physical pro-
cesses on those CoFe-PB modified systems; and iv) to shed light
on the reasons for successful implementations of catalyst modi-
fied photoanodes with the aim of guiding future investigations on
semiconductor-catalyst interfaces. In order to do so, | employed
various experimental methods, mainly photoelectrochemistry and
(time-dependent) spectroscopy, as well as theoretical calculations
in the framework of periodic Density Functional Theory (DFT).
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. 1.7 Thesis outline

¢ In Chapter 2, | explain the background of the computational
and experimental methods used, that is DFT and its practical
implementations, basics of semiconductor physics and photo-
electrochemistry (PEC), as well as electrochemical impedance
spectroscopy (EIS) and time-dependent spectroscopy.

¢ In Chapter 3, the applicability of DFT for Prussian blue type
structures is assessed; various functionals are tested and eval-
uated. Moreover, the electronic structures of Prussian blue
and its derivatives, in particular the water oxidation catalyst
CoFe-PB, and the photoanode materials, hematite and bismuth
vanadate, are discussed in detail.

e In Chapter 4, the CoFe-PB catalyst is deposited onto Fe, O,
and BiVO, photoanodes. Different synthesis methods are
briefly discussed, the semiconductor-catalyst structures are
characterised, their photoelectrochemical performance is
tested, and its thermodynamic feasibility assessed. The mech-
anisms of photocurrent enhancement are investigated by hole
scavenger experiments and EIS. Moreover, the energy level
alignment of the interfaces is assessed computationally and
discussed in terms of being a possible descriptor for beneficial
water oxidation enhancement.

e In Chapter 5, time resolved spectroscopy of the well-
performing CoFe-PB/BiVO, interfaces is carried out, namely
transient absorption spectroscopy (TAS) and photo-induced
absorption spectroscopy (PIAS), in order to determine the
hole dynamics of the system. The rates of charge-transfer
and water oxidation are estimated and compared to other
semiconductor-catalyst interfaces, and their kinetic feasibility
is discussed.

A part of this work was carried in collaboration with the groups
of Prof. Sixto Gimenez (Institute of Advanced Materials, Castellén,
Spain)* and Prof. James Durrant (Imperial College London, UK)T,
in the context of the A-LEAF project,4414> as well as with Prof.
Annabella Selloni (Princeton University, USA)?.

*Results from this collaboration are focus of Chapter 4.
TResults from this collaboration are focus of Chapter 5.
fWork from this collaboration is still in progress and not included in this thesis.
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Chapter 2

Methods and theoretical
background

2.1 Theoretical methods

In this Section the main principles from quantum mechanics and
condensed matter science are revised, which lie at the basis of the
employed computational methods.

2.1.1 Density Functional Theory
The Schrodinger equation

At the basis of electronic structure theory lies the solution of
the Schrodinger equation, which, in its time-independent, non-
relativistic form, is given by

AV =EY (2.1)

where A is the Hamiltonian and E its associated eigenvalue. The
solutions W are a set of particle (electronic and nuclear) wave func-
tions.146-148 |n most cases the Born-Oppenheimer approximation
can be assumed,14? i.e. the heavier and slowly moving nuclei are
considered as stationary particles with respect to the electrons, and
therefore the electronic Hamiltonian can be written as

N A A h2 N M’N ZIe N eZ
Heiect =T+V =—— Vl,2+z +Z
2m 4 Li |R1 — ril i< |ri — rjl (2.2)

. .v ~ v
kinetic energy e—n attraction e—erepulsion

with the kinetic energy operator T and the potential energy
operator V, consisting of attractive electron-nuclear and repulsive
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electron-electron interactions; N being the number of electrons (
with electronic mass m, charge e, and position rij, M the number of
nuclei I with charge Z; and position Ry.

The solution of the resulting electronic Schrédinger equation,

. [7,\- + \7] Welect = EWelect (2.3)

Weect, Can be approximated as a Slater determinant,*? the
asymmetric product of the individual wave functions ¢; of all N
electrons:

Wetect = Y1 Y2 ...0nN) (2.4)

Considering three spatial coordinates and the electronic spin,
this represents a 4N dimensional many-body problem, impossible
to solve analytically for N > 2. Nonetheless, numerical methods
can be used to solve the problem iteratively, in a self-consistent
manner, and to find the electronic ground state by relying on the
variational principle:146.147.151

Eo < (W]A|W) (2.5)

These methods, which are based on computing the electronic
wave function, are generally built on the Hartree-Fock (HF) ap-
proximation.>1 Although several state-of-the-art post-Hartree-Fock
and multi-reference methods, such as coupled cluster and multi-
configurational self-consistent field calculations, yield very high
chemical accuracy, they are only applicable for small systems, as
their computational cost increases exponentially with the number
of electrons.148

The Kohn-Sham equation

Density Functional Theory (DFT), which does not rely on electronic
wave functions but electronic density, makes an application to
larger systems, especially solids, feasible.14’ Its foundations are
the two Hohenberg-Kohn theorems (HK1 and HK2) from 1964:1>2

e HK1: “The external potential vext(r), and hence the total en-
ergy, is a unique functional of the electron density p(r).”
This, in turn, means that the electron density p(r) determines
energy E, wave function, and all other properties of the system.
In its functional form the energy E is expressed as E[p(r)].

e HK2: "The ground state energy can be obtained variationally:
the density that minimises the total energy is the exact ground
state density.

44



UNIVERSITAT ROVIRA I VIRGILI
EXPERIMENTAL AND THEORETICAL INVESTIGATION OF PRUSSIAN BLUE-TYPE CATALYSTS FOR ARTIFICIAL

PHOTOSYNTHESIS

Franziska Simone Hegner

This is analogous to the variational principle of wave func-
tions.1°1 It consequently states that if the true functional form
E[p(r)] was known, the exact ground state solution of the elec-
tronic Schrédinger equation could be obtained.

Together, the Hohenberg-Kohn theorems provided the mathe-
matical basis for the development of the one electron Kohn-Sham
(KS) equations!>3

Aks @i(ri) = € gi(ri) (2.6)
governed by the Kohn-Sham Hamiltonian Axs47-153

h2
———V2 + Vex(r) + Vu(r) + Vixc(r) (2.7)

T e—n attraction e—erepulsion exchange—correlation
kinetic energy

describing an electron moving in a non-interacting reference
system, which experiences an external potential Vext(r), including
the electron-nuclei interaction, a Coulomb, or Hartree, potential
Vy(r), and the exchange-correlation potential Vxc(r).

The Hartree potential

r/
vury=e2 [ P oy (2.8)
lr—r’|
defines the electrostatic interaction of the electrons.
The exchange—correlation potential
SExc(r)
Vxc(r) = ——— (2.9)
6p(r)

includes all other inter-electronic interactions, generally speak-
ing, the exchange and correlation contributions. The exact form of
the exchange-correlation energy functional Exc[p(r)] is basically
unknown. Its various description attempts define accuracy and
applicability of DFT-based methods, which is discussed in Section
2.1.2.

At a first glance the Kohn-Sham equations (Equations 2.6 and
2.7) seem similar to the electronic Schrdodinger equation (Equation
2.3), but with the solutions being independent, single-electron wave
functions ¢(r;), which only depend on three spatial coordinates.
They are related to the electronic density by:

N
p(r) =D} (Yi(r) (2.10)
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Applying the variational principle (Equation 2.5) to the mono-
electronic KS-equations (Equation 2.6) and iteratively minimising its
energy, this allows for a self-consistent computation of the ground
state electron density (and with it all other electronic properties),

. which only depends on three (four, including the spin) variables to
be minimised. Therefore, one can calculate electronic structures of
larger systems much more efficiently than with methods based on
Hartree-Fock theory.

2.1.2 Exchange-Correlation

One large drawback of DFT is the so-called self-interaction error,
which results from the fact that the Hartree potential Vy(r) (Equa-
tion 2.8) defines the interaction of one electron with all the elec-
trons, including itself. This unphysical interaction is to some ex-
tent corrected in the exchange-correlation potential Vxc(r) (Equa-
tion 2.9), whose mathematical form is unknown. Attempts to de-
scribe the exchange-correlation energy functional Exc[p(r)] with an
emphasis on the functionals used in my Thesis are outlined in this
Section.

Local Density Approximation (LDA)

In the Local Density Approximation (LDA) the electron density is con-
sidered as a homogeneous electron gas. The exchange-correlation
energy, which depends only on the electron density p(r) at the po-
sition r where it is evaluated, can be described as:1°3.154

Exd Lo(n)] =Jp(r) 2" (p(r)) dr (2.11)

Its extension to spin-polarised systems is termed the Local Spin
Density Approximation (LSDA).1>> Although being the most simple
description of Exc(r), it usually gives a good description for metal-
lic systems with delocalised electrons, but tends to overestimate
binding and cohesive energies.

Generalised Gradient Approximation (GGA)

As the name implies, in the Generalised Gradient Approximation
(GGA) not only the density p(r) at position r, but also its gradient
Vo(r) is taken into account:156

ESSALp(r)] = f p(r) exc(p(r), Vo(r)) dr (2.12)
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Within the GGA a vast range of functionals have been devel-
oped,1#® such as PBE (Perdew-Burke-Ernzerhof),1>’ PW91 (Perdew-
Wang),1>8 B88 (Becke),1°? etc. (with names generally composed
of the initials of the developers). In principal, one can distinguish
between two families, non-empirical (Perdew) functionals and em-
pirical (Becke) functionals, which are obtained by parametrisation
of test sets and often used for molecular systems.1#® For periodic
calculations of solids, most common are PBE, RPBE (revised PBE),160
and PBEsol (PBE revised for solids),'®! the latter being the GGA
functional of choice in this work as it was especially constructed to
improve solid properties like lattice parameters.161

Meta-GGA (m-GGA)

The next level of complexity is to introduce also higher-order
derivatives in the calculation of the exchange-correlation energy,
the meta-GGA:

ERSCAlp(n] = f p(r) exc(p(r), Ip(r), ¥2p(r)) dr (2.13)

Yet not many practical examples have been presented. Up to
now, the increased accuracy of meta-GGAs has often not compen-
sated the largely increased computational cost in the case of solid
systems.162 The recently developed SCAN (Strongly Constrained
and Appropriately Normed) functional, however, shows promises for
being a successful meta-GGA.163.164

For materials that contain elements with strong electronic cor-
relations, pure local (LDA) or semilocal (GGA, meta-GGA) Density
Functional Theory methods are unsuited, due to the self-interaction
error. It leads to an erroneous over delocalisation of the electrons,
especially in systems with localised d- and f-electrons, thus transi-
tions metals, lanthanides, and actinides.1®> In order to overcome
the self-interaction error, corrections to the exchange-correlation
energy Exc[p(r)] have been made, basically adding a Hubbard U
term (DFT+U) or introducing exact exchange (hybrid functionals),
and are described in the following.
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DFT + U method

The DFT+U method is rooted in the Hubbard model of solid state
physics, in which the Hubbard U describes the on-site interaction
between two electrons on the same atom.16.167 |t was first intro-

. duced into the DFT formalism by Animosov and co-workers (LDA+U
approach),168.169 gnd further simplified by Dudarev, who introduced
the effective U parameter U/ = (U —J), combining the on-site
Coulomb U and exchange J interaction terms.1’? It is commonly
implemented in a rotationally invariant form:

U=N9
Eprr+u = EpFr + ( 5 DZ(N%—(”%)Z) (2.14)

m
with the atomic occupation number ng1 of the mth state (with
spin o), subtracted by a double counting term (nfn)z, thus, avoiding

doubly occupying one spin-orbital.179-171 Conceptually the effective
U parameter can be understood as an additional energy penalty,
which is applied to partially occupied d and f states. In turn, this
means that completely filled or empty d and f states do not "feel”
the U, whereas there is an energy cost in partial occupation.

The U parameter can be obtained ab initio by linear response
theoryl72:173 or empirically, through fitting to a known variable,
such as band gaps, formation enthalpies, or reaction energies.}’4
Its value depends on the chemical environment, and thus lacks in
transferability. Nonetheless, DFT+U is the most common method
for modelling highly correlated materials. It can give an accurate
description of chemical properties, while profiting from the prac-
tical efficiency of density functional calculations, compared to the

computationally expensive inclusion of Hartree-Fock terms (see be-
low).174,175

Hybrid functionals

Another approach to overcome the DFT-inherent self-interaction er-
ror is to introduce non-locality in the description of the exchange
correlation energy. This means, in practice, that a certain amount
of exact exchange from Hartree-Fock theory E)"(’F is mixed in to re-

place that same amount of DFT exchange E2"T from pure DFT.176.177

hybrid _ HF DFT DFT
Eye = aEf! + (1-aEYT + EZ (2.15)
~—— ~—— S~——
exact HF exchange DFT exchange DFT correlation

The fraction a of HF exchange usually varies between 0.20-0.25
in most common hybrid functionals, such as B3LYP,178.179 pBEQ,180
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or HSE.181 While the former, B3LYP, has been gold-standard in
molecular calculations, it fails in accurately describing long-range
effects in extended solid systems.1’®  Although PBEO, the hy-
brid version of the non-empirical Perdew-Burke-Ernzerhof (PBE)
functional, is more adequate for solids, the computation of its
long-range exact exchange, which does not scale linearly with
system size as in pure DFT, is prone to convergence errors.180.182
This problem was remedied by Heyd, Scuseria, and Ernzerhof in
the range-separated HSE functionals, which are based on PBEO but
screen the long-range exact exchange interaction:

HSE HF,SR PBE,SR
Exc = akEy (w) + (l—a)EX (w) +
%’_/ v
short—range HF exchange short—range PBE exchange
EPBE,LR(w) + EDFT (2.16)
X C

~—_——— ——
long—range PBE exchange DFT correlation

where a = 25% and w is governing the extent of short-range
interactions, i.e. at which distance the exact exchange will be "cut-
off*.181-183 Most frequently employed in solid-state calculations are
the functionals HSEO3 and HSEQ6, which only differ in that screen-
ing distance, which is 3.33 A and 5 A for HSE03 and HSE06, respec-
tively.183'184

Introducing exact exchange contributions favour higher spin
multiplicities and its commonly employed fraction of 20-25% often
leads to a non-physical overstabilisation of those states with high
electronic spins.185-188 Hybrid functionals with less amount of exact
exchange, such as B3LYP* (a = 15%), have shown to be more ap-
propriate for molecular complexes,18> as well as for semiconducting
solids containing transition metals.186.189,190

In general, hybrid methods are more accurate than the previ-
ously described density functionals, but also vastly more computa-
tionally expensive, in particular for large periodic structure calcu-
lations where they are often practically infeasible. The increase of
computational cost by introducing non-local exchange can be one
or more orders of magnitude compared to GGA density functionals.f

In order to directly compare the computational cost of GGA, GGA+U, and hybrid
functionals, a test calculation of the electronic structure of the solid BiVO, was
performed with the functionals PBE, PBE+U (U = 5.5 eV), and HSE03. All other
input parameters were kept constant, the accuracy low and no spin-polarisation
was introduced. The single-point calculation on a pre-optimised geometry was
performed on only one k-point (gamma). The CPU time on 24 processors was 6,
25, and 370 seconds for PBE, PBE+U, and HSEOQ3, respectively.
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2.1.3 Periodic structure calculations

For periodic solid systems, which are studied in this work, plane
wave pseudopotential methods are commonly used and are ex-

. plained in this Section.

Plane wave basis sets

The one-electron Kohn-Sham orbitals ¢;(r;) (Equation 2.6), which
lie at the basis of any DFT calculation, can be defined in different
ways. The two main representations are in terms of i) localised
atom-centred wave functions, Slater- or Gaussian-type orbitals; or
i) delocalised, extended plane waves.1#8 |n a crystalline solid the
latter, plane wave approach accounts appropriately for the peri-
odic potential experienced by the electrons in the lattice. Applying
Bloch’s Theorem, 1?1 the electronic wave function can be expressed
in form of a plane wave ekT with wave vector k multiplied by a
periodic function unpk(r) with the same periodicity as the crystalline
lattice:;166.191

Unk(r) = e®T up(r) (2.17)

so that for any lattice vector R follows,

Un(r+R)=e*Ryn(r) (2.18)

illustrating the translational symmetry of the wave function.

Reciprocal space

Any crystalline solid can be described as a Bravais lattice, which
expresses its periodicity as an array of infinitely repeated discrete
points with lattice vector R

R=nija;+ naz + nsas (2.19)
where ni1, ny, n3 are integers and aj, az, as are direct primitive

vectors that span the lattice in three dimensions.138.166
From it, a reciprocal lattice with lattice vector k can be created:

k=kib1 + kobz + k3b3 (2.20)
with reciprocal primitive vectors bi, bz, b3, defined as
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az X as
b1 =2m
a; - (az x az)
as X ax
b =27 (2.21)
az-(as x aj)
ai X az

b3=2'lT

as-(a x az)

In reciprocal space, also referred to as k-space, the primitive cell,
which can be represented by a so-called Wigner-Seitz cell (a geo-
metrical construction of perpendicularly bisecting planes)19? is de-
fined as the first Brillouin zone (BZ).138.166

A schematic representation of the direct Bravais lattice, its re-
ciprocal lattice and BZ in two dimensions is shown in Figure 2.1.
The reciprocal lattice is also defined as the set of wave vectors k
that yield plane waves with the same periodicity as a given Bravais
lattice,19® which justifies the use of plane waves as an appropriate
basis set. It has to be noted that the wave vector k as introduced by
Bloch’s theorem is not proportional to the electronic momentum, al-
though it is often referred to as crystal momentum. It can be rather
seen as a quantum number characteristic of the translational sym-
metry of the periodic potential.166

Direct lattice Reciprocal lattice First Brillioun Zone
\ ’
e o o o ® ® 0 ¢ o .0
/
— 1 NI
b = damt— -~ - -
() e o : e
a, () — ® o ® : @ ! /Q
" ‘. bl Y P
e R s ST

11
[ @ ® [ ® @ ¢ 0 © (NN BN
\

Figure 2.1: Two dimensional representation of the direct Bravais lattice,
the reciprocal lattice, and the first Brillouin zone obtained by the Wigner-
Seitz construction.

In practice, only the eigenvalues of a discrete set of k vectors
are evaluated; less k-points reduce computational cost, but also
accuracy.14® One method of choosing the appropriate k-points in
the BZ was developed by Monkhorst and Pack in 1976 and is still
widely used in most periodic structure calculations.193
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Electronic band structure and Density of States

The eigenvalues of k give the band structure of a solid, i.e. the
electronic energies €,(k) as a function of k. An example of a solid
band structure, which is defined by special points in the first Bril-
. louin zone, is shown in Figure 2.2.

According to the Pauli principle, each band can be occupied by
2 electrons, giving rise to fully and partially occupied, and empty
bands. The number of states per interval of energy é(¢ — €(k)) is
described by the Density of States (DOS):166

DOS(E):J dk 6(e — (k) (2.22)
Bz
Electronic band structure DOS

Energy / eV

B-DOS

Symmetry points in first BZ

Figure 2.2: Example of a band structure and Density of States (DOS) of
hematite (or-Fe203), calculated with a PBE functional. I' M, K, ", A, L, H are

special points in the first BZ, defined by the hexagonal crystal symmetry
of a-Fe,0,.

Pseudopotentials

In order to account for all electrons in the crystal unit cell, an ex-
tremely large set of plane waves would be required, leading to a
very high computational cost. In particular, the rapid oscillations
close to the atomic nuclei are not easily assessed by plane waves,
despite the fact that they are not influenced by the chemical en-
vironment and do not contribute to bonding. In the pseudopoten-
tial approach, or frozen core approximation, the effects of the core
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electrons and nuclei are replaced by an effective potential Vpseudo,
and only the outer valence electrons are considered in the calcula-
tion. Those are described by pseudo-orbitals ¢pseudo, Which avoid
the nodal structure near the nuclei and are therefore also termed
as smooth. A schematic representation of the pseudopotential and
the wave function is shown in Figure 2.3.

A good pseudopotential should be transferable, i.e. applica-
ble to all chemical systems of the same elemental component,
and soft, i.e. requiring a small amount of plane waves to rep-
resent pseudo- Most common in plane wave codes are opti-
mised norm-conserving (ONCV) pseudopotentials,194195 ultrasoft-
pseudopotentials (USPPs),1%® and projector-augmented wave (PAW)
pseudopotentials,197-198 3|| assuming that the valence and core
orbital overlap is negligible (small core approximation). In this
work, only the most recent PAW pseudopotentials are used, as
they are efficiently implemented in the employed VASP199.200 code,
and comprise a good balance between computational cost and

accuracy.128
El u
d E
V[—\

Figure 2.3: Schematic illustration of the pseudopotential Vpseudo and
pseudo wave function Ypseudo(r) (red dashed lines) constructed from the
corresponding all-electron potential V and wave function ¢(r) (green solid
lines). At r = r¢, the critical radius, the real and pseudised wave functions,
and potentials coincide. Adapted from Ref. [201].

Energy cut-off

The infinite sum of plane waves, as given by the Bloch’s theorem
(Equation 2.17), needs to be truncated by a finite value, which is
defined in terms of its kinetic energy solutions and therefore termed
the kinetic energy cut-off. A lower energy cut-off implies that less
plane waves are used in the solution of Equation 2.17. This reduces
the computational effort, but at the expense of accuracy.2°!
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2.1.4 Applicability of theoretical methods

Practical considerations

Taken together, the important points to consider for a practical ap-
. plication of periodic structure calculations from Section 2.1.3, are:

e K-points - sampling of the k-points, the "translational quantum
number” in reciprocal space: As less k-points used, as faster
the calculation and less accurate the calculation will be. As a
rule of thumb, a good compromise between accuracy and effi-
ciency, is to set the number of k-points, in direction of lattice
vector a;j, multiplied by a; (in A) to be around 30 for metals
and around 20 for insulators.146.193

e Pseudopotential: The use of a pseudopotential ¢pseudo(r) is
essential in most implementations as it drastically simplifies
electronic structure computations. There are several ways to
construct pseudopotentials and a large variety of databases,
where they can be found. Care needs to be taken in choos-
ing and testing the appropriate pseudopotential for the used
computational method.194-198

e Energy cut-off: In general the kinetic energy cut-off, which is
given by default by the implemented pseudopotential, yields
a reasonable accuracy. However, it should be increased (typi-
cally by about one third of its default value) when a complete
cell-optimisation is carried out. This is due to Pulay stress,

which arises when changing the basis set by varying the unit
cell size 146,201,202

e For comparing multiple calculations those parameters, i.e.
energy-cutoff, k-points, and pseudopotentials, have to be kept
constant.

Apart from these three points, there are various technical as-
pects to consider, such as the numerical optimisation algorithms,
as described in Ref. [146].

Validity and limits

Within the Born-Oppenheimer approximation, and considering the
analytical form of Exc[p(r)] was known, Density Functional Theory
is accurate, as defined by the Hohenberg-Kohn theorems in Section
2.1.1. Nonetheless, it is a ground state theory and all states other
than the true ground state at zero K are by definition no longer
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exact and only approximations to the real electronic state. How-
ever, keeping this in mind, DFT results can give useful predictions
of physically accessible states. As in most theoretical computations,
a compromise between efficiency and required accuracy has to be
obtained and, hence, the limits of each approach need to be known.

Moreover, the applicability is dependent on the desired property
to compute. While one generally obtains correct lattice constants
(within the error of about 1%) with local DFT methods, DFT often
fails in properly accounting for several electronic properties, espe-
cially when many low lying electronic configurations with similar
energies co-exist.}*® This is particularly severe in the description of
magnetic states, such as high-spin and low-spin configurations of
transition metal ions, which is focus of Chapter 3.

Due to its local nature, DFT cannot account properly for disper-
sion interactions, which result from long-range correlation effects.
These attractive dispersion (or van der Waals) interactions become
crucial when considering adsorption of larger molecules or stacking
of layered materials.14® Nonetheless, in the calculations carried out
in this work, they are expected to play only a minor role.

As described in the previous Section, DFT suffers from overde-
localising electrons, which causes an underestimation of the sep-
aration of energy bands (see Section 2.1.3) and, therefore, of the
fundamental band gap of semiconductors. This issue is extremely
important to this work and is further discussed in this Thesis (Chap-
ter 3).

2.1.5 Computational databases

Theoretical modelling of the electronic structure and other key prop-
erties is crucial to the development of novel functional materials
and catalytic systems. It is evident that openly sharing access
to these results leads to faster advances of the scientific commu-
nity. Computational databases, which allow for fast tracking of de-
sired results, facilitate handling of the increasingly large volumes of
data created in numerous research groups worldwide.?%3 Further,
such databases combined with machine learning tools pave the
path for artificial intelligence technologies.2% The freely-available
repository ioChem-BD,?%>:20% which was recently developed in our
group, efficiently manages and stores large volumes of computa-
tional chemistry files from different software packages. All my re-
sults are openly available on this platform.207-209
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2.2 Concepts of semiconductor-physics

In this Section the relevant basics of semiconductor physics, the
framework of photoelectrochemical water-splitting, are given.

. 2.2.1 Semiconductors

Semiconductors and insulators are characterised by the presence
of an electronic band gap Eg, a region of forbidden energies sepa-
rating the highest occupied electronic levels, i.e. the valence band
(VB), from the lowest unoccupied levels, i.e. the conduction band
(CB) (see Figure 2.4)." Hence, in their ground state, all bands are
either completely filled or completely empty, which distinguishes
them from metals, where at least one band is partially filled.138-166

At thermally accessible energies, however, there is a non-zero
probability that some electrons will be excited from the valence
band into the conduction band, leaving a so-called hole in the va-
lence band. The likelihood of excitation across the band gap de-
pends on the size of the gap and is what discriminates a semicon-
ductor from an insulator, which has a much larger band gap, typi-
cally larger than 4 eV.166

Metal Semiconductor Insulator
E CB
ECB
Eg Eg
E, F--r-- E; F--r-- E;
EVB
EVB

Figure 2.4: Simplified electronic band diagram of a metal, a semicon-
ductor, and an insulator. The energies of the highest occupied electronic
level, the valence band, and the lowest unoccupied electronic level, the
conduction band, are labelled Eyg and Ecg, respectively. Eq = Ecg—Evyag is
the band gap and Ef is the Fermi level.

flt has to be mentioned that in materials, in which excited electron-hole inter-
actions, i.e. exciton binding energies, become important, a distinction between
fundamental and optical band gaps can be made. In semiconductors with a large
dielectric constant, however, their difference is negligible.166
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The underlying physics, used for describing electrons and holes
in semiconductor electrodes, can be justified by a semi-classical
model.

2.2.2 Semi-classical description of charges

Electron (and hole) motion can be described by the semi-classical
model of electron dynamics, in which externally applied fields are
treated classically, but the periodic field of the ions is not. In other
words, an electron, which moves as a charged particle according to
the classical equations of motion in presence of an electrical field,
can also be regarded as a wave packet of free electron levels, whose
spread is small compared to the considered dimensions.16® This
model allows the description of the absence of an electron, and thus
a residual positive charge, as a point-like particle, a hole, which pro-
duces the same current as a moving electron but with an opposite
sign.166

Thus, a semiconductor can either conduct electrons in the CB
or holes in the VB, out of which the electrons had been excited.
The conductivity increases with temperature, in contrast to a metal,
whose conductivity decreases with temperature due to thermal lat-
tice vibrations.

2.2.3 Fermi level

For a distribution of energy levels, Fermi-Dirac statistics describes
the electron occupation probability f(E) in thermodynamic equilib-
rium at temperature T:

1
E)= 2.23
JE) J1+exp(Ek_B';F (2:23)

where kg is the Boltzmann constant and Ef is defining the Fermi
energy. At T = 0 and E = Er the electron occupation probability is
exactly one half.2% It corresponds to the electrochemical potential
of electrons ue, or to the negative electrochemical potential of holes
Hp, respectively:210

[J_e:EF — /J_p=—EF (224)

From a computational point of view, however, the Fermi energy
of a semiconductor is ill-defined. In most plane wave codes it is
obtained by integrating the density of states up to the Fermi level,
such that it gives the total number of electrons in the system. In a
metal, a system without gap, the Fermi level is simply the highest
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occupied electronic state, whereas in a semiconductor its computed
value can lie anywhere within the gap and therefore has no physical
meaning.199.200

. 2.2.4 Doping

Semiconductors can be classified as being either intrinsic or extrin-
sic. An intrinsic (i-type) semiconductor is unmodified, i.e. undoped,
and characterised by its Fermi level lying in the middle of the band

gap: 1
EF= E(ECB—EVB) (2.25)

Electron donors introduce electrons into the CB (n-type doping)
and acceptors introduce holes into the VB (p-type doping), as shown
in Figure 2.5, which leads to a higher extrinsic conductivity. Also
defects, such as vacant sites, may be considered as dopants, as
they generally introduce an excess or lack of electrons.166

£ intrinsic n-type p-type
0
E B -H E CB E cB
______ E,
E g
I -—— E F

Figure 2.5: Schematic band diagram of an intrinsic and extrinsic semi-
conductors, both n-type and p-type doped, showing the position of the
Fermi level Ef.

2.2.5 Band gap transitions

As mentioned above, semiconductors are defined by the presence
of an energy gap between VB and CB. Yet the position and size of
the gap are temperature-dependent and may vary up to 10% due
to thermal lattice expansions and phonon vibrations.166

If the minimum of the CB and the maximum of the VB lie at the
same k-point in reciprocal space, the band gap is considered to be
direct. If this is not the case, and VB maxima and CB minima occur
at different points in k-space, the band gap is indirect.1%® Therefore,
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one distinguishes between direct and indirect semiconductors, as
illustrated in Figure 2.6.

Direct semiconductor Indirect semiconductor

E

Figure 2.6: Simplified electronic band structure of a direct and an indi-
rect semiconductor in reciprocal space (k-space). If the highest occupied
electronic state (in the VB) is directly below the lowest unoccupied state
(in the CB) the band gap is direct, if not, the band gap is indirect.

Band gap transitions take place under illumination, if the energy
of an incoming photon is larger than the gap. In the case of an
indirect semiconductor the photon must couple with a lattice vibra-
tion, a phonon, to compensate for the missing crystal momentum
k, due to the principle of momentum conservation.138 166 Because
of involving a third entity, the phonon, indirect transitions are much
less likely to occur, and hence show a weaker optical absorption.
Therefore, for an application in a photoelectrochemical device, a di-
rect semiconductor is generally favoured. In some cases though,
as in the case of the studied BiVO,, where direct and indirect band
gap are close in energy, the optical properties can be dominated by
the direct transition, even if the fundamental gap is indirect.?11.212
The band gap can be measured by optical absorption spectroscopy.
Usually the Tauc fitting method is used to obtain the size and nature
of the gap (see Appendix A).213

2.2.6 Recombination

Once a photon is absorbed and the electron is excited from the VB
to the CB, it is subject to recombination, either with the hole it has
left in the VB, or through a different process. It can be radiative, i.e.
emitting a photon, or non-radiative.?® Recombination is crucial to
the function of a light-absorbing semiconductor and is extensively
discussed in the following Chapters.

2.2.7 Quasi-Fermi levels and photovoltage

When irradiating the material with light, one is no longer in thermo-
dynamic equilibrium and the definition of the Fermi level as electro-
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chemical potential of holes and electrons (Equations 2.23 and 2.24)
needs to be modified. As photo-excited electrons and holes relax
much more rapidly (in less than picoseconds) with the lattice vibra-
tions, than they recombine, they are in a quasi-equilibrium state.

. Their electrochemical potentials can be described by quasi-Fermi
levels Erp and Epp:210

The difference of the quasi-Fermi levels is the free energy stored
by the electron-hole pair uen (the sum of the chemical electron and
hole potentials) and is thus the maximum energy that can be ex-
tracted from a device (see Figure 2.7). It sets an upper limit to the
photovoltage Vphoto, the real observed potential change when illu-
minating the material.?°

In an n-type semiconductor, the number of electrons is assumed
to remain constant upon irradiation as the number of excited elec-
trons is much smaller (by a factor larger than 10°) than the num-
ber of electrons introduced by n-type doping. Hence, the electronic
Fermi level is not changed Er(dark) = Ern(light), and only the hole
Fermi level moves, as illustrated in Figure 2.7.20.214

ECB ECB
- T T 7 Ef ___—EFn
hV>Eg H en
AVAVAVe s - - E
Fp
EVB EVB

Figure 2.7: Splitting of Fermi levels in an n-type semiconductor under
irradiation (hv > Eg). Only the Fermi level of the minority carriers (holes)
is strongly affected, while that of the majority carriers (electrons) remains
constant.

In the following discussion of n-type materials, the constant
Fermi level of electrons Er is assumed, unless otherwise specified.

2.2.8 Surface states

Another important point to consider when discussing reactions on
solid surfaces is the presence of surface states, electronic states,
which are generally located inside the energy gap Eg. Surface
states arise from breaking the periodicity of the crystalline lattice.
Cleaving a surface leaves under-coordinated atoms with dangling
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bonds, which give rise to new electronic states. Some surfaces
also undergo reconstruction to lower their energy (and thus form
new states). Another origin of surface states at the semiconductor-
electrolyte interface can be adsorbed species, forming bonds with
the surface atoms.2% Surface states play a major role in reactions
taking place at the surface, nonetheless their catalytic impact and
their nature are still under debate.21,215-217

2.3 Experimental methods

The main experiments, used in this work, are explained in this Sec-
tion, along with the theoretical background needed to understand
the performed measurements.

2.3.1 Photoelectrochemistry

For the purpose of photoelectrochemical water oxidation n-type
semiconductors are used and are therefore the only semiconductor
type considered herein. Yet, the same principles can be applied to
p-type materials for photoelectrochemical reduction reactions.

Semiconductor-electrolyte interface

When a semiconductor is placed in contact with an electrolyte, it
experiences an electrical potential close to the interface, which re-
sults in a shift of the Fermi level.?'® The redox level of the elec-
trolyte remains constant, since it is rapidly balanced by the highly
mobile ions in solution. Photoanode n-type materials have a Fermi
level above the water oxidation potential, hence they transfer elec-
trons to the solution in order to establish electronic equilibrium (see
Figures 2.8a and b). This shifts their Fermi level down and causes
electronic bands to bend. The variation in potential ¢, the band
bending, orthogonal to the interface (along x) can be described by
the one-dimensional Poisson equation:219

(2.27)

dx? £r€0

d?¢ Ng ( e )

1—exp—
p T

where g9 and &, are the vacuum and relative electrical permit-
tivity of the material, e the electronic charge, and Ny the density
of electrons in the bulk, which is equal to the dopant donor den-
sity, since the bulk is electro-neutral. The downward band bending
leads to an accumulation of holes and depletion of electrons close
to the interface, as shown in Figure 2.8b. Therefore, the region into
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which band bending extends is defined as the depletion layer or
space—charge layer (SCL).2%138 |n analogy to the semiconductor-
metal junction, the energy barrier due to the potential drop at the
interface is also called Schottky-barrier.137

. Photoelectrochemical water oxidation

Figure 2.8 shows the electronic processes occurring at the n-type
semiconductor-electrolyte interface under illumination (without ex-

ternal bias).
a) No contact b) In H,O
n-type H,O n-type H,O
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E:CB E ’
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'scL
Evs /
Evg :
¢) Under illumination d) Water-oxidation
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Figure 2.8: Schematic representation of the electronic processes occur-
ring in a) an n-type semiconductor (in vacuum), when b) immersing it into
an electrolyte and c) irradiating it with light (Epnoton > Eg). d) Holes ac-
cumulate in the space-charge layer (SCL), where they can oxidise water,
while electrons in the CB move away from the surface.
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When a photon gets absorbed and excites an electron-hole pair,
the excited electron in the CB experiences a driving force away from
the surface due to the potential drop in the SCL (Equation 2.27),
while the hole in the VB moves into the opposite direction (Figure 2.8
¢). This leads to hole accumulation at the interface. In the absence
of surface states, those VB holes at the interface are responsible for
water oxidation (Figures 2.8c and d).

Photoelectrochemical measurements

As water-oxidation is a four-electron transfer from solvent water to
the semiconductor, it leads to a positive current, which can be mea-
sured. The current due to light-excitation is therefore called pho-
tocurrent. In most photoelectrochemical (PEC) measurements, one
measures the response of the photoanode (the n-type semiconduc-
tor to be studied) to an applied voltage. This is done in an electro-
chemical cell, consisting of the working electrode (WE), a reference
electrode (RE), and a counter electrode (CE, usually a platinum wire
or mesh). A schematic illustration of such a three-electrode set-up,
as well as a picture, is shown in Figure 2.9.18

POTENTIOSTAT o
[ |
WE I RE CE
H+
Figure 2.9: lllustration of a photoelectrochemical cell with working (WE),
counter (CE), and reference (RE) electrodes. Under a positive potential
electrons flow from the WE (anode) to the CE (cathode). The negative

charge transport is counterbalanced by protons H* (or other cations) from
the electrolyte solution. On the right: picture taken from a real PEC set-up.

It is only possible to measure potential differences, not abso-
lute potentials. Hence a reference electrode (RE), like silver chlo-
ride (Ag/AgCl), is used to measure the potential difference between
WE and RE, which is then usually converted versus SHE or the pH-
independent Reversible Hydrogen Electrode (RHE).220

The electrode potential V,eq (Or Ereq) at the working electrode
(WE) is given by the Nernst equation (Equation 2.28), which de-
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scribes its dependence on electrolyte concentration.220

RT [Ox]
n

zF  [Red]

. With [Ox] and [Red] being the concentrations of oxidised and

reduced species, z the number of transferred electrons, and V9 the
standard redox potential.f

Applying an external voltage (V) changes the electrochemical

potential, which is defined as the Fermi level (Equation 2.24),

and with it the band bending. The variation of the steady-state

(photo)current response with applied bias is illustrated in Figure
2.10.

(2.28)

a)V <V, b)V =V, V>V de)V>>V,,

V vs RHE
o
<
1
1
1

Current |

Figure 2.10: Current-to-voltage behaviour in steady-state conditions of
an n-type semiconductor electrode in the dark (blue dashed line), under
light (red solid line), and in ideal conditions, when no electron-hole recom-
bination is present (green dotted line). a-e) represent the electronic bands
at different applied potentials V at the corresponding points along the j-V
curve. It is noted that the potential V and energy E are inversely related
by E = eV, since the electronic charge is negative.

fIf the electrolyte solution is non-ideal, i.e. the concentration is so high that
ions interact with each other, the concentration is replaced by the activity a of the
electrolyte species.
Ideal gas constant: R = 8.31447 Jmol~1K~1; Faraday constant: F = 96485 Cmol~1
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Five different scenarios are differentiated here, denoted as a-e
in Figure 2.10, which are taking place when increasing the potential
(from negative cathodic to positive anodic).

a) at large cathodic potentials (V < Vgp):

The applied negative bias V pushes the Fermi level so high that
it leads to an inversion of the band bending. Under light, the
photoholes in the VB experience a driving force away from the
surface, while the electrons move to the surface and give a
negative current. As the majority carrier concentration is inde-
pendent of light irradiation, and only depends on the dopant
density (Ng), the photocurrent (red and green) and dark cur-
rent (blue dashed line) coincide.

b) at the flat band potential (V = Vgp):
The applied potential is such that it compensates the electro-
static potential from the electrolyte and there is no band bend-
ing (which is why it is termed flat band potential). Since there
is no electrostatic driving force, neither from nor to the surface,
there is no current.

Under ideal conditions (green dotted line), where no recom-
bination takes place, the flat band potential would be equal
to the onset, at which photocurrent starts to evolve. This is
because at any potential higher than the flat band potential,
bands bend slightly downward so that holes are driven to the
surface where they could oxidise water. In reality, however,
fast electron-hole recombination limits sufficient hole accumu-
lation and transfer across the interface, causing an anodic shift
of the onset potential (red solid line).

c) at the onset potential (V > Vgp):
At the onset of photocurrent, the potential is high enough to
overcome the kinetic barrier of electron-hole recombination
and water oxidation starts. This means the bands are suffi-
ciently bent to prevent recombination of holes at the surface
with electrons from the bulk to favour hole transfer.

d) largely above the flat band potential (V > Vgg):
The photocurrent reaches a plateau when recombination is no
longer rate limiting and mass diffusion to the electrode be-
comes the bottleneck.

e) at the dark onset potential (V> V¢5):
The potential is high enough so that even dark positive cur-
rent (blue dashed line) occurs due to extracting holes from the
substrate.
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In the absence of an externally applied potential, the measured
voltage is also referred to as the open circuit voltage or potential

(OCV/OCP).
. As the measured current (I = q/t) is an area dependent vari-
able, which defines the electrical charge g passing per time t, it is

common to give a current density j rather than I. Usually the pho-
tocurrent density j = I/A, is given per geometric area A in cm?. It
can also be written as:

Jphoto = Jabsorption Ncs NcT (2.29)

Where japsorption IS the maximal attainable photocurrent, if all
absorbed light was converted into current, and hence depends on
the band gap and absorption coefficient, ncs is the efficiency of
charge-separation, which is the separation of the excited electron-
hole pair and transport to the electrolyte interface, and ncr is the
efficiency of charge-transfer at the interface.??:222 This relation-
ship is important to extract the efficiences of charge-separation
and transfer, in order to gain information about the mechanisms
taking place in the material.

The main PEC measurements that were conducted in this work
are illustrated in Figure 2.11:

e LSV: Linear sweep voltammetry - An external voltage is ap-
plied at a certain scan rate (in V/s) in one direction and the
resulting current is measured as a function of applied bias and
scanning speed. Either an oxidative scan (applying a more pos-
itive bias) or a reductive scan (applying a more negative bias)
is carried out, oxidising or reducing the electrode (Figure 2.11
a). It is usually performed in order to measure the kinetics of
an electrocatalytic reaction.

e CV: Cyclic voltammetry - In a CV experiment, the applied po-
tential is cycled, i.e. the electrode is alternately reduced and
oxidised, usually under static conditions. It therefore gives in-
formation about the oxidisability and reducibility of the elec-
trode material, which can be related to the capacitance and
the amount of redox active centres.

e CA: Chronoamperometry - In a CA experiment the potential is
kept fix and the steady-state current at that potential is mea-
sured. This is important to determine the stability of the sys-
tem and its charge-transfer kinetics.
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e IPCE: Incident photon-to-current conversion efficiency - The
IPCE describes how many of the incoming photons are con-
verted into electrons, measured as electrical current jphoto.zzl
The IPCE measurement involves the same three-electrode set-
up as described above (Figure 2.9) but a monochromatic light
source.

a) LSV b) CV
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_ anode 2 ~ |=—100mVs /
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Figure 2.11: Current-to-voltage measurements: a) Linear sweep voltam-
metry (LSV) of two different photoanode systems, b) cyclic voltam-
metry CV of bare hematite at different scanning speeds, c¢) steady-
state chronoamperometry CA at constant potential, d) incident-photon-
to-current (IPCE) measurement of two different photoanode systems.

From the current-to-voltage characteristics alone a distinction
between different Faradaic processes that could lead to an ob-
served photocurrent cannot be made. In order to proof that the
observed current is due to water oxidation only, a measurement of
the evolved oxygen by methods, such as gas chromatography or
fluorescence probe sensing, can be done. The Faradaic efficiency

FE(%) Nevoived(02) (2.30)
0) = .
Ntheoretical(O02)
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quantifies how much of the measured current stems from oxy-
gen production.

For a deeper understanding of the underlying electronic pro-
. cesses, different spectroscopic methods were applied in this Thesis,
impedance and time-resolved absorption spectroscopy, which are

outlined in the following two Sections 2.3.2 and 2.3.3.

2.3.2 Electrochemical impedance spectroscopy

Electrochemical Impedance Spectroscopy (EIS) provides a tech-
niqgue for measuring the resistances and capacitances of a PEC
device, from which mechanistic information can be extracted. This
is done by decoupling the system into an electrical circuit with a
set of resistive and capacitive elements, responsible for internal
charge-transfer and storage, respectively.?%-21

It is a frequency-based characterisation method, which measures
the response of the electrical system to a small perturbation, in
that case to a varying voltage. Other perturbation methods like
Intensity Modulated Photocurrent Spectroscopy (IMPS) that are not
discussed in this work go along the same line and similar theoretical
considerations can be applied.?23.224

Theoretical description of impedance

The electrical impedance Z(w) is a complex transfer function relat-
ing potential and current. It can be thought of as the resistance of
an ac electric current I(w) to the applied varying potential V(w):

V(w) VO + sin(wt)

= _ (2.31)
I(w) I%+sin(wt+ @)

With w being the perturbation frequency, with which the voltage
is varied, and I° and V° being the corresponding dc current and
voltage, when the voltage is kept constant. The phase ¢ describes
how fast the current responds to the applied voltage.??

It is common to represent frequency response data, such as
impedance, in so-called Nyquist or Bode plots as shown in Figure
2.12. The Nyquist plot shows the (negative) imaginary impedance
Z"(Q) versus its real-valued counterpart Z’(Q). The Bode plot shows
phase (or gain) response of the system in dependence of the applied
frequency w.22>.226
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Figure 2.12: a) Nyquist and b) Bode representation of the impedance.
¢) Equivalent circuit (Randles circuit) obtained from fitting this impedance
data and d) correspondence of the equivalent circuit elements to a pho-
toanode system.

Equivalent circuits

The obtained data can be fitted to so-called equivalent circuits (EC),
which represent different classical electrical circuit elements, such
as capacitors and resistors (see Figure 2.12 ¢).??> This implies a
mathematically complex deconvolution of data, which is not de-
scribed here.?26:227 |n practice it can be done by a fitting software,
which often is a standard feature coming with the used potentio-
stat.226.228 While the resistances are related to the real, frequency
independent terms, the capacitances are related to the complex
terms of the impedance.

The simplest EC is the Randles circuit represented in Figure
2.12c, which represents only one capacitive and resistive element
in parallel, along with a resistance in series.??? It corresponds to
one arc in the Nyquist plot (Fig. 2.12a). The classical electrical
circuit can be related to a PEC system as shown in Figure 2.12 d.

Nonetheless, this is a large simplification for a real device,
which contains many capacitive and resistive elements, which are
explained below.
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Resistances

The resistances are associated to different processes of charge

transport and transfer. In a PEC device, transport processes gener-

. ally occur within the electrode materials, in the electrolyte, at the

interfaces, as well as at the electrical contacts. Hence one can de-

couple the system into various resistive elements, corresponding to

the different processes.2? Important to this Thesis are the following
resistances:

e Total resistance - The total or dc resistance is the unperturbed
resistance, when no frequency modulation is applied and, thus,
corresponds to the real-valued impedance at w=0.

dr® \-1
Riot =2(0) = (5 ) (2.32)
e Series resistance - It includes transport through the electri-
cal contact and the electrolyte and is generally constant when
using the same experimental set-up.

e Charge-transfer resistance - Different interfacial charge-
transfer steps, which lead to an electrochemical reaction are
defined by the charge-transfer resistance Rc¢r. It can provide
information about the kinetics of charge-transfer and therefore
water oxidation.

e Trapping resistance - In the presence of defects, i.e. trap
states, and/or surface states, charges can be trapped into
those states, which generally lie inside the band gap. The
kinetics of trapping, the population and depopulation of those
intragap states, are described by the trapping resistance R¢rqp.

Capacitances

One major strength of EIS as a characterisation tool is that it al-
lows to measure and extract different types of capacitances, which
arise from either electric field or carrier density variations.23% They
contain important information about the charge storage properties
of the PEC device and are distinguished due to their physical origin:

e Electrical double-layer capacitance - The double-layer or
Helmholtz capacitance due to the electrochemical double
layer at the semiconductor surface is defined by:

AErgg

Cy = 2.33
H g ( )
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Where A is the surface area and d is the thickness of the molec-
ular solvent layer and is on the order of 0.1 nm.23!

This only holds if the ion concentration in the electrolyte is high
enough, so that a plate-like capacitor can be assumed and dif-
fusion can be neglected. Both double-layer and space-charge
layer capacitances are dielectric capacitances deriving from
the internal electric field produced by charge separation.23°

Space-charge capacitance - Due to the potential drop and con-
sequent charge accumulation at the semiconductor surface, a
capacitance is created in the space-charge layer.2'4 It is de-
fined by the Mott-Schottky equation?3? (derived from the Pois-
son equation; Equation 2.27) and is usually given in terms of
its inverse square (ng), which is linearly dependent on the
applied potential V:

! 2 (v v kBT) (2.34)
Cgc B eoAZNgye € FB .

It thus basically measures the extent of band bending. From
the slope of the Mott-Schottky plot, one can directly obtain the
dopant density Ny, and from the intercept with the x-axis the
flat band potential Vgg.216

The value of Csc is usually much lower than Cy (of the order of
10~ -10~> F/cm? and thus, if the capacitors are connected in
series, Cy can be neglected due to their inverse contributions:

1 1 1
= —+ — (2.35)
Cseries CH CSC

Chemical capacitance - A chemical capacitance arises from
storing energy in the form of changing the chemical potential
u; of the ith species in the material. This species i can be an
atom in the structure, which can be reduced or oxidised, or a
defect, a trap or a surface state. The chemical capacitance is
thus related to the variation of the Density of States (DOS) (as
defined in Equation 2.22 and Figure 2.2) by

. 5 , dN;
Cl) = 2 DOS(g;) = € — (2.36)
H dui
where N; is the number of electronic states of the ith species.

It is therefore related to the redox strength and potential of
i; this means that when the variation of electronic states N;
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with applied potential is high, a significant capacitance is ob-
served.?33 It is a local quantity, localised on the it" species. If
it is extractable from the EIS experiment, it provides a direct
measure of the DOS of i in a certain energy range.

. If this chemical capacitance is related to defects in the struc-
ture, such as surface states or trap states, it is called surface
state capacitance, or trap capacitance, respectively.234

Also other elements, like inductors or Warburg elements, 226 can
be obtained by impedance techniques, but are not considered in
this work. There are several points to consider when performing an
impedance experiment, which are outlined below.

Experimental considerations

e Electrochemical impedance spectroscopy relies on first order
perturbation theory. Hence, the amplitude of the frequency
perturbation must be low enough for the linear approximation
to be valid, but high enough to have a significant system re-
sponse. Usually a perturbation of 10-20 mV is a reasonable
estimate for PEC measurements.

e In order to ensure that the system is relaxed when a pertur-
bation is applied, frequencies w are scanned from high to low
values (around 10° to 102 Hz).

e The range of applied voltages and frequencies to be accessed,
as well as the measurement time, is limited by the stability of
the PEC system. This is particularly important for metal ox-
ide semiconductors, which are less stable under voltage and
irradiation.

e Moreover, diffusion limitations may play a role and need to be
excluded from the analysis. Electron diffusion can be seen as
a straight line at high frequencies in the Nyquist plot, whereas
mass diffusion in the electrolyte solution is often predominant
at very low frequencies.

e The Mott-Schottky equation (Equation 2.34), which is often
used in the analysis of semiconductor devices, is only valid
under the ideal conditions used for its derivation. High dopant
concentrations, defects, nanostructuring, or other frequently
encountered features of real materials are not described by
Equation 2.34 and, thus, obtained values (Veg, Ng) should be
carefully checked.
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2.3.3 Absorption spectroscopy

Optical spectroscopy allows for a direct measurement of photogen-
erated charge carriers by probing their respective spectroscopic
features and is therefore complimentary to the photoelectrochemi-
cal techniques. Moreover, its time evolution can be monitored, giv-
ing rise to information about the dynamical processes in the sys-
tems such as rates of recombination, charge-transfer, and catalysis.

Spectroelectrochemistry

Spectroelectrochemistry (SEC), that is spectroscopy under electro-
chemical operation, measures the change in absorption when apply-
ing a voltage and performing electrocatalysis.?32236 This in turn al-
lows for the determination of the absorption spectra of oxidised and
reduced states, as well as possible reaction intermediates, provided
that their respective absorption peaks can be discerned. The exper-
imental set-up is relatively simple; an electrochemical cell (Figure
2.9) is inserted in a common UV-Vis spectrometer, hence enabling
the simultaneous measurement of absorption spectra and j-V char-
acteristics. In general, SEC can also be used for obtaining other
spectroscopic data, such as vibrational frequencies, light scattering
and emission, circular dichroism, etc., when coupling the electro-
chemical cell to the respective spectrometer, for example to an in-
frared or Raman spectrometer to monitor vibrational modes. In this
work, however, only electronic absorptions are considered.

Figure 2.13 shows two examples of data that can be obtained

from SEC.
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Figure 2.13: a) Absorption spectrum from 400 to 900 nm at increasing
potentials (grey arrow) between 1.35 and 2.0 Vgye and b) time-evolution of
the 550 nm feature while consecutively applying no potential (open-circuit
voltage), 1.8 VgryE, and 0.6 VyHE.
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Typically in SEC, steady-state absorption spectra are recorded at
different applied potentials, as shown in Figure 2.13a. An absorp-
tion increase in the longer wavelength region may be related to
oxidising the system (which is discussed in Chapter 5). Figure 2.13b

. shows another, less common way, in which SEC may be used. By
monitoring the monochromatic absorption over time and changing
the potential, a time-dependent evolution of the species, to which
this absorption belongs, is given.

The measured absorption is generally presented as difference in
optical density AOD subtracting either the absorption measured at
the open-circuit voltage (OCV) or at the water-oxidation onset, i.e.
AOD vs OCV or AOD vs onset, respectively.

Time-resolved spectroscopy

Time-resolved spectroscopy involves transient absorption spec-
troscopy (TAS) and photo-induced absorption spectroscopy (PIAS)
with an experimental set-up as presented in Figure 2.14.

Pump Signal as a _

— function of time &
Excitation source Sample 8
Probe 10 10 10

Time (s)
e ,
Lenses Optical
elements Wavelength
selection

Mono < 0 > Detector

Figure 2.14: Schematic and real set-up of a pump-probe spectroscopy
experiment: An excitation source (flash laser (TAS) or LED (PIAS)) excites
the sample. Then the probe irradiation, which measures the absorption
of the excited state, gets monochromatised and detected as a function of
time. On the bottom left, a photographs of the experimental laser set-
up is shown, and on the right the sample in an electrochemical cell and
irradiated by both pump and probe.
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Both TAS and PIAS are pump-probe techniques to characterise
photo-induced charge carriers. In a TAS experiment, the excita-
tion source is a short laser pulse, whereas in PIAS, a continuous
light LED is used, similar as in the previously described photoelec-
trochemical measurements, in order to monitor absorption under
water oxidation conditions. In the pump excitation the sample gets
electronically excited, and this excited state is subsequently probed
with a monochromatic beam, detecting the absorption as a func-
tion of time. Hence, in contrast to UV-Vis or SEC, which are ground
state spectroscopic technigues, TAS and PIAS are excited state tech-
niques. Generally the absorption of the excited state is given as
differential absorption AOD with respect to the ground state.

Charge carrier dynamics

Depending on the time-resolution of the experiment, different
electronic processes can be monitored. Figure 2.15 shows the rel-
evant electronic processes in a semiconductor photoanode under
operation and their typical time scales (neglecting relaxation and
charge trapping).3°

1)

2) — 4) ——
| Bulk recombination | | Water oxidation |

Absorption &
carrier Charge 3) Surface
generation separation recombination
fs ps ns us ms S ks

105 1072 10°

Figure 2.15: Timeline (in seconds) and energy scheme of the occurrence
of electronic processes in a typical metal oxide semiconductor after light
absorption. Surface recombination is highly dependent on the applied
voltage, which determines the degree of band bending. Surface catalysis,
i.e. water oxidation, is dependent on the catalytic activity of the system.
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Irradiation with supra-band gap energy generates an excited
electron-hole pair at fs timescale, which rapidly separates’ (and
relaxes), forming a hole in the VB and an electron in the CB (in
the absence of trap states). The hole is then subject to either bulk

. recombination, or it may travel to the surface. From there it can
catalyse water oxidation (on a time scale on the order of millisec-
onds to seconds, or even longer times for less efficient catalysts) or
recombine with electrons in the bulk. The latter, recombination of
holes accumulated in the space-charge layer with bulk electrons,
is termed surface®”:237 or back'?2:217 (electron-hole) recombina-
tion and is strongly dependent on the extend of band bending
and applied bias. At sufficiently high bias, surface recombination
slows down enough, so that water oxidation becomes a competing
process.

Moreover, the decay dynamics are dependent on the excitation
intensity. For very high irradiation intensities, ultrafast recom-
bination in the sub-nanosecond time scale, immediately after
charge separation, is enhanced due to the high densities of excited
electron-hole pairs.120:238.239 At [ower excitation density and under
the effect of an applied bias, however, ultrafast recombination gets
reduced and bulk recombination on the microsecond to millisecond
time scale becomes significant. This is due to increased charge
separation, and multiple trapping and detrapping processes, which
appear to be a common phenomena in defect-rich metal oxide
materials.120.121,240,241

The relevant processes this study focuses on, lie in the range of
microseconds to seconds. With TAS sub-second relaxation events
were monitored, while PIAS was used to study charge carrier dy-
namics on a time scale of several seconds.

Transient absorption spectroscopy

As the name implies, TAS measures absorption transients, i.e.
the immediate and fast decaying signal response directly after the
excitation pulse. The excitation source is a pulsed flash laser, which
is why TAS is sometimes also called flash spectroscopy.

Depending on the probe resolution, processes from attoseconds
up to seconds can be detected.?*2 |n the present case, slow TAS
was employed, operating at microseconds to seconds, at times
where water oxidation may becomes important. At this time
scale, the usual processes that take place are trap-mediated bulk
recombination, surface recombination and water oxidation. These

TExciton formation can be disregarded in the case of a semiconductor with high
dielectric constant and relatively large band gap.
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processes correspond to the different decay pathways of photo-
generated holes, and therefore can be obtained by monitoring the
spectral feature of holes created after the excitation pulse.

Figure 2.16 shows such a measured TAS decay at various wave-
lengths, from which the corresponding TAS spectrum can be gener-
ated. From the TAS spectrum at certain times, knowledge about the
spectral features of different excited species can be obtained.

a) b)
12 RBMpATaIE T T L T T T J—e5us
—850 nm 4 - . . o— 10 us
10 800 nm | /e . 20 us
750 nm / o 7 100 us
_ 0.84 700 nm+ J . 250 us
a ——650 nm / . 500 us
g 064 ——600 nm | ( . o 1ms
/ . . . . |—*—50ms
0.4 / . e —*—100ms
M . ——250 ms
0.2+ ¢ ° . —e— 500 ms
e e S Lt
S ——— === — |
1E-5 1E-4 0.001 0.01 0.1 1 550 600 650 700 750 800 850

Time (s) Wavelength (nm)

Figure 2.16: Transient absorption signals. a) TAS signal decay at mea-
sured at different probe wavelengths. b) TAS spectrum extracted from the
TAS decays at different times after the excitation pulse. (Reproduced with
permission from B. Moss.)

It was found that in many metal oxides the hole signal can be
described by a biphasic decay.120:122 1

AOD = Afqastt™ + Asiow e=%) (2.37)
—_—
bulk rec. surface rec.

Where Afqst, Asiow, @, and T are amplitude and time constants,
obtained from signal fitting. The first term corresponds to bulk
electron-hole recombination at short times after the excitation (us-
ms). The kinetics of this trap-mediated bulk recombination, can be
described by a continuous-time random walk model, leading to a
power-law.122:240.241 The second term, which dominates at longer
times, results from both surface recombination and water oxidation,
which are in competition with each other. A single exponential term
approximates this unimolecular hole decay.122.241

fUnder the assumption that there is enough band bending so that long-lived
holes accumulate at the surface, i.e. for a sufficiently high applied bias.
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Photo-induced absorption spectroscopy

The PIAS experiment is similar to the TAS experiment (Figure
2.14), but utilises a continuous LED light source to excite the sam-
. ple, instead of a fast laser flash. Usually the sample is irradiated for
several seconds (4-10 s in the present case), in order to emulate in
operando photoelectrochemical water oxidation conditions. With a
time resolution on the order of 0.1 ms, PIAS is able to capture both
surface recombination and water oxidation.
Combining PIAS with simultaneous photocurrent measurements
allows for correlating the amount of photogenerated holes and their
ability to oxidise water. This principle is shown in Figure 2.17.
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(=)
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Figure 2.17: a) Photo-induced absorption (monochromatic) at different
excitation intensities, switching light on (at 0 s) and off (at 5 s). b) Corre-
sponding photocurrent density, showing that the detected absorption can
be related to generation of photocurrent. Adapted from Ref. [243]

If the signal (AOD), as shown in Figure 2.17a, corresponds to
the signal of photogenerated holes, a linear relation can be estab-
lished between AOD and hole density [h*], which in turn can be ex-
tracted by integrating the photocurrent transients (assuming 100%
Faradaic efficiency).

From this knowledge, the rate of photo-induced water oxidation
can be determined, as described in Ref. [243]. At high applied
bias, recombination is suppressed and all the holes that flow to the
surface are assumed to react with H,O to form O,. Under steady-
state conditions (at 5 s in Figure 2.17), the flux of holes [h*] towards
the surface is equal to the photocurrent.

Jphoto = kwo + [h*]P (2.38)

Where kywo and B are the rate constant and rate order of the
reaction, which can be obtained by a logarithmic fit.243
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Another way of extracting the kinetics of water oxidation is from
the decay of the photohole signal, when the light is switched off
(after 5 s, in Figure 2.17a). At high applied bias and in the absence
of light, the holes accumulated at the surface have no other way to
go as to the electrolyte and oxidise water. Therefore their flux can
be described as:

d[h*]

= — .[h*18
e kwo - [h™] (2.39)

In conclusion, PIAS allows for the extraction of hole dynamics at
longer time scales, under steady-state water oxidation conditions,
whereas TAS monitors hole dynamics at fast times. In Equations
2.37, 2.38, and 2.39, only charge-transfer from the semiconduc-
tor to the electrolyte, i.e. water oxidation, was assumed. In case
of a catalyst (or overlayer) deposited on the surface of the semi-
conductor, charge-transfer to the electrolyte competes with charge-
transfer to the catalyst and their relative efficiencies are key to the
function of such a semiconductor-catalyst interface.

2.4 Summary of applied methods

As a summary, Table 2.1 lists the main techniques used in this work
and points out their respective advantages and applicability. For
computational models, the cost scales with the method and the
system size; therefore often smaller model structures need to be
chosen to represent the system. Such a choice often requires deep
chemical/physical knowledge of the material and has to be kept in
mind when analysing data. If the employed method is adequate
for the system, electronic and geometric structures (in the ground
state) can be predicted with high accuracy.

Most photoelectrochemical techniques (apart from EIS) are rela-
tively easy to conduct, and yet give a large amount of information
about the system. More detailed kinetic information is obtained
with time-resolved spectroscopic techniques, directly probing the
dynamics of excited carriers. Such techniques, in particular TAS,
require a comparatively expensive laser set-up and handling of the
equipment needs specific skills.
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Table 2.1: Summary and applicability of the main methods employed in this Thesis.

Approach nmNn”“rm%mm m:hw\-._”mﬂ“o: Obtained data Assumed models Requirements
Electronic Thermo - Geometric e Ideal e Large computer
Density structure dynamic parameters stoichiometry cluster
Functional calculations - ground Electronic structure |e Perfect generally:
Theory - various state (energies, orbitals, crystallinity (no accuracy scales
functionals — at zero K magnetisation) defects) with cost
Cyclic .
voltammetry - Performance . meﬁﬂﬂnﬂwa current Electrochemical cell
ermo- - ack o .
Photo- Chrono- dynamic & Stability electrode) = Potentiostat
m_mMn_MY amperometry kinetic Charge transport transferred Calibrated light
chemistry IPCE _ Perturbation (resistance) charges source
Impedance response Charge storage e Band bending relatively simple
mUMQSmnoE\ (capacitance) (flat surfaces) set-up and analysis
Transient b . e Spectroscopic
. absorption >dn mo:.uﬁ_m_s spectra features = Pump-probe laser
....:...m-a spectroscopy | e Kinetic of excited states photogenerated Photoelectro-
-.mMome Photo- _ excited Dynamics of charge | charges chemical set-up
P : carriers at short e No spectral .
troscopy induced state . p - expensive set-up
. times and under _
absorption operation overiap - complex analysis
spectroscopy e Band bending
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Chapter 3

Electronic structure of
catalytic systems

This Chapter focuses on the theoretical aspect of the materials
employed forin photoelectrochemical water splitting in this work.
These are Prussian blue analogues as water oxidation catalysts and
the two photoanode materials, hematite (a-Fe,O;) and bismuth
vanadate (ms-BiVO,). For the case of Prussian blue, an extended
evaluation of various density functionals, and their impact on the
geometric and electronic structure, is carried out. It has been
published in Paper I, along with a complete database of Prussian
blue related compounds, its redox forms, and cation intercalation
derivatives.

Moreover, the electronic structure of the electrocatalytic cobalt
iron analogue of Prussian blue (CoFe-PB) is assessed and its unique
charge-transfer properties are explained. In the end of this Chapter
the light-harvesting metal oxide semiconductors a-Fe,O, and ms-
BiVO, are discussed. Most of the computational results on CoFe-
PB, O{-Fe203, and ms-BiVO4 are published in Papers Il and Ill. All
structures can be found on the ioChem-BD database.207-209

3.1 Prussian blue-type materials

The versatile class of materials named Prussian blue (PB) ana-
logues acquires its name from the parent compound Prussian
blue, iron-hexacyanoferrate (Fe,[Fe(CN).],-nH,O). These complex
compounds are characterised by two octahedrally coordinated
transition metal centres, which are linked by cyanide (CN) bridges,
binding from both C- and N-site. Having two transition metal
centres in different electronic environments (C- or N-coordinated)
allows for a variety of mixed oxidation and spin states.104.105 Thjs
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in turn gives rise to many different applications, such as solid-state
batteries,?**24> hydrogen storage,?*® electrochromic devices,?*’
magnetic and electric switches, 248230 room temperature mag-
nets,2°1-253 multienzyme mimics,2°4 analytical sensors,19°-108 radio
waste detection,?>> etc., and also water-oxidation catalysis, which
is the focus of this research,103,109-113

In the following Section, the electronic structure of Prussian blue
and its theoretical simulations are described.

. 3.1.1 Prussian blue: A mixed-valence compound

The original Prussian blue, also called Berlin blue, Paris blue, or
Milori blue, counts as the oldest synthetic compound in the world.
Serendipitously discovered in 1706 by the paint maker Diesbach
and alchemist Dippel, the dark blue pigment became fashionable
in the artist scene and later also as commercial dye, even up to
now. One reason for its popularity is that it can be easily pre-
pared by mixing aqueous solutions of hexacyanoferrate, or -ferrite,
[Fe(CN) 143~ and a ferric (Fe3*) or ferrous (Fe?*) salt under mild
conditions, i.e. at room temperature and ambient pressure. More-
over, very small nanoparticles of PB, as shown in Figure 3.1a, can
be obtained, which makes it widely applicable.226-257

As-prepared PB (Figure 3.1b) adopts a non-stoichiometric crystal
structure with formula Fe4[Fe(CN)6]3-nH20 (n=14-16) and lattice

parameters between 10.13 and 10.18 A. This crystal structure was
first proposed by Keggin and Miles2°8 and later experimentally evi-
denced by X-Ray?°?2:260 and neutron?®! diffraction studies.

Figure 3.1c shows the theoretical regular crystal structure
(KFe[Fe(CN),]) in crystal group F43m. In the face-centred cubic
(fcc) cell, the N-coordinated Fe atoms occupy the corners and face
centres, whereas the C-coordinated irons are placed in the middle
of the edges (or vice-versa).260.261 Alkali-metal cations are intro-
duced for charge compensation and occupy half of the tetrahedral
holes, spanned by either Fe(lll)-N or Fe(ll)-C. In this case potassium
is used, but the effect of other counter cations will be discussed
later in this Chapter. Due to “dissolving” K* in the PB lattice,
KFe[Fe(CN).] is often called soluble PB, while Fe,[Fe(CN),];-nH,0O
is referred to as insoluble PB.257:262 These non-systematic labels
have, however, nothing in common with the solubility of the
compound; both KFe[Fe(CN).] and Fe,[Fe(CN).];-nH,O are highly
stable and insoluble in most common solvents.257

The iron atoms are octahedrally coordinated by cyanide bridges,
which splits their electronic d-states into degenerate t;4 and g4
levels (Figure 3.1d). Due to the different field strengths of the C-
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and N-binding cyanide ligand, the iron atoms experience a differ-
ent electronic environment and, thus, have a different electronic
configuration. They can also be classified as class-lIl mixed-valence
materials.?%3 In the ground state, the carbon coordinated Fe adopts
a formal oxidation state of +2 (ferrous Fe(ll)), while the nitrogen
coordinated Fe is in a formal oxidation state of +3 (ferric Fe(lll));
therefore, they are denoted as Fe(ll)-C and Fe(lll)-N.2%4

c) d)
' d®> Fe(lll)=N

e

m
ot

dé Fe(ll)-C

— e— eg

Sy

‘,)HJO °K D @rec @ Oc

Figure 3.1: a) As-synthesised Prussian blue (in powder form and spin-
coated on a glass-plate). b) Crystal structure (from neutron diffraction
data)?®! of non-stoichiometric PB (Fe,[Fe(CN),1,-nH,0 (n=14-16)). c)
Theoretical model of PB (KFe[Fe(CN)G] with potassium as counter cation)
with space group F43m. d) Coordination spheres of octahedrally coordi-
nated Fe(ll) and Fe(lll).

It is noted here that the orbital notations t,4 and e4 from molec-
ular point group theory are used, describing the local octahedral
symmetry of the metal cyano-complexes. However, a different sym-
metry may be superimposed by the crystalline lattice and the per-
fect octahedral symmetry may be broken, leading to a partial loss
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of degeneracy. In most cases though, unless otherwise stated, the
tog and e4 description is appropriate and can be used for explaining
several effects related to ligand-field splitting.

When binding from its C-site, CN is a strong field ligand and
Fe(ll)-C adopts a diamagnetic low-spin (Is) configuration, whereas
N-binding NC is a weaker ligand of medium strength. Fe(lll)-N is
therefore in a paramagnetic high-spin (hs) state (5§=5/2) with 5 un-
paired electrons.252:253,261,265,266 |n terms of Bohr magnetons g,
that is the intrinsic electronic magnetic moment, the magnetic mo-

. ment Uream-—n is 5 pg.287 The electronic configuration in Fe t4 and
eg states is shown in Figure 3.1, while Figure 3.2 shows a complete
molecular orbital diagram, including all the symmetry labels. When
applying pressure or electromagnetic field changes, transitions be-
tween hs and Is states are possible. Thus, PB can also be classified
as a spin-crossover (SCO) compound.

i Fe(ll) 4p
1u (t1u)

tF b, Fe(ll) 4s

Fe(lll) 3d® -, 6
(eg + t29) P “ Fe(ll) 3d

(e, +t,)

relative orbital energies

| .2 \
\
\ o

- g ~ -

Fe(lll) Fe(IiI)(NC) 6*(CN)" Fe(II)(CN) Fe(ll)

Figure 3.2: Molecular orbital scheme of the octahedrally coordinated
Fe(l(NC), and Fe(l)(CN),, with symmetry labels adapted from molecular

point group theory.28 The charge-transfer from Is-Fe(l)-C to hs-Fe(Ill)-N
band is indicated by a turquoise arrow. Adapted from Ref. [264].

The intense blue colour of PB results from a strong charge-
transfer (CT) absorption at 1.75 eV, which is due to intermetallic
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electron transfer from ferrous Fe(ll)-C to ferric Fe(lll)-N.2%% This
charge-transfer transition is also illustrated in Figure 3.2.

Below their Curie-temperature of T¢c = 5.6 K, the Fe(lll)-N cen-
tres order ferromagnetically.269.269 The ferromagnetic interaction of
the paramagnetic centres can be described by a spin-delocalisation
mechanism, in which electronic charge is delocalised throughout
the structure via the cyanide m-orbitals.2°2:269.270  Apart from the
ligand-mediated ferromagnetic interactions, also a direct through-
space coupling of the Fe(lll)-N magnetic moments cannot be ex-
cluded, which is according to calculations of Middlemiss and Wilson
the predominant coupling mechanism.27?

The inverse redox form KFe(II)[Fe(III)(CN)G], in the older litera-
ture sometimes referred to as Turnbull’s blue, is highly unstable.
It was believed to consist of ferrous Fe(ll) ions and ferricyanide
[Fe(ll(CN),] moieties, which are the most stable oxidation
states in aqueous solution. In the solid state, however, it will
immediately transform to Prussian blue KFe(III)[Fe(II)(CN)G] by

charge-transfer.272.273

3.1.2 Calculations of Prussian blue

Modelling the complex electronic structure of Prussian blue by com-
putational simulations still remains a challenge for Density Func-
tional Theory (DFT).2°3:271,274-279 \\ojdet et al. did pioneering work
on the mixed-valent KFe(ll)[Fe(ll)(CN) ]1.27427® Those studies in-

clude the application of mixed ultrasoft pseudopotentials (USPPs)27>
or different Hubbard U parameters on both Fe centres,274 with which
they accurately described the electronic structure of PB, in agree-
ment with experiments. Middlemiss and Wilson applied hybrid func-
tionals with various amounts of exact Hartree-Fock exchange in or-
der to assess the magnetic interactions in PB.2’! They showed that
including Hartree-Fock exchange can provide an accurate repre-
sentation of the key electronic and magnetic interactions. Further-
more, they suggest that an indirect exchange interaction between
hs Fe(lll)-N centres dominates ferromagnetic couplings in PB.

In this work various functionals on different levels of theory are em-
ployed and their applicability is evaluated.

Pure DFT

When applying pure GGA or even meta-GGA, the computational
simulation of the ideal KFe(lll)[Fe(I)(CN).] always converges to an
overall low-spin (Is-Is) state. In the Is-Is state both Fe centres are in
an Is-configuration, which leads to an incompletely filled t>4 set of
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Fe(lll)-N, and thus results in a half-metallic conducting ground state.
The spin configuration of Is-Is PB is shown in Figure 3.3a. In this Is-Is
configuration (Figure 3.3), Uureqm-~n = 1 up (one unpaired electron),
while the Is d® Fe(ll)-C has 0 ug. This configuration, however, is in-
consistent with the experimental results, in which a ferromagnetic
hs-Is state with ureqmy-n = 5 ug, as described above, is observed
(Figure 3.3Db).261.266

. a) Is-Is b) hs-Is
d5 Fe(lll) =N ds Fe(ll) - C d5 Fe(lll) =N ds Fe(II)—

e,

e(—— ’ e
w4 e 4 -&-ﬂ--ﬂ-%

s=1/2 s=0]

Figure 3.3: Spin configuration of Fe(lll)-N and Fe(ll)-C in an a) Is-Is state
and b) hs-Is state in the limit of complete spin localisation.

Table 3.1 lists the main parameters of the ideal KFe(III)[Fe(II)(CN)G]
structure calculated with the GGA functionals PBE (Perdew-
Burke-Ernzerhof),1>7.280 pBEsol (PBE revised for solids),1®1 RPBE
(revPBE),160 PW91 (Perdew-Wang 1991),1>8 AMO5 (Armiento and
Mattson 2005),281 and the meta-GGA TPSS (Tao-Perdew-Staroverov-
Scuseria),?82 as available in the VASP code.199.200

Table 3.1: Lattice constant a, band gap E4, Bader charges q,%83-285 and
magnetisations u of both Fe centres of the Is-Is Prussian blue, for the
GGA functionals PBE,1>7:280 pBEsol,161 RPBE,1%% pw91,1>8 AM05,%8! and
meta-GGA TPSS.282 A half-metallic, conducting (cond.) state is obtained
for each.

Functional H PBE PBEsol RPBE PW91 AMO5 TPSS

a A 9.897 9.791 9.994 9.897 9.801 9.909
Eg cond. cond. cond. cond. cond. cond.
qream-n. lel 1.23 1.27 1.33 1.31 1.27 1.32
gren—c. lel 0.90 0.87 0.91 0.90 0.86 0.94
MFen—N, MB 0.61 0.61 0.60 0.59 0.61 0.61
MFe(n—c, KB 0.38 0.37 0.40 0.38 0.37 0.39

All functionals lead to similar qualitative results for the elec-
tronic properties, the charges greqmy-n and Qqrear-c and the
magnetisations uUreqmy—n and Urean—c. From those values, the
effect of electron delocalisation in DFT becomes highly visible:
i) Bader charges?83-285 |ie far below their classical ionic lim-

86



UNIVERSITAT ROVIRA I VIRGILI

EXPERIMENTAL AND THEORETICAL INVESTIGATION OF PRUSSIAN BLUE-TYPE CATALYSTS FOR ARTIFICIAL
PHOTOSYNTHESIS

Franziska Simone Hegner

its greqmy—n = +3 le| and qreqany-c = +2 |e|; ii) Magnetisations
Urean—n = 0.6 up and Ureun—c = 0.4 ug show a large delocalisation
of the electronic charge over the two metal centres.

The only difference of all the employed DFT functionals is the
lattice parameter with variations of the order of 1%. This value
however cannot directly compared to the experimental value 10.13-
10.18 A, as that value corresponds to an hs-Is state with average
stoichiometry Fe,[Fe(CN)],-nH,0, as shown in Figure 3.1a.259-261

The incorrect description of the magnetic ground state results
from the DFT-inherent self-interaction term, i.e. the electron inter-
acting with itself. Especially when having closely lying magnetic
minima, DFT calculations of correlated systems fail.

DFT + U

One way to correct for the electronic self-interaction is to introduce
an effective Hubbard U parameter U8/ = (U—)), as explained in Sec-
tion 2.1.2.167-170.175 | this context, USf parameters varying from
0.0 eV to 8.0 eV on both iron centres were added. Since the value of
the optimal U parameter is expected not to vary significantly with
ionic charge and spin state,174:286 | have used the same U¢f param-
eter on all irons to maintain a greater transferability,16>-287 which is
in contrast to a previous report where two different U¢/f for PB were
introduced.2’® Calculations of the hs-Is and Is-Is configurations with
varying U/ were performed for the functionals PBE and PBEsol.
The resulting structural and electronic parameters are presented in
Figures 3.4 and 3.5 and Tables 3.3 and 3.4.

10—
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< 0.0 [
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Figure 3.4: Variation of the energy difference between hs-lIs and Is-Is
configuration (Eps_is — Eis—is) with U/T for the functionals PBE and PBEsol.

The relative stabilisation of the hs-Is configuration with respect to
the Is-Is configuration is given by Eps—is — Eis—is and shown in Figure
3.4. From Figure 3.4, it can be seen that U¢f > 1.6 eV for PBE and
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USF > 2.7 eV for PBEsol is needed to stabilise the correct hs-Is state
over the Is-Is state, i.e. for the energy difference Eps—is — Es—is to
be > 0.

When increasing U/ on both irons, also the lattice parameter
a increases, as shown in Figure 3.5a. This is due to the fact that
adding U¢f on the metal centres leads to a higher localisation of
charge density on the atoms, thus removing electronic density from
the metal-ligand bond and increasing the bond length. More impor-
tant though is the difference in lattice constant between hs-Is and
Is-Is states. In the hs-Is configuration (see Figure 3.3) the Fe(lll)-N
eg orbitals, which are slightly anti-bonding in character, are half-
filled and the Fe-N bond distance enlarged. In general, the PBEsol
functional gives about 1% smaller lattice parameters, which are
closer to the experimentally observed result for hs-Is Prussian blue,
as indicated in Figure 3.5a. This is not surprising as PBEsol was
constructed to give more accurate lattice constants for solid com-
pounds.161.288 Therefore, in my Thesis, | mainly used PBEsol(+U)
as GGA(+U) functional of choice for obtaining the geometries of the
used structures.

Figure 3.5b shows the increase of the band gap E4 with increas-
ing U7 of the hs-Is KFe[Fe(CN),]. (The half-metallic Is-Is state with
band gap 0 is also indicated in Figure 3.5b.) As stronger the effec-
tive on-site Coulomb interaction, as narrower get the d-bands and
as larger the gap. For U8f = 6.0 eV (PBE) and U9/ = 5.5 eV (PBEsol)
a match with the experimental value of 1.75 eV is obtained (green
line in Figure 3.5b). The band gap is key to opto-electronic applica-
tions and is thus taken as main criterion for evaluating the adequate
functional. Consequently, | decided on PBEsol+U with U¢f = 5.5 eV
as a DFT+U functional of choice in this study of Prussian blue type

materials.
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Figure 3.5: Variation of a) the lattice parameter a of both hs-Is and Is-
Is configurations and b) the band gap E4 of hs-Is KFe(ll)[Fe(l)(CN),] with

U®f for the functionals PBE and PBEsol.
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This PBEsol+U (USf = 5.5 eV) functional is also employed to
investigate the possibility of different magnetic alignments, other
than the hs-Is and Is-Is state of Figure 3.3. Intermediate spin states
(is) with one electron occupying the e4 orbital, i.e. Is-is, hs-is, is-
Is, is-hs, or an overall high-spin (hs-hs) state are compared in Table
3.2. Those states were calculated by fixing the overall magnetic
moment of the unit cell to the corresponding number of unpaired
electrons per unit cell: 20 ug for hs-Is, 4 ug for Is-Is, 36 ug for hs-hs,
12 ug for Is-is and is-Is, and 28 ug for is-hs, hs-Is. As expected all
other spin configurations, in particular the is state with a singly oc-
cupied eg4, are much higher in energy and hence can be excluded for
further considerations. The same applies for an anti-ferromagnetic
alignment, which is disfavoured by the spin delocalisation and direct
magnetic coupling.270.271

Table 3.2: Relative energies (per Fe centre) of different possible magnetic
configurations with respect to the hs-Is ground state calculated with the
functional PBEsol+U (U¢f) by imposing an overall magnetic moments on
the K,Fe,[Fe(CN).], unit cell.

Total magnetic moment of Possible corresponding spin Relative energy w.r.t. hs-Is
unit cell Uynit cett» B configurations of Uynit cell ground state, eV
20 hs-Is, is-is, Is-hs 0
0 Is-Is 1.44
36 hs-hs 2.17
12 is-Is, Is-is 2.54
28 hs-is, is-hs 2.81

Tables 3.3 and 3.4 show that in the case of hs-Is PB, the magneti-
sation on Fe(lll)-N increases, whereas the magnetisation on Fe(ll)-C
decreases with increasing U¢/f. Because the electrons become more
localised, the value of the magnetisations approaches the classical
limit with yreqmm-n = 5 pg and Urean—-c = 0 Us.

Interestingly, for the Is-Is configuration the localisation of the
magnetic moment inverses at high U/ (U¥/f > 3.5 eV for PBE+U;
USf > 4.5 eV for PBEsol+U) and the unpaired electron becomes sta-
bilised on the Is-Fe(ll)-C. Adding U leads to a destabilisation of the
tyg states in Fe(ll)-C (in the stronger crystal field; Figure 3.2), and
a partial transfer of electron density from Fe(ll)-C to Fe(lll)-N might
be favoured in that case.

Although DFT+U (PBE+U / PBEsol+U) has shown to give accu-
rate results for the optimised U8 (5.5 eV for PBEsol), the obtained
data is highly dependent on the chosen U-parameter. As in turn the
optimal U¢f depends on the system, i.e. the electronic environment
of the transition metal centre, the method lacks in transferability.174
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Table 3.3: Dependence of electronic and geometric properties (lattice constant a, band gap Eg and magnetisation u)
and relative stabilisation of the hs-Is configuration (Ens—is — Eis—is) on the effective U parameter veff = —J) for the GGA
functional PBE+U. The Is-Is configuration is conducting (cond.).

uf,ev [ 0.0 ] 1.0 | 20 | 30 | 40 50 | 5.5 60 | 65 [ 7.0 8.0
wUmj state hs-Is Is-Is hs-Is Is-Is hs-Is  Is-Is hs-Is Is-Is hs-Is Is-Is hs-Is Is-Is hs-Is Is-Is hs-Is Is-Is hs-Is Is-Is hs-Is Is-Is hs-Is Is-Is
a, A 10.246 9.898 [10.250 9.920 [10.260 9.944 |10.274 9.973 |10.290 10.007 {10.312 10.048 |10.325 10.070 {10.339 10.095 {10.357 10.121 {10.376 10.149 |10.422 10.207
mszM./\\mem_ + 2.93 + 1.13 -0.70 -2.54 -4.37 -6.19 -7.09 -7.98 - 8.86 -9.73 -11.35
mm. eV 0.50 cond. 0.63 cond. 0.77 cond. 0.96 cond. 1.18 cond. 1.45 cond. 1.60 cond. 1.78 cond. 1.95 cond. 2.14 cond. 2.54 cond.
MFe(n—n, UB 3.85 0.61 3.94 061 4.01 0.60 4.09 0.58 4.15 0.52 4.21 0.49 4.24 0.45 4.27 041 430 0.36 432 0.29 4.37 0.17
HFe(n—c, UB 0.34 0.38 0.23 0.43 0.29 0.48 0.25 0.54 0.22 0.61 0.18 0.70 0.16 0.75 0.14 0.81 0.12 0.87 0.11 0.94 0.07 1.08

Table 3.4:

Dependence of electronic and geometric properties (lattice constant a, band gap Eg and magnetisation u)

and relative stabilisation of the hs-Is configuration (Ens—is — Eis—is) on the effective U parameter U8 = (U—)) for the GGA
functional PBEsol+U. The Is-Is configuration is conducting (cond.).

Uf,ev ] 00 [ 10 | 20 | 30 | 40 50 | 5.5 60 | 65 | 7.0 8.0
mvmj state hs-Is  Is-Is hs-Is  Is-Is hs-Is  Is-Is hs-Is  Is-Is hs-Is  Is-Is hs-Is  Is-Is hs-Is  Is-Is hs-Is  Is-Is hs-Is  Is-Is hs-Is Is-Is hs-Is  Is-Is
a, A 10.1419.791 |10.146 9.807 [10.154 9.830 [10.164 9.850 |10.177 9.877 |10.194 9.908 |10.204 9.927 |10.2159.946 [10.227 9.968 |10.244 9.990 |10.278 10.044
m:mLM./wwLm_ + 5.06 + 3.18 + 1.26 -0.69 -2.63 -4.57 -5.53 - 6.49 -7.43 - 8.37 -10.19
Eg, eV 0.60 cond. | 0.74 cond. | 0.89 cond. | 1.09 cond. | 1.32 cond. | 1.57 cond. | 1.71 cond. | 1.86 cond. | 2.03 cond. | 2.20 cond. | 2.57 cond.
MFe(I—N, UB 3.84 0.61 3.92 0.62 3.99 0.62 4.06 0.61 4.13 0.59 4.19 0.55 422 0.53 4.25 0.49 4.27 0.46 430 041 435 0.28
MFe(in—c, MB 0.31 0.37 0.29 0.40 0.27 0.45 0.24 0.50 0.22 0.56 0.19 0.64 0.17 0.69 0.16 0.74 0.14 0.79 0.13 0.85 0.09 1.00
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Hybrid functionals

Another way of overcoming the self-interaction error, is to include
an amount of exact Hartree-Fock exchange in the exchange-
correlation energy in a hybrid functional. In this work | used the
hybrid functionals HSEO3 and HSEO06, which are particularly useful
in simulating periodic solids, as their long-range exact exchange
term is screened.181-184 Taple 3.5 compares the applicability of
GGA (PBE and PBEsol), GGA+U (PBE+U and PBEsol+U), and hybrid
functionals (HSE03 and HSEO06) for KFe(lll)[Fe(l)(CN)].

Table 3.5: Geometric and electronic parameters, crystal filed spitting
energy CFSE at Fe(lll)-N, band gap E4, Bader charges,?®3 and magnetisa-
tions, of the ideal KFe(ll)[Fe(ll)(CN).] in an hs-Is configuration, and com-
parison to the Is-Is configuration, Eps—;s — E;s—is, calculated with the func-
tionals PBE,1>7:280 pBEso|,161 PBE+U, PBEsol+U (both with USf = 5.5 eV),
HSE03, HSE06,181-184 3nd compared to experiments,. 260,261,264

Functional H PBE PBEsol PBE+U PBEsol+U HSEO3 HSEO06 exp.
a, A 10.246 10.141  10.325 10.204 10.184 10.175 10.1662%0
d(Fe—N), A 2.070 2.043 2.076 2.050 2.053 2.051  2.03260
d(Fe—0C), A 1.875 1.851 1.911 1.877 1.873 1.872  1.92260
d(C—=N), A 1.177 1.177 1.176 1.175 1.165 1.165  1.13260
ths,_lse_v +0.37  +0.63 -0.88 -0.53 -0.69 -0.31
S—IS»
Eq, eV 0.50 0.60 1.59 1.71 1.94 231 1.75%%4
CFSngl(””—’V' 150  1.67 1.13 1.39 160 173
Qreqm—n, el +1.61 +1.74 +1.73 +1.87 +1.86 +1.87
grean—c. lel +0.97 +0.55 +1.01 +1.08 +0.76 +0.76
an, lel -1.25 -1.42 -1.31 -1.36 -1.37 -1.38
qc. lel +0.67 +0.88 +0.70 +0.72 +0.78  40.79
gk, lel +0.93  +40.93 +0.93 +0.93 +0.94 +0.94
UFen—n, B 3.86 3.84 4.24 4.22 4.15 4.16
UFe(n—c, MB 0.35 0.31 0.16 0.17 0.27 0.26
0.06- 0.06-
Hn, UB 0.07 0.07 0.05 0.05 0.05 0.05
Uc, U 0.02 0.02 0.02 0.02 0.01 0.01
UK, U8 0.00 0.00 0.00 0.00 0.00 0.00

Both hybrids, HSEO3 and HSEOQG6, yield very similar structural pa-
rameters, bond lengths and lattice constants, in very good agree-
ment with the X-ray data.?>?

The Bader charges?83-28> of the iron centres remain far from their
ionic limits greqin—-n = +3 |e| and greany—c= +2 |e|, even with DFT+U
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and HSE03/06, due to metal-ligand bonding in the periodic solid.
This also leads to a stabilisation to a small positive charge greun-c
= +0.7-0.9 |e| on the carbon atoms. The completely ionised counter
cation K*, on the other hand, shows a charge close to +1 |e|. Adding
USf on both Fe centres increases their positive charge and en-
hances their ionic character, while the hybrid functionals lead to
a better separation of charges between Fe(lll)-N and Fe(ll)-C (in-
creasing only qreqm—n). Notwithstanding, the description of partial
charges, such as the Bader analysis carried out, is not straightfor-
. ward and needs to be regarded with caution.148:283 |f the atoms in
the structure contain unpaired electrons, the magnetisation values
are generally a better descriptor of the localisation of electrons.

Also the magnetisation on Fe(lll)-N is lower than the expected
5 up due to spin-delocalisation through the CN m-system. It how-
ever increases from 3.8-3.9 ug, obtained by GGA, to around 4.2 ugp
when adding U¢f or applying a hybrid functional, indicating a higher
ionicity of the metal-ligand bonding.

The crystal field splitting energy (CFSE) is the energy separating
the t24 from the e4 set on one metal centre in an octahedral crystal
field (as shown in Figures 3.1d and 3.6). Both GGAs (PBE and PBEsol)
and hybrid functionals (HSEO03 and HSEQ06) give a similar CFSE of
around 1.5 - 1.7 eV. When adding on-site Coulomb interaction with
the U-parameter, the CFSE decreases significantly due to shrinking
the d-band separation on the same metallic centre, which might be
unphysical.

Comparing both applied hybrids, HSE0O3 and HSEQ06, which
differ only in the screening distance of the long-range Hartree Fock
exact exchange term (Equation 2.16), the results for all obtained
parameters, except the band gap, are found to be almost equal.
The gap Eg with HSEO3 (1.94 eV) is about 0.3-0.4 eV smaller than
with HSEO6 (2.31 eV), and therefore closer to the experimental
value of 1.75 eV. Introducing exact exchange from Hartree-Fock
theory leads to larger separation of valence and conduction bands
and, thus, increases the gap (see Figure 3.6); an effect often
overestimated.1®> HSEO03, as implemented in the VASP code,199.200
screens the exact exchange at a shorter distance of 3.33 A, while
HSEO06 has a screening distance of 5.00 A. This smaller screening
distance in HSEO3 is likely to be the reason for its better evaluation
of the band gap.183.184

Also the hybrid functionals B3LYP?8? (including 20% exact ex-
change) and B3LYP*185 (including 15% exact exchange) were em-
ployed and compared to HSEO3, as shown in Table 3.6. Both B3LYP
and B3LYP* show a similar lattice parameter of 10.26 - 10.27 A,
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about 1% larger than the experimental value and the value ob-
tained with HSE (10.18 A). This is based on the fact that B3LYP
(and B3LYP*) was empirically parameterised using a large test set
of organic molecules, and thus does not necessarily give a good de-
scription for solids. While most electronic parameters, i.e. crystal
field splitting energies, charges (not shown here), and magnetisa-
tions, are similar for all hybrid functionals, the band gap is most
overestimated by B3LYP, but reduced by B3LYP*, giving 1.70 eV,
which is closest to the experimental result. As mentioned in Section
2.1.2, areduced amount of exact exchange (as in B3LYP*) may often
yield more accurate band splittings in transition metal compounds,
an issue which is discussed later for the case of cobalt hexacyano-
ferrate.

Table 3.6: Comparison of the hybrid functionals HSE03,182.184 B3| Yp289
and B3LYP*185 in terms of their lattice parameters a, hs-Is stabilisation
energy Eps—is — Eis—is, crystal field-splitting energy CFSE of Fe-N(lll), and
magnetisation of the iron centres.

Functional | Hseo3 B3LYP B3LYP*

a, A 10.184 10.246 10.274
Ehs—is - Ets—is, eV -0.69 -2.08 -1.49
Eg, eV 1.94 2.26 1.70
CFSEre(n—n, eV 1.69 1.62 1.58
MFe(tn—N, HB 4.15 4.09 4.03
MFe(n—c, UB 0.27 0.30 0.35

Band gap and electronic structure

The band gap results from a charge-transfer transition between the
Fe(ll)-C tyg valence band and the Fe(lll)-N t;4 conduction band,
which is only half-occupied by unpaired a-spin electrons.t The tran-
sition takes therefore place in the B-spin channel.

Figure 3.6 shows the electronic structures obtained for PBEsol,
PBEsol+U, and HSEO03, each of which chosen to be the most ad-
equate GGA, GGA+U, and hybrid functional, respectively. On the
positive ordinate the majority a-spin is plotted, and on the neg-
ative ordinate is the minority B-spin. The potassium ions do not
participate in the DOS, as they become completely ionised and are
therefore omitted. It can be seen that the conveniently used orbital

It has to be kept in mind that the discussed band gaps here are taken as the
energy difference of the eigenvalues obtained for the highest occupied state (VBM)
and lowest unoccupied state (CBM), hence the eigenvalue gap, which is not equiv-
alent to the quasiparticle gap, as obtained by a photoemission experiment.
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notation tyg and ey for the electronic states in the PB lattice is no
longer exact, as the insertion of counter cations leads to a descent
in symmetry. Hence, the electronic environment of the Fe centres
is no longer strictly octahedral and the tyg and ey states no longer
degenerate. The splitting of d-levels is most prominent in the case
of the accurate hybrid functional, where the electronic bands are
very sharp defined peaks.

PBEsol

E"_ hs Is
[0}
8 d® Fe(lll) =N dS Fe(ll) - C
(o = ==
CFSE
PBEsol + U —

| | ollass) oy Fe(ll)-C
BIL WA B | : Fe(lI1)-N
PR QW Ty
@- ] 3 a'tzg /

e éﬁ W E, CFSE
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Figure 3.6: Spin-polarised projected Density of States (DOS) of hs-Is PB
calculated with PBEsol, PBEsol+U (U = 5.5 eV), and the hybrid HSE03,
with a-spin density on the positive and 3-spin density on the negative axis.
The energy zero is defined to be at valence band maximum Eyg. The band
gap transition Eg and crystal field splitting energy (CFSE) on Fe(lll)-N are
indicated by magenta and red arrows. In the enlarged DOS on the right
(calculated with HSEO03) the important valence levels a- and g — t2g and
eg are labelled.

Going from GGA to GGA+U to hybrid functionals, an increase of
ionic character is seen in the DOS (Figure 3.6). Although the valence
band obtained with PBEsol is mainly constituted of the t,4 states on
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Fe(ll)-C (blue), there is a high level of hybridisation with the cyanide
ligand (orange) and even Fe(lll)-N (green) due to a larger degree of
covalency. Also the other electronic bands of metals and ligands are
highly hybridised. Moreover, the splitting of the electronic bands on
different atoms is lower for PBEsol than for the other functionals. In
particular, the band gap Eg = 0.6 eV (Table 3.5) is largely underes-
timated.

Even with HSEO3 a certain degree of electron delocalisation is
maintained. The Fe(ll)-C bands show Fe(lll)-N density of states
with equal symmetry due to the electronic overlap with the ligand
n-orbitals.2%? Moreover, the nitrogen contribution to the charge-
transfer state, i.e. the B—t,4 states on both Fe centres, is seen from
the DOS.

Since the electron donating Fe(ll)-C and accepting Fe(lll)-N lie
on different points in the Brillouin zone, the band gap transition is
indirect (see Section 2.2.5). Figure 3.7 shows the band structure
(calculated with PBEsol+U) of hs-Is KFe[Fe(CN)G], which indicates
that the gap corresponds to an indirect L « T transition, 1.73 eV
for U = 5.5 eV, consistent with previous studies.?2’®> The direct
gaps are 1.85, 1.87, 1.91, and 1.92 eV, located at I, K, L, and X,
respectively, and lie very close to the indirect gap. Therefore, the
absorption is intense and resembles a direct band transition.

3+ /' die,) .
1 B- Fe(lll)-N

Fe(ll)-C

““““ Evg

(E-Eys )IeV

Points on first Brillioun Zone

Figure 3.7: Band structure (not spin-polarised) of hs-Is PB calculated with
PBEsol+U (U/f = 5.5 eV). The indirect L «— I" band gap transition is shown
by a red arrow.

Summarising the effect of different functionals on the simulation
of Prussian blue: i) Pure DFT (on the GGA or even on the meta-
GGA level of theory) has shown to be inadequate, as it incorrectly
stabilises the diamagnetic Is-Is configuration of KFe(lll)[Fe(Il)(CN)_]I;
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i) GGA+U (PBEsol+US7 = 5.5 eV) accurately describes the struc-
tural and electronic parameters, but is not universally applicable
as it was optimised particularly for the PB structure; iii) HSEO3 as
a hybrid functional of choice leads to a very accurate description
of lattice parameters and the electronic structure of PB, but on a
largely increased (2 orders of magnitude) computational cost.

In the following discussion, different Prussian blue analogues are
studied and the applicability of PBEsol+U and HSEO3 is assessed.

. 3.1.3 Redox forms: Berlin green and Prussian white

Prussian white and Berlin green are the two, thermodynamically
unstable, redox forms of Prussian blue KFe(lll)[Fe(ll)(CN) ] and
are shown in Figure 3.8.257:290.291 The oxidised Berlin green (BG)
Fe(lN[Fe(llN(CN).] (Figure 3.8a), sometimes also called Prussian yel-
low, receives its name from its yellow-greenish appearance.?’>:277
It has both iron centres oxidised to Fe(lll) and is therefore charge-
neutral without any intercalated counter cations. Upon reduction
of PB, Prussian white (PW) KZFe(II)[Fe(II)(CN)s], or Everitt's salt,
forms, with both iron centres in a (formal) oxidation state of +2.277
In this case four counter cations need to be incorporated in all the
tetrahedral holes (spanned by Fe(ll)-N/Fe(ll)-C) of the unit cell for
charge balance, as shown in Figure 3.8c.

Figure 3.8: Crystal structures of a) Berlin green Fe(ll)[Fe(ll)(CN).],
b) Prussian blue KFe(ll)[Fe(l)(CN).], and «c) Prussian white
K, Fe(ID[Fe(IN(CN).].

As it is the case for Prussian blue, two low-lying magnetic states
for both BG and PW can be anticipated and are schematically il-
lustrated in Figure 3.9a: hs-Is with a high-spin Fe-N and a low-spin
Fe-C centre; Is-Is with both Fe centres in the low-spin state. Figure
3.9b shows the stabilisation of the hs-Is state w.r.t. the Is-Is state
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(Eps—is — Eis—is) for both BG and PW with variation of the effective
U-parameter U¢, similar as done before for PB (Figure 3.4).

2
dé Fe(ll) =N dé Fe(ll) - C b Fe(ll) =N db Fe(ll) - C
++ = e
4 WAty WA
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Figure 3.9: a) Possible spin configurations (hs-Is and Is-Is) and b) varia-
tion of their energy difference Eps_is — Eis_is with applied USf (PBEsol+U)
of Prussian white (PW) K2Fe(ll)[Fe(II)(CN)6] (red) and Berlin green (BG)
Fe(lIN[Fe(ll)(CN)] (green).

Table 3.7 presents the geometric and electronic parameters of
Berlin green in an hs-Is configuration and Prussian white in both hs-
Is and Is-Is states, calculated with PBEsol+U and HSEO3, and com-
pared to available experimental data.290-292

Berlin green forms upon removal of one electron from Is Fe(ll)-C,
giving Fe(lll)-C, which stays in a a low-spin state due to the strong
CN crystal field. As the hs Fe(lll)-N centre is barely influenced by oxi-
dising Fe-C, it remains in its hs configuration with constant Fe-N dis-
tance d(Fe-N) (see Tables 3.5 and 3.7). Both functionals PBEsol+U,
with any U¢/f parameter larger than 3.3 eV (Figure 3.9b) and HSEO03
stabilise the hs-Is configuration w.r.t. Is-Is, as predicted from Md&ss-
bauer spectroscopy and neutron diffraction data.??3 A change of
spin state from hs-Is PB upon oxidation can therefore be excluded
and, in the further discussion of BG, its hs-Is ground state is as-

97



UNIVERSITAT ROVIRA I VIRGILI

EXPERIMENTAL AND THEORETICAL INVESTIGATION OF PRUSSIAN BLUE-TYPE CATALYSTS FOR ARTIFICIAL
PHOTOSYNTHESIS

Franziska Simone Hegner

sumed.

For Prussian white (PW), however, the true ground state configu-
ration cannot be determined with certainty. While Figure 3.9b shows
a stabilisation of the Is-Is state, even for large Hubbard U-terms
(UST < 9 eV),! an assessment with the hybrid functional yields a
slightly more stable (by 0.1 eV) hs-Is state, as given in Table 3.7.

Table 3.7: Main parameters and energy difference Eps—is — Ejs—is of the
Prussian blue derivatives Berlin green (hs-Is) Fe(III)[Fe(III)(CN)G] and Prus-
sian white Fe(ll)[Fe(Il)(CN).] in hs-Is and Is-Is configurations, calculated

with the functionals PBEsol+U (Uf = 5.5 eV) and HSEO3, as well as ex-
perimental data.2?0-294

Functional PBEsol + U HSEO3 exp.
Compound BG hPs';'lls ’:-V’Vs BG h:;/'lls I:-st BG PW
a A 10.217| 10.289 9.978 || 10.237| 10.363 9.982 || 1021829310197,
d(Fe—N), A || 2.049 | 2.086 1.926 || 2.055 | 2.083 1.936 || 2.003293
d(Fe—C),A || 1.890 | 1.880 1.887 || 1.906 | 1.865 1.890 || 1.921293
d(C—N), A 1.170 | 1.179 1.175 1.158 | 1.179 1.165 || 1.162293
Ei’:fse'v -0.59 +0.26 -0.91 -0.10
Eq, eV cond. | cond.  3.67 1.59 2.62 4.78 || cond.?®! cond.?%0
CFSEreqm-n- || 132 0.95
Gre-n, lel +1.87 | +1.47 +1.25 || 4+1.79 | +1.49 +1.28
Qre—c, le| +0.77 | +0.88 +0.77 || +1.20 | +0.82 +0.78
an, lel -1.22 | 132 -1.38 || -1.33 | -1.51  -1.43
qgc. lel +0.78 | +0.62 +0.74 || +0.83 | +0.82 +0.78
ax. lel +0.93  +0.92 +0.94  +0.92
UFe—N: UB 421 | 3.80  0.00 419 | 3.56  0.00 || 5.022%3
UFe—c, UB 1.28 | -0.05  0.00 1.11 | 0.06  0.00 | 0.8293
UN, UB 0.07 | 0.03  0.00 0.07 | 0.02  0.00
Ue, Hs -0.01 | 0.00  0.00 -0.02 | 0.00  0.00
UK, MB 0.00  0.00 0.00  0.00

* The CFSE is only given for Fe(lll)-N in BG as adding an electron on Fe-N upon reduction to
PW, the former near-degenerate tz4 and eq4 sets distort substantially from their octahedral
symmetry and their splitting energy can no longer be extracted.

fAdding a higher effective U-parameter likely stabilises the hs-Is configura-
tion as can be estimated from an extrapolation of the hs-Is stabilisation energy
Ehs—is — Eis—is to higher U®f (red line in Figure 3.9). Nonetheless, such a high on-
site interaction term on the metal centres would be unphysical and therefore is
avoided.
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It is well-known that hybrid functionals tend to stabilise higher
spin states, while DFT (+U) does not correctly take spin-pairing
energies into account, which may explain the discrepancy between
the obtained PBEsol+U and HSEO03 results for PW.185.187 Fyrther-
more, difficulties in determining an unambiguous ground state
of PW have been pointed out in a previous theoretical report.27°
By comparing the obtained lattice parameters to X-ray diffraction
data,292 as done in Table 3.7, no clear agreement can be found
either, since the experimental value (10.1 A) lies between the re-
sults for hs-Is (10.3-10.4 A) and Is-Is (x~10.0 A) states. Nonetheless,
hs-Is PW with its paramagnetic Fe(ll)-N centres and half-metallic
character (when calculated with PBEsol, not with HSEO03) corre-
sponds better to the measured conductive behaviour??0:291 and
magnetic moments292:294 at thermally accessible temperatures.
The diamagnetic, closed shell Is-Is PW is insulating with a large
band gap for both functionals. Although the true electronic state at
0 K cannot be determined and both hs-Is and Is-Is PW may co-exist,
at room temperature hs-Is PW is likely to be predominant due to
its entropic stabilisation!88 and is consequently assumed in the
following discussion.

The effect of electron removal (oxidation) or insertion (reduction)
on the electronic states in the Prussian blue derivatives can be ex-
plained with their respective DOS in Figure 3.10.

When removing an electron from the t4 set of Is Fe(ll)-C and
forming Berlin green (Figure 3.10a) the Fe(lll)-C ty4 set (blue) dis-
torts from its near-degeneracy, because it now accommodates one
unpaired electron. Therefore an empty site B — tyq is left in the
minority spin-channel, which moves to higher energy. For PBEsol+U
(on the top) the valence band Eyp (black line at E = 0 in Figure 3.10)
cuts the B—ty4 band, whereas the empty B—t,4 shifts 1.59 eV above
Eyg in the case of HSEO3 (on the bottom). This, in turn, means
that PBEsol-U gives a half-metal (conducting in the B-spin channel)
and HSEO3 gives an insulating ground state. Notwithstanding, none
of these states agrees with recent experiments.??1 Temperature-
dependent conductivity studies predict an increase of conductiv-
ity with temperature,??! as opposed to (half-) metallic conduction,
which decreases with temperature due to lattice vibrations. The
suggested hopping mechanism between the nearest-neighbour Fe-
sites would include a small band gap, which is overcome by thermal
activation. The gap of 1.6 eV from HSEO3 is far too large for thermal
hopping to be possible (ksT < 0.003 eV at RT). Yet the splitting of
occupied and unoccupied  —ty4 sets by HSEO03 is qualitatively cor-
rect, but overestimated, which is due to the high amount of exact
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Hartree-Fock exchange energy that overvalues the spin-pairing en-
ergy.188:295 Moreover, the oxidation of Fe(Il)-C to Fe(lll)-N in Berlin
green results in an increase of positive charge gre—c and magnetic
moment Ure—c in Table 3.7
Upon reduction to Prussian white, an electron is added to the
Fe(lll)-N centre, accompanied by cation (K*) insertion. This de-
creases the (positive) charge gre—y and magnetic moment ure—p, as
given in Table 3.7. Again, this leads to loss of degeneracy due the
additional B electron in the g — t4 set of Fe(ll)-N. PBEsol+U (Figure
. 3.10b on the top) does not separate the B—t,4 set and the occupied
B — t2g merely moves below Eyg. HSEO3, on the other hand, gives
a splitting of the B — ty4 set by 2.6 eV, which is far too large and
contradictory to the observed conductivity.29°

Berlln green BG) b) Prussian white (PW)

I ot @ 1 i PBEsol + U| -
sl Fe( |[|) c < o,
? g & Fe(lll)-C a & B-ey
s /1 ] 8 % Fe(ll)-C -
|l 0 Q
QN o)
ajf A 51 #
< / / \
s Bty S 1 SIf st
! s / 3] % Bty b
h L Fe(lN| B8 B-e, | N I Fe(ll)-N e( N _

! \ \ EVBI \ | ! \ ) ) ) Eys ) 1 | |

L a- t ' | T T T T T T T T
- Fe(l)-C HSEO03 ]
Elll J a-e, s
Sl Fe(lllL.C 1 &

N

3 M Q
Al ‘ N/ “ ’l (@]
sk B-tsg N ||
& Fe(lll)-C \ B-e,| &
h Bty &

i Eus Fe(l)-N ]

5 4 3 2 4 0 1 2 3 4 5 6 5 o m 5

Energy / eV Energy / eV

Figure 3.10: Spin-polarised projected Density of States (DOS) of a) Berlin
green Fe(III)[Fe(III)(CN)G] and b) Prussian white K2Fe(ll)[Fe(II)(CN)6] calcu-
lated with PBEsol+U (U = 5.5 eV) and the hybrid functional HSE03, with
a-spin density on the positive and B-spin density on the negative axis. The

energy is set to zero at the valence band maximum Eyp (indicated by a
black line).

From the discussion on BG and PW, neither PBEsol+U nor HSEOQO3
is found to accurately describe the electronic structure of both re-
dox forms. On the one hand, PBEsol+U with U¢f = 5.5 eV has been
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optimised for PB, and may not be transferable to its derivatives BG
and PW, which have different charge-transfer and magnetic proper-
ties. HSEO3 on the other hand lacks in overestimating the losses of
degeneracy and the separation of electronic band due to its over-
valuation of spin-pairing energies.

This issue is elaborated in more detail for the case of cobalt hex-
acyanoferrate, the cobalt iron analogue of PB (Section 3.2).

3.1.4 Intercalation derivatives of PB and PW

Analogues of PB (KFe(lll)[Fe(Il)(CN),1) and PW (K, Fe(ll)[Fe(I)(CN)1)
can also be formed with other counter cations, replacing the inter-
calated potassium ions. The primary function of K* in the structure
was to compensate for the negative charge imposed by the cyanide
linkers (see Figures 3.8b and c). In many experimental studies of PB
potassium containing electrolytes are used; therefore, potassium in-
tercalation compounds are commonly found in the literature.296.297

In order to test the influence of different alkali cations on the
structural and electronic properties, all alkali metals A (A = Li, Na,
K, Rb, Cs, Fr) were incorporated into Prussian blue and Prussian
white (in hs-Is spin configurations) and calculated with both HSE03
and PBEsol+U. Henceforth a complete database of PB related
compounds AFe(lll)[Fe(ll)(CN) ] (A-PB) and PW related compounds
A, Fe(lll[Fe(I)(CN),] (A,-PW) is set up and given in Tables 3.8 and
3.9.

It was found that the smaller alkali metals Li* and Na* prefer-
entially occupy the faces of the lattice, instead of the tetrahedral
holes, as shown in Figure 3.11. These henceforth called face-Li and
face-Na PB and PW compounds are also listed in Tables 3.8 and 3.9.
In the case of face PW various occupations can be envisaged: The
cations can either occupy parallel faces, i.e. {100} and {200} sets
of planes, as it is found for face-Na-PW (0.02 eV more stable with
PBEsol+U) and shown in Figure 3.11c; or they can lie at diagonal
faces, i.e. in the {222} set of planes such as in face-Li-PW (1.03 eV
more stable with PBEsol+U) and shown in Figure 3.11b.f

Intercalation onto the faces of PB compounds leads to a descent
from cubic symmetry because the negatively charged cyanide lig-
ands bend towards the positively charged cation, hence distorting
the structure and stabilising it due to the electrostatic ligand-cation
interaction.

Larger metal cations (K*, Rb*, Cs*, Fr*) do no longer fit well

fAlso other configurations than intercalation into face positions or tetrahedral

holes may be anticipated for smaller cations, as described in a report by Ling et
31,298
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in the square-planar holes on the fcc faces and prefer to occupy
the tetrahedral holes in their ground state. Indeed, face-K-PB, with
potassium on its faces is destabilised by 0.26 eV (PBEsol+U) com-
pared to regular K-PB with tetrahedral intercalation.

Figure 3.11: Crystal structures of the intercalation compounds with small
alkali cations Li* and Na™: a) face-Li-PB/face-Na-PB, b) face-Li-PW, and c)
face-Na-PW.

Generally, the lattice parameter increases with alkali cation size
from Li* to Fr*, which is shown in Figure 3.12a. This effect is more
pronounced in PW-like structures as they incorporate twice as much
counter cations (in all the tetrahedral holes). Moreover, HSEO3
yields a higher relative lattice expansion than PBEsol+U (see Fig-
ure 3.12a). The largest 2% expansion from about 10.2 A to 10.4 Ais
observed for A,-PW with HSEO3 when going from Li* to Fr*. This
demonstrates the high flexibility of the Prussian blue lattice, which
is able to adapt to larger intercalation compounds by lengthening its
metal-ligand coordination bonds (Fe-N and Fe-C distances increase,
while the strong C-N bond remains constant). Sodium lattices, Na-
PB and Na-PW, with a relative small lattice parameter compared to
all other intercalation compounds, constitute an exception. The rea-
son, however, cannot be deduced from its structural and electronic
properties.

As seen in Tables 3.8 and 3.9, the charges and magnetic mo-
ments are not significantly altered for ions incorporated into tetra-
hedral holes, since the effect of the counter cation on the electronic
structure is negligible. The charge of the alkali metal cation de-
creases slightly from 0.98 to 0.92 |e| along the series, as the ra-
tio g/r, thus the charge concentration decreases with cation size.
Also the band gap of A-PB is merely affected by the counter cation,
only with HSEO3 a small decrease of ~0.1 eV along the series is ob-
served. Previous reports suggest a change in band gap either due
to cation-lattice interaction?°? or lattice expansion;2’® the latter, ge-
ometric effect, is in better agreement with the obtained results.
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In the case of face PB or PW, the structural distortion as seen
in Figure 3.11 is accompanied by a change in electronic structure
due to the electrostatic interaction of the cyanide ligand with the
counter cation. This effect is represented by the DOS (calculated
with HSEOQ3) in Figures 3.12b-d. While Li-PB and Fr-PB have similar
electronic densities, the DOS of face-Li-PB varies significantly. Due
to its symmetric distortion, the Fe t4 and ey sets are no longer
degenerate and split into many bands (Figure 3.12d), which also

. leads to a decrease in the band gap.
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Figure 3.12: a) Variation of lattice parameter for different alkali metal
cations incorporated in half (A-PB) or all (A,-PW) of the tetrahedral holes,

obtained by PBEsol+U (USf = 5.5 eV) and HSE03. b-d) Spin-polarised
projected Density of States (DOS) of PB with Li*, in both tetrahedral face
positions, and Fr* counter cations, calculated with HSEOQ3.
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3.2 Cobalt iron Prussian blue catalysts

Cobalt hexacyanoferrate (CoFe-PB), the cobalt iron analogue of
Prussian blue, is the active water oxidation catalyst in the stud-
ied photoelectrochemical systems. Instead of nitrogen coordinated
irons, it contains cobalt atoms, which are assumed to be the catalyt-
ically active sites, where water oxidation takes place.103.109,110,112
Like the parent compound iron hexacyanoferrate, it occurs a non-
stoichiometric structure A Co, [Fe(CN)(],-nH,O (with A being an
alkali metal counter cation) with Fe(CN). vacancies that lead to a
Co:Fe ratio ranging from 1:1 to 3:2, which is highly dependent on
the preparation conditions.104.300.301

A theoretical structure of regular CoFe-PB without defects (Co:Fe
ratio is 1:1) is shown in Figure 3.13a (counter cations are omitted
for clarity).

b) intermediate 7 ColyN 9 Fe(ll)-C
y excited state

+_
S | et
§ \
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Figure 3.13: a) Regular, stoichiometric CoFe-PB (AXCoy[Fe(CN)6]Z-nH20,
counter cations and incorporated water molecules are omitted for clarity)
in crystal group F43m. b) Schematic representation of the potentials and
spin states of Is-Is Co(lll)Fe(ll)-PB and hs-Is Co(ll)Fe(lll)-PB as a function of
Co-N distance, which are related by charge-transfer (Fe — Co), followed
by rapid intersystem-crossing. Adapted from Refs. [302] and [303].
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It became famous as a magnetic switch,3%4 in which long-range
ordered magnetisation can be induced by light,248:249.305,306 g|gc-
tric fields,22° temperature,?? or pressure.3%?2 The reason is that it
can exist in two different magnetic configurations, which are depen-
dent on their stoichiometry: Is-Is CoFe-PB (AXCo(III)y[Fe(II)(CN)6]Z)

and hs-Is CoFe-PB (AXCo(II)y[Fe(III)(CN)G]Z) (Figure 3.13b).

The diamagnetic Is-Is CoFe-PB has both Co(lll)-N and Fe(ll)-C in

a low-spin d® electronic state with filled tog orbitals. The ferromag-

. netic hs-Is CoFe-PB results when Fe(ll)-C transfers a t;g4 electron
to the ey set of Co(lll)-N, which immediately (after fast spin-
crossover/intersystem crossing)3%3 forms a high spin (t2g)°(eg)?
state as shown in Figure 3.13.2°2:307-310  Thjs change from Is-Is
CoFe-PB to hs-Is CoFe-PB, leading to on- and off- magnetisation, is
therefore called a charge-transfer induced spin transition (CTIST)
and leads to switchable magnetisation.3!!

In its hs configuration Co(ll)-N has a half-filled, populated e4 set,
and therefore a longer Co-N bond length as illustrated in Figure
3.13b. The potential difference of the two potential wells depends
on the ratio of Co:Fe in the compound, which determines the
coordination of cobalt centres,3°! as well as the counter cation,31?
which influences the relative redox potential of the Co2%+/3+ and
Fe2*+/3+ redox couples. As larger the relative Co concentration,
or the amount of vacant Fe(CN). sites, respectively, as weaker
is the ligand field surrounding the Co ions, hence, favouring an
hs configuration.249:302.313-315  The same argument applies for
using smaller, more polarising counter cations, such as Na*, which
interact stronger with the negatively charged cyanide ligands and
thus lead to a weakening of the Co-surrounding field.312

3.2.1 Calculations of CoFe-PB

Due to its interesting charge-transfer coupled magnetic behaviour,
CoFe-PB has been challenging theoretical chemists and physicists
since its discovery around two decades ago.?48304  Verdaguer
was pioneering the studies of magnetic interactions in metal
hexacyanometallates, amongst them the cobalt iron deriva-
tive.222:253.316 Also Harrison et al. and Nishino et al. investigated
magnetic couplings in Prussian blue analogues. The dominant mag-
netic interaction was found to be double-exchange via the cyanide
linker, while direct through space coupling is negligible.317-319
Kawamoto, Asai, and Abe studied the detailed mechanisms of
reversible photo-induced magnetisation in CoFe-PB, the variation
of Co-N bond length and the importance of Fe(CN), vacancies in
the structure, which are key to the formation of the hs-Is CoFe-PB
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configuration.313:320-322  periodic DFT calculations at the GGA+U
level of Kabir and van Vliet suggest that the presence of H,O
molecules is not a necessary criterion for the charge-transfer
induced spin-crossover, but an intermediate symmetric distortion
of the cobalt crystal field is required.31% This deformation can be
induced by structural vacancies, also confirmed by recent cluster
model calculations of Krah et al.323 The absorption properties of
the Is — hs transition were further assessed by time-dependent
studies of Kitagawa et al.311

In this work, the main interest is the function of CoFe-PB as an
electrocatalyst when deposited on a semiconductor surface. There-
fore, the electronic structure and its energetic alignment with the
energy levels of the photoanode substrate is crucial. While the
thermodynamic energy level alignment is the focus of Chapter 4,
the electronic structure of CoFe-PB is discussed here.

Functional assessment

As it was shown in the Section 3.1, none of the employed function-
als was able to unambiguously describe the electronic structure of
Prussian blue derivatives. Not even the computationally expensive
hybrid functionals, which are often used as benchmarks in periodic
DFT calculations, managed to provide the correct conductive prop-
erties of reduced and oxidised PB due to overestimating the inter-
band separations.

In this context, hybrid functional calculations for the CoFe-PB
electronic structure are revised and further optimised. It is known
that in the case of ligand-field splittings, such as te; and eg4 in
an octahedral environment, hybrid functionals with 20-25% exact
exchange EF overstabilise high-spin states.!87:2%>  The optimal
amount of exact exchange depends on the interelectronic coupling,
which in turn depends on the orbital symmetry. More symmetrical
coordination compounds with near-degenerate ground states, and
thus more correlation contributions, require less exact exchange
than non-symmetric complexes with different quantum numbers
on the same metal (d- or f-block) that are mainly connected by
exchange.'® Furthermore, in order to describe spin-crossover,
which implies changes of the number of unpaired electrons, a
smaller amount of exact exchange is often appropriate.188

It is mentioned that also density functionals on the GGA+U level
of theory (with U8f = 3 eV on Co and USf = 5 eV on Fe) have been
found to give accurate electronic parameters. However, they lack
in transferability. In order to compare electronic structures of the
catalyst with different semiconductor materials, a unique functional,
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which describes all materials is needed. For this purpose, more
accurate hybrid functionals are clearly preferred.

As such, the hybrid functional HSEO3 with a screening parameter
of u = 0.3 A1 is chosen, as it is found most suitable for describing
the band gaps of complex solids like PB.181.182,184 The gmount of
introduced exact exchange E)'L(”E is varied as shown in Table 3.10.
For those calculations a regular stoichiometric fcc structure of
KCo[Fe(CN),] is assumed (Figure 3.13a) with K* counter cations
occupying half of the tetrahedral holes spanned by Co or Fe cen-

. tres. The regular CoFe-PB with Co:Fe = 1:1 adopts an Is-Is ground
state, 248305314 which is also consistently obtained for all E¥* frac-
tions employed. As predicted though, the more E/ is introduced,
the more stable the hs-Is configuration gets with respect to the
overall low-spin state.

Table 3.10: Main parameters of the ideal CoFe-PB (KCo[Fe(CN).]) ob-

tained with HSE03181.183 jncluding varying amounts of exact Hartree-Fock
exchange EYF.

EF || Ens—isEisis, eV Eg, eV CFSEco, eV CFSEre,eV |  a A
0% 0.88 1.17 2.34 4.16 9.862
10 % 0.84 1.96 3.49 5.02 9.853
13 % 0.77 2.21 3.86 5.24 9.852
15 % 0.69 2.38 4.09 5.44 9.852
20 % 0.49 2.81 4.71 5.89 9.851
25 % 0.27 3.24 5.32 6.37 9.855

Increasing E)*(’F leads to larger separation of bands. Hence, both
the band gap, separating the t>4 d-bands at different metal centres,
and the crystal field-splitting energy, separating the t;4 and e4 d-
bands at the same metal centre, increase. The lattice parameter,
on the contrary, is independent of the exact exchange introduced.

Figure 3.14 shows the increase of the band gap of KCo[Fe(CN)]

with the amount of Hartree-Fock exchange EFf introduced in a
range-separated hybrid functional based on HSEO03. The band
gap transition (Eg = 2.25 eV),248:305.314 which results from the
electron transfer from Fe(ll) to4 to Co(lll) e4 (Figure 3.13b), is taken
as a fitting criterion to determine the optimal amount of E)’}’F. At
EYF = 13% a band gap of 2.26 eV is obtained, in agreement with the
experimental result.?4839> This result is consistent with the forego-
ing argument, that a reduced amount of exact exchange leads to
a better description of complex transition metal containing solids,
and with the literature values of ideal exact exchange in those
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compounds, which are usually in a range of 10 to 15%.185-190.295
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Figure 3.14: Variation of the band gap of CoFe-PB with the amount of
exact Hartree-Fock exchange E)’}’F introduced in a range-separated hybrid

functional based on HSE03.181.184

As a consequence, | used this HSEO3 functional with 13% ex-
act exchange, henceforth called HSE03-13, for all other remaining
electronic structure calculations presented in this Thesis.

3.2.2 Comparison of magnetic configurations

Figure 3.15 shows the electronic structure of the Is-Is configuration
of KCo[Fe(CN),]) compared to its hs-Is state. In order to align both
DOS, a H,O spectator molecule is incorporated in one of the tetra-
hedral holes and its O 2s orbital energies were taken as common
reference.324 (The method for aligning electronic structures is fur-
ther discussed in Section 4.6.2.)

In the Is-Is state on the left, the occupied Fe ty4 are separated
by 2.26 eV (the charge-transfer band gap) from the empty Co(lll)
eg set. After the electron has transferred from an Fe(ll) t24 orbital
to Co, that Fe ty4 set loses its degeneracy and splits into several
states. Out of those, the now empty B—t>4 shifts up in energy above
the valence band maximum (blue dashed line, shown on the right of
Figure 3.15). After rapid spin-crossover the hs Co(ll) d electrons fully
populate the a—ty4 and a— ey states, which shift to lower energy.
The empty B — t4 state in hs-Is CoFe-PB moves around 1 eV above
the valence band maximum, higher in energy than g — ty4 of Fe(lll).
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Figure 3.15: Density of States of ideal, stoichiometric Is-Is (on the left)
and hs-Is (on the right) KCo[Fe(CN).], aligned by core O 2s states of incor-
porated HZO and with the valence band maximum (Eyg) of Is-Is CoFe-PB
at zero eV (blue dashed line).

3.2.3 Introduction of defects

In order to understand the effect of introducing Fe(CN)6 vacancies,
Co,[Fe(CN);];-6H,O (with a Co:Fe ration of 4:3) is modelled and
compared to ideal KCo[Fe(CN)], as illustrated in Figure 3.16. Both
structures are in their diamagnetic stable Is-Is ground state, with
filled ty4 sets of Fe(ll) and Co(lll). Hence, only one spin channel is
shown. The DOS are aligned by the cores Fe 3s states, which are
expected to remain unchanged. In this case the O 2s of incorpo-
rated water could not be taken as a reference as it shifts upon coor-
dination to Co in Co,[Fe(CN).];-6H,O0.
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Figure 3.16: Density of States of ideal, stoichiometric Is-Is KCo[Fe(CN)]
(on the left) and Is-Is Co,[Fe(CN).];-6H,0 (on the right), aligned by the
core Fe 3s states and with the valence band maximum at zero eV (blue
dashed line). The Co centres in Co,[Fe(CN).];-6H,O are no longer equiv-

alent and divide into Co(NC)6 and Co(NC),-2H,0O. The energy levels of

the latter are stabilised due to decreased anti-bonding metal ligand inter-
actions.

In the case of Co,[Fe(CN).],-6H,0, the four Co centres in the
structure are no longer equal and have distinguishable electronic
configurations, as shown on the right in Figure 3.16. Three Co
atoms are coordinated by two H,O molecules, which replace the
NC-ligand, forming trans-Co(NC),-2H,O. One Co remains fully six-
fold N-coordinated (Co(NC)).

The replacement of NC by H,O on the Co(NC),-2H,O centres
leads to a descent of orbital symmetry, splitting the formerly degen-
erate ty4 and e4 orbital sets, while lowering their energies. Cyanide,
when coordinating from its N-site, causes both t4 and e4 to be
slightly anti-bonding. Removing and replacing it by the only weakly
coordinating H,O decreases the anti-bonding character and thus
stabilises the Co d orbitals.
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The Is Fe(ll) centre, on the other hand, is barely affected by the
removal of one Fe(CN)6 unit.

The effects of changing the electronic configuration by a charge-
transfer coupled spin-crossover from an Is-Is to an hs-Is state, or
introducing a Fe(CN), vacancy into the unit cell, are summarised in
Table 3.11.

Table 3.11: Main parameters of CoFe-PB in its ideal KCo[Fe(CN)G] and
vacant C04[Fe(CN)6]3 -6 H,0 structures, obtained with HSE03-13 and com-

pared to experiments,248.305,325,326

Is-Is hs-Is D
Structure KCo[Fe(CN),]1  KCo[Fe(CN),] Co4|EI;e|-:Cg)6]3 exp.
2
a, A 9.852 10.261 a=b=9812 | 9.96(6)205325+
d(Fe—C), A 1.883 1.897 1.871-1.888% 1.890(8)326t
d(C—N), A 1.166 1.167 1.159-1.174% 1.167(7)3261
Eg, eV 2.26 half-metallic 0.38 2.25248,305%
Uco, HB 0.0 2.80 0.00
UFe, 1B 0.0 0.80 0.00 0.0*
dco-n. lel +1.39 +1.46-1.53
Gre—c. lel +0.88 +0.96-0.98

* CoFe-PB in Is-Is configuration.
T CoFe-PB in hs-Is configuration.

¥ When introducing an Fe(CN), vacancy in the unit cell, the structure gets distorted and
different bond lengths for all Co-N, Fe-C and C-N distances are obtained.
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3.3 Metal oxide photoanodes

Metal oxides with appropriate band gaps and suitably aligned va-
lence band levels are promising candidate materials for photoelec-
trochemical water oxidation.32:34:37 This is due to their low cost
device fabrication techniques, as well as their generally large resis-
tance towards photo corrosion and low risk of toxicity.

In this work, | have studied the photoanode materials hematite
(a-Fe,O,) and bismuth vanadate (ms-BiVO,) and their interaction
with cobalt iron Prussian blue. The electronic structures and com-
putational assessment of those two oxide semiconductors are dis-
cussed in this Section.

3.3.1 Hematite: or-Fe203

Iron oxide belongs to the most abundant and cheapest materials
on Earth and is therefore particularly attractive as light-harvesting
semiconductor in a photoelectrochemical device.36:38-40.327 |n jts
hematite phase, a-Fe,0O,, it has a band gap of around 1.9-2.2 eV,

which allows for efficient light absorption in the visible region.327 Its
valence band edge, measured to be at 2.4-2.7 V vs RHE,32:120,328
lies well below the water oxidation redox potential of 1.23 V vs RHE.
Thus, hole transfer to water is thermodynamically favoured.

Yet the efficient implementation of hematite Fe, O, (a is hence-
forth omitted) in light-activated water oxidation catalysis is ham-
pered by its slow kinetics!20.215,222,243,329-333 gnd poor conduction
properties.334 The latter is due to trapping of photogenerated carri-
ers as small polarons.33°5-339

Electronic structure of hematite

Hematite crystallises in a corundum structure with space group R3c,
presented in Figure 3.17a.340 Lattice parameters are given in Table
3.12. Its iron centres are octahedrally coordinated by O atoms, but
experience a longitudinal, Jahn-Teller-like distortion along the main
axis in the hexagonal unit cell (Figure 3.17a).

In the formal ionic limit, Fe has an oxidation state of +3 in an
electronic d> configuration. As the oxygen ligand field is relatively
weak, a high-spin state (tggeg) is adopted with a theoretical mag-
netic moment of 5 ug. Those magnetic centres align antiferromag-
netically along the principal axis due to angular superexchange in-
teractions. 189,328,341

The structure of Fe, O, is modelled with the hybrid functional
HSEO03-13 (Figure 3.17), which has well described the electronic
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structure of CoFe-PB. The obtained band gap of 1.95 eV matches
well the experimental result (1.9-2.1 eV),3?-327 which indicates that
the included 13% of exact exchange in HSEO3 are also adequate for
Fe O,.

273

(:s  —— ,\
. 2 T
empty B-3d Fe
> Eq
8 EVB
> 0\ = ﬂ=“=====;)hybr/'d: filled 2p O
© e filled a-3d Fe
c
L
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Figure 3.17: a) Crystal structure of the hexagonal unit cell (space group
R3c) and b) DOS (calculated with HSE03-13) of a-Fe, O, referenced to the
valence band maximum (Eyg = 0 eV). As the overall hematite structure is
antiferromagnetic, a- and B-spin DOS are equal, but both spin states can
be well distinguished at each Fe centre.

From the obtained Density of States (Figure 3.17b), it can be
seen that the upper part of the valence band is composed of almost
equal parts of O 2p states and half-filled Fe a — 3d states. This
hybridisation of the strongly correlated Fe 3d levels with the band-
like O 2p results from the symmetry distortion along the longitudinal
axis,3*! which was also found by photoemission experiments.342-34>
The conduction band is mainly formed by empty B — 3d states and
a small 4s contribution of iron. Out of those, the d,. orbitals are
slightly stabilised due to the longitudinal lattice distortion.

Because of the O 2p character of the valence band, the band
gap absorption can be described by a ligand-to-metal p — d charge-
transfer, which classifies hematite as a charge-transfer insulator (in
contrast to a Mott-insulator, in which the gap is characterised by a
metal d — d transition).189:341-345 Thjs transition hence shifts elec-
tron density from the O to the Fe centres, where it gets trapped as
a small polaron.33?
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3.3.2 Bismuth vanadate: ms-BiVO4

During the last two decades, bismuth vanadate has become one
of the most important materials in photoelectrochemical sys-
tems.42:43,52,346-349  Among the class of Earth-abundant metal
oxide semiconductors, it has shown the highest performance in
photoelectrocatalytic water oxidation up-to-date.”*

Electronic structure of bismuth vanadate

Bismuth vanadate can occur in different crystalline phases, which
are closely related. Although it is naturally adopting an orthogo-
nal structure in the mineral pucherite, its monoclinic scheelite (ms-
BiVO,) structure is typically obtained under laboratory conditions

and is the most catalytically active phase.3*’ As it is the only phase
studied in this work, the notation ms is usually omitted. Its crys-
talline structure is presented in Figure 3.18a and its lattice parame-
ters given in Table 3.12. The space group in the conventional base-
centred setting is C/2c, but also other settings like the body-centred
I2/b are common to describe BiVO,.3>°

3 [Bivo, b)

Energy / eV

— o w— — — — — — — —

hybrid: filled 6s Bi
S % filled 2p O

o/p - DOS

Figure 3.18: a) Crystal structure of the monoclinic-scheelite unit cell
(space group C/2c¢) and b) Density of States (calculated with HSE03-13)
of BiVO4 referenced to the valence band maximum (Eyg = 0 eV).

It contains BiO, units and VO, tetrahedra, which are linked by
bridging oxygens (Bi-O-V) and stacked along the main axis of the
unit cell. Due to their monoclinic distortion, the metal-oxygen dis-
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tances in VO, and BiO, are unequal, leading to two different V-O

and three different Bi-O bonds.3>1

The electronic Density of States is given in Figure 3.18b. Since
BiVO, has no unpaired electrons, it is diamagnetic and only one
spin channel a/B-DOS is shown. In the delocalised limit, vanadium
is in a formal oxidation state of +5 with empty 3d orbitals, which
lie at the bottom of the conduction band. Bi has a formal oxidation
state of +3. Its filled 6s electronic states are located at the top of
the valence band where they hybridise with the oxygen 2p orbitals,
forming a weak o-type bond.3°1:352 The impact of the 6s states on
the VBM is enhanced by the symmetric distortion along the principal
unit cell axis in the monoclinic scheelite phase.

The overlap of Bi 6s and O 2p allows for a better delocalisation of
electronic density at the top of the valence band through the Bi-O
bond. This facilitates transport of photogenerated holes in the VBM,
which is why BiVO, is a better hole conductor than most other metal
oxide semiconductors.

Comparison of Fe,O, and BivVO,

Table 3.12 shows a comparison between the two employed metal
oxide semiconductor materials.

Table 3.12: Comparison of the calculated geometric and electronic prop-
erties of both Fe, O, and BiVO,, obtained with HSE03-13.

Structure a-Fe,0, BivO,
Calculated Experimental Calculated Experimental
Lattice e o 2=6.962 a=7.253
constants || 22°0% | 2Tb=> 036 b=12.217 b=11.702
a,b,c, A =22 =22 c=4.922 €=5.096351,353,354
Lattice a=y=90
angles a.,8,y a=p=90 a=£=90 a=y=90 B=134.07-134.23
deg, o Y=120 ¥=12036-39 $=134.99 351,353,354
oxy'\gsaal'o‘ond d(Fe-0)= d(Fe-0)= d(V-0)=1.709* | d(V-0)=1.74-1.76
o 1.878- | | goc 9 060355 d(Bi-0)= d(Bi-0)=
d(Me—gO) A 2.222 : : 2.327-2.557 | 2.34-2.61351.353,354
Band 92p Eg. 1.95 1.9-2.0356 2.46 2.4-2.5324
HFe, UB +3.85 +5,55340 -

* Both distinguishable V-0 bond lengths, which result from monoclinic distortion, have
shown only a small, nearly negligible, difference.

A good agreement between the calculated parameters and

experimental data is obtained.

In particular, the band gaps cal-

culated with HSE03-13 match perfectly the experimental values.
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This, in turn, highlights that HSE03-13 is not only suitable for
adequately describing CoFe-PB, but also both employed metal
oxide semiconductors. Indeed, the optimised fraction of 13% exact
exchange EYF is consistent with previous reports of Fe,0, and

BiVO,; Pozun and Henkelmann employed HSE06 with 12% E/ to
describe Fe203,189 and Kweon et al. included 15% E)"(’F to calculate

polarons in BiVO, .19

Both semiconducting metal oxides, like many other metal oxides,
have O 2p orbitals at the top of the valence band, which appears
to be a crucial to O, creation and hence the ability to drive effi-

cient water oxidation.32° Nonetheless, at the surface the electronic
structure differs, and intragap states (surface or trap states) may
impede efficient hole transfer and enhance electron-hole recombi-
nation, which is described later in the text.

3.4 Conclusion of Chapter 3

In summary, in the theoretical part of my Thesis, | carried out a de-
tailed functional analysis for the case of Prussian blue. | have found
that pure Density Functional approximations did not account cor-
rectly for the localised magnetic moments in the structure, leading
to a wrong prediction of the ground state. With an empirically opti-
mised Hubbard U parameter, DFT+U adequately describes PB, but
is not sufficiently transferable between different PB-like compounds.
Hybrid functionals have shown to overcorrect the self-interaction er-
ror of DFT by overestimating the amount of exact exchange intro-
duced, which has led to wrong predictions of insulating behaviour
in Prussian blue derivatives. The amount of exact exchange was
therefore reduced and optimised to 13 % in HSEO3 for cobalt iron
Prussian blue. With this functional, also the properties of the pho-
toanode materials were correctly predicted.

Moreover the electronic structures and charge-transfer proper-
ties of Prussian blue analogues and metal oxide compounds were
discussed. In this context, the influence of i) spin-crossover, i.e.
changing the spin state of the metal centre; ii) reducing or oxidising
PB; iii) different counter cations; and iv) of hexacyanoferrate vacan-
cies was assessed.

The energetic alignment of their electronic Densities of States,
which is crucial to their function in PEC devices, is discussed in the
next Chapter (in Section 4.6.2). The details of the computational
methods can be found in the Appendix B.
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Chapter 4

Cobalt iron Prussian blue
modified photoanodes

In this Chapter the application of cobalt hexacyanoferrate, CoFe-PB,
as a water oxidation co-catalyst on the photoactive metal oxides
Fe,O, and BiVO, is assessed. The aim of this work was to i) develop
a synthetic route to modify the semiconductor materials with CoFe-
PB; ii) to study the effect of CoFe-PB on the water oxidation activity;
and iii) to investigate the mechanisms by which a performance en-
hancement occurs.

First, synthetic methods and characterisation of the combined
photoanode systems are described. Their photoelectrochemical
(PEC) behaviour is evaluated and further investigated by hole
scavenger and impedance experiments. Moreover, the computed
electronic structures are aligned and the thermodynamic feasibility
of charge-transfer is deduced. This work has been published in
Papers Il (CoFe-PB/Fe,O;) and /Il (CoFe-PB/BiVO,).

4.1 Importance of the semiconductor-catalyst
interface

The semiconductor-catalyst interface is key to successful PEC per-
formance. The fact that both Fe,O, and BiVO, are commonly em-
ployed photoanode materials, and that CoFe-PB is an efficient wa-
ter oxidation catalyst, does not guarantee water oxidation enhance-
ment of the combined CoFe-PB/Fe,O, and CoFe-PB/BiVO, systems.
Indeed, many examples in the literature show that often the co-
catalyst does not actually catalyse the OER when deposited on a
light absorbing semiconductor, despite its original electrocatalytic
activity.87,101,102,132,133,217,357,358 Tyo of such interfaces their un-
derlying physical mechanisms are discussed in this Chapter.

119



UNIVERSITAT ROVIRA I VIRGILI

EXPERIMENTAL AND THEORETICAL INVESTIGATION OF PRUSSIAN BLUE-TYPE CATALYSTS FOR ARTIFICIAL
PHOTOSYNTHESIS

Franziska Simone Hegner

4.2 Synthesis

4.2.1 Hematite: O{-Fe203

Thin films of Zr-doped hematite electrodes were prepared by a mod-
ified electrodeposition method adapted from Ref. [359] (described
in Appendix A). Doping with Zr increases the n-type conductivity
and thus the performance of Zr-Fe, O, (the label Zr is henceforth
omitted). In contrast to Ref. [359], the Zr-doped Fe films were cal-
cined at 800°C, instead of 450°C,3°° in order to ensure complete
oxidation of Fe and removal or organic impurities. Higher calcina-
tion temperatures are assumed to be beneficial due to passivation
of surface states, as well as additional Sn-doping from the flourine-

. doped Sn oxide (FTO) substrate.30 Deformation of the FTO at such
high temperatures, however, adversely affects the conductivity of
the substrate. Annamalai et al. found that an annealing time of
10 min provides an optimum compromise between those two ef-
fects.361

Nonetheless, this influence on heating time could not be con-
firmed in this study. | carried out an optimisation of calcination time
for a range of times between 5 min and 1 h. Figure 4.1a shows the
photocurrent evolution of two distinct Fe,O, samples (denoted as
(1) and (2)), heated for different times. Although there are varia-
tions of the maximum photocurrent and onset potential (nearly up
to 0.2 V), those differences cannot directly be correlated with the ef-
fect of heating time. Furthermore, the high photocurrents obtained
in Ref. [360] (> 1 mA/cm?) were not reached.

Even small variations in the preparation process, i.e. in the
electrodeposition conditions, or varying the exact position in the
oven, and thus the heat gradient experienced, may cause a large
difference in the PEC characteristics and therefore lead to bad re-
producibility. In average, however, the behaviour of all prepared
hematite samples is similar and well distinguishable to the perfor-
mance of catalyst modified samples. In order to determine the ef-
fect of the catalyst, it is crucial though to always compare the same
Fe,O, electrode with and without catalyst.

Although Fe, O, performs much better in alkaline solution (Figure
4.1b), a neutral environment was preferred in this work. In strong
alkaline solution, the CoFe-PB catalyst might decompose and form
oxidic Co structures (CoO,, CoOOH, Co(OH), ), which | wanted to
avoid.110.113 Moreover, the corresponding hydrogen evolution half-
cell reaction is less favourable at high pH.”2:80 Therefore, all ex-
periments in the following discussion are conducted in a potassium
phosphate (KP,) buffer at pH 7.
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Figure 4.1: Cyclic voltammogrammes (50 mV/s) of unmodified Zr-doped
Fe,O, under 1 sun illumination. a) Anodic scans of Fe,O; samples , which
were calcined for 5 (black), 10 (red), 20 (blue) and 60 (turquoise) min-
utes, two for each temperature (solid (1) and dashed (2) lines) in neutral
(0.1 MKP,) buffer. b) Fe, O in pH 13 (0.1 M KOH) and pH 7 (KP, buffer).

It has to be mentioned that in the experiment all hematite elec-
trodes are illuminated from the front site, in order to shorten the
path for the photogenerated holes to the surface. When illuminated
through the FTO substrate, a drastically reduced photocurrent was
obtained which is due to the very small hole diffusion lengths be-
tween 2 and 20 nm in Fe,0,.40-329

4.2.2 Bismuth vanadate: ms-BiVO4

Thin-film ms-BiVO , electrodes were prepared following a simple and
cost-effective electrodeposition method by Kang et al. (described in
Appendix A).362 Nanostructured films with thickness of about 200-
250 nm (Figures 4.4e and f) were obtained.

In accordance to the observations made for hematite, variations
in performance were observed for different BiVO, samples. This
can be related to an inhomogeneous coverage of Bi metal during
electrodeposition, or the heat gradient in the oven during the calci-
nation process. Consequently, in order to draw a conclusion of the
effect of the catalyst on BiVO,, always the same BiVO, film before
and after catalyst modification is compared.

In contrast to Fe,O,, BiVO, films were illuminated from the back
site, through the FTO glass substrate. This is because BiVO, is a
much better hole conductor, facilitated through the Bi 6s contri-
bution to the valence band (see Section 3.3.2), but has only short
electron diffusion lengths (70-100 nm).363.364
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4.2.3 Sequential coating of CoFe-PB

The photoanodes were modified with the CoFe-PB catalyst by a se-
quential coating method, as described in the Appendix A. In brief,
the electrodes were first dipped in a [Fe(CN)6]3‘ precursor solution,
so that the negatively charged iron cyanide complexes can bind to
the undercoordinated surface metal atoms (Fe or Bi) of the semicon-
ductor. Afterwards, the electrodes were dipped in a Co?* containing
solution, in order to allow Co?* to coordinate to surface oxygen or
the negatively charged N-site of the cyanide complexes, and to form
CoFe-PB. Repeating the dipping sequence gives rise to the forma-
tion of a three-dimensional complex Prussian blue structure, which
is thermodynamically largely favoured.110.365

The amount of dipping cycles plays only a minor role in perfor-
mance, as shown in Figure 4.2. It was repeated at least two times
to ensure a non-negligible catalyst deposition, but for more dipping
cycles no clear trend in activity can be observed. Due to the large
variations in the PEC characteristics of the electrodeposited metal
oxide photoanodes and the inhomogeneous deposition of the cata-
lyst, a quantitative systematic assessment of the optimum deposi-
tion cycles cannot be made.

a) ;g: - bare BiVO, b) ;jg: = bare BiVO,
081 — 3x coated 089~ 4x coated
~ %19 CoFe-PB/BIVO, —~ oI CoFe-PB/BiVO,
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< o04] < 049
£ 03] E 03]

02 04 06 08 10 12 14 16 18 02 04 06 08 10 12 14 16 18

O
~

o

-~

— bare Fe,O,

2x coated CoFe-PB / Fe,O,
— 4x coated CoFe-PB / Fe, O,
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1 d
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02+
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0.1+
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Figure 4.2: Cyclic voltammogrammes (50 mV/s) of sequentially coated
CoFe-PB photoanodes with varying dipping repetitions under 1 sun illumi-
nation at pH 7. a-c) BiVO, with a) 3x, b) 4x, and c) 5x CoFe-PB coated
BiVO,. d) Anodic scans of Fe,O, with 2x (green), 4x (blue), and 10x (red)
CoFe-PB coating.
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This deposition method is advantageous due to its mild de-
position conditions (aqueous solution at pH 7, room temperature
and no applied electro(magnetic) fields), which do not damage the
underlying metal oxide semiconductor. Moreover, it ensures a very
thin catalyst layer (< 50 nm, see Section 4.3.1), which is desirable
for a non-conducting catalyst, in order to allow for efficient charge
transport and ionic permeability through the catalyst.’°

Other deposition methods were also envisaged, namely elec-
trodeposition and dip-coating the electrodes in a CoFe-PB nanopar-
ticle dispersion (Figure 4.3). Electrodeposition was previously used
by Pintado et al. for depositing CoFe-PB as an electrocatalyst on
fluorine-doped tin oxide (FTO) coated glass slides.1°3 Nonetheless,
electrodeposition on BiVO, results in photoanode damage, which
drastically decreases the photocurrent, as shown in Figure 4.3a. The
loss of PEC performance is likely to be due to the applied cathodic
potential (-0.28 Vrye) for depositing metallic cobalt in the first step
of the electrodeposition method. This potential can reduce V°* and
Bi**in the structure and thus decompose BiVO,.

RS p— BiVO, before b) 124 bare BIVO,
1 —— BiVO, after - ] —— BiVO, + CoFe-PB
087 electrodeposition Il il A 1.0 giagmfgigzr;lgn)
of CoFe-PB 1 4 H
0.6 I 038 (100 mg dispersion)
5 04l ‘ § o]
< | T ]
£ I iy £
= 0.2 | = 04
1 “]H'H i l||||| "'l
0.0 !L‘“ll ‘ 0.2]
1] (Iunyee
-0.2] 0.0] ';mqvv.z .....
02 04 06 08 10 12 14 16 18 02 04 06 08 10 12 14 16 18
V vs RHE V vs RHE

Figure 4.3: Cyclic voltammogrammes (50 mV/s) under 1 sun irradiation
and chopped light (chopping frequency 1 Hz) at pH 7 of BiVO4 (black) after
a) electrodeposition of CoFe-PB, and b) deposition of CoFe-PB nanoparti-
cles.

Dipping the BiVO, electrodes in a CoFe-PB small (around 50 nm)
nanoparticle dispersion for several days, leads to large enhance-
ment of PEC performance (Figure 4.3b), akin to the sequentially
coated BiVO, electrodes. Notwithstanding, the sequential coating
method is preferred, as it allows for chemisorption of CoFe-PB by
forming coordination bonds with the surface atoms. The nanoparti-
cles, in contrast, are electrostatically attached to the surface, and
therefore may fall off over time.

Also a hydrothermal deposition method, as developed by Han et
al., for CoFe-PB on FTO could be considered.'1? This method yields
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highly stable, thick CoFe-PB layers, which show largely enhanced
electrocatalytic performance. Those thick (on the order of um) cat-
alyst layers, however, are disadvantageous for being deposited on
a photoanode material as they block light absorption and hinder
conduction of photogenerated charge carriers to the surface.

4.3 Characterisation

4.3.1 Scanning and transmission electron microscopy

In order to determine the morphology of the nanostructured metal
oxide films and the deposited CoFe-PB catalyst, scanning electron
microscopy (SEM) and transmission electron microscopy (TEM)

. were carried out. Figure 4.4 shows the scanning electron micro-
graphs of bare BiVO, (Figures 4.4a,b,e) and CoFe-PB modified BiVO,
(Figures 4.4c¢,d,f).

Figure 4.4: Zenithal SEM images of a) freshly prepared and b) elec-
trochemically treated bare BiVO,, and c) freshly prepared and d) elec-
trochemically treated CoFe-PB/BiVO, (25000x magnified). Cross-sectional
SEM images of d) bare BiVO, and e) CoFe-PB-modified BiVO,.
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In the zenithal images (Figures 4.4a-d), the application of CoFe-
PB is barely visible. In the higher magnified cross-sectional image
(inset in Figure 4.4f), very small surface particles can be seen, which
could be identified to be CoFe-PB by energy-dispersive X-ray (EDX)
microanalysis. The surface coverage of Co and Fe was found to
be < 1%, with a slightly higher percentage of Co than of Fe. This
confirms that the sequential dipcoating method leads to a very low
catalyst loading.

To study the effect of ageing under photoelectrochemical wa-
ter oxidation conditions, the electrodes were irradiated with 1 sun
ilumination at an applied voltage of 1.23 Vgye for one hour and
measured again (Figures 4.4b and d). It seems like the photoelec-
trochemical treatment softens the edges of the nanocrystallites on
the surface, but no substantial change in morphology occurs, nei-
ther to bare nor to catalyst modified BiVO,.

An analogous effect was obtained for the hematite electrodes,
as shown in Figure 4.5. Only very small amounts of less than 1 % of
CoFe-PB catalyst could be detected by EDX microanalysis.

For the sake of comparison, also the surface of the bare CoFe-
PB catalyst is shown (Figure 4.5d). CoFe-PB on FTO was obtained,
following the solvothermal method of Han et al., as described in
Appendix A. The face-centred cubic CoFe-PB forms a microporous
layer of cubic crystallites of the order of 500 nm to 1 um, consistent
with literature,110

Figure 4.5: Zenithal SEM images of CoFe-PB modified Fe, O, in a) 10000x
and b) 37000x magnification. c¢) Cross-sectional SEM image of CoFe-
PB/Fe, 0, (50000x magnified). d) Nanocubes of solvothermally deposited
CoFe-PB catalyst.
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High resolution TEM reveals the presence of very small (30-
60 nm) CoFe-PB nanoparticles (framed in red) on the surfaces
of BiVO, and Fe,O,, which are shown in Figures 4.6 and 4.7.
In order to confirm that those small particles are indeed CoFe-
PB, microanalysis with EDX was performed and their chemical
composition elucidated. They are found to contain mainly Co
and Fe in ratios 2 1:1, which lies in the stoichiometric possible
range of Co:Fe compositions between 1:1 (KCo[Fe(CN)6]) and 3:2
(Co,[Fe(CN),], -nH,0).104:300.301 " This indicates that CoFe-PB has
been successfully deposited on the metal oxides by sequential
coating.

. rystalline

CoFe-PB

Figure 4.6: High resolution transmission electron micrographs of a) a
large CoFe-PB/BiVO, particle with b) nanocrystalline surface region of
BiVO,, and c,d) amorphous CoFe-PB particles at different surface regions.

Figure 4.7: High resolution transmission electron micrographs of a) a
CoFe-PB/Fe, O, particle with b,c) nanocrystalline CoFe-PB.
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On the BiVO, surface, CoFe-PB is formed mainly on the corners
and edges as an amorphous phase (Figures 4.6 c and b), i.e. with
no long-range ordering, detectable as lattice fringes in the TEM im-
age. Small nanocrystalline surface formations are also found (Figure
4.6b); but they could be clearly identified as BiVO, only, since they
did not contain any Co and Fe constituents. The lattice spacings
of the BiVO, phase were measured to lie between 0.28-0.31 nm,

corresponding to the {121} and {040} sets of planes.324

The composition of bismuth vanadate in the bulk was found by
EDX to be 1:1, in accordance with BiVO, stoichiometry. On the
surface, however, an excess of Bi was found with a detected Bi:V
ratio of 1:1 to 1:6. which could be ascribed to a (partial) formation
of Bi, O, on the surface, and/or vacant VO, sites (also the O content
is diminished at the surface). Such a Bi segregation at the surface
was also observed by Rossell et al.,3%® and was seen in other
Bi-containing oxides, like Bi,SnO.,3%’ BiMoO,,3%® and BiFeO,.3?

One major difference between the CoFe-PB particles on BiVO,
and Fe, O, is their crystallinity. While CoFe-PB on BiVO, seems to
be amorphous (Figure 4.6), CoFe-PB crystallites with well-visible lat-
tice planes (Figure 4.7) are formed on hematite. A likely explana-
tion for this difference is the degree of wetting, i.e. adhesion of
CoFe-PB to the metal oxide surface, which is related to the lattice
(mis)matching of the crystal structures, as shown in Figure 4.8.

a) b)
surface Fe

bsurf Bi
surface Bi /su iu ace B

5.108 A

6\subsurface Fe

Figure 4.8: Representations of the crystal structures of a) the predomi-
nant (0001) surface of Fe, O, b) the predominant (001) surface of BiVO,,
and c) the bulk structure of CoFe-PB (colour code: green = Fe (in a and c)
or Bi (in b), yellow =V, purple = Co, red = O, blue = N, grey = C).

The most stable termination of hematite is the hexagonal (0001)
surface (Figure 4.8a), which is incommensurate with the cubic CoFe-
PB lattice (Figure 4.8c). This mismatch does not allow for the Co
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and Fe centres in CoFe-PB to form Co-O-Fe or Fe-CN-Fe bridges to
Fe,O, (to the surface Fe), and to build up a well-connected three-
dimensional Prussian blue network. Thus, only a few coordination
bonds between Fe,O, and CoFe-PB are formed, and cubic CoFe-PB
crystals are more weakly attached to the surface, probably by a
mixture of electrostatic attraction and metal-ligand coordination in-
teraction.

Bismuth vanadate, on other hand, exposes surface Bi atoms
in regular Bi-Bi distances of 5.11 A (Figure 4.8b)f, which matches
well (~1%) the intermetallic distances and orientations in CoFe-PB
(dco—re = 5.06 A), therefore allowing epitaxy. In aqueous environ-
ment, these surface Bi will be most likely coordinated by OH or H,O
groups, depending on the pH. When dipping the BiVO, electrodes

. in the [Fe(CN)6]3— starting solution, some of the weaker OH or H,O
ligands will be exchanged by NC, forming Bi-NC-Fe bonds. The adja-
cent surface Bi may bind through its coordinated hydroxy (or H,O)

group to Co?*, forming a Bi-O-Co linkage. This promotes the for-
mation of a well-attached, layered CoFe-PB structure with many co-
ordination bonds to the surface, i.e. a good catalyst wetting. As
the BiVO, surface is not homogeneous, the coverage does not crys-
tallise with a well-defined long-range order and thus seems to be
amorphous in the TEM image. Nonetheless, the short-range order
of octahedrally coordinated metal centres linked by cyanide bridges
remains preserved.

These different adhesion properties likely affect the performance
of the CoFe-PB catalyst on the photoanode, since they lead to dif-
ferent interfacial charge-transfer pathways.372:373 As larger the sur-
face of the catalyst, which is in direct contact with the photoanode,
as more efficient hole transfer is expected. Indeed, a different in-
fluence on PEC performance of CoFe-PB on Fe,O; and on BiVO, is
observed, as it is seen later in this Chapter.

4.3.2 X-ray Photoelectron Spectroscopy

To further confirm the presence of CoFe-PB on the metal oxide
surfaces, X-ray Photoelectron Spectroscopy (XPS) was carried out.
With an X-ray penetration depth of around 2-3 nm, this surface-
sensitive technique was chosen as it is able to detect even very
small amounts of species at the surface.374 Moreover, shifts of XPS
sighals can suggest variations in the degree of oxidation due to
changes in the electronic environment of a compound.

fIn here the (001) surface of BiVO, is considered, which is the most stable in
agueous environment under PEC conditions.350.370.371

128



UNIVERSITAT ROVIRA I VIRGILI

EXPERIMENTAL AND THEORETICAL INVESTIGATION OF PRUSSIAN BLUE-TYPE CATALYSTS FOR ARTIFICIAL
PHOTOSYNTHESIS

Franziska Simone Hegner

All the constituent elements of CoFe-PB, namely Fe, Co, N, and
K could be identified on the modified electrodes, except cyanidic C,
whose signal resolution is impeded by organic impurities.

Figure 4.9 shows the Fe 2p range of Fe203, CoFe—PB/Fe203,
and CoFe-PB/BiVO, (on unmodified BiVO,, no iron was detected).
For the CoFe-PB modified electrodes, a clear signal between
708.2-708.4 eV could be detected, which corresponds to Fe(ll) in
[Fe(CN)6]4‘.374 This indicates that upon CoFe-PB formation, the

majority of Fe(lll) centres of the [Fe(III)(CN)6]3‘ starting reagent
must have become reduced to Fe(ll).
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Figure 4.9: XPS spectra of the Fe 2p range of a) bare Fe,O,, b) CoFe-PB

2v3’
modified Fe203, and c) CoFe-PB modified BiVO4.

This can also be seen in the XPS spectrum of the Co 2p range in
Figure 4.10.
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Figure 4.10: XPS spectra of the Co 2p range of a) CoFe-PB modified
Fe,O5, b) CoFe-PB modified BiVO,, and c) a typical Co;0, spectrum for

comparison.37>

Although the Co peaks cannot clearly be deconvoluted, a broad
maximum around 780-782 eV can be attributed to Co(lll) in the
CoFe-PB structure.374:376 Hence, most of the the former Co?* from
the dipping solution transferred an electron to [Fe(lll)(CN)_ 13", in
order to form the more stable Is-Is KXCoy(III)[Fe(II)(CN)6]Z-nHZO

with Co in a low-spin (t24)® configuration. Also the presence of
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adventitious CoO, can be ruled out, cobalt oxo-species, like Co 0,

and CoO would show a dominant peak below at 779.7 eV (Figure
4.10c).375.376

Moreover, a sharp N 1s signal is observed when CoFe-PB is de-
posited, which is absent for the unmodified metal oxide photoan-
odes (Figure 4.11).
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Figure 4.11: XPS spectra of the N 1s range of a) CoFe-PB modified Fe, O,
and b) CoFe-PB modified BiVO,.

An interesting feature is observed in the case of bismuth, shown
in Figure 4.12. After a long photoelectrochemical treatment, the
Bi 4f peak broadens, giving rise to a second higher energy feature
at 159.5-159.7 eV. This newly appearing peak could belong to a
higher oxidised Bi species, which forms during a long experiment.
For example Bi, O, or similar structures may form at the surface, as
suggested in Ref. [366]. The effect is, however, not always repro-
ducible, and independent of the presence of CoFe-PB.376
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Figure 4.12: XPS spectra of the Bi 4f range of a) fresh BiVO, and b) BiVO,

after a long photoelectrochemical experiment (with and without CoFe-PB
modification).

The identification of detected species of bare and CoFe-PB mod-

ified Fe,O,, as well as of bare and CoFe-PB modified BiVO, is given
in Table 4.1.
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Table 4.1: XPS signals of different elements of the CoFe-PB modified and
unmodified photoanodes, identification of the elemental species,374:376
and their relative observed quantities (n.d. = not detected).

Detected . Binding CoFe-PB . CoFe-PB
species lgieniisy energy Fe,0, /Fe, 0, e /BiVO,,
eV average atomic % *
Organic impurities
Carbon and cyanide C 284.6-
(©) (not clearly 288.4 39 48 36 38
deconvoluted)
Nitrogen . 397.6-
(N) Cyanide N 309.8 n.d. 18 n.d. 13
Nitrogen Organic impurities 402.1-
(N) on surface 402.5 n.d. 1 3 3
Oxygen Bulk O of metal 529.7-
() oxide 529.9 26 8 46 33
Surface O;
Ox(>(/)g)en incorporated H,0 %?312%_ 26 8 21 16
in CoFe-PB ’
Bismuth Bi(lll) in bulk 158.5-
(Bi) BIVO, 159.0 n.d. n.d. / 2
. higher oxidised Bi
Bls(?i;]th species, only in 115599'57_ n.d. n.d. <1 <1
treated samples ’
) Partially reduced V
vanaeum on BiVO, S0 | na. n.d. 21 16
surface,366.377 '
Fe(lll) in bulk 710.3-
Iron (Fe) Fe, 0, 710.7 4 2 n.d. n.d
Fe(ll) of
Iron (Fe) [Fe(CN) 1%~ in 708.2= 114, 2 n.d. 2
CoFe-PB 708.4
Cobalt . 778.9-
(Co) Co(lll) in CoFe-PB 780.4 n.d. 5 n.d. 4
Potassium Countercation in 293.4-
(K) KColFe(CN)] 2036 || M9 2 n.d. 4
Sn from FTO
) (diffusion or 486.5-
Ui () incomplete 487.0 2 1 3 2
coverage)
Zirconium . 181.8-
(zr) Zr-doping of Fe, O, 182.1 1 1 n.d. n.d.

* Several samples of each kind, used and unused, were tested. Average values are given
here.

Typically, a higher amount of Co than Fe was observed for CoFe-
PB, which is in agreement with the data from EDX microanalysis.
Nonetheless, the exact Co:Fe ratio cannot be quantified, since the
Fe 2py/3 peak overlaps with Sn 2p;/3, preventing peak deconvolu-
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tion. Observed Sn on Fe,O, results from Sn diffusion, as Fe,O, is
heated up to 800°C. In BiVO,, however, this is unlikely because
heating at 450°C does not lead to significant Sn diffusion. The
mesoporous BiVO, does not completely cover the underlying FTO
slide, hence Sn signals from FTO can be detected in the surface-
sensitive XPS experiment.

Less oxygen is found on average in the CoFe-PB modified sam-
ples, although large variations of the amount of oxygen were ob-
served. This is due to the fact that the catalyst coverage shields
the oxygens of the bulk metal oxide. A larger amount of Bi than
V is found on the surface of BiVO, with an average Bi:V ratio of
1.6, which is in agreement with the EDX results and recent liter-
ature.366.378 Moreover, the measured vanadium 2p3/,» binding en-

. ergy of 516.0-516.7 eV lies more than 0.3 eV below the typical value
of 517 eV for V>*, which suggests a (partial) reduction to V#* at the
surface.3%6:377 There are no significant changes of the Bi:V ratio or
the V 2ps3/» peak before and after different electrochemical treat-
ments.

Apart from the effect on Bi, photoelectrochemical treatment (ir-
radiation with 1 sun at 1.23 Vgye for 1 h) did not show any significant
changes on the XPS spectra.324 In particular, no changes in the XPS
signals of Co and Fe indicate the stability of CoFe-PB towards oxida-
tion/reduction of the metal centres under water splitting conditions.
If Co or Fe were oxidised (reduced) during the PEC treatment, their
XPS signals would shift to higher (lower) energies.

4.3.3 Infrared spectroscopy

Cobalt hexacyanoferrate can be uniquely identified by its charac-
teristic cyanide stretching mode. Depending on the Co and Fe oxi-
dation states, the bridging cyanide Co-N=C-Fe has a stretching fre-
quency vey of 2070-2200 cm—1,104.300,301 Therefore, additional ev-
idence of the formation of CoFe-PB on BiVO, was obtained through
infrared (IR) spectroscopy.

Figure 4.13 shows the IR spectrum of CoFe-PB/BiVO4, which was
obtained by scratching the thin metal oxide films of several FTO
electrodes and subsequently pressing it as KBr disk (see Appendix
A). Since the relative amount of CoFe-PB is very small (< 1%)
the observed vcy signal at around 2100 cm™! is very weak. Yet
it unambiguously identifies the presence of the metal hexacyano-
ferrate CoFe-PB, as no other non-cyano compound can give IR
signals in this region. Moreover, the broad peak v¢y indicates that
there are multiple, overlapping bands, which in turn suggests that
the non-stoichiometric CoFe-PB adopts various oxidation states.
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Units of Co(ll)-N=C-Fe(ll) (vcy = 2070-2100 cm—1), Co(lll)-N=C-
Fe(ll) (vey = 2110-2130 cm™1), and Co(ll)-N=C-Fe(lll) (vey =
2050-2160 cm™1) coexist in the structure.104.300,301

VCN stretch
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Figure 4.13: Fourier-transform (FT)-IR spectra of KBr disks of scratched
particles from unmodified (black) and CoFe-PB modified (red) BiVO, of a)
the complete range of the IR spectrometer and b) the cyanide stretching
region between 1800 cm~! and 2300 cm~1.

4.3.4 UV-Vis spectroscopy

As the catalyst coverage is only around 1%, it is assumed not to
interfere with the absorption of the semiconductor photoanode. In-
deed, UV-Vis absorption spectra do not show the characteristic ab-
sorption signature of 520-550 nm (2.2-2.4 eV) of CoFe-PB, as seen
in Figure 4.14.

The band gap of the semiconductor photoanode was approxi-
mated with the Tauc equation?13

(hva)" = C(hv—Ey) (4.1)

where a is the absorption coefficient, C is a constant, and n = 2 for a
direct allowed transition or n = 1/2 for an indirect allowed transition
(see Section 2.2.5).213.221

For hematite, the absorbance was fitted to an indirect (phonon-
assisted) transition, in which electron density shifts from O 2p to
Fe 3d (and forms a small polaron).33% A band gap E4 of 1.9-2.0 eV
was obtained, in agreement with literature values36:40.327 and cal-
culations (Section 3.3 in Chapter 3).

Although BiVO, is an indirect semiconductor, its direct band
gap lies very close to the indirect one and dominates the ab-
sorption properties.?11.212.351  Therefore, fitting the absorbance
to a direct transition (n = 2) led to a better fit. From it, a band
gap of 2.40-2.45 eV was obtained, again consistent with previous
literature3>1:379 and HSE03-13 calculations (Section 3.3).
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Figure 4.14: a,c) UV-Vis absorption spectra and b,d) corresponding Tauc
fits of unmodified and CoFe-PB modified Fe,O, (a,b) and BiVO, (c,d). The
inset shows the absorption spectrum of CoFe-PB alone.

Neither the absorption nor the band gap is influenced by the
CoFe-PB catalyst. The small deviations of the absorbance in Figure
4.14 is attributed to inhomogeneity of the samples. This indicates
that CoFe-PB does not have a significant influence on the electronic
structures of the two different underlying metal oxides.

4.3.5 Dark electrochemistry

The cyclic voltammetry (CV) behaviour of modified and unmodi-
fied semiconductor anodes in the dark is presented in Figure 4.15.
The bare metal oxides do not show any anodic current, unless very
high potentials (> 1.8 Vgye) are reached. This positive current re-
sults from hole extraction from the FTO substrate (Figure 4.15d). At
strong cathodic potentials, the n-type semiconductors give a neg-
ative current, as described in Section 2.3.1. The CV curve of bare
BiVO, is broadened due to the V**/V>* (V° = 0.8-0.9 Vgue) redox
couple.

All electrodes, which are modified with CoFe-PB, give rise to
an oxidation wave between 1.2-1.7 Vgye and a reduction wave
at slightly lower potentials, which may be deconvoluted into two
distinct peaks. Its appearance strongly suggests the presence
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of CoFe-PB on the surface. Although there is a large variation in
the potential, its values lie well in the range of reported literature
values for CoFe-PB redox potentials.103:110.297,300,301 These large
deviations are due to variations in preparation conditions and sub-
strate (semiconductor metal oxide or FTO), leading to different local
stoichiometries and coordinations of the metal centres, which in
turn strongly influence the potential of the Co?*/Co3* and Fe?*/Fe3*
redox couples (see also Section 3.2).300.312

Moreover, in the case of CoFe-PB deposition (Figures 4.15a,b),
the anodic water oxidation current appears at a lower onset poten-
tial (around 1.5-1.6 Vrye) resulting from the dark catalytic activity
of CoFe-PB as an electrocatalyst.

a) b)
08T—— Fe,0, —BiVO,
<~ 06— CoFe-PB/Fe,0, 0,054+ —— CoFe-PB/BIVO,
S 04l 5
T < 0.004
E 02l / £ ﬁ\/
0-0‘_%/ -0.05+
024
s R DR i S o et S o
0.204 0608101214 1618 02 04 06 08 1.0 1.2 1.4 16
V vs RHE (V) V vs RHE (V)
c) d) 0.010
31T —— CoFe-PB ——FTO
<24 < |
£
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£ E
=l =
a4 0.000+
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04 06 08 10 12 14 16
V vs RHE (V)

d6'05'1%'1gl1;‘12‘1;'
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Figure 4.15: Cyclic voltammogrammes (50 mV/s) under dark conditions

of a) modified (red) and bare (black) BiVO4, b) modified (red) and bare

(green) Fe, 05, c) of thick solvothermally deposited CoFe-PB alone (purple),
and d) of bare FTO glass (grey) at pH 7 (0.1 M KP, buffer).

4.4 Photoelectrochemical performance

4.4.1 Photocurrent evolution

The influence of the CoFe-PB catalyst on the photoelectrochemical
behaviour of the photoanodes was first studied by cyclic voltam-
metry under chopped and constant illumination (1 sun) in neutral
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electrolyte (0.1 M KP, buffer).

Figure 4.16 shows the CV of bare (green) and CoFe-PB modified
(red) hematite. In the anodic scan (Figures 4.16a,c) an apparent
cathodic shift of the photocurrent onset potential of around 0.3 V
can be seen, while in the cathodic scan (Figure 4.16b) this beneficial
onset potential shift is substantially decreased (to <0.1 V). For bare
Fe,O,, however, the j-V characteristics are independent of scanning
direction (anodic or cathodic). This is a first indication that the effect
of the CoFe-PB layer must be to some extent capacitive, related to
its oxidation/reduction in the anodic/cathodic scanning direction.

a) b) c)
0.5+ ——bare Fe,O, B bare Fe,O, B bare Fe,0,
04 :_ CoFe-PB/Fe,O, | —— CoFe-PB/Fe,0, N CoFe-PB / Fe O, (50 mV/s)
IS 1 —-—- CoFe-PB/ Fe,0, (2 mV/s)
é’ 0.3+ | ANODIC - | CATHODIC
Eos] -
0.1+ L
0.0+ L ]
} 4 ! Il ! | I | Il Il | Il ! 1 1 1
T T T T T T T T T T T T T T T T T
06 08 10 12 14 16 1806 08 10 12 14 16 18 06 08 10 12 14 16 18

V vs RHE (V) V vs RHE (V) V vs RHE (V)

Figure 4.16: Cyclic voltammogrammes under illumination (1 sun) of
modified (red) and bare (green) Fe, O, at pH 7. a) anodic and b) cathodic
scans under chopped light (50 mV/s), and c) anodic scans under constant
light at scan rates 50 mV and 2 mV/s for CoFe-PB/Fe,O;.

Furthermore, performing the CV scan with 2 mV/s scanning
speed (Figure 4.16c¢c) leads to worse PEC performance than with
50 mV/s. Indeed, varying the scan rate does influence the shape of
the CV of CoFe-PB/Fe,O, significantly, while it has not much impact
on the CV behaviour of bare Fe,O,, as shown in Figure 4.17.

2737
a) 3 b) c)
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Figure 4.17: a,b) Cyclic voltammogrammes under illumination (1 sun) of
a) modified and b) bare Fe,O5 atpH 7 at different CV scan rates. c) Steady-
state j-V curve extracted from electrochemical impedance analysis data.

136



UNIVERSITAT ROVIRA I VIRGILI
EXPERIMENTAL AND THEORETICAL INVESTIGATION OF PRUSSIAN BLUE-TYPE CATALYSTS FOR ARTIFICIAL

PHOTOSYNTHESIS
Franziska Simone Hegner

The photocurrent onset (in the anodic scan direction) as well as
its magnitude increase with increasing scan speed (Figure 4.17a
and Figure 4.16c), which further suggests a capacitive behaviour of
CoFe-PB. This means that the observed current in the anodic CVs at
higher scanning speeds can be ascribed to photo-induced charging
of the CoFe-PB layer on the surface, and not to oxygen production.
For bare Fe, O, only a very high scan speed (500 mV/s) leads to a
capacitive feature. From the steady-state j-V curve (Figure 4.17c¢)
a photocurrent onset shift of 0.1 V could be determined.! Taken
together, CoFe-PB does enhance the PEC performance of hematite,
but its beneficial influence is only small.

A different behaviour is observed for CoFe-PB on BiVO,, as shown
in Figure 4.18 CoFe-PB largely enhances the PEC performance of
BiVO4 by increasing the OER current and significantly reducing the
onset potential. Moreover, it can be seen, that the scanning speed
of the CV scan does not significantly influence the shape of the j-V
(Figure 4.18b).

b
a) 19 ) 12 -
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10 bare BIVO, 1.0 CoFe-PBIBIVO,
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& & —-=(1mWs)
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Figure 4.18: Anodic CV scans with a) chopped and b) constant light at
50 mV/s and 1 mV/s scan rates of modified (red) and bare (black) BiVO4

under illumination (1 sun) at pH 7.

For determining the photocurrent onset potential, these anodic
CV scans at low velocity (1 mV/s) were taken as reference and the
voltage needed to attain 0.1 mA/cm? was set to be the onset. It has
to be mentioned that the onset potential varies for different batches
of prepared samples; for the best CoFe-PB/BiVO, electrodes it was
measured to be around 0.3 Vgryge, and not larger than 0.5 Vgye. For
the bare BiVO, electrodes, the onset potential was found to vary a

TFor the case of Fe,0;, the voltage to attain 0.01 mA/cm? photocurrent density

is taken as onset potential, while for BiVO,, the voltage to attain 0.1 mA/cm?2
is used. The difference is due to the much lower currents obtained for Fe203
electrodes.
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lot, as much as 0.7-1.2 Vgpye. This indicates how sensitive BiVO, is
to small variations in electrodeposition and calcination conditions,
and demonstrates again the importance of always comparing the
same electrode with and without catalyst.

Altogether, the deposition of CoFe-PB onto BiVO, shifts the
onset about 0.7-0.8 V to more cathodic potentials and enhances
the photocurrent density at 1.23 Vgye by about 0.9-1.0 mA/cm?2.
Due to the superior activity of CoFe-PB on BiVO,, the rest of this
work is mainly focused on the CoFe-PB/BiVO, system, albeit both
photoanodes are discussed from a mechanistic perspective.

Interestingly, it appears like CoFe-PB on BiVO, first has to be ac-
tivated in order to reach a stable photocurrent (Figures 4.19). The
. first CV scan does not give significant photocurrents at low poten-
tials, but shows the characteristic CoFe-PB redox features (compare
to Figures 4.15b,c). After several scans (generally 3 or 4), the CoFe-
PB redox wave nearly completely disappears, and a stable photocur-
rent plateau is reached. This effect might be due to the fact that the
freshly synthesised CoFe-PB contains a mixture of Co?*/Co3* and
Fe?*/Fe3*, which is not yet the catalytically most active form. After
various oxidation and reduction cycles a stable equilibrium of oxida-
tion states is reached.399:312 Consequently, in all the CV measure-
ments presented herein, usually several scans (3-5) were carried
out prior to data acquisition.

——Scan1 CoFe-PB/BiVO,
1.04+ —— Scan 2

Scan 3
Scan 4
064 Scan 5
——Scan 6

0.8+

04+

j (mA/cm?)

0.2+
0.04+ /,
{
wl
02 04 06 08 1.0 1.2 1.4 1.6 1.8

V vs RHE

Figure 4.19: Consecutive CV scans of CoFe-PB/BiVO, under illumination
(1 sun) atpH 7.

4.4.2 Photocurrent transients

In CoFe-PB/BiVO, (Figure 4.18a) and, to a small extent, in CoFe-
PB/Fe,O, (Figure 4.16a) transient currents are observed, which are
seen as current spikes, when the light is switched on or off. The
potential range, in which the transient currents appear, coincides
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with the CoFe-PB redox potentials, as seen in Figure 4.15. Therefore
the positive transients are attributed to oxidising CoFe-PB at the
surface, and the negative transients to back reduction of CoFe-PB
by electrons from the conduction band of the semiconductor.

Particularly pronounced is the transient cathodic dark current of
CoFe-PB/BiVO, (Figures 4.18a), up to 1 Vgye. This suggests the pres-
ence of a relatively large fraction of oxidised CoFe-PB on the surface
of BiVO,, which has not (yet) undergone water oxidation. In turn,
this indicates that charge-transfer, and thus oxidising CoFe-PB, is
faster than water oxidation catalysis on the CoFe-PB surface. The
kinetics of those processes are further discussed in Chapter 5.

In the case of Fe, O, (Figure 4.16Db), it seems that CoFe-PB de-
creases the transient photocurrent peaks compared to bare Fe,O,,
which is likely due to a suppression of surface electron-hole back
recombination.380

4.4.3 Stability

Apart from the large photocurrent enhancement obtained by
depositing CoFe-PB on BiVO,, the modified photoanodes are
also highly robust. Figure 4.20 shows the chronoamperometry
(CA) curves of CoFe-PB/BiVO, under chopped (Figure 4.20a) and
constant (Figure 4.20b) illumination (1 sun) at 1.23VRgye.
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Figure 4.20: Chronoamperometric measurements of CoFe-PB modified
BiVO4 under a) chopped and b) constant illumination (1 sun) at 1.23Vgue
in neutral KP, buffer. Different colours present different measurements
of the same CoFe-PB/BiVO, electrodes at different days and after having
taken the sample out of solution.

After an initial decrease of about 10% during the first hours, the
photocurrent density of CoFe-PB/BiVO, remains stable over more
than 55 hours (Figure 4.20a). Such an initial current drop is usu-
ally also seen for bare BiVO, and is related to its PEC instability.3’8
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Hence, the initial loss is attributed to a loss of activity of the BiVO,
photoanode, not to a fatigue of the catalyst.

It is important to note that the CA curve in Figure 4.20a presents
different, consecutive measurements of the same photoanode,
which had been performed at different days and after having taken
the electrode out of solution and dried. This ex situ stability signifies
that the electrode can be stored over a long time in air without
losing its activity. In contrast, other catalysts, like cobalt oxide
(CoO, or CoP,) crack easily upon drying;#¢:199 this demonstrates a
clear advantage of CoFe-PB.

Additionally, inductively coupled plasma optical emission spec-
trometry (ICP-OES) was carried out to rule out the possibility of
. material leaching. To do so, the supernatant buffer solutions of both
bare BiVO, and CoFe-PB/BiVO, were analysed after different PEC ex-
periments (multiple CVs, CAs, impedance measurements) for traces
of the electrodes materials (Bi, V, Co, Fe), as well as other commonly
encountered trace metals (Al, Cr, Cu, Mn, Ni, Zn). Small amounts
on the order of mmol of Fe, Al, Zn, and Zr with arbitrarily varying
quantities were found in the solutions. Those could neither be re-
lated to usage of the buffer solution, nor the electrode material, and
are therefore ascribed to traces in the initial buffer solutions. Also
the Fe content, which was found in the electrolyte, is attributed to
Fe impurities in the solution, not leaching of CoFe-PB, because it
was also found after measuring bare BiVO,. Indeed, Fe impurities in
solvents are very common and, for example, had been observed by
Trotochaud e/ al.381
As no significant amount of constituent metal ions (<1 mmol in
30 mL) was detected in the used electrolyte, it was concluded that
the catalyst is mechanically stable and not washed into solution.

4.4.4 Faradaic efficiency

The observed long-term stability (Figure 4.20) is also a strong in-
dicator that no significant side reactions take place and that the
measured photocurrent is indeed due to oxygen evolution (if not,
the current would decrease). Nonetheless, in order to confirm that
water oxidation occurs, the evolved oxygen is measured and quanti-
fied by gas chromatography (GC) under an inert argon atmosphere.
Figure 4.21 shows the amount of detected molecular oxygen (red
triangles), when irradiating CoFe-PB/BiVO, with 1 sun at 1.23 Vgpe.

If all the photogenerated holes are transferred to H,O to create
oxygen, the theoretical amount of oxygen n¢peoreticar (blue line in
Figure 4.21) is given by Faraday’s Law
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It

Ntheoretical(Mol) = — (4.2)
ZF

where I is the obtained photocurrent and z = 4 the number
of transferred charges (holes). From the detected and theoretical
O, evolution, the Faradaic efficiency can be determined (Equation
2.30), in order to assess the efficiency of oxygen production, i.e.
how much of the photogenerated charges (the photocurrent) are
used for oxygen production. As seen from Figure 4.21, a Faradaic ef-
ficiency of >95 % is maintained during all the experiment (1 h), from
which a consistently stable oxygen production can be concluded.
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Figure 4.21: Measured nevorved (red triangles) and theoretical ntpeoreticat
(Equation 4.2, blue line) o, evolution and Faradaic efficiency FE (Equation
2.30, black circles).

4.4.5 Catalyst comparison

In order to compare the catalytic performance of CoFe-PB on BiVO,
to other catalysts under the same experimental conditions, CoO,
and FeOOH were deposited on the same nanostructured BiVO, an-
odes (from the same batch). The water oxidation catalysts CoO,
(CoP,) and FeOOH were chosen because they are stable in work-
ing conditions (pH 7)8%382 and, mainly because they contain Co or
Fe, both the metallic constituents of CoFe-PB. Hence, their catalytic
mechanisms and performance may be comparable.

Figure 4.22a shows the CV behaviour of BiVO, modified with
CoO, (by electrodeposition and dipcoating) and FeOOH, as well as
with CoFe-PB. The PEC performance of all Co containing systems,
i.e. the two differently prepared Co oxides and CoFe-PB, is com-
parable, while FeOOH shows much less photoelectrochemical en-
hancement. CoFe-PB appears to outperform CoO,. It has to be
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noted though that neither CoO, nor FeOOH preparations were opti-
mised, so a direct quantitative comparison of the catalysts cannot
be made. In particular, it is well-known for CoO, that its perfor-
mance depends on the deposition method.8¢ Yet CoFe-PB can be
said to be at least competitive with other state-of-the-art catalysts.
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Figure 4.22: Cyclic voltammogrammes (50 mV/s) of modified BiVO, pho-
toanodes under light (1 sun). a) Comparison of different catalysts CoFe-PB
(red), dipcoated CoO, (green), electrodeposited CoO, (yellow), and FeOOH
(blue) on BiVO, (black) in neutral buffer (0.1 M KP,). b) Consecutive CV
scans of CoO, /BiVO, in acetate with pH 4.5.

A clear advantage of CoFe-PB as a catalyst, however, is its sta-
bility in a large range of pH (1 < pH < 13),!1% whereas CoO,_ dis-
solves in acidic medium. When performing consecutive CV scans of
CoO,/BiVO, in acetate buffer (pH 4.5), the photocurrent decreases
dramatically with the number of consecutive scans, as shown in
Figure 4.22b. This is due to reducing Co>* in CoO, to Co,* and dis-
solving the oxide. It is only stable in phosphate buffer KP, due to its

self-healing ability (see Section 1.4.1).88.95

4.4.6 Photovoltage

Modifying BiVO, with CoFe-PB also has a beneficial effect on the
photovoltage, which can be regarded as the potential stored by the
photogenerated electron-hole pair (see Section 2.2.7).

The photovoltage Vppoto Was approximated as the difference in
open-circuit voltage (OCV), i.e. the measured voltage when no cur-
rent flows, in the dark and under light:

Vphoto = OCV/(dark) — OCV/(light) (4.3)

From Figure 4.23, it can be seen that the photovoltage increases
significantly from around 0.15 to 0.60 V with CoFe-PB deposition.
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Figure 4.23: Equilibrium open-circuit voltage (OCV) measured for bare
(left) and CoFe-PB modified (right) BiVO, in the dark (black hexagons) and
under light (red hexagons).

A similar behaviour has been observed in other metal oxide
semiconductors, where it is ascribed to surface state passiva-
tion.?83.384 If surface states are present, the Fermi level of BiVO,
can no longer equilibrate with the electrolyte, an effect often
referred to as Fermi level pinning.383 Passivation of surface states
would therefore diminish Fermi level pinning and increase the
photovoltage. Nevertheless, none of the experimental techniques
employed herein has further proven that such a passivation occurs.

4.5 Mechanistic studies

After having shown that CoFe-PB was successfully deposited on both
Fe,O, and BiVO, photoanodes, and leads to an overall increase in
PEC performance, | now focus on the understanding of the mech-
anisms taking place at the semiconductor-catalyst interfaces. My
aim was to understand the effect of the CoFe-PB catalyst, in particu-
lar, its difference on the employed Fe,O, and BiVO, semiconducting
metal oxides.

4.5.1 Hole scavenger experiments

Experiments in hole scavenger (hs) solution were carried out in
order to understand the effect of electron-hole recombination and
charge-transfer at the surface. An efficient hole scavenger di-
rectly withdraws photogenerated holes from the semiconductor or
catalyst surface. Hence, the charge-transfer efficiency ncr (Equa-
tion 2.29) can be assumed to be 100%; in other terms, surface
electron-hole recombination is completely suppressed.84-222.385
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This assumption, however, is only valid if the concentration of
hole scavenger is sufficiently high, so that all surface holes are
withdrawn, and a further increase of hs concentration does not lead
to more photocurrent enhancement.f

Figure 4.24 shows the effect of hole scavenger Na, SO, concen-
tration on the photocurrent of BiVO,. When only 0.1 M hs is used,
a lower photocurrent density than with 1 M hs is obtained (Figure
4.24a), which means hole transfer at the semiconductor liquid in-
terface is not 100% efficient for 0.1 M hs. Thus, at least 1 M Na2503
were needed for the conducted experiment.

After depositing the CoFe-PB catalyst, the hs concentration has
much less impact on the PEC performance (Figure 4.24b). This in-
dicates that the charge-transfer of CoFe-PB is already much higher

. and can only be increased by a smaller extent.
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Figure 4.24: Cyclic voltammogrammes (anodic scans at 50 mV/s) of a)
bare and b) CoFe-PB modified BiVO, photoanodes under light (1 sun) in
0.1 M KP, buffer solution (dark blue) and 0.1 Mand 1 M Na,SO, hole scav-
enger solution.

Charge-transfer efficiencies

If nct = 100% is valid, it follows for the photocurrent density in hs,

Jphoto(hS) = jabsorption Ncs (4.4)

and with Equation 2.29 for the photocurrent in H,O, the charge-
transfer efficiency can be calculated as:

n jphoto(HZO)
cs =
Jphoto(hS)

flt is noted that there is also a possibility of current doubling when performing
the experiment in hs, which is not taken into account in the present analysis. Such
a current doubling effect occurs when the hs donates electrons into the conduction
band, which leads to observed efficiencies > 100%.38°

-100% (4.5)
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Figure 4.25 shows the effect of hole scavenger on CoFe-PB modi-
fied BiVO, and Fe, O, photoanodes, as well as the calculated charge-
transfer efficiencies (Equation 4.5). For Fe,O, anodes, H,O, was

chosen as hole scavenger, as it was suggested by Dotan et al.222

a) . b) os . :
16—~ —bare BiVO, in hs s / —-—bare Fe, O, inhs Ya
14]=—CoFe-PB/BIVO,inhs =" 7 04 —-—CoFe-PB/Fe,0,inhs P

12+ e . _ bare Fe,O, in H,0 ///,,//

< < CoFe-PB =7

0.3+ 7

§ 10] e § IFe0nHO .7

E 087 / E o024 "’

— o6+ /. CoFe-PB -

04l /BIVO, in H,0 014
02+ / i
0.0 ——BiVO, in H,0 0.0
0.2 Of4 016 0:8 1‘,0 1‘.2 1:4 0t6 OTB 1:0 112 1?4 1.6
V vs RHE ) V vs RHE
100 100
CoFe-PB / BiVO, bare Fe,O,
- - CoO,/BiVO, 80 CoFe-PB / Fe,0,

60—

@
=]

N
=)
|

404

Charge-transfer efficiency n, (%) o
Charge-transfer efficiency n; (%) a

20 bare BiVO, 20
0% 7 : } } . 0 ; ; } }
0.4 0.6 0.8 1.0 1.2 1.4 0.8 1.0 1.2 1.4 1.6
V vs RHE V vs RHE

Figure 4.25: a,b) Cyclic voltammogrammes (anodic scans at 50 mV/s)
of bare and CoFe-PB modified a) BiVO, and b) Fe, O, photoanodes under
light (1 sun) in H,O0 (0.1 M KP,) and hole scavenger (1 M Na,SO, for BiVO,
and 0.5 M H, 0, for Fe,0,). c,d) Calculated charge-transfer efficiencies.

Both bare BiVO, (Figure 4.25a) and bare Fe, O, (Figure 4.25b)
show a drastically increased photocurrent when hs is used. This
in turn implies that the bare metal oxide anodes do not efficiently
transfer holes in the absence of a hole scavenger. Indeed, their
charge-transfer efficiencies are very low (Figure 4.25c,d), especially
for BiVO, (ncr S 15%), which is consistent with previous results.8®
Efficient charge-transfer at metal oxide photoanodes is limited by
electron-hole recombination at the surface, which is much faster
than water oxidation.87.122,132,217,222  Qn|y at very anodic poten-
tials (>1.2 Vgrye) the charge-transfer efficiency starts to increase (to
~15% for BiVO,; to ~60% for Fe,O,), because the large applied
electric field prevents recombination.

A large difference is observed between CoFe-PB/BiVO, and CoFe-
PB/Fe,O,, comparing their j-V behaviour with and without hole scav-
enger. The CV curve of CoFe-PB/BiVO, shows only a small pho-
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tocurrent increase when utilising hs instead of water (buffer), which
suggests that already in water charge-transfer is relatively efficient
(Figures 4.24b and 4.25a). Nonetheless, the curves do not overlap,
meaning charge-transfer can still be improved. This is reflected in
the calculated charge-transfer efficiency ncr, which reaches about
80% at 1.2 Vrye (Figure 4.25c¢).

For Fe203, in contrast, ner of around 60% is not enhanced upon
CoFe-PB deposition (Figures 4.25b,d). It is however shifted to lower
potentials, reaching a maximum at 1.35 Vgrye, whereas for bare
Fe203 it is maximal at 1.57 Vrye. This cathodic shift of ner is likely
related to the cathodic shift of onset potential (seen in Figures 4.16
and 4.17). The CVs of both bare Fe,O, and CoFe-PB/Fe,O, in hs
overlap, which implies that an equal number of holes reaches the

. interface with the electrolyte. Hence, their charge-separation effi-
ciencies, as well as their charge mobilities in the bulk, are similar
and not altered upon catalyst deposition.

A comparison with CoO,/BiVO, is given in Figure 4.25c¢, which
shows less charge-transfer efficiency below 1.4 Vgye, again indicat-
ing a better performance of CoFe-PB on BiVO,. From the j-V be-
haviour in hole scavenger, also the flat band potential of the semi-
conductor can be approximated, as it should ideally be equal to the
onset potential in hs (see Section 2.3.1). Therefore, from Figures
4.25a and b, flat band potentials of around 0.2 Vgye for BiVO, and
0.6 Vgye for Fe203, which are not affected by CoFe-PB and consis-
tent with literature values, are deduced.?16.222,387

Charge-separation efficiencies

The fact that the photocurrent curves of bare BiVO, and CoFe-
PB/BiVO, in Figure 4.25a do not overlap in hs suggests that CoFe-PB
does not only improve hole transfer to the electrolyte (in that case
the j-V characteristics would be the same in hs). Another beneficial
effect of CoFe-PB could be related to favouring charge-separation.

The charge-separation efficiency ncs can also be extracted from
the hs experiments, assuming Equation 4.4 to be valid.

] hs
fes = Jphoto(hS) (4.6)

j absorption

The maximum absorbed photocurrent japsorption Can be obtained
from UV-Vis spectroscopy (Figure 4.14), from which the absorption
coefficient a of the material can be calculated, and knowledge of
the intensity spectrum of the incoming light, i.e. the wavelength-
dependency of intensity, I.221
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e
jabsorption = E J I)\(]- - 10_a)d)\ (4.7)

For BiVO4 Jabsorption = 7.25 mA/cm?, which is close to the theoret-
ical maximum photocurrent 7.50 mA/cmZ2.388 This in turn suggests
that the synthesised nanostructured BiVO, films are efficiently ab-
sorbing light.

Figure 4.26 presents the calculated charge-separation efficien-
cies for bare BiVO, and CoFe-PB/BiVO, as a function of applied
bias. Upon CoFe-PB deposition, ncs increases by about 5% for
V > 0.5 Vgye. Although there is a charge-separation enhancing
effect of CoFe-PB, which might be of electrostatic nature, this effect
is not predominating and the effect of improved charge-transfer
overweights.
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Figure 4.26: Calculated charge-separation efficiency of bare BiVO,
(black) and CoFe-PB modified BiVO, (red).

4.5.2 Incident photon-to-current conversion effi-
ciency

The incident photon-to-current conversion efficiency (IPCE) gives a
measure of how many of the incoming photons are converted into
electrical current. It is a function of incident photon wavelength A
and intensity I.1

h-c-j
IPCE(A) = & Jphoto (4.8)
A-
The obtained IPCE data for BiVO4 and CoFe—PB/BiVO4 in Hzo at
1.23 Vgye is shown in Figure 4.27a.

Th is the Planck constant, and c the speed of light. Including the unit conversions
for nm and eV, a constant of factor of 1239.87 can be used to convert between
wavelengths A and energy.
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Figure 4.27: Incident photon-to-current conversion efficiency (IPCE) at

1.23 Vgye of bare BiVO, (black) and CoFe-PB modified BiVO, (red) in a)

0.1 M KP, buffer solution and b) in 1 M Na,O, hole scavenger. The optical
. absorbance is included in a) for the sake of comparison.

The IPCE is consistent with cyclic voltammetry results (Figure
4.18); between 350 and 450 nm a 6-fold increase is obtained
when depositing CoFe-PB. Moreover, the integrated photocurrents
(0.38 mA/cm? for BiVO,; 0.92 mA/cm? for CoFe-PB/BiVO,) match

perfectly the CV photocurrents at 1.23Vgue (0.40 mA/cm? for BiVO,;

0.95 mA/cm? for CoFe-PB/BiVO,). The photocurrent threshold at
512 nm is not influenced by the catalyst, consistent with UV-Vis
spectroscopy (Figure 4.14). For a better comparison, the optical
absorption is shown with the IPCE in Figure 4.27a (right axis).

In presence of a hole scavenger (Figure 4.27b), the IPCE in-
creases drastically from around 5 to 25% for bare BiVO,, while it is
barely changed for CoFe-PB/BiVO,. The IPCE of CoFe-PB/BiVO, re-
mains around 30-35% in water (buffer) and hs. This is in agreement
with the previous hole scavenger studies (Figure 4.25), indicating a
very high (~80%) charge-transfer efficiency.

4.5.3 Electrochemical impedance spectroscopy

In order to further evaluate the role of CoFe-PB on Fe,O, and on
BiVO,, electrochemical impedance spectroscopy (EIS) was per-
formed. It consists of measuring the complex current response of
a photoanode to a frequency modulated voltage perturbation, as
described in Section 2.3.2. In particular, the evaluation of different
types of capacitances, and their variation upon catalyst deposition,
yields important information about the mechanisms taking place at
the semiconductor-catalyst interface.

For example, overlayers of Ga,0,3% or Al,0,3° have shown to
passivate surface states, which was recognised by their decrease
in surface state capacitance. Furthermore, Ga,O, shifted the wa-
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ter oxidation onset potential to more cathodic potentials, which was
correlated to a shift of the surface state capacitance.3® The depo-
sition of a redox-active catalyst, such as IrO >3 or CoO_,'%° on the
other hand, has shown to form highly capaC|t|ve layers. The largely
increased capacitance was attributed to the hole storing capability
of those two catalyst, which prevents surface electron-hole back
recombination.>3.100

EIS of BiVO, photoanodes

To identify a possible effect of catalyst loading on BiVO, photoan-
odes, the CoFe-PB sequential coating was repeated either six (x6),
eight (x8), or ten (x10) times. Figure 4.28 shows the results from
EIS measurements of BiVO, photoanodes under light.
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Figure 4.28: a) Nyquist plot of Z”/(Q) versus Z’(Q) of CoFe-PB/BiVO, un-
der illumination (1 sun) at three different potentials (pH 7). b) Capacitance
C, c) charge-transfer resistance Rc¢r, and d) series resistance Rs of bare
BiVO, (black), 6 times (red), 8 times (green), and 10 times (blue) sequen-
tially coated CoFe-PB onto BiVO4, obtained by fitting the complex EIS data
to a Randles circuit (inset).
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Imaginary and real impedance data consistently yielded a sin-
gle arc in the Nyquist plot at all potentials, below and above the
photocurrent onset (Figure 4.28a). Consequently, the data were fit-
ted to a Randles’ equivalent circuit model with one capacitance C,
series resistance Rs, and charge-transfer resistance Rcr, which is
presented in Figure 2.12 and the inset of Figure 4.28.20.229

The capacitance values in Figure 4.28b lie in the 107°-
10~* F/cm? range, which is relatively large for a typical semi-
conductor bulk capacitance. Those values rather correspond to
the expected values for the electrical double-layer capacitance
(Cy ~ 107%-10"> F/cm?, see Section 2.3.2), which suggests a
strong impact of such. Indeed, the capacitance measured for the
bare FTO electrode (open circles in Figure 4.28b) at potentials

. below 0.4 Vgyye and above 1.2 Vgye coincides with that of the BiVO4
electrodes. Therefore, the FTO response, i.e. the electrical double-
layer formed with the FTO interface, dominates the capacitance at
these potentials. This is likely due to the inhomogeneous coverage
of the FTO substrate by the nanostructured BiVO,, as seen in
the cross-sectional SEM-image in Figures 4.4e,f. At intermediate
potentials, the BiVO, contribution to the capacitance overweights
and gives a large capacitive feature around 0.8-0.9 Vgye. This
apparent chemical capacitance is attributed to the V4*/V>* redox
couple, which is consistent with the CV behaviour (Figure 4.15b)
and previous studies.387

Upon CoFe-PB modification, no change in the capacitance is ap-
parent. Hence, the effect of CoFe-PB as either a hole accumulation
layer or as passivating surface states can be ruled out. In those two
cases an increase or decrease, respectively, of the capacitance at
certain potentials would be expected.

In contrast, the charge-transfer resistance R¢r (Figure 4.15b)
changes significantly when CoFe-PB is deposited. At values around
0.2-0.3 Vgye, consistent with the photocurrent onset potential, a
drop of Rcr to around 10° Qcm? was observed for CoFe-PB/BiVO,,
whereas for bare BiVO, Rcr decreases only slowly. The amount of
CoFe-PB, however, does not seem to have any effect on the resis-
tances, at least not when CoFe-PB deposition is done by sequential
coating. Thicker layers (=100 nm), which may be obtained through
other methods, could lead to a different behaviour. The series re-
sistance Rs (Figure 4.15d) depends mainly on the electrical con-
tacts and wiring to the potentiostat and, therefore, is not affected
by CoFe-PB.

Both the charge-transfer resistance drop and the constant capac-
itance suggest that holes, once photogenerated, efficiently transfer
to CoFe-PB, and from there to H,O, driving water oxidation. This
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implies that CoFe-PB is a true catalyst, i.e. accepting and further
transferring holes, which enhances the overall charge-transfer ki-
netics, as well as it suppresses surface electron-hole recombination
in the BiVO, space-charge layer. Notwithstanding, neither the de-
tailed catalytic mechanism nor the effect on catalytic and recombi-
nation rates can be deduced from the conducted EIS analysis.

EIS of Fe,O, photoanodes

Impedance spectra of hematite (modified and unmodified) were
recorded in the dark and under light and the acquired Nyquist plots
are presented in Figure 4.29. Generally, the EIS data acquired
for Fe,O; were less noisy and easier to fit than for BiVO,, while
maintaining high stability of the photoelectrodes. This is why a
larger, more complete data set for Fe, O, electrodes is presented.
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Figure 4.29: a,b) Simplified equivalent circuit models applied to fit the
obtained Nyquist plots of Z/(Q) versus Z’/(Q) of CoFe-PB/Fe, 0, c) in the
dark and d) under illumination (1 sun) at three different potentials (pH 7).
In the dark one arc is obtained at all V, while under illumination a single arc
is obtained at 0.2 Vrye (blue), a small second arc starts to develop at low
frequencies at 0.8 Vgrye (green), and two arcs can clearly be distinguished
at 1.1 Vgye (red).

While in the dark systematically a single arc was obtained at
all potentials (Figure 4.29c), a second arc appears under illumina-
tion close to the water oxidation onset (Figure 4.29d). This addi-
tional light-induced feature at lower frequencies, which is associ-
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ated to the photocatalytic function of the photoanodes, allows for
the extraction of a second capacitance, typically referred to as sur-
face state capacitance Css.20-216.217.331 Ajthough the nature and
role of surface states has caused some controversy in the litera-
ture,21.215-217 | am using this notation for the sake of consistency
with previous reports.2%-216 |ndeed, it does not play a major role in
the conducted impedance analysis, whether this capacitance is re-
lated to surface states inside the gap or to valence band states.20-21

The appearance of this second light-induced capacitance indi-
cates that a change in mechanism is taking place. Water oxidation
now competes with back electron-hole recombination and can be
described by an indirect charge-transfer process, in which holes are
trapped in a surface state and then transferred to the electrolyte.?!

. The applied potential needed for such an indirect charge-transfer
to occur is lower (~ 0.8 Vgye) for CoFe-PB/Fe O, electrodes than
for bare Fe,O, (~ 1.0 Vgye). At even higher potentials (>1.4 Vgye
for CoFe-PB/Fe,Og; >1.5 Vrue for bare Fe203), the high frequency,
capacitive semicircle of the surface state capacitance disappears
again, since charge-transfer from the surface state to the electrolyte
is no longer the rate-limiting step of water oxidation; mass transport
through diffusion may become the bottleneck.

Figure 4.29b shows the equivalent circuit that was used to fit this
process. Like the Randles’ circuit (Figure 4.29a), it includes series
and charge-transfer resistances, Rs and Rcr, and a capacitive ele-
ment related to the space-charge layer capacitance of the semicon-
ductor Csc, to which the high frequency feature is attributed. More-
over, it includes a trapping resistance Rtrqp and the surface state
capacitance Css (low frequency feature). This employed indirect
charge-transfer model, in which charge-transfer Rc1 takes place via
surface states, is the same as for direct transfer from the VB.20:21
It is commonly accepted to describe the impedance behaviour of
hematite photoanodes.?16:331 Nonetheless, other equivalent circuit
models might be considered, but do not affect the overall trends in
the fitted resistances and capacitances.?1’

The series and charge-transfer resistances Rs and Rcr in the dark
(from fitting to the Randles’ circuit) of bare Fe, O, (black), CoFe-
PB/Fe, O, (red), and CoFe-PB alone (purple) are shown in Figure 4.30.
The series resistance Rs (Figure 4.30a) is independent of light irradi-
ation and, thus, remained unchanged when illuminating the system.
Rs of CoFe-PB alone is much smaller (about one half) than that of
hematite. This is due to the fact that CoFe-PB was prepared by a
hydrothermal method,!1? which leads to chemical bond formation
with the FTO substrate, and hence a better electrical contact and
reduction of Rs.
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The dark charge-transfer resistance (Figure 4.30b) of bare
hematite remains constant and large (around 10° Qcm?), since
there is no significant charge-transfer in the applied potential
range below 1.6 Vgrye (see dark CV, Figure 4.15a). The CoFe-PB
modified Fe,O,, on the other hand, does show dark current and
thus a reduced charge-transfer resistance, which is due to the
electrocatalytic function of CoFe-PB. CoFe-PB alone shows a larger
drop in Rer at V >1.2 Vgye because it has much more catalyti-
cally active sites available to transfer holes than the thin layer in
CoFe-PB/Fe203. The small initial decrease of Rcr at 0.8-0.9 Vgye is

due to the capacitive current of the Co?*/Co3* and Fe?*/Fe3* redox
couples, while the second decrease at 1.2-1.3 Vgye is related to
water oxidation (reflected in the dark CV, Figure 4.15c).
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Figure 4.30: a) Series resistance Rs and b) charge-transfer resistance
RcT in the dark of bare Fe203 (black), CoFe—PB/BiVO4 (red), and CoFe-PB
alone (purple), measured in 0.1 M KP, buffer (pH 7).

Under illumination, the charge-transfer resistances of both bare
Fe,O, and CoFe-PB/Fe,O, drop at lower potentials than in the dark
and are shown in Figure 4.31a. Rc¢r of the photo-inactive CoFe-PB
remains unchanged and is therefore not shown in Figure 4.31. The
charge-transfer behaviour is consistent with the j-V characteristics
(Figures 4.16¢c and 4.17c). Rcr of Fe,O, starts to decrease around
1.0 VRye, Whereas Rer of CoFe-PB/Fe203 shows an initial small de-
crease at 0.7-0.8 Vgrye and a further drop around 1.0 Vgye. The
initial decrease can be attributed to the Co?*/Co3* and/or Fe?*/Fe3*
oxidation, similar as in the dark. The potential, at which the min-
imum charge-transfer resistance of 103 Qcm? is reached and sig-
nificant charge-transfer occurs, is about 1.2 Vgye for CoFe-PB/Fe203
and 1.3 Vgye for bare Fe,O,. The difference corresponds to the on-
set potential shift observed in the CV and steady-state j-V curves
(Figures 4.16¢ and 4.17c). The trapping resistance R¢qp is neither
influenced by the applied potential nor by catalyst modification.
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The latter is consistent with the information provided by the ex-
periments in hole scavenger (Figure 4.25b), in which the j-V curves
with and without catalyst overlap, suggesting that charge transport
to the surface, i.e. trapping, is catalyst independent.
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Figure 4.31: a) Charge-transfer resistance Rcr and b) trap resistance
Rtrap under illumination (1 sun) of bare Fe203 (black) and CoFe—PB/BiVO4
(red), measured in 0.1 M KP, buffer (pH 7).

Figure 4.32 shows the space-charge layer capacitance Csc of
bare and CoFe-PB modified Fe, O, in the dark and under light, along
with the corresponding Mott-Schottky plots. While the amount of
catalyst had no influence on charge-transfer and trapping resis-
tance, it seemed to impact the space-charge layer capacitance,
which is why two times (2x, green) and ten times (10x, red) sequen-
tially coated CoFe-PB/Fe,O, electrodes are shown. Csc decreases
upon CoFe-PB deposition, the more (10x) catalyst, the more de-
crease. This is more recognisable in the Mott-Schottky plots (Fig-
ures 4.32c,d) of 1/C§C. The apparent decrease of Csc with CoFe-PB
modification is attributed to i) having less hematite surface area
exposed to the electrolyte solution as more catalyst is added, or
ii) reducing the surface dipole and therefore the amount of band
bending. CoFe-PB is not expected to influence the dopant or donor
concentration, as it resides on the surface of Fe, O,.

From the Mott-Schottky equation (Equation 2.34) and the dielec-
tric permittivity &, the dopant density Ny and the flat band potential
Veg of the semiconductor can be calculated. To allow for compari-
son with previous reports, & = 32 was chosen for Fe, O, (although
literature values typically vary from 30 to 150).216:360 The result-
ing dopant concentration of Fe,O, is around Ng = 7-9-10'% cm~3,
which is about 1 order of magnitude higher than observed by Klahr
et al.,?1% resulting from both Zn-doping and Sn diffusion from the
FTO substrate (see Section 4.2.1).3%0 The flat band potential is
given as the intercept with the x-coordinate in the Mott-Schottky
plot (Figures 4.32c,d). Its fitted values Vrg = 0.5 (£0.05) Vgye are
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independent of the amount of CoFe-PB, which further confirms that
CoFe-PB does not change the band positions, i.e. the bulk elec-
tronic structure, of the underlying hematite. However, it differs by
about 0.1 V, compared to Vgg obtained through hole scavenger ex-
periments, due to inaccuracies of the used approximations. As de-
scribed by Zandi et al., the Mott-Schottky equation does not prop-
erly account for materials with high donor densities, as it neglects
variations in the electrical double-layer.3%0 This emphasises that the
application of the Mott-Schottky equation is not always valid, and
calculated variables should be regarded with caution.

a)  10° b) 10
e bare Fe,0, * bare Fe,0,
. 4 2xCoFe-PB/FeO, . 4 2x CoFe-PB/Fe,0,
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Figure 4.32: a,b) Space-charge capacitances Csc of the Fe, O, electrodes
without (black), and with 2x (red) and 10x (green) CoFe-PB sequential
coating, a) in the dark, b) under illumination (1 sun); and c,d) correspond-
ing Mott-Schottky plots: c) in the dark, d) under light; all measured in
0.1 M KPi buffer (pH 7).

No change of space-charge capacitance is observed under 1 sun
illumination, as Csc relates to an intrinsic property of the prepared
semiconductor films. This is in contrast to previous studies,216.331
in which a flattening shift in the Mott-Schottky plot was observed,
when irradiating the sample. This obvious plateau-like feature
has been ascribed to Fermi level pinning due to electronic trap
states.383 In the case of high annealing temperatures, such as
applied, trap states may become passivated and the Fermi level
unpinned.360
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Figure 4.33 shows the surface state capacitance Css of bare
Fe,O, and CoFe-PB/BiVO,, together with an illustration of the
equivalent circuit elements.
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Figure 4.33: a) Surface state capacitance Css of Fe203 (black), 2x
(green) and 10x (red) CoFe-PB/Fe, O, under illumination (1 sun) in neutral
medium (0.1 M KP,), and b) corresponding indirect CT equivalent circuit.

For bare Fe203, Css starts to increase around 1.0 Vgye until
it reaches a maximum at around 1.4 Vgye, in agreement with
previous literature.?16.331 This surface state capacitance, which is
only observed under water oxidation conditions, can be attributed
to a reaction intermediate, which traps the photogenerated holes
on the hematite surface.33! Indeed, in operando IR spectroscopy
measurements3°! and DFT calculations333 identified an intermedi-
ate iron-oxo species Fe=0, suggested to be the bottleneck towards
further completion of the water oxidation reaction (at least at
pH 14).215.333.391  Thijs Fe=0 intermediate possesses intragap
electronic states,?®> which give rise to the observed capacitive
behaviour.

CoFe-PB modification shifts the surface state capacitance to
lower, more cathodic potentials, independent of the amount of
catalyst loading. This shift of Css, which has also been observed
for Ga,0, overlayers on hematite,®® appears to be responsible
for the observed onset potential and charge-transfer resistance
shifts (Figures 4.17 and 4.31c). Css of CoFe-PB/Fe,O, begins to
rise around 0.8 Vgye, becomes flat between ~1.0-1.2 Vgye, and
then rises again and approaches the same maximum as for bare
Fe203 at ~1.4 Vrye. The absolute magnitude of Css, however, is
not changed. Hence, surface state passivation or significant hole
accumulation can be ruled out.

At ~1.4 Vgye the Css curves of bare and modified Fe,O, overlap,
which leads to the assumption that the same water oxidation
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intermediate (Fe=0) is formed on both bare and modified Fe,O,,
where the OER takes place. The shoulder of Css at lower potentials
could be ascribed to a partial oxidation of CoFe-PB on the surface,
which partially suppresses surface electron-hole back recombina-
tion. Notwithstanding, this is speculative; the nature of the surface
state of CoFe—PB/Fe203 cannot clearly be determined from the
experiment.

Taken together EIS and other mechanistic studies, it can be
concluded that CoFe-PB on hematite does not act as a true charge-
transfer catalyst, which agrees with observations of CoO, on

hematite.?%1:132 In contrast, CoFe-PB on BiVO, shows a completely
different behaviour. The performed PEC measurements suggest its
function as true charge-transfer catalyst. To shed more light on the
reasons for the opposing behaviour of CoFe-PB on different metal
oxide systems Density Functional Theory (DFT) calculations were
carried out.

4.6 Theoretical level alignment

The electronic energy levels of the composite photoelectrodes were
computed and aligned in order to evaluate the thermodynamic fea-
sibility for interfacial charge-transfer.

4.6.1 Computational assessment of interfaces

Aligning the energy levels in heterostructures is a challenging prob-
lem, for which no single, straightforward solution exists,127-130,392
Finding adequate structural models of the electrochemical in-
terface is hampered by the fact that the real interface depends
crucially on the synthesis conditions and is often ill-defined.130.393
Hence, atomistic models need to take into account a manifold of
possible interfacial arrangements under experimental conditions,
which in turn demands extensive computational modelling, which
renders the task in many cases infeasible. Moreover, as DFT
poorly describes the electronic states close to the Fermi level (see
Section 2.1.2), methods of higher accuracy are required, such as
hybrid functionals or many-body perturbation theory (MBPT), which
tremendously increase the computational cost.

Several groups successfully performed atomistic calculations of
semiconductor-liquid interfaces with high accuracy.131:394.395 Those
studies, however, involve extensive ab initio molecular dynamics
(MD) modelling of the liquid electrolyte combined with hybrid meth-

157




UNIVERSITAT ROVIRA I VIRGILI

EXPERIMENTAL AND THEORETICAL INVESTIGATION OF PRUSSIAN BLUE-TYPE CATALYSTS FOR ARTIFICIAL
PHOTOSYNTHESIS

Franziska Simone Hegner

ods or MBPT. Adding a co-catalyst as a third component onto the
semiconductor interface increases the level of complexity vastly,
and detailed theoretical studies of such a semiconductor-catalyst-
liquid junction are scarce.129-142

As a consequence, other alignment methods, which do not in-
volve atomistic interface models, but a common reference to align
the calculated electronic structures, are more feasible and chosen
herein. Such methods are much faster, less cost-intensive, and also
less prone to errors due to insufficient knowledge of the geometry
and stoichiometry of the real interface.

For example, for highly crystalline systems with well defined lat-
tice sites, the on-site electrostatic potentials (Madelung potentials)
can be used and compared to the potential at infinite interatomic

. distance;392 yet, this is only possible for certain comparable sys-
tems.

The absolute vacuum levels seems to be an obvious choice of a
common reference. It can be obtained by calculating the workfunc-
tion of a solid surface, as described by Toroker et al.3°¢ Similarly,
its determination allows for the computation of ionisation poten-
tials and electron affinities, which were also used to align the band
edge positions.397:398 This method, however, requires the knowl-
edge of the exposed and interacting surfaces, while the resulting
band alignment strongly depends on the type of surface termina-
tion.390.398 Moreover, the workfunction is highly influenced by band
bending, adsorbates, and surface dipoles.?18 Therefore, such an ap-
proach is not applicable, since i) the surface of CoFe-PB is not clearly
defined,10 and ii) the workfunction of the ultrathin catalyst layer is
not a physical observable.130

In this work, | aligned the energy levels along unperturbed core
states of atoms, in this case oxygen, which has led to success
in deriving the relative valence offset in several semiconduc-
tors.130:399,400  This chosen method allows for a relatively simple
extraction of band alignments without computationally very expen-
sive MBPT calculations*®! and/or construction of a three-component
interface model. Although it does not provide detailed information
about the interfacial structure, it allows us to determine if the over-
all alignment of the band edges is favourable, which is a necessary
prerequisite for charge-transfer to happen.142

4.6.2 Electronic structures of employed systems

For aligning the DOS of the employed photoanodes and water, the
average energy of the oxygen 2s orbital is taken as a common ref-
erence. Since CoFe-PB does not contain any oxygen (and does not

158



UNIVERSITAT ROVIRA I VIRGILI

EXPERIMENTAL AND THEORETICAL INVESTIGATION OF PRUSSIAN BLUE-TYPE CATALYSTS FOR ARTIFICIAL
PHOTOSYNTHESIS
Franziska Simone Hegner

share any other element with BiVO,), one H,O molecule was incor-
porated into one of its tetrahedral holes. This had no effect on the
electronic structure, which is demonstrated by Figure 4.34. Also
other structural and electronic properties remained unaffected.

3

= :{CO(%) \g _
24 — all atoms 7
——Co
T —Fe
P R CN
. —O0
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o
® Fe (tz,) |
w o+ I~
]
e
N
uj
) H,0 (O(p))
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CoFe-PB + H,0 CoFe-PB

Figure 4.34: Density of States (calculated with HSE03-13) of
K[CoFe(CN)G] with (on the left) and without (on the right) incorporated
H,O molecule. The reference energy was set to zero at the valence band

maximum. The DOS remains unaffected by water, only a peak from the O
2p orbitals is appearing.

The Densities of States (DOS) of the bulk structures were cal-
culated with the accurate hybrid functional HSE03-13, which is de-
scribed in Chapter 3, and then aligned by the electronic O 2s core
states. The average energy, which is obtained by integrating the
projected DOS, is expected not to vary significantly.#02

In order to allow for efficient charge-transfer and, thus, water ox-
idation catalysis, the band edges of all components need to be suit-
ably aligned. This means that the catalyst needs to have filled elec-
tronic states at higher energy than the VBM of the photoanode, so
that there is a thermodynamic driving force for the holes (electrons)
to be transferred to (from) the catalyst. Furthermore, the highest oc-
cupied molecular orbital (HOMO) of solvent water needs to lie above
that of the catalyst, so that further hole-transfer from the catalyst
to water, i.e. water oxidation, can occur. The aligned energy lev-
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els of both the semiconductor-catalyst-water systems are shown in

Figure 4.35.
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Figure 4.35: Densities of States (calculated with HSE03-13) of a) Fe, O,
and b) BiVO, aligned with K[CoFe(CN)G] and H,O (aligned by core O 2s
states). The reference energy was set to zero at the valence band maxi-

mum of CoFe-PB. Filled (empty) electronic states are represented by filled
(empty) areas.

When a photon gets adsorbed by hematite (Figure 4.35a), a hole
will be created in the VB, comprised of hybridised Fe 3d and O 2p
states. At this energy, however, there are no electronic states in the
CoFe-PB catalyst, with which the photogenerated hole may interact.
The filled Co tp4 states, which are responsible for water oxidation
lie just below the VB edge of Fe,O,. Hence there is no intrinsic
driving force for holes to transfer from Fe203 to CoFe-PB, as shown
schematically in Figure 4.36a. Nevertheless, that does not imply
that hole transfer cannot happen; under reaction conditions, i.e. at
room temperature and applied potential, charges may transfer to
the catalyst, but with an energy penalty.

The Fe t4 states of CoFe-PB, which lie about 1 eV above Co tyg,
do not directly participate in the water oxidation reaction, nor are
involved in the interface formation with the semiconductor. Fe is
strongly coordinated by its cyanide ligands (from the C-site), and
CN ligand substitution by either H,O or surface OH demands a lot
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of energy. Hence, binding to Fe is extremely unfavourable. The Fe
centres play a stabilising role in the in CoFe-PB scaffold, rather than
being actively involved in the catalytic reaction.

In the case of BiVO,/CoFe-PB (Figure 4.35b), the thermodynamic
alignment of energy level meets the criteria for favourable hole
transfer, as also schematically represented in Figure 4.36b. The cat-
alytically active Co ty4 states are spread around 0.5-1.0 eV above
the valence band of BiVO,. This means that once a photohole is gen-
erated in the VB of BiVO4, it is driven towards CoFe-PB. The HOMO
(1b7) of H20 lies about 0.3-0.4 eV above those t,4 levels, and there-
fore can accept the holes transferred to Co t;4; consequently, water
oxidation at CoFe-PB can occur. Moreover, the 1b; symmetry allows
for efficient orbital overlap with Co t24, which is necessary for fast
inner-sphere hole transfer.33.268

b) BiVO,  CoFe
o
CB

hv

h* = /N—
P HOMO
VB _r Co- (H;0)

ht states

Figure 4.36: Schematic energy level alignment of a) Fe, O and b) BiVO,
with K[CoFe(CN).] and H, 0.

It has to be noted that the calculated electronic levels are not di-
rectly comparable with experimentally obtained redox levels, which
are typically presented in the literature in the field of photoelectro-
chemical water splitting, as for example in Refs. [34], [28], and [36]
(and Figure 1.6). Those redox potentials are generally given versus
SHE or another reference electrode (as explained in Section 2.3.1),
whereas the calculated energy levels are aligned with respect to
the CoFe-PB VBM (Eyg(CoFe-PB)) . Moreover, the water HOMO is not
the adiabatic water oxidation potential (V° = 1.23 Vgye), which is
shown in Refs. [34], [28], and [36]. Indeed, considering that water
oxidation is a four electron / four proton transfer involving several
intermediate steps, it seems more appropriate to show the molecu-
lar orbital levels and to determine the likelihood of a first single hole
transfer.33

Taken together, the different photoelectrochemical behaviour of
CoFe-PB on Fe, O, and BiVO, can be explained by the different ther-
modynamics of the catalytic interface. While the CoFe-PB/BiVO, in-
terface allows for favourable hole transfer and water oxidation catal-
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ysis, the CoFe-PB/Fe,O, interface gives no thermodynamic driving
force for this to happen (see Figure 4.36).

4.6.3 Reasons for performance enhancement of the
catalytic interfaces

Although the deposition of CoFe-PB onto Fe,O, does not lead to an
advantageous charge-transfer pathway, it yet enhances the photo-
electrochemical performance. The reason for the observed cathodic
shift in onset potential upon CoFe-PB modification is likely due to the
shift of the surface state capacitance (see Figure 4.33).
This is in line with previous studies of the Ga,0,/Fe,O, inter-
face, in which the onset potential was lowered without having
. a favourable band alignment.*®3 Hence the effect of Ga,0, can
be attributed to surface state passivation and/or lowering of the
surface state capacitance,389 as for CoFe-PB. At variance, for Al O,
the thermodynamic level alignment to hematite seems favourable,
yet the reaction kinetics are not favoured by AL, O, and OER is

expected to take place on the Fe,O, sites.%4

This shows that an advantageous level alignment is a necessary
but not conclusive criterion for hole transfer catalysis. Interfacial
hole transfer also needs to be kinetically favoured, which means
hole transfer from the semiconductor surface to the co-catalyst has
to be faster than to H,O. In this context, a spectroscopic study
of the charge carrier kinetics in CoFe-PB/BiVO, is carried out and
discussed in Chapter 5.

4.7 Conclusion of Chapter 4

In this Chapter, it was shown that the appropriate energy level
alignment is crucial to the catalytic mechanism when a photocat-
alytic semiconductor is modified by an electrocatalyst material. If
the electronic states are not appropriately aligned for hole transfer
to be thermodynamically favourable, the function of the deposited
electrocatalyst is likely to be not truly catalytic. This means, no
hole/electron transfer to/from the electrocatalyst occurs and its
working mechanism is different.87.101,102,132,133,217,357,358  The
CoFe-PB/hematite interface is an example for this. In case of
CoFe-PB/BiVO,, however, the theoretical bulk level alignment has
shown that there is a thermodynamic driving force for hole transfer
to occur.
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Additionally, the epitaxial deposition of CoFe-PB on BiVO, leads
to a higher degree of wetting than on Fe,O,, likely due to the for-
mation of chemical bonds to the metal oxide (Figures 4.6 and 4.7).
Those interfacial bonds can be seen as chemical linkers between
the two compounds, enabling fast and efficient charge-transfer (see
Figure 4.8).

Both the fulfilment of the necessary energetic criteria and the
well-matching epitaxy of the interface suggest that the function of
CoFe-PB on BiVO, is to accept holes and to drive the water oxi-
dation reaction, hence being a genuine catalyst (with the cobalt
centres being the catalytically active sites). Photoelectrochemical
experiments and electrochemical impedance spectroscopy strongly
support such a favoured hole transfer from BiVO, to CoFe-PB.

Nonetheless, the employed photoelectrochemical techniques
are based on measuring (photo)currents, i.e. extracted electrons
from the back of the electrode. For a more direct determination of
the hole dynamics at the semiconductor-catalyst and electrolyte
interfaces, time-resolved spectroscopic methods were applied to
the advantageous CoFe-PB/BiVO, system and are focus of the next
Chapter.
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Chapter 5

Charge carrier dynamics
in modified photoanodes

In this Chapter, a complementary spectroscopic investigation of the
charge-transfer dynamics in CoFe-PB modified BiVO, photoanodes
is carried out. With spectroelectrochemical (SEC) techniques the
absorption features of CoFe-PB that are important to water oxidation
catalysis are determined. Further, time-dependent spectroscopy
techniques, namely transient absorption spectroscopy (TAS) and
photo-induced absorption spectroscopy (PIAS), are employed in or-
der to elucidate the life times of photogenerated holes. From this,
the time scales of charge-transfer and water oxidation are deduced
and a mechanistic proposal is given. The results of this study have
been submitted for publication in Paper IV.

5.1 Motivation

Although the previous findings strongly indicate that holes effi-
ciently transfer from BiVO, to CoFe-PB, where they effectively
oxidise water, results from PEC measurements cannot conclusively
determine the fate of photogenerated holes. From the j-V response
obtained by PEC, only a net current, which is the sum of the total
electron and hole currents, is measured. Hence, it is not possible
to discern if holes go directly into solution, or first transfer via
the catalyst. Furthermore, the fractions of total applied potential,
which drop at the interfaces, i.e. between conductive support and
semiconductor, between semiconductor and catalyst, and at the
interface with the electrolyte, cannot be determined.1?® In this
context, time-dependent spectroscopy gives a means to directly
access the hole dynamics at the CoFe-PB/BiVO, interface.
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5.2 Dynamics of photogenerated holes in
metal oxide semiconductors

5.2.1 Unmodified metal oxide photoanodes

Efficient water oxidation on metal oxide photoanodes, such as TiO,
Fe,O;, WO,, and BiVO,, is mainly limited by fast electron-hole re-
combination.87,118-120,122,330,405-407 |n other words, OER catalysis
(typically on the time scale of tens of ms to s) is in kinetic competi-
tion with potential dependent recombination of holes accumulated
at the surface, i.e. surface or back electron-hole recombination (see
Section 2.3.3).87,122,406

In order to achieve high photoelectrochemical efficiencies, a rel-
atively large anodic bias is required, which increases band bending
and space-charge layer (SCL) separation, and thus suppresses sur-
face recombination. This is schematically illustrated in Figure 5.1.

a) Low applied potential b) High applied potential
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Figure 5.1: Schematic representation of the electronic processes occur-
ring in an n-type photoanode under water oxidation conditions. a) At low
applied bias the photogenerated holes at the surface are not well sepa-
rated from the bulk electrons and recombine rapidly (~ms in BiVO,).122

b) At high applied bias charge separation is increased and surface recom-
bination reduced (~0.1-1 s in BiVO4).122 Due to the larger electric field

also water oxidation (WO) is enhanced.

If no or only a small positive bias is applied (Figure 5.1a), holes at
the semiconductor surface are not efficiently separated and prone
to fast recombination with electrons from the bulk, before they are
able to oxidise water. In the case of unmodified BiVO,, the rate
of water oxidation lies in the range of 0.1-1 s~!, whereas the rate
of surface recombination is about 100-1000 times faster at poten-
tials close to that of the flat band potential.122:133.407 Thys, only a
negligible fraction of photogenerated holes survives long enough to
react with H,O before recombining.
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When a high bias is applied as in Figure 5.1b, band bending
is increased, which leads to more efficient charge separation and
higher density of surface accumulated holes. For surface electron-
hole recombination to occur, electrons from the bulk need to tunnel
through the space-charge layer. Increasing the potential drop
across the space-charge layer reduces the likelihood of surface
recombination, and thus its time constant, which is on the order
of 0.1-1 s in BiVO, at the onset potential.}22 Moreover, increasing
the potential results in a larger thermodynamic driving force for
water oxidation. The water oxidation rate per catalytically active
site, however, is not changed. Hence, in the case of BiVO4 water
oxidation now becomes kinetically competitive with surface recom-
bination, both happening on a ms-s timescale.

A common approach to overcome the kinetic limitations of water
oxidation is to deposit an efficient electrocatalyst on the surface of
a photoanode, such as CoFe-PB in this study. The function of the
catalyst is usually to increase the rate of water oxidation and/or to
reduce the rate of recombination. Initial photoelectrochemical stud-
ies indicated that CoFe-PB acts as a true catalyst on BiVO,, enhanc-
ing the rate of water oxidation by actively performing catalysis at
its active sites. Nonetheless, its kinetic contributions to hole trans-
fer and recombination could not unambiguously be discerned, and
are focus of this Chapter. To provide context and to allow for a fur-
ther comparison, first the case of CoO, /semiconductor interfaces is
discussed.

5.2.2 Influence of the catalyst: The case of CoO_

Many studies address the impact of cobalt oxide catalysts, CoO,_ or
CoP,, on the water oxidation enhancement when applied on differ-
ent semiconductor photoanodes.23.50.85-87,99-101,132,133,143,217,358
The deposition of CoO, on Fe,O, or BiVO, typically shifted
the onset potential cathodically by about 0.1-0.4 V in neu-
tral media, depending on the employed experimental condi-
tions.>0.86.87,100,101,132,133,358 Gayeral independent studies based
on various PEC measurements,”®8> including electrochemical
impedance spectroscopy (EIS),190 intensity modulated spec-
troscopy (IMPS),87.102 and time-resolved spectroscopy (TAS and
PIAS),101,132,133,358 sttriputed this effect to reduced surface recom-
bination, not enhanced catalytic activity.

When deposited on the n-type metal oxide, CoO_ increases the
surface dipole and thus enhances the band bending, similar as rep-
resented in Figure 5.1b. This is sometimes described in the litera-
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ture as Schottky barrier8’-101.143 or p_n heterojunction® formation.
Its impact on the underlying semiconductor is therefore comparable
to that of a strong applied external bias (within the simple model in
5.1b), which in turn reduces the need for large overpotentials. Due
to the increased space-charge layer at the semiconductor/CoO_ in-
terface, surface recombination is efficiently suppressed and hole
lifetime increased. The catalysis, however, is assumed to effectively
take place at the metal oxide photoanode, not at the catalytically
active Co centres on CoO, .

Indeed, the catalytic rate of water oxidation on CoO_ was found
to be much (around 100-1000 times) slower than on most typical
photoanode materials.’3%3°8 Turnover frequencies of CoO were

found to lie in the order of 1073-102 s~1 (at 0.4 V overpoten-
tial),29-91 while the water oxidation rate constants on Fe,O, and

BiVO, are on the order of 0.1-10 s~1,120.122.:405,407 A|so hole trans-
fer from the semiconductor to CoO_ was found to be relatively slow,
about one order of magnitude slower than direct water oxidation on
BiVO,.?>8 This suggests that only a small fraction of photogenerated
holes gets transferred across the semiconductor-catalyst interface.

Nevertheless, it has to be noted that in the case of CoO, /Fe,O,,
literature is not entirely conclusive about the exact role of
Co0,.4499:100.132 Impedance spectroscopy data suggested sig-
nificant oxidation of CoOX on top of hematite, and hence efficient

transfer across the interface.199 This seemingly contradictory result
may be caused by differences in morphology, as suggested by Car-
rol et al.1*3 Mesostructured, thicker hematite with electrodeposited
CoO, noduli was employed in TAS experiments, 191132 while planar,
thin films of hematite with a thick, impermeable catalyst layer were
used for the impedance measurements.100

For the sake of comparison to the time-resolved measurements
herein, the time constants as observed by Ma et al. for the
CoO, /BiVO, interface are taken for the following discussion.!33.3>8

5.3 Spectral assignment of CoFe-PB

Before considering the effect of CoFe-PB modification on BiVO,, the
spectral features of CoFe-PB alone were investigated, as knowledge
of those is key to interpret spectroscopic data of the interface. To do
so, spectroelectrochemistry (SEC) of CoFe-PB on FTO under electro-
chemical conditions was measured. CoFe-PB electrodes were pre-
pared by a modified solvothermal procedure developed by Han et
al., as described in Appendix A.110
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Figure 5.2 shows the ground state absorption spectra of CoFe-PB
in H,0 (KP, buffer) at different potentials, represented as difference
AOD versus the open-circuit (resting) potential (Figure 5.2a) or the
water oxidation onset potential (Figure 5.2b).
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Figure 5.2: Spectroelectrochemical difference spectra of CoFe-PB from
400 to 900 nm of a) the absorption difference versus the open circuit po-
tential (OCP, 1.15 Vgue) below water oxidation onset and b) versus the
onset potential (1.58 Vgye) in 0.1 M KPi buffer, pH 7).

When increasing the potential above the open-circuit potential
(OCP), the absorption at wavelengths larger than 500 nm rises (Fig-
ure 5.2a). This consistently observed, broad absorption feature
with a maximum around 700-800 nm saturates at potentials around
2.0 Vgrye (Figure 5.2b). It is hence attributed to an oxidation of
the CoFe-PB system, as it further correlates strongly with the oxi-
dation and reduction waves observed by cyclic voltammetry, which
is shown in Figure 5.3a.

Due to the non-stoichiometric nature of CoFe-PB (AXCoy[Fe(CN)G]Z

-nH,0), containing a mixture of Is-Is Co(lll)Fe(ll)-PB and hs-Is
Co(Il)Fe(lll)-PB (Figure 3.13) with both Co and Fe in different elec-
tronic environments, the redox peaks cannot clearly be assigned
to either Co?*/Co3* or Fe?*/Fe3* redox couples (see Sections 3.2
and 4.3.5).300.312 Therefore, the oxidised CoFe-PB state is simply
labelled as “CoFe-PB*”. Since “CoFe-PB*” appears before the
catalytic water oxidation onset, it is not directly involved in the
water oxidation reaction and can be regarded as a pre-catalytic
species.

Further oxidation of CoFe-PB above the catalytic water oxidation
onset potential of around 1.6 Vgye (Figure 5.2b) leads to broadening
of the spectrum, i.e. flattening in the long wavelength region, while
absorption at shorter wavelengths increases. The appearance of
the spectral feature in the region <500 nm above the onset is likely
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due to a second oxidation of CoFe-PB, which is related to water oxi-
dation. This doubly oxidised “CoFe-PB2*" is therefore ascribed to as
catalytic species.

It is noted though that the shape of the absorption spectrum of
oxidised CoFe-PB differs from that in Ref. [408]. In this, a differ-
ent preparation method was used, which is likely to form a different
CoFe-PB stoichiometry with slightly different redox and absorption
features.*%8 The observed isosbestic point (where absorption is con-
stant), is however the same (400 nm) as obtained herein.
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Figure 5.3: SEC of CoFe-PB: a) Potential dependence of the absorption at
800 nm (red), simultaneously recorded during a CV scan (grey) ata 1 mV/s
scan rate (oxidative CV scan on the left, reductive CV scan on the right).
The absorption at 800 nm, assigned to “CoFe-PB*”, increases/decreases
with the oxidation/reduction wave. b) AOD vs OCP (1.15 Vgye) correspond-
ing to “CoFe-PB*"” (blue and green), and vs the onset potential (1.58 VgHE)
corresponding to “CoFe-PB2*” (red) (0.1 M KP, buffer, pH 7).

As a summary, Figure 5.3b compares the absorption of CoFe-PB
above and below the water oxidation onset. The asymmetric (de-
caying more strongly towards shorter wavelength) absorption peak
around 700-800 nm (blue and green) at mild oxidative potentials
corresponds to “CoFe-PB*”, and the blue-shifted absorption (red)
at potentials exceeding the onset potential corresponds to “CoFe-
PB2+”. Utilising the spectral fingerprint of oxidised CoFe-PB, subse-
quent TAS and PIAS data of the CoFe-PB/BiVO, photoanodes may
be interpreted.

5.4 Time-resolved spectroscopy of CoFe-
PB/BiVO,

In order to investigate the dynamics of photogenerated holes in the
CoFe-PB/BiVO, system time-dependent spectroscopy, namely TAS
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(transient absorption spectroscopy) and PIAS (photo-induced ab-
sorption spectroscopy) were carried out.

5.4.1 Transient absorption spectroscopy

TAS measurements with a time resolution from microseconds to sec-
onds were performed for bare and CoFe-PB modified BiVO, samples.
Figure 5.4a shows the obtained TA spectrum at 10 ms after the ex-
citation pulse. At low applied potentials (0.25 and 0.70 Vgye) and at
all wavelengths, no or only negligible absorption is observed 10 ms
after the the sample was excited. This means the excited state
has already relaxed back to the ground state, or in other words, all
photogenerated charges have recombined. At larger applied bias
(1.50 Vgye) above the water oxidation onset, a persistent signal
peaking at 550 nm is detected after 10 ms. Previous TAS studies of
pristine BiVO, have shown that photogenerated holes show an ab-

sorption signal around 550 nm.122:409 The measured 550 nm signal,
which is shown in Figure 5.4b, is therefore attributed to photoholes
accumulated at the surface. As those holes are responsible for wa-
ter oxidation in bare BiVO,, they are only observed at a bias high
enough for water oxidation to become significant. At lower poten-
tials, band bending is insufficient to drive enough charge-separation
and hole accumulation at the surface, before electron-hole recom-
bination occurs.122:133
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Figure 5.4: a) TA spectrum of BiVO, at 10 ms after the excitation pulse
and b) TA signal decay of photogenerated holes at 550 nm at different
applied potentials (in 0.1 M KPi buffer, pH 7). Only at strong bias (1.5 VgryE)
a persistent transient (red) is observed.
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The signal-to-noise ratio however was low, as the films were not
highly transmissive. This is due to the inhomogeneous, mesostruc-
tured morphology of the electrodeposited BiVO, films, which scat-
ter a large fraction of incoming probe light. Therefore, the mea-
sured signal could not be fitted; nevertheless, at high applied bias
the decay resembles the expected biphasic decay (see Equation
2.37), consisting of a fast phase (<ms) due to bulk electron-hole
recombination, and a slow phase (ms-s) due to surface recombi-
nation, which is in agreement with literature.122:217.406 Although a
quantitative assignment of the signal, such as in Ref. [122], was
precluded, a qualitative comparison with modified CoFe-PB/BiVO,
could be made.

When depositing CoFe-PB a significant change is obtained and
shown in Figure 5.5. Instead of the 550 nm feature of BiVO, holes, a
red-shifted signal around 700-800 nm is observed, persistent even
at low applied potentials. This has two important implications; on
one hand the apparent loss of the BiVO, hole signal indicates that
the accumulated holes have been either annihilated or transferred;
on the other hand, the appearing feature at ~700 nm upon CoFe-
PB modification signifies the generation of a new charged species
within CoFe-PB.
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Figure 5.5: a) TA spectrum of CoFe-PB/BiVO, at 10 ms after the excitation
pulse and b) TA signal decay at 700 nm at different applied potentials
(in 0.1 M KP, buffer, pH 7). Even at low applied potentials a persistent
transient at 700 nm is observed, which is attributed to hole transfer to
CoFe-PB, creating “CoFe-PB*".

Comparing the TA spectra at 10 ms (Figure 5.5a) with that of
oxidised CoFe-PB (“CoFe*”) from SEC (Figures 5.2a and 5.3b), a
strong resemblance can be seen. This suggests that CoFe-PB on
the BiVO, surface gets oxidised during the TAS experiment, mean-
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ing that holes generated in BiVO, transfer to CoFe-PB, resulting in
an absorption increase at 700-800 nm. Importantly, this leads to
a prolonged lifetimes of photogenerated charges, even without! or
very low applied potentials (Figure 5.5b). Hence, charge-separation
across the BiVO,/CoFe-PB interface is largely irreversible and effi-
ciently preventing electron-hole recombination within BiVO,.

Moreover, the amplitude of the ~700 nm signal remains almost
constant at early times, from 10 us to tens of ms, i.e. does not
increase. This indicates that the “CoFe*” generation has almost
been completed before spectral acquisition, which in turn indicates
that interfacial hole transfer takes place on the sub-microsecond
time scale. In order to determine the exact time scale of such an
efficient charge-transfer, a different TAS set-up with nano- or even
picosecond time resolution would be required.

5.4.2 Photo-induced absorption spectroscopy

To correlate the occurrence of such efficient hole transfer to CoFe-
PB to its implications for water oxidation catalysis, PIAS was per-
formed. It employs a long (5 s) LED pulse to simulate steady-state
PEC conditions (see Section 2.3.3). Figure 5.6a shows the obtained
PIA spectra of both BiVO, and CoFe-PB/BiVO, at strong anodic po-
tential (1.5 Vgrye), at which significant water oxidation occurs in both
systems. Again, unmodified BiVO, (yellow) shows a clear absorption
signal at 500 nm, whereas CoFe-PB/BiVO, shows a red-shifted broad
absorption around 600-750 nm, concomitant with a decrease of ab-
sorption at 550 nm. This further evinces that holes, once generated
in BiVO,, efficiently transfer to CoFe-PB, giving rise to an absorption
feature at higher wavelengths.

The appearance of the 550 nm feature in BiVO, only at high an-
odic potentials and under PEC water oxidation conditions (Figure
5.6b) can be directly related to enhanced band bending, which al-
lows holes to accumulate at the surface to drive significant water
oxidation. This in turn implies that surface recombination is largely
suppressed at these potentials, in accordance with the TAS data
(Figure 5.4 and previous reports).122.407

In CoFe-PB/BiVO, the spectrum is red-shifted with a broad ab-
sorption maximum at 600-750 nm, whereas the 550 nm signal van-
ishes (Figure 5.6a), again consistent with TAS. This broad absorp-
tion peak, which is attributed to oxidised “CoFe*"” appears even at
low potentials. Figure 5.6¢c shows that its decay (~700 nm), when
switching off the irradiation after 5 s, is much faster at 1.5 Vgye than

TA similar signal at ~700 nm was also observed when no external potential was
applied.
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at 0.3 Vgye due to efficient water oxidation.
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Figure 5.6: a) Comparison of PIA spectra of bare (yellow) and CoFe-PB
modified (purple) BiVO, at 1.5 Vgye. b, c) PIA signal decay curves of b)
bare BiVO, at 550 nm and c) CoFe-PB/BiVO, at 700 nm (in 0.1 M KP, buffer,
pH 7). Adapted from our manuscript (Ref. [410]).

Taken together the above PIAS and TAS analyses, it can be con-
cluded that CoFe-PB modification enables fast and efficient interfa-
cial charge-transfer, which is largely irreversible at time scales, at
which surface electron-hole recombination occurs. Consequently
surface recombination is inhibited by CoFe-PB modification, favour-
ing overall water oxidation.

Considering this argument alone, it cannot be inferred that the
holes transferred to CoFe-PB inevitably react with H,O, meaning
that CoFe-PB acts as active catalyst. The other possibility would
be that CoFe-PB acts as a hole scavenger or hole capacitor, ex-
tracting holes but not transferring them to the electrolyte. From
the previous impedance analysis (Section 4.5.3), this can largely
be excluded, since the measured capacitance remained unchanged
when depositing CoFe-PB (see Figure 4.28). Nonetheless, the spec-
tral analysis given below shall further clarify this issue.

5.5 Comparison of spectra

Regarding the PIA spectrum of CoFe-PB/BiVO4 at low (0.3 Vgye) and
high (1.5 Vrye) potentials, a difference can be noticed, as shown in
Figure 5.7a. At low potentials, around the water oxidation onset of
CoFe-PB/BiVO, (0.3 Vgrye), the absorption appears to be more red-
shifted, peaking around 600-750 nm, with an asymmetric, stronger
decay towards shorter wavelengths, while at higher potentials the
spectrum blue-shifts. Comparing this with the previously obtained
SEC results of CoFe-PB alone, a clear similarity can be seen (Figure
5.7b). Around the onset potential (at 1.6 Vrye), a strong asymmetric
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absorption at 700-800 nm was observed and assigned to the pre-
catalytic “CoFe-PB*"” (see also Figure 5.2a). During water oxidation
(at sufficiently large anodic potential, 2.3 Vgrye), the spectrum shifts
towards lower wavelengths due to the appearance of a catalytic
doubly oxidised “CoFe-PB2*" species.

Therefore, the blue shift in PIAS (Figure 5.7a), which appears at
water oxidation potentials, gives rise to the assumption that cat-
alytic “CoFe-PB2*” is created under the employed in operando con-
ditions. This in turn implies that CoFe-PB on top of BiVO, does be-
come catalytic and acts as a true charge-transfer catalyst.

a) PIA spectrum b) SEC absorption spectrum
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Figure 5.7: a) Comparison of PIA spectrum of CoFe—PB/BiVO4 at 0.3 VRHE
(around onset) and 1.5 Vgyye and b) Absorption spectrum of CoFe-PB alone
at 1.6 Vgye (around onset) and 2.3 Vgye. Adapted from our manuscript
(Ref. [410]).

It has to be noted though that the stoichiometry of the relatively
thick CoFe-PB electrodes (on FTO) is likely to differ from that when
deposited on BiVO,. Hence a clear one-to-one mapping of the ab-
sorption of CoFe-PB/BiVO4 (Figure 5.7a) with that of CoFe-PB alone
(Figure 5.7b) cannot be done. However, due to the consistency of
the results stemming from various methods (PEC, DFT, and spec-
troscopy), this assignment of a blue-shifted PIAS signal to a catalyt-
ically active species seems highly probable.

5.6 Water oxidation kinetics

Various analytic methods have been attempted in order to make
a comparison between the dynamics of water oxidation on CoFe-
PB alone, BiVO,, and CoFe-PB modified BiVO,, to that of interfa-
cial charge-transfer. Due to the inhomogeneity of samples and the
weak signals obtained, a direct quantification was hampered. Nev-
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ertheless a qualitative evaluation and discussion based on different
measurements is done.

5.6.1 Rate of water oxidation on CoFe-PB

At first, the rate of water oxidation on CoFe-PB alone was estimated,
in order to compare it with that on BiVO,, and to evaluate if it is
kinetically favourable to catalyse the water oxidation reaction on
CoFe-PB. For example, water oxidation on CoO, was found to be

100-1000 times slower than on BiVO,,%0-91:358 hence presenting a
kinetically unfavourable semiconductor-catalyst interface.

Spectroelectrochemical evaluation

From monitoring the absorption at 440 nm, which was attributed to
the appearance of catalytic “CoFe-PB2+”, the rate order and reac-
tion time can be estimated. Assuming no back recombination and
100% faradaic efficiency, a rate law can be approximated by relat-
ing the absorption signals AOD(440 nm) to the steady-state water
oxidation current jyo, as described in Ref. [236]. Similar to Equation
2.38, it follows under steady-state water oxidation conditions:

d[CoFe — PB?*]

dt =0 and jwo = —Kkwo - [CoFe—PBz+]/3 (5.1)

and thus
lgljwol = 19lkwol| + B - Ig|[CoFe— PB?*]] (5.2)

Where kyo is the rate constant and B the rate order. Since the
concentration of the catalytic species “CoFe-PB2*” and the detected
440 nm signal are directly proportional to each other, the reaction
rate order B can be obtained by plotting Ig|jwol| against the absorp-
tion signal (Ig|AOD(440 nm)|) at different applied voltages; B is the
slope of the linear fit, as shown in Figure 5.8a.

However, because the absorption feature of “CoFe-PB2*” is
strongly overlapped by the more intense absorption of “CoFe-PB*”
around 700-800 nm, a quantitative correlation of AOD with the
amount of [CoFe — PB%*] could not be established. Therefore, a
direct evaluation of kyo from this analysis was not possible. The
slope of nearly two in Figure 5.8a suggests a second order rate
law of water oxidation on CoFe-PB. This is rather surprising; a first
order reaction is usually expected for first row transition metal
complexes, resulting from a mechanism consisting of consecutive
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single electron and proton transfer steps. A possible mechanistic
interpretation is given below (Section 5.7).
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Figure 5.8: a) Logarithmic plot of water oxidation current density (lg|j|)
versus absorption signal at 440 nm (Ig|AOD(440 nm)|) for CoFe-PB. An ap-
parent rate order of 2 (1.9) is obtained from a linear fit. b) Time evolution
of the 440 nm signal, applying 1.8 Vrye (above onset), and then switch-
ing off the applied bias. The absorption signal decays during times on the
order of tens of seconds.

An attempt to estimate the kinetics was done by monitoring the
signal at 440 nm after switching off the bias, as shown in Figure
5.8b. First a bias of 1.8 Vrye (~0.2 Vrye above the onset potential),
at which a significant current (0.5 mA/cm?2) occurs, was applied, un-
til a constant signal was reached. Then, the bias was switched off,
and the signal decayed due to a decrease of “CoFe-PB2*” concen-
tration. The decay time, i.e. the time the signal needs to recover
its initial amplitude (without bias), is approximated to be similar to
the water oxidation time constant, assuming that the absorption
decay is due to solely water oxidation. The signal appears to decay
on a time scale of the order of tens of seconds (around 50-100 s).
Since this signal is largely overlapped with other contributions, this
approximation is rather vague and gives only an upper limit to the
real time decay.

Electrochemical evaluation

An approximate turnover frequency (TOF) per catalytically active
centre in CoFe-PB can be estimated from the concentration of redox
active centres [cat]t, and relating the observed water oxidation cur-
rent density jwo to the TOF by

tThe concentration of active sites [cat] is not the same as the concentration of
catalytic species [CoFe — PB2+]. [ cat] refers to the total amount of active sites in
the system.
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TOF = %0 __ (5.3)
ZF [cat]

with z being the number of transferred holes, hence z=4, and F
the Faraday constant.

The amount of catalytically active centres can be approximated
from cyclic voltammetry, since the observed peak current jpeqxt of
the oxidation and reduction wave is proportional to [ cat] (see Figure
5.9).
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Figure 5.9: a) CV scans of CoFe-PB in buffer (pH 7) solution recorded
at different scanning speeds dV/dt. b) Linear fit of both oxidation and
reduction peak currents (absolute values) versus scan rate.

Assuming that all redox active centres are also catalytically ac-
tive, [cat] can be determined by scanning the potential at different
speeds dV/dt and applying the relation:

z2 F?[cat] dV
4RT dt

In this case z = 1, since one hole/electron is transferred to the
redox active centres during oxidation/reduction.193 A derivation of
this expression is given in Appendix A. As shown in Figure 5.9b,
[cat] can then be calculated from the slope of the linear fit. Tak-
ing both oxidation and reduction peak currents into account, an
average concentration of 3.5:10~8 mol/cm?, i.e. 35 nmol/cm? is
obtained (see Figure 5.9).

Previous studies reported [cat] values of ~1 nmol/cm?2, 2-
5 nmol/cm?, and 110 nmol/cm? for CoFe-PB electrodes prepared by
electrodeposition,193 nanoparticle fixation with a polymer ink,112 or
a solvothermal/chemical etching method,'1? respectively. Herein,

jpeak = (5.4)

fIn order to avoid confusion, it is noted that the peak current Jpeak refers to the
maximum of the redox wave and is not related to the water oxidation current jyo.
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the same solvothermal method as in Ref. [110] was used, but
with a shorter CoOX formation time (3 instead of 10 h); hence, the

resulting [cat] of about one third (35 instead of 110 nmol/cm?) is
reasonable. This is an upper limit to the real number of catalytic
sites, because it takes into account all redox active sites. Water
oxidation catalysis mainly takes place at the surface or close to the
surface, at sites that are accessible by diffusion through the pores
of the CoFe-PB Structure.

Therefore, the estimated TOF from Equation 5.3 is a lower limit
to the real TOF. It is shown in Figure 5.10 along with its inverse, Tcqt,
the time needed to complete one catalytic cycle.
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Figure 5.10: Potential dependent plots of a) the turnover frequency (TOF)
per catalytically active centre, and b) the corresponding time constant
Tcqt- The inset shows the corresponding steady state j-V curve of CoFe-PB
in neutral (pH 7) KPi buffer, determined by chronoamperometry.

At potentials where water oxidation becomes a significant pro-
cess, 1.7-1.8 Vgye (see j-V dependence in the inset of Figure 5.10),
the potential-dependent TOF is around 0.02-0.08 s~1 and its in-
verse Teqt =~ 50-10 s. This is also in agreement with previous lit-
erature; Han et al. and Alsac et al. obtained TOFs of 0.05 and
0.06 s~1, respectively, when extrapolating to 1.8 Vgye.119:112 pin-
tado et al. measured a TOF one order of magnitude higher (0.5 s~1
at 1.8 Vgye), likely due to the fact that they used much thinner
films, which expose more catalytically active species.13 |t has to
be noted though that the potential dependent TOF is not the same
as the rate constant derived in Equations 5.1 and 5.2, which is a
potential-independent quantity.

Nevertheless, when considering the decay time of the SEC signal
(Figure 5.8b), which was related to water oxidation, and T4t (Figure
5.10b) at the same potential, i.e. at 1.8 Vgye, @ comparison of the
approximate time scale can be made. Both SEC decay and T¢qt, the
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time needed to oxidise one water molecule per catalytically active
site at 1.8 Vgue, lie in the order of tens of seconds. This in turn is
a good indication that water oxidation must happen on a time scale
of the order of tens of seconds, or even less, regarding the fact that
Tcqt IS @an upper value to the real oxidation time per catalytic centre.

RC time constant

Another characteristic time constant of an electrochemical system
is its RC time constant, which can be obtained by impedance spec-
troscopy. Although this time constant Tg¢ could not directly be re-
lated to a catalytic water oxidation rate, it is briefly discussed for
the sake of completeness.?17.237

For a first order electrical circuit’ with one capacitor C and one
resistor R, such as CoFe-PB alone, the time constant given by trc =
RC defines the time, at which the capacitor is 63.2% (1 —e™1)
charged and the resistor 36.8% (e~!) discharged. It is shown in
Figure 5.11 along with the corresponding capacitances and resis-
tances, which were determined by fitting the impedance of CoFe-PB
to a simple Randles circuit (see Sections 2.3.2 and 4.5.3).226

0
a) 1x10 e e e e o b) c)
S ¢ RCtime constant | . ;
x10 X10° g
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i —~ ~...‘o
b Y S 1x10° ®
u:mo‘s 18 °
L)
o ® 1x10° \..-l 1
7 L)
Water .. 1x10°10 T a5 e 17 s 120 NI e T e e 17 1! \
F A 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0
, oxidaiton V vs RHE Vvs RHE
1x10° t t t t t t t t t 1
10 111213 14 15 16 1.7 1.8 1.9 2.0
V vs RHE

Figure 5.11: a) RC time constant, b) capacitance, and c) resistance of
CoFe-PB alone, measured by EIS at pH 7 and fitted to a Randles circuit.

At small anodic potentials V<1.5 Vgye, below the water oxida-
tion onset, Trc continuously decreases. This means that the time
to charge/discharge CoFe-PB becomes shorter, hence CoFe-PB gets
oxidised more easily when increasing the bias.

However, at larger potentials, where water oxidation starts to oc-
cur, Tre can no longer simply be interpreted as the time to charge
the capacitor. Now mainly two competing processes take place,
charging of CoFe-PB, as well as transferring the charge to the elec-
trolyte, i.e. water oxidation.

fIn this case the constant series resistance is neglected.
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Between ~1.55-1.75 Vguye the time constant stabilises (red box
in Figure 5.11a), concomitantly with the resistance (Figure 5.11c)
and the capacitance reaching a peak (Figure 5.11b). At even higher
potentials (21.8 Vgrye), Tre further decreases, again in concordance
with the resistance, indicating that hole transfer to water is not the
rate limiting step anymore.

The constant value of Trc ~0.02 s at water oxidation potentials
(red box in Figure 5.11a) is around 10-100 times lower than the
turnover time constant per catalytic centre (Figure 5.10b) or the de-
cay time from SEC (Figure 5.8b). This indicates that Trc comprises
different components apart from hole transfer, such as charging of
the CoFe-PB layer. Due to relatively fast charging of the CoFe-PB,
the observed Trc of the overall system may appear faster. An inter-
pretation of the RC time constant, however, is difficult and may be
subject to further discussion.23’

5.6.2 Rate of water oxidation on bare and CoFe-PB
modified BiVO4

Rate law

From the PIAS data at high applied bias a rate law can be deter-
mined, as described in Section 2.3.3 and Ref. [243]. This is done
by plotting the obtained photocurrent jynoto at different irradiation
intensities versus the corresponding PIA signal (both in logarithmic
scale), as shown in Figure 5.12. According to Equation 2.38, the
slope of the logarithmic plot gives the rate constant of light-induced
water oxidation.

In unmodified BiVO, the photogenerated holes that absorb at
550 nm (Figure 5.6) are ultimately responsible for water oxidation,
which is why this PIA signal is used to establish the rate depen-
dency (Figure 5.12a).4%7 For CoFe-PB/BiVO, the signal at 500 nm is
taken, the lowest measurable wavelength, which is proportional to
the amount of catalytically active “CoFe-PB2*” species.f

Bare BiVO, shows a rate order of 1 at relatively low excitation
intensities, i.e. small signal intensities AOD, while at high excitation
intensities a rate order of 3 is observed, consistent with recent liter-
ature.?9%7 This trend, i.e. changing from a first order to a third order
at high densities of surface accumulated holes, has also been ob-
served for other photoactive metal oxides, such as Fe203.217 Con-
sistent with the fit of the SEC data of CoFe-PB alone (see Figure

TAt lower wavelengths, i.e. energies much higher than the band gap excitation,
various electronic processes occur, preventing the interpretation of any signal.
Although the signal at 500 nm is strongly overlapping with the signal of “CoFe-PB*"
and cannot be deconvoluted, it is expected to rise proportionally to “CoFe-PB2+".
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5.8a), a slope of nearly 2 is observed in the case of CoFe-PB/BiVO,,
indicating a second order rate law.

The fact that the behaviour of CoFe-PB modified BiVO, differs
largely from that of BiVO, alone, while being similar to that of
CoFe-PB, clearly indicates that water oxidation catalysis on CoFe-
PB/BiVO, does not take place on the BiVO, surface, but on active
CoFe-PB sites.

a) b)
Im—o T T T
bare BiVO, T @ CoFe-PB/BIVO,
—{ (s = {[Eem]
= Slope = 3.3 & Img .
IS ®
Slope = 0.9 ® Slope =18
[ ®
04 4 Te
e | [l (1 N " M PR I W YT S W S W WY
T ] v T T T T T T ™—rrTrrrTrT
0 200u 400u 500 Im
Ig |AO.D.| lg |AOQ.D.|

Figure 5.12: Logarithmic plot of photocurrent density (Ig]jpnotol) versus
PIA signal (Ig|AOD|) of a) bare BiVO, at 550 nm and b) CoFe-PB/BiVO, at
500 nm.

A comparable dependency had been observed in Ref. [236] for
the hydrogen evolution reaction (HER) on a catalyst modified pho-
tocathode. Therein also a second order rate law was obtained for
both the electrocatalyst RuO, alone and the photocatalytic interface
CuO,/RuQ,, which indicated that HER takes place on RuO, in both
cases. Moreover, the authors concluded that the HER follows a two-
step mechanism, in which RuO_ first is reduced to a singly reduced
pre-catalytic “RuQO]” species, which subsequently gets reduced to
the catalytic “RuO2™", giving rise to an apparent rate order of 2.23°
A similar conclusion might be drawn in the case of CoFe-PB/BiVO,;
further research on the mechanistic details, in order to clarify this
issue, is still ongoing.

Timescale of water oxidation

As opposed to the steady-state approximation, the initial rates
method can also give an approximation of the OER kinetics (see
Section 2.3.3).243407 When applying a sufficiently high bias to
suppress back electron-hole recombination, all photogenerated
holes at the surface react with water. Hence the initial PIA decay
time of the corresponding hole signal after switching off the light
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source, is a direct estimate of the characteristic time scale of water
oxidation (see Equation 2.39). Figure 5.13 shows the PIA signal at
different light intensities of bare BiVO, (550 nm) and CoFe-PB/BiVO,
(500 nm) with the average time the signal needed to decay.

a) Bare BiVO, | 550 nm b) CoFe-PB / BiVO,

—19 mWem? =42 mWem? 5.7 mWem?
—— 11 7mWem?  —— 1247 mWem?

T ,I ] T T [ T | I
—9mWem? | . .
1.2m —3mwem? | 500.04 Average
19 mW cm? ;
1.0m 4 1 2 4000 decay time |
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. 800.0y ] ] <
a , decay time | 300.0p 4+
© 600.0u1 \ =32s
. 200.0p +
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0 2 4 6 8 0 2 4 6 8 10
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Figure 5.13: Fitting of the initial rate of decay of PIA traces for a) unmod-
ified BiVO4 at 1.6 Vrye (550 nm probe) and b) CoFe-PB modified BiVO4 at
1.2 Vgrye (500 nm probe). Average decay times from all fits at different
illumination intensities were 3.2 s and 1.4 s for bare and CoFe-PB modified
BiVO,, respectively.

In unmodified BiVO,, the initial rates analysis yields a water ox-
idation time on the order of seconds, in agreement with previous
reports (Figures 5.13a and 5.6b).12%4%7 CoFe-PB modified BiVO,
shows decay times around 1 s, on a similar order of magnitude
(Figures 5.13b and 5.6c). Moreover this times scale is comparable
to that of electrocatalytic water oxidation on CoFe-PB alone, which
happens on the order of seconds to tens of seconds.

It is noted though that the time scale of CoFe-PB/BiVO, extracted
from PIAS (Figure 5.13b) seems shorter than than that of CoFe-PB
alone from the SEC decay time (5.8b), or from the TOF analysis (Fig-
ure 5.10b). This variation, however, is attributed to inaccuracies
and differences of the methods, considering that: (i) the SEC anal-
ysis was very rough and data were noisy; (ii) Tcqt (the inverse TOF)
is a potential dependent quantity, and the effective potential act-
ing on CoFe-PB in CoFe-PB/BiVO, is unknown (which is a mixture of
applied potential and effective photovoltage minus potential losses
at boundaries and defects); and (iii) Tcqt is an upper quantity to the
real water oxidation time. Thus a time scale of seconds is likely and
was indeed observed for thinner CoFe-PB films (at 1.8 Vgye).103

Consequently it is reasonable to conclude that water oxidation
on the catalytic active sites of CoFe-PB occurs on the order of sec-
onds and is therefore comparable to the time scales of water oxi-
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dation on BiVO4.407 This in turn allows for efficient water oxidation
catalysis on CoFe-PB when deposited on BiVO,, which is in contrast

to observations for CoO_,3>8 and is discussed below (in Section 5.8).
The fact that water oxidation on CoFe-PB happens on the same time
scale as on BiVO, is indeed remarkable, considering that signifi-
cant thermodynamic driving force is lost, when transferring holes to
CoFe-PB. As described in Section 4.5.3, the energy levels of catalyt-
ically active Co ty4 states lie above (~0.5-1.0 eV) the BiVO, valence
band (see Figure 4.35b). Hence, when holes transfer to Co, they
lose a fraction of thermodynamic potential necessary to drive water
oxidation, i.e. the energy difference to the H,O HOMO decreases.
This in turn implies that CoFe-PB is an effective water oxidation cat-
alyst, since it still catalyses water oxidation at the same rate as
BiVO,.

5.7 Mechanistic considerations

The high catalytic activity of CoFe-PB is likely due to its complex
polymeric structure containing molecular-like Co centres with many
vacant coordination sites. Those octahedral Co units allow a large
mechanistic flexibility, unlike in other heterogeneous catalysts.

Typically, two water oxidation mechanisms are assumed, which
may take place on both molecular complexes or solid surfaces, and
are illustrated in Figures 5.14a and b. The rate-limiting O-O bond
formation is either described by a water nucleophilic attack (WNA)
or the interaction of two metal-oxo entities (12M).17-116 |n the WNA,
water acts as a nucleophile and attacks the slightly more positive
oxygen of the M-O moiety (Figure 5.14a).17:66 In the I12M, if two M-O
units are in close proximity, they may interact, generating a bridg-
ing M-0O-0-M peroxo species (Figure 5.14b).17'116 Thjs I2M mecha-
nism, however, is excluded in CoFe-PB, as the catalytically active Co
centres are too far apart, with the closest Co-Co distance >7 A (on
the fcc surface, see Section 3.2).

Due to the non-stoichiometric nature of CoFe-PB, comprising
many vacant Fe(CN), sites and an average of two H,O per Co
centre (Co(NC),-2H,0, see Section 3.2.3), other mechanisms
may be envisaged, such as illustrated in Figures 5.14d and e.
The cis-arrangement of the two water molecules (Figure 5.14c),
! which would be required for those pathways, was recently sug-
gested in a report by Goberna-Ferron et al.19? In this study the

fThis is in contrast to the computational model shown in Figure 3.16. Modelling
cis-Co(NC), -2H,0 in a periodic structure calculation is challenging as it would
require an extremely large supercell.
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authors observed poisoning of the CoFe-PB catalyst by a bidendate,
cis-coordinating ligand (2,2’-bipyridine), which indirectly proofs
that the substituted H,O molecules must have adapted a cis-
configuration.

a) WNA b) 12M
H0™ "\ 7
I T
c) cis-Co(NC),(H,0), d) intermolecular e) intramolecular
N H
~A_--H H H !
OH, T Jo” | Ko T
CN//I"Clo“\\\NC CNI“’I.COU“\“\OHX CNI“’"CO"“‘“\OHX
7| W,
cN” | “YOH, 7 |\ 7 |\
NC CN NC CN NC
NC NC

Figure 5.14: Mechanistic pathways of the rate-limiting O-O bond for-
mation: a) Water nucleophilic attack (WNA), b) interaction between two
metal-oxide entities (generally via radical coupling or reductive elimi-
nation).}” c¢) cis-coordinated Co(NC),-2H,0, undergoing two proposed
mechanisms: d) hydrogen bonded water attacks Co-OH, moiety in cis; e)
Co-bound water interacts with Co-OH, moiety (in cis) and gets replaced
by an incoming water molecule.

The presence of cis-Co(NC), -2H,0 could facilitate intermolecu-
lar water nucleophilic attack, as presented in Figure 5.14d. A sol-
vent H,0 molecule is coordinated through hydrogen bonds to an-
other Co-bound water, cis to the electrophilic Co-O moiety, at which
it attacks. The mechanism is the same as typically assumed for
WNA, but with a sterically favoured arrangement. Another possi-
ble, intramolecular pathway is shown in Figure 5.14e, in which two
water molecules at the same Co centre interact with each other
in the rate-determining O-O coupling step. The oxidation state of
the Co-centre is not depicted; an equilibrium of oxidised Co and
Fe centres, which are connected by charge-transfer, is likely to be
present. The large multiplicities within few meV make the transi-
tions between the diverse oxidation states so versatile that little if
any energy is needed to adapt the oxidation state of the centre.
The suggested mechanisms are also consistent with the apparent
second order rate law; albeit, a rate order of two could also be ob-
served for WNA or 12M, if two oxidising equivalents were needed to
accumulate before the rate-determining step.
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The proposed water oxidation pathway, in which two water
molecules are favourably coordinated and brought in close proxim-
ity, would decrease the reaction barrier significantly and, therefore,
enhance the water oxidation rate.

Apart from such a favourable mechanism, also other factors may
contribute to the high catalytic activity of CoFe-PB. Those include: i)
the well matching symmetry of the active Co t>4 and the H,O0 HOMO
(1b1), which allows for good orbital overlap and favoured charge-
transfer; ii) the wide diffusion channels in the porous network, which
enables access to coordination centres within the bulk.

Taken together, this highlights the clear benefit of CoFe-PB,
which despite its solid phase has catalytic properties typically
associated to molecular complexes, and therefore successfully
combines the advantages of both homogeneous and heteroge-
neous catalysis.

5.8 Comparison of charge-transfer and re-
combination processes

Taken together the obtained results, it can be concluded that CoFe-
PB modification of BiVO, results in fast (~us) hole transfer from
BiVO, to CoFe-PB, even in the absence of a strong applied bias. This
fast and nearly irreversible (ms-s time scale) charge-transfer forms
oxidised and long-lived “CoFe*/2*" states, the latter of which (i.e.
“CoFe-PB2**) react with water on the seconds time scale, similar to
bare BiVO4. Therefore, the origin of improved PEC performance on
CoFe-PB/BiVO, is ascribed to inhibiting recombination due to spa-
tially separating photogenerated holes from the electrons in BiVO,,
without a compromise in the water oxidation kinetics.

The effect on the different electronic processes is summarised in
Figure 5.15 and Table 5.1, comparing bare BiVO,, CoO,/BiVO,, and
CoFe-PB/BiVO,.. In unmodified BiVO, (Figure 5.15a), surface recom-
bination significantly limits water oxidation. A strong bias needs
to be applied to slow down that recombination pathway sufficiently
and to allow water oxidation to become competitive.

This requirement for a strong positive bias is reduced, when ap-
plying CoO, (Figure 5.15b). CoO, increases band bending and, thus,
retards surface recombination, which lowers the onset potential (de-
scribed in Section 5.2.2). Water oxidation on CoOQ, itself is unlikely
to occur; on one hand it is much (2-3 orders of magnitude) slower
than on bare BiVO,,%%-91:407 on the other hand charge-transfer from

BiVO, to CoO, is comparatively slow (~1-10 s) and inefficient.3>8
CoFe-PB in contrast (Figure 5.15c¢), leads to efficient interfacial
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hole transfer and therefore prevents surface recombination within
BiVO,. This is coupled to effective water oxidation catalysis, facili-
tating the turnover of long-lived holes on CoFe-PB.

a) Recombination b) Inhibited surface

recombination

c¢) Hole separation coupled to

competing with WO
BivO,

BiVO,/ CoO,

effective catalysis
BivVO, / CoFe-PB

rec (V) wo

red: recombination pathway; green: favoured reaction pathway; black: disfavoured pathway;
dashed lines: slow or suppressed processes

Figure 5.15: Representation of the time scales of different electronic pro-
cesses in a) unmodified BiVO,, b) CoO, /BiVO,, and c) CoFe-PB/BiVO,: Po-
tential dependent surface recombination (rec(V)), water oxidation (WO),
and charge-transfer (CT). Adapted from our manuscript (Ref. [410]).

Table 5.1: Time scales of relevant electronic processes in BiVO,,
CoO,/BiVO,, and CoFe-PB/BiVO,: potential dependent (V-dep.) surface
electron-hole recombination (in BiVO4), hole transfer to the catalyst, and
water oxidation on the BiVO, or catalyst surface.

CENEEEIELE Wi BiVO CoO_/BiVO CoFe-PB/BiVO
scales 4 x 4 a
Surface recombination Hs—=s ms-s largely
(in BiVO,) (V-dep.)122 (V-dep.)133 suppressed
Interfacial _ 358 *
charge-transfer s us
100's of s s
At 407
Water oxidation S (via CoOX)9°'91 (via CoFe-PB)

* The exact time scale of charge-transfer in CoFe-PB/BiVO, is not known, as it
occurs below the time resolution (~ us) of the performed TAS experiment.

The reasons why CoFe-PB acts so differently on CoO, are likely
to be of kinetic origin. Considering the thermodynamic energy dif-
ferences of CoFe-PB/BiVO, and CoO,/BiVO,, they are assumed to
be similar. The catalytically active Co states in CoFe-PB lie around
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0.5-1.0 eV above the BiVO, valence band (see Figure 4.35b). In
CoO,, the offset of the redox active Co states with respect to BiVO,

is suggested to be around 1 eV.87:338 Thus, the driving force of hole
transfer from BiVO, to CoO_ should be similar, if not even higher, to
that in CoFe—PB/BiVO4. Yet, the rate of interfacial charge-transfer in
CoFe-PB/BiVO, is at least one or two orders of magnitude faster.t

One possible explanation is the formation of strong coordination
bonds, linking the surfaces of BiVO, and CoFe-PB. As discussed in
Section 4.3.1, the CoFe-PB/BiVO, interface presents a favourable
epitaxy, allowing for good metal-ligand coordination (Figure 4.8).
This opens up an efficient charge-transfer pathway with a low bar-
rier.

Another hypothesis is that the differences in charge-transfer ki-
netics are based on the different morphologies of both systems:
CoFe-PB/BiVO,, discussed in this work, and CoO, /BiVO, from Refs.
[133] and [358], to which they are compared. The BiVO, pho-
toanodes, which | prepared, are nano-/mesostructured and the se-
quentially coated CoFe-PB layer very thin (several nm), while Ma
et al. used flat and dense BiVO, films with a thick (200 nm) CoO,

layer.133.358 Since the exposed surface area of the BiVO, employed
herein is much larger, more interfacial contacts with CoFe-PB, and
thus faster charge-transfer, are expected. Indeed there are several
examples highlighting the crucial role of the interface morphology
in the observed catalytic performance, as was discussed in the In-
troduction (Chapter 1).126.136.139,140 Fyrther research to clarify the
impact of the morphology in the case of CoFe-PB/BiVO, interfaces
on the observed fast interfacial charge transfer characteristics is
still necessary and currently underway.

5.9 Conclusion of Chapter 5

In summary, in this Chapter a time-resolved spectroscopic study
was carried out to unravel the dynamics of photogenerated holes in
CoFe-PB/BiVO, photoanodes.

Combining transient and photo-induced absorption spec-
troscopy, a long-lived absorption signal at 700-800 nm was found,
even at low applied bias. By comparing the obtained absorption
spectra with spectroelectrochemical measurements of ground state
CoFe-PB alone, this feature could be attributed to a singly oxidised
“CoFe-PB*"” species, which is generated from fast (~us) hole trans-

It has to be noted though that a direct comparison cannot be given, since the
energy level offset of ~1 eV in CoO, /BiVO, comes from the measured difference
in redox potentials.
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fer from BiVO, to CoFe-PB. Upon further oxidation of “CoFe-PB*",

doubly oxidised “CoFe-PB2+" is formed, which is assumed to be the
catalytically active species in the OER. Its characteristic absorption
is blue-shifted and much weaker compared to that of “CoFe-PB*"”.
The fact that its absorption cannot clearly be differentiated from
that of “CoFe-PB*” prevented an accurate quantitative rate anal-
ysis. Nevertheless, by combining different data sets and fitting
procedures, an approximate water oxidation time scale on the order
of seconds was extracted.

Taken together, modification of BiVO, with CoFe-PB results in fast
(~us) interfacial charge-transfer, coupled to effective (~s) water ox-
idation, which results in efficient suppression of electron-hole re-
combination in the photoactive semiconductor, and therefore large
photoelectrochemical water oxidation enhancement.
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Chapter 6

General conclusions

Artificial photosynthesis can be realised by a photoelectrochemical
(PEC) system, which combines light harvesting with effective water
splitting catalysis. Nevertheless, the design of an efficient, robust,
and affordable photoanode, imposes a challenge, sometimes con-
sidered as the bottleneck step to the development of economically
viable PEC water splitting. A common strategy to improve the per-
formance of semiconductor anodes is to deposit a water oxidation
co-catalyst. In this context, redox catalysts based on Prussian blue
derivatives (metal hexacyanoferrates), which have shown high cat-
alytic activities, while being stable, cost-effective, and easily pro-
cessable, show great promise. However, their detailed mechanisms
and structure-reactivity relationships are not yet well-understood.

In this Doctoral Thesis, the Earth-abundant metal oxide semi-
conductors, Fe,O, and BiVO,, which are well-known photoanode
materials, were modified with CoFe-PB, the cobalt iron analogue
of Prussian blue. The main goals of this combined experimental
and theoretical study were i) to find suitable theoretical methods
to assess the electronic structure of Prussian blue analogues and
to develop a robust computational set-up to model the employed
photoanodes (Chapter 3); ii) to demonstrate the applicability of
CoFe-PB as co-catalyst on metal oxide semiconducting materials
as proof-of-concept and to design an efficient preparation method
(Chapter 4); and iii) to investigate the mechanisms by which CoFe-
PB achieves a performance enhancement, and its determining
factors (Chapters 4 and 5).

In Chapter 3, a detailed DFT analysis was performed for Prus-
sian blue (PB) and its analogues. In this regard, the applicability
of various functionals was assessed. It was found that all pure DFT
functionals on the GGA (and even meta-GGA) level of theory are
not suitable to describe the complex hexacyanoferrate networks.
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Apart from their well-known drawback of electron overdelocalisa-
tion, all tested GGA and meta-GGA functionals consistently yielded
a wrong magnetic ground state. Neither GGA+U nor common hy-
brid functionals with 25% exact exchange were found to be ade-
quate. GGA+U lacks in transferability; each derivative of PB with
metal centres in different electronic environments requires differ-
ent Hubbard U parameters. The main issues with this are that: i)
the optimal U would need to be determined for each PB derivative,
either empirically or through ab initio methods; and ii) those struc-
tures with different U parameters cannot be directly compared. The
high amount of 25% exact exchange (in the range separated HSE
hybrid functional) overlocalises electrons, leading to overestimated
band gaps and false predictions of conduction properties.

In order to assess the electronic structures of CoFe-PB, a range-
separated hybrid functional based on HSEO3 was modified and em-
pirically optimised with respect to the amount of exact exchange;
the ideal amount was found to be 13%. This modified functional
did also accurately describe the photoanode materials Fe,O, and
BiVO,, and was consequently taken as functional of choice for fur-
ther evaluation and level alignment, as done in Chapter 4.

In Chapter 4, CoFe-PB was deposited onto Fe,O, and BiVO,
photoanodes in order to study its function as a co-catalyst. First, dif-
ferent preparation methods were evaluated; hematite and bismuth
vanadate were both prepared by a relatively simple electrode-
position method, and CoFe-PB was subsequently deposited by a
sequential coating procedure. Regarding the resulting photocurrent
enhancement, CoFe-PB had a more significant impact on BiVO,
than on Fe,O,, shifting the onset potential cathodically by about
0.8 V on BiVO, and 0.1 V on Fe,O,. Mechanistic studies based
on hole scavenger experiments and electrochemical impedance
spectroscopy suggested that the role of CoFe-PB on BiVO, is truly
catalytic, while this is not the case on Fe,O,. The charge-transfer
efficiency is largely enhanced by CoFe-PB modification on BiVO,
without affecting the capacitance. Aligning the calculated Densities
of States (DOS), obtained with HSEQ03-13, this charge-transfer
appears to be thermodynamically favoured. Electronic Co states
of CoFe-PB lie above the valence band of BiVO, and below H,O,
favouring hole transfer via the catalyst. Such a conclusion cannot
be drawn for Fe,O,; the theoretical level alignment did not predict
thermodynamically favoured hole transfer via CoFe-PB. Moreover,
both the charge-transfer efficiency and the capacitance of CoFe-
PB/Fe, O, are not changed in magnitude with respect to bare Fe,O,,
but are shifted towards more cathodic potentials by around 0.1-
0.2 V. Therefore the observed onset potential shift in CoFe-PB/Fe, O,
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was attributed to the shift in surface state capacitance.

In Chapter 5, a complementary time-resolved spectroscopy
study was carried out to gain a better understanding of the hole
dynamics in the successful CoFe-PB/BiVO, combination. Although
in Chapter 4 it was shown that hole transfer is thermodynamically
favoured, no direct kinetic information about the fate of photo-
generated holes at the interface is given. In order to assign the
excited state absorption spectra, first the ground state signals of
holes in CoFe-PB were determined by means of spectroelectro-
chemistry. Absorption features of singly oxidised “CoFe-PB*” and
doubly oxidised “CoFe-PB2+” were detected, and attributed to a
pre-catalytic and catalytic state, respectively. Transient absorption
spectroscopy (TAS) shows the appearance of a long-lived oxidised
“CoFe-PB*” on a sub-microsecond time-scale even under low
applied bias. This indicates that photogenerated holes in BiVO,
transfer rapidly to CoFe-PB, further supported by the fact that the
typical BiVO, hole signal vanishes in CoFe-PB/BiVO,. Photo-induced
absorption spectroscopy (PIAS), which emulates in operando water
oxidation conditions, shows the appearance of “CoFe-PB*” and
also catalytic “CoFe-PB2+”. From the latter, the time scale of water
oxidation on CoFe-PB was estimated to be on the order of seconds,
similar to BiVO,. Taken together, fast interfacial charge transfer,
combined with competitive catalytic rates on CoFe-PB/BiVO,, led
to efficient suppression of electron-hole recombination and thus
largely enhanced photoelectrochemical performance.

The reasons for such an efficient charge-transfer via the CoFe-PB
catalyst could be related to a well-matching epitaxy of the inter-
face, which allows for chemical bond formation between BiVO4 and
CoFe-PB. This in turn significantly lowers the barrier for the holes
to transfer. In other words, charge-transfer occurs via metal-ligand
bonds, and can thus be regarded as an inner-sphere transfer,
whereas incommensurate lattices do not provide such a pathway,
and charge-transfer may take place via a tunnelling mechanism or
outer-sphere transfer.

The implications of the interface morphology yet requires deeper
understanding and is still focus of current investigations. Moreover,
further research includes a detailed mechanistic study of water ox-
idation on CoFe-PB, elucidating the role of defects and the impact
of different spin configurations. The mutual interplay between sto-
ichiometry, magnetisation, and water oxidation enhancement due
to the large structural flexibility of CoFe-PB is assumed to be key to
its high catalytic activity.

193



UNIVERSITAT ROVIRA I VIRGILI

EXPERIMENTAL AND THEORETICAL INVESTIGATION OF PRUSSIAN BLUE-TYPE CATALYSTS FOR ARTIFICIAL
PHOTOSYNTHESIS

Franziska Simone Hegner

194



UNIVERSITAT ROVIRA I VIRGILI

EXPERIMENTAL AND THEORETICAL INVESTIGATION OF PRUSSIAN BLUE-TYPE CATALYSTS FOR ARTIFICIAL
PHOTOSYNTHESIS

Franziska Simone Hegner

Appendices

195



UNIVERSITAT ROVIRA I VIRGILI

EXPERIMENTAL AND THEORETICAL INVESTIGATION OF PRUSSIAN BLUE-TYPE CATALYSTS FOR ARTIFICIAL
PHOTOSYNTHESIS

Franziska Simone Hegner



UNIVERSITAT ROVIRA I VIRGILI
EXPERIMENTAL AND THEORETICAL INVESTIGATION OF PRUSSIAN BLUE-TYPE CATALYSTS FOR ARTIFICIAL

PHOTOSYNTHESIS

Franziska Simone Hegner

Appendix A

Experimental details

A.1 Synthesis of the materials

A.1.1 Materials

The chemicals iron(ll)chloride tetrahydrate (FeCl,-4H,0 > 98%),
zirconyl chloride octahydrate ZrOCI,-8H,0 > 99%), bismuth(lll) ni-
trate (Bi(NO3)3-5H20 > 98.0%), vanadyl acetylacetonate (VO(acac),
2 97.0%), potassium ferri(lll)cyanide (K [Fe(CN),] = 99.0%), and
potassium hydroxide (KOH flakes > 90%) were purchased from
Sigma-Aldrich. Cobalt chloride hexahydrate (CoCl,-6H,0 > 98.0%)
was purchased from Fluka Analytical. The solvents dimethylsulfox-
ide (DMSO = 99.9%), hydrogen peroxide solution (H,0,, 30% (w/w)
in H,0), and ethylene glycol (ethane-1,2-diol > 98.0%) were ob-
tained from Sigma-Aldrich. The buffer solution was prepared from
potassium phosphate monobasic and dibasic (KH,PO, > 99.0% and
K,HPO, > 98.0%, Sigma-Aldrich). Na,SO, from ).T. Baker was used
as a hole scavenger for BiVO, photoanodes. High purity (Milli-Q)
water was obtained with a Millipore purification system (Synergy)
and used for all solutions.

Fluorine-doped tin oxide (FTO) coated glass slides were pur-
chased from Hartford glass (15 Q/cm?2). Prior to usage, the FTO
electrodes were ultrasonicated in soap, water, and isopropanol,
for 10-15 min in each solution, and cleaned. In order to remove
organic residues, the FTO glass plates were heated at 500°C for
30 min (FTO site up). Just before depositing the materials, the
FTOs were again thoroughly cleaned with ethanol or methanol,
and polished with a glass wipe. This step is very important, even
small impurities on the FTO glass may lead to bad adhesion when
electrodepositing a material from solution. If the FTO surface is not
clean, the material falls of more easily.
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A.1.2 Synthesis of hematite electrodes

Zr-doped metallic Fe was deposited from a precursor solution con-
taining 20 mM FeCl,-4H,0 and 0.9 mM ZrOCl,-8H,0 in DMSO by
applying a constant potential of -2.0 Vag/agct (3 M KCI) for 6 min.
The Fe films were carefully rinsed with Milli-Q water. In order to
form Fe,O,, the electrodes were calcined in air at 800 °C for 9-10
min and afterwards rapidly quenched at room temperature.336.339

A.1.3 Synthesis of bismuth vanadate electrodes

First, metallic Bi was electrodeposited from a solution of 20 mM
Bi(NO3)3-5H20 in ethylene glycol. A potential of -1.8 Vag/agci
(3 M KCI) was applied until a charge of 0.04 C/cm? was passed
and followed by a resting time of 2 s at open circuit potential.
This sequence was repeated eight times, hence a total charge
of 0.32 C/cm? was passed. The films were carefully cleaned by
rinsing the FTO slides with MilliQ water from their back site, as Bi
washes off easily. Then 60 ulL/cm? of 0.15 M VO(acac), in DMSO
was dropped on the Bi surface and heated up to about 80°C on a
hot plate, in order to evaporate the DMSO solvent. Transformation
of metallic Bi and VO?* to ms-BiVO, was achieved by annealing
the electrodes in air at 500°C for 2 h, after heating them up to
500°C with a rate of 2°C/min. Afterwards, excess V205, which is
formed during the calcination process, was removed by leaching
the electrodes in 1 M KOH for 20-30 min under vigorous stirring.3%2

A.1.4 Sequential coating of CoFe-PB

The CoFe-PB catalyst was deposited by sequentially dipping the
photoelectrodes in reactant solutions of 0.02 M K,[Fe(CN).] in H,O
and 0.04 M CoCl, in H,0, both at pH 7. First, the electrodes were

dipped in the [Fe(CN)6]3‘ solution for 10-15 min under slow stirring,
then thoroughly rinsed with Milli-Q water, followed by dipping them
in the Co?* solution, again for 10 -15 min under stirring.3%> The
sequence was repeated at least two times in order to ensure sig-
nificant catalyst deposition. If not otherwise stated, four to eight
repetitions were performed. The PEC behaviour did not change sig-
nificantly with number of sequential coating cycles.324356

A.1.5 Synthesis of CoFe-PB electrodes

In order to compare the electrochemical behaviour of the modi-
fied photoanodes CoFe-PB/Fe,O, and CoFe-PB/BiVO, with that of
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the CoFe-PB electrocatalyst alone, CoFe-PB was deposited on FTO
glass by the procedure of Han et al.}1% In this method, CoO_ films
were deposited solvothermally on FTO by heating 27 mM Co(NO,),
and 135 mM carbamide (CO(NH,),) in an autoclave for 10 h at
120°C. CoO, was subsequently derivatised for 4 h in hexacyanofer-
rate (K3[Fe(CN)6], 12 mM) solution, to form CoFe-PB. Residual CoO,
was removed by an acid treatment, i.e. immersing the electrodes
for ca. 3 hours in diluted H,SO, (pH = 1).

For spectroscopic experiments thinner, transparent films of
CoFe-PB were needed and the solvothermal procedure was opti-
mised. For that purpose, the initial Co(NO3)2/CO(NH2)2 mixture was
allowed to heat only for 3 h, so that thinner CoO, films form.

A.1.6 Deposition of CoO, and FeOOH on BiVO,

CoO, is prepared by two different methods, electrodeposition and

dipcoating in Co?* solution. Electrodeposition was done by im-
mersing the BiVO, electrode in a 0.5 mM Co(NO,), and on 0.1 M
KP, buffer solution (pH 7) and by applying a constant potential of
0.9 Vag/agcr for 500 and 900 seconds (adapted from Ref [86]). The
dipcoating approach is similar to the preparation of CoFe-PB modi-
fied electrodes. The BiVO, electrode was dipped ina 0.1 M Co(NO,),
(in H,0) solution for four times five minutes.

FeOOH was photodeposited on BiVO, by applying alternating cur-
rent pulses of 10 uA/cm? for 3 s and 1 uA/cm? for 2 s, while irradiat-
ing the sample with light (1 sun), as described by Seabold et al.382

A.2 Structural and optical characterisation

A.2.1 Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) was performed with a JSM-
7000F JEOL FEG-SEM system (Tokyo, Japan), operating at 15 kV,
which was equipped with an INCA 400 Oxford EDX (Energy-
Dispersive X-ray) analyser (Oxford, U.K.). Prior to the SEM measure-
ment, the samples were sputtered with a 2 nm thick layer of Pt to
make its surface conductive.

A.2.2 Transmission Electron Microscopy

Transmission Electron Microscopy (TEM) was carried out with a JEM-
2100 JEOL microscope (Tokyo, Japan) at 200 kV, also equipped with
an INCA 400 Oxford EDX analyser (Oxford, U.K.).
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To investigate a possible morphology change under water oxida-
tion conditions, SEM and TEM measurements were undergone be-
fore and after PEC application. To allow for comparison all tested
samples were irradiated with 100 mW/cm?2 (1 sun) at 1.23 Vgpe for
1 h.

A.2.3 X-ray Photoelectron Spectroscopy

In order to analyse the surface and possible changes of elec-
tronic coordination before and after the electrochemical treatment,
surface-sensitive X-ray Photoelectron Spectroscopy (XPS) was per-
formed with a Specs SAGE 150 instrument. A monochromatic Al Ka
irradiation (1486.6 eV) at 20 mA and 13 kV, a constant energy pass
of 75 eV for overall analysis, and 30 eV for analysis in the specific
binding energy ranges of each element, were used. The pressure in
the analysis chamber was 81072 hPa. The measurement area was
1x1 mm2. The data were evaluated using the Casa XPS software.
Energy corrections to the spectra were performed by considering
the C 1s signal as reference, which is at 284.8 eV for organic
impurities.

A.2.4 Infrared Spectroscopy

Infrared absorption spectra were collected with a Thermo-Scientific
NICOLET iS50 Fourier transform infrared (FT-IR) spectrometer. For
the measurement, the substrate (<1 mg) was scratched from sev-
eral electrodes, finely ground with large excess of KBr, and pressed
to obtain a thin transparent disk.

A.2.5 Inductively coupled plasma optical emission
spectrometry

After various photoelectrochemical experiments, the supernatant
buffer solutions were analysed by inductively coupled plasma op-
tical emission spectrometry (ICP-OES), in order to confirm the sta-
bility of the materials towards leaching of metal substituents. Apart
from IPC analysis of electrode materials, also other trace metals (Al,
Cr, Cu, Mn, Ni, Zn) were tested.

A.3 (Photo)electrochemical measurements

Photoelectrochemical (PEC) measurements were usually conducted
with a three-electrode set-up as shown in Figure 2.9 with the mea-
sured sample as working electrode, a Pt wire or mesh as counter
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electrode, and an Ag/AgCl (3 M KCI) reference electrode. After the
measurement, the applied potentials (Vag/agc:) Were converted to
the pH-independent reversible hydrogen electrode (RHE) with the
Nernst equation (Equation 2.28), which can be simplified to (in
aqueous solution at room temperature):

VRHE = VAg/AgCl + VXg/AgCl + 0059pH (A.1)
where VZQ/AgCl = 0.21Vin 3 M KCI.

The PEC experiments were performed with an Eco Chemie Auto-
lab potentiostat coupled with the NOVA electrochemical software.
To calculate the current density j in mA/cm?, the geometrical areas
of the electrodes were determined by the graphical software Image
J.411 Unless otherwise stated, the experiments were performed
in a 0.1 M solution of potassium phosphate (KH,PO,) buffer at
pH = 7(+£0.1). The pH was determined with a CRISON Basic 2° pH
meter. For experiments in hole scavenger solution, 1 M Na,SO,
(pH 8) in buffer was used for BiVO, anodes, and 0.5 M H, O, solution
(pH 7) was used for Fe, O, anodes, as it was suggested by Dotan et

al.2?22 A 450 W Xe arc lamp with an AM 1.5 solar filter (Sciencetech
Inc.) was used to simulate sunlight of 100 mW/cm? (1 sun).

The hematite electrodes were illuminated from the surface,
while BiVO, was illuminated through the FTO glass substrate. The
difference is due to the different charge carrier dynamics of both
metal oxides. Hematite is known to have very small hole diffusion
lengths,40:32% whereas BiVO, is a better hole conductor but has
small electron diffusion lengths.363.364

Cyclic voltammetry (CV) was performed at a scan rate of
50 mV/s. The shutter frequency was 1 Hz during chopped light
measurements. For the CoFe-PB modified anodes typically 2-4 CV
scans are needed to reach a stable signal. All the CV scans pre-
sented in here were recorded after stabilisation (unless otherwise
stated).

A.3.1 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) was measured be-
tween 101 and 4 -10°% Hz with a 20 mV amplitude voltage pertur-
bation. The collected EIS data were fit with the Software ZView.22°
For the fitting a constant phase element (CPE) was assumed instead
of a capacitor, in order to account for the non-ideal behaviour of the
capacitance, which results in a flattening of the semi-circle in the
Nyquist plot. In other words, the constant phase angle of the CPE
is given by (90:n)°, with n = 1 in the case of an ideal capacitor.
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From the fit, the constant phase capacitance CPE—T (as defined in

Zview) and n (CPE — P in Zview) can be obtained, and with it the
capacitance can be calculated using the formula:22°

(A.2)

c [ CPE—T ]@%ﬁ
= _ (1— CPE—P)
[Rs* + R&7]

A.3.2 Determination of the turnover frequency

In order to determine the turnover frequency (TOF), according to
Equation 5.3, the amount of catalytically active centres [cat] (in
mol/cm?) has to be approximated.

By assuming that all redox active centres are also catalytically
active, [cat] can be estimated from CV scans at different speeds
‘;—‘t/, as shown in Figure 5.9.

The expression for the peak current (Equation 5.4) is derived by
defining the current j in terms of the rate of change of oxidised
species d[ox] .*

d[ox]

dt
[ox] can be obtained from the Nernst equation (Equation 2.28)
while assuming a constant concentration of active sites ([cat] =
[ox] + [red]).

j = —ZF (/\.3)

[cat]exp(ﬂﬁiﬁff)

[ox] =

(A.4)

Where z = 1 in this case, since one hoIe/eIectron is transferred
to the redox active centres during oxidation/reduction.193 Differen-
tiating and setting V = V?° at the peak current, gives

d[ox] zF adv

= — (A.5)
dt 4RT dt
and substitution in Equation A.3 gives Equation 5.4:
, Z2 F?[cat] dV
Jpeak = ———— —— (A.6)

4RT dt
Consequently, when plotting the peak current of the oxidation
and/or reduction wave versus the scan rate, as shown in Figure 5.9,
[cat] can be calculated from the slope of the linear fit.

*The concentration of oxidised species [ox] could be seen as the amount of
oxidised CoFe-PB ([CoFe — PB*] and [CoFe — PB2*]); however, to derive the ex-
pression, | prefer using the general notation [ox].
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4RT - slope (in vﬁriz)
P2 (A.7)

[cat] =

Taking both oxidation and reduction peak currents into account,
an average concentration of 3.5-10~8 mol/cm?, i.e. 35 nmol/cm? is
obtained (see Figure 5.9).

From this the TOF can be calculated from Equation 5.3 as a func-
tion of the applied bias. The characteristic time constant is simply
the inverse TOF (see Figure 5.10).

1

— A.
TOF (A-8)

Tcat =

A.4 Oxygen detection

In order to confirm that water oxidation takes place and to derive
the Faradaic efficiency, the evolved oxygen was detected by gas
chromatography (GC). An Agilent Technologies 490 Micro GC device
was connected to the electrochemical cell, which was constantly
purged with Ar. After an initial blank measurement (without ap-
plied potential in the dark), the measurement was performed under
steady-state reaction conditions at 1.23 Vgye under 1 sun illumina-
tion. GC data were periodically sampled every 5 minutes before and
after switching on the light for one hour.

A.5 Absorption spectroscopy

A.5.1 UV-Vis Spectroscopy

UV-Vis spectra of both transmittance (with FTO glass as a reference)
and diffuse reflectance were recorded with a Cary 300 Bio spectrom-
eter (UV0911 M213). The UV-Vis absorbance of the electrodes was
determined from the reflectance R and transmittance T by:
A = —log(T +R) (A.9)
The absorption coefficient a can then be calculated with:
a=A-I (A.10)
Where the [ is the layer thickness.
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A.5.2 Spectroelectrochemistry

Spectroelectrochemical (SEC) data, which represent the absorption
as a function of applied potential, were acquired by inserting the
photoelectrochemical cell in a Cary 60 UV-Vis spectrometer (Aligent
Technologies). The measured absorption is generally presented as
difference in optical density AOD subtracting either the absorption
measured at the open-circuit potential/voltage (OCP/OCV) or at the
water oxidation onset, i.e. AOD vs OCV or AOD vs onset, respec-
tively. Measured data points were smoothed, applying the Savitzky-
Golay smoothing function.412

A.6 Time-resolved absorption spectroscopy

A.6.1 Transient absorption spectroscopy

Transient absorption spectroscopy (TAS) is a pump-probe tech-
nique, using a 355 nm excitation pulse (3@ harmonic) generated
from a Opotek Nd:YAG laser (Big Sky Laser Technologies) with an
intensity of approximately 0.4 mj/cm?, a repetition rate of around
0.7 Hz and a Q-switch delay of 220 us. The effect of excitation
was monitored using light from a 100 W tungsten lamp (Bentham
IL1), equipped with an Oriel cornerstone 130 monochromator. The
transmitted probe light was filtered by several band pass and long
pass filters (Comar Optics) and detected by a silicon photodiode
(Hamamatsu S3071). Collected photons were sent to an ampli-
fier (Costronics) and recorded by an oscilloscope (Tektronics TDS
2012c) on the timescale of us—-ms, and with a DAQ card (National
Instruments, NI USB-6211) on the timescale of s-ms. Data were
acquired by a home-programmed LabView software.

A.6.2 Photo-induced absorption spectroscopy

For photo-induced absorption spectroscopy (PIAS), a similar set-up
was employed. Instead of the pulsed laser excitation, a continuous
wave LED (365 nm, 8 mW/cm?) illumination was used to excite elec-
trons across the band gap of BiVO,. The sample was illuminated for
10 s to approach steady-state conditions, i.e. constant oxidation
and recombination rates. After allowing the system to relax for an-
other 10 s, illumination is repeated. The probe and data collection
was the same as in TAS.
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Appendix B

Computational details

B.1 Implementation

All electronic calculations in this work, are performed with the
periodic plane wave code VASP (Vienna ab initio simulation pack-
age).199.200  The core electrons are approximated by projector
augmented-wave (PAW)1°7:198 pnseydopotentials, as they are imple-
mented in the code. For the metal atoms, valence-subshell s and p
orbitals were included in the plane wave expansion, which allows
for a higher accuracy and flexibility, albeit a larger computational
cost. Discrete sets of k-points were used to sample the Brillouin
zone in reciprocal space, which were chosen according to the
Monkhorst-Pack scheme.123 Spin-polarisation was included for all
performed calculations.

B.2 Methodology

In the initial studies on KFe[Fe(CN) ] a large variety of functionals,
which were available in the VASP code, were applied. These include
the GGA functionals PBE (Perdew-Burke-Ernzerhof),1°7:280 PBEsol
(PBE revised for solids),1®? RPBE (revPBE),160 PW91 (Perdew-Wang
1991),1°8 AMO5 (Armiento and Mattson 2005),%81 the meta-GGA
TPSS (Tao-Perdew-Staroverov-Scuseria),?82 and the hybrid function-
als HSEO03 and HSE06,182:184 B3LYP289 and B3LYP*.18> Moreover,
the effective Hubbard term U®f = (U—)) is added to the func-
tionals PBE and PBEsol, in order to account for electronic on-site
interaction.167-170.175 QOut of those, PBEsol (+U) and HSEOQ3 with a
screening parameter 4 = 0.3 A—1 were chosen to perform best for
the considered system.

In the later studies of CoFe-PB (KCo[Fe(CN)G]), the hybrid func-
tional HSEO3 was further optimised to give a more accurate band
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gap. In this context, geometry optimisations with a kinetic cut-off
energy of 500 eV of KCo[Fe(CN),] at gamma point were carried out,
while the amount of exact exchange (AEXX tag in VASP) was varied
from 0% to 25%. For HSE03-13 (HSEO3 with 13% VEex), the results
are in closest agreement with experimental observations. Hence
HSEO03-13 was chosen for further calculations.

For all GGA and GGA+U calculations (in the case of Prussian blue-
type compounds), geometry optimisations were carried out with a
cut-off energy of 700 eV and 5x5x5 k-point sampling of the Brillouin
zone. Subsequent single-point calculations were performed on a
9x9x9 k-point grid and 600 eV cut-off.

For all hybrid calculations, a gamma-centred k-point grid and
500 eV cut-off were used. In the subsequent single-point calcula-
tions, 3x3x3 k-points were used for the cubic Prussian blues, 3x3x2
for Fe,O,, and 6x3x4 for BiVO,, in order to ensure equal k-point
densities.

B.3 Molecular water

Molecular water was calculated by introducing one water molecule
in a symmetry-broken 14.5 x 15.0 x 15.5 A lattice, otherwise us-
ing the same input parameters as for the solids. Solvation effects
were included through a multigrid continuum model (MGCM), devel-
oped by Garcia-Ratés,*13:414 in which implicit water is treated as a
polarisable dielectric continuum.

. B.4 Data accessibility

All structures were uploaded to the ioChem-BD database,?0> 206
where they are openly available.297-209 They can be found under
the DOls:

e Database of Prussian blue derivatives:
10.19061/iochem-bd-1-20207

o CoFe-PB/Fe,0, photoanodes: 10.19061/iochem-bd-1-51208

e CoFe-PB/BiVO, photoanodes: 10.19061/iochem-bd-1-502%9
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ABSTRACT: Prussian blue and its related compounds are formed by cheap
and abundant metals and have shown their importance in the generation of new
fuels by renewable sources. To optimize these compounds it is important to
understand their electronic structure and thus establish robust structure—activity
relationships. To this end, we employed theoretical simulations based on density
functional theory, employing functionals of different degree of complexity,
including pure generalized gradient approximation (GGA) and GGA+U
functionals, which introduce self-interaction correction terms through the
Hubbard parameter, and compared those to the hybrid functionals HSE03 and
HSEO06. With this robust setup, we can identify an appropriate computational
scheme that provides the best compromise between computational demand and
accuracy. A complete database considering Berlin green and Prussian blue and
white for all alkaline cations is presented.

Puwssian Blue

.

ceci est ba couleux
de mes véves

1. INTRODUCTION

Prussian blue-type compounds are a fascinating class of materials
with high potential in the new energies field. These metal-
hexacyanometallates have the generic formula A M",[M"(CN)],,
with M* being cheap and abundant transition metals and A the
countercation, typically an alkaline metal. In the lattice, the
two transition-metal centers have different coordination spheres,
and, as a consequence they can adapt several oxidation states
and magnetic configurations. This opens up a vast variety of
applications, such as electrochromism,’ energy storage,” water-
splitting catalysis,** analytical sensors,® radio waste detection,”
multienzyme mimetics,” magnetic switches,”'’ and room-
temperature magnets.'' The drawback of this physical and
chemical versatility is that its electronic structure modeling
is challenging and, thus, limiting the understanding of these
materials and the establishment of structure—activity relation-
ships. Without a proper description of their electronic structure
it is impossible to rationally design the new generation of
Prussian-blue (PB) derivatives with tailored properties.

The parent compound is PB (Fe,[Fe(CN)4];xH,0 (x =
14—16)), sometimes also called Prussian blue. The real crystal
structure, which was determined by X-ray'>"* and neutron'*
diffraction studies, is shown in Figure la. It consists of two
octahedrally coordinated iron centers, namely, ferric Fe(III)
and ferrous Fe(II), being linked by cyanide bridges with lattice
constants varying from 10.13 to 10.18 AT Assuming
classical oxidation states, the N-coordinated Fe has a charge
of +3, whereas the C-coordinated iron has a charge of +2."°~'*
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In the following discussion they will therefore be denoted as
Fe(II)-N and Fe(II)-C, respectively. The fact of comprising
two weakly interacting metal centers of the same kind (Fe in
this case) with different electronic structures classifies PB as a
class(II) mixed-valence compound."

Because of the strong ligand field of the cyanide C, Fe(II)-C
always adopts a diamagnetic low-spin (ls) d® configuration with
§ = 0. Fe(Il)-N is found in a paramagnetic high-spin (hs) d°
state (S = 5/2) in the weaker field of the N-ligand'*'®*%*!
(see Figure 1). The Fe(IlI)-N moments order and align
ferromagnetically below T. = 5.6 K.'*'®** The observed
ferromagnetic interaction can arise through electron delocaliza-
tion via the ligand 7-orbital”® or via a direct through-space
coupling of the diagonal paramagnetic Fe(IlI)-N centers.”* Upon
electromagnetic irradiation or changes in pressure or temper-
ature, the iron centers might undergo transitions between their
hs and Is states. This is why PB is also regarded as a spin-
crossover (SCO) compound. The strong charge-transfer (CT)
absorption between Is d° tye Fe(II)-C and hs &° tyg Fe(III)-N at
~1.75 eV** causes the intense blue color of the compound, from
which PB got its name.

In this computational study we assume an ideal stoichiometric
model structure KFe[Fe(CN),], which is shown in Figure 1b, as
its main properties are expected to be similar to the real structure.
As seen in Figure 1, the N-coordinated Fe(III) centers occupy the
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Figure 1. PB: (a) as-prepared nonstoichiometric PB (Fe,[Fe(CN)]3:xH,O (x = 14—16)), (b) crystalline model structure (KFe[Fe(CN);]), and

(c) octahedral coordinated Fe-centers and their spin configurations. Here we used the conventional orbital notations “e

. and “ty,” for molecular

octahedral point groups (local coordination), which must be regarded with caution, as a different symmetry may be superimposed by the crystalline

lattice.
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Figure 2. a Berlin Green, BG (Fe[Fe(CN);]), a Prussian Blue, PB (KFe[Fe(CN)4]), and a Prussian White, PW (K,Fe[Fe(CN)g4]).

corners of a face-centered cubic (fcc) lattice of the crystal group
F43m, whereas Fe(II)-C is placed at the middle of
the edges.'>'* Alkali-metal cations, in this case potassium K,
occupy half of the tetrahedral holes of the lattice for
compensating the charge of the negatively charged cyanide
complexes. In the older literature, KFe[Fe(CN);] is often referred
to as “soluble” PB, whereas Fe,[Fe(CN)q];«H,O is named
“insoluble” PB.'"**® To our knowledge, pure KFe[Fe(CN);] has
never been synthesized. The ideal mixed-valence iron(III)—
iron(II) PB has been subject of computational studies for the
last two decades.”***’~** Wojdel et al. did pioneering work
applying density functional theory (DFT) to PB-type com-
pounds™*"**** and successfully reproduced experimental data
while applying mixed ultrasoft pseudopotentials (USPPs)**
and, in more recent studies, GGA+U with different Hubbard
U correction terms on both iron centers.”” To investigate
magnetic interactions in PB, Middlemiss and Wilson applied
hybrid functionals with different amounts of Hartree—Fock type
of exchange and reported a more accurate representation of
intervalence charge transfer.”*

PB related compounds include oxidized Berlin green (BG;
Fe(III)[Fe(III)(CN)s]) and reduced Prussian white (PW;
K,Fe(II)[Fe(1I)(CN)]) and are shown in Figure 2. BG, which
is sometimes also called Prussian yellow, has both iron centers
in a +3 oxidation state.””** The negative charge of the cyanide
ligands is balanced by the highly oxidized iron centers and,
therefore, no counter cations need to be introduced in the lattice
(Figure 2a). PW, or Everitt’s salt, is the fully reduced counterpart
with both iron centers in a +2 oxidation state and with all
of its tetrahedral holes occupied by alkali cations (Figure 2b).*
As it is the case for the parent PB KFe(III)[Fe(II)CNg], the
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C-coordinated Fe center is expected to remain in a Is con-
figuration independent of its oxidation state, which is due to
the strong CN ligand field. In the intermediate field of the
N-coordinating cyanide, Fe—N may change its spin config-
uration.’””” In contrast to insulating PB, both redox forms show
electronic conduction.******

In the present work, we revise the case of PB by applying
different density functional methods and testing their influence
on important structural and electronic parameters. Further-
more, we applied the determined most appropriate methods to
describe the fully oxidized form BG and the reduced form PW.
The effect of cation insertion, when going from BG to PB and
from PB to PW, as well as the influence of different counter
cations, on the electronic and geometric structures were investi-
gated and discussed.

2. COMPUTATIONAL METHODS

DFT calculations were performed using the Vienna Ab Initio
Package.””*’ To benchmark the performance of pure DFT functionals,
we employed the generalized gradient approximations (GGAs)
Perdew—Burke—Ernzerhof (PBE),*"** Perdew—Burke—Ernzerhof
revised for solids (PBEsol),*’ revised Perdew—Burke—Ernzerhof
(revPBE or RP),* Perdew—Wang 91 (PW91),"* and Armiento and
Mattsson 2005 (AMOS).*” Pure DFT has been shown to be insufficient
in describing the correct magnetic and electronic structure of the
mixed valence compound (see Supporting Information Table S1). One
solution to this problem is to introduce additional on-site interaction
energies on the d-metal centers, the Coulomb interaction U, and the
electronic exchange J.** Dudarev’s approach of GGA+U,*** adding an
effective U parameter U = IU — ]l to the GGA functionals PBE and
PBEsol, and examining the dependence of main parameters on the U**
value, was applied in our case. In addition, hybrid functionals, which
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Figure 3. Energy dependence of the (a) hs-Is (hs Fe(III)-N—Is Fe(II)-C) and (b) Is-Is (Is Fe(III)-N—Is Fe(II)-C) configurations on the effective U
parameter U® = [U — J1. (c) The energy difference Ej,, — Ejy is a measure if and how much the hs-Is ground state is stabilized over the diamagnetic

Is-Is state with varying U°%.

o

o

104+ v'v-“_‘ 2.4+ -¢- hs-Is (PBEsol) ,"7’
< - : A 2241 2
< 193] [hs's (PBE) ___v____v-vv { s 2o] —g-hs-Is (PBE) “
© ced .= e .- ) -
5 102_r VoV ek PeEso) o -y VY 4 =, 18% 3
BN m Y 151 Experimental ¥ &
E 10.1 1 Experimental: a = 10.13-10.18 A ) e :';“/\Eg =1.75eV ,’:-”
g .m® | © 27 ;
o 1001 lls'ls (PBE) A . o 101 -l
3 B ' g o8t ”
T oop--W ..m® =
- _“._,,/l
9.8-|«-»-l"". -- ---- Is-Is (PBE)
I e S st e s
0o 1 2 A 6 7 8 12 3 4 5 6 7 8
U (eV) U (eV)

Figure 4. Variation of the effective U parameter U = |U — ]| and its influence on (a) the lattice parameter and (b) the band gap.

include a defined amount of exact exchange from Hartree—Fock
theory,”® were applied. The HSE functionals (HSE03 and HSE06),
which were developed e.slpecially for solids, compromise computational
efficiency and accuracy.”** Both HSEO3 and HSE06 were used as a
benchmark.”' ™ For the hybrid, as well as for PBEsol+U, functionals
the geometric and electronic structures of all the systems with
K,Fe[Fe(CN)] stoichiometry representing the PB (n 1), BG
(n = 0), and PW (n = 2), were investigated.

All calculations assume model anhydrous structures with a face-
centered F43m unit cell, as shown in Figures 1b and 2 and with
zero (BG), four (PB), or eight (PW) counter cations placed in the
tetrahedral positions of the lattice. Inner electrons were replaced
by plane wave projector augmented wave (PAW) method. To ensure
accuracy, we applied small PAW pseudopotentials, expanding valence
and valence-subshell s- and p-electrons, for all metals in the lattice.”**®
Spin-polarized GGA and GGA+U calculations were performed using
a high precision and cutoff energy (700 eV). The Brillouin zone
was sampled using a Monkhorst—Pack k-point mesh®® with 5 X § X
S k-points for lattice optimizations and 9 X 9 X 9 k-points for static
density of states (DOS) calculations, respectively. High precision
static calculations were performed with a cutoff energy of 600 eV.
y-Centered hybrid calculations were performed with a cutoff energy of
500 eV, while inheriting the charge density from previous PBEsol or
PBEsol+U calculations.

3. RESULTS AND DISCUSSION

3.1. Electronic Structure of the Parent Compound
Prussian Blue. 3.7.7. DFT + U. The structure of KFe[Fe-
(CN)¢] was calculated using different regular DFT functionals,
which converged to an overall low-spin (Is-Is) ground state with
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both Fe centers in an Is configuration, as shown in Figure 3b
(Supporting Information Table S1). Also meta-GGAs, such as
TPSS, stabilize the Is-Is state over the hs-Is state. (Table S1)
Experimental data, however, supports a hs-ls configuration
(Figures 1c and 3c), where the N-coordinated Fe centers adopt
a hs d° state, since the crystal field of the cyanide N-site is
relatively weak."*'®?**! The convergence to an incorrect
magnetic ground state is due to the lack of DFT describin%
electronic and magnetic interactions on transition-metal centers.”
We performed a systematic scan of effective U® parameters
ranging from 0.0 to 8.0 eV, applying both DFT functionals PBE
and PBEsol (Supporting Information Tables S2 and S3). The
U dependence of the energies of the low-lying hs-ls and Is-ls
magnetic configurations is shown in Figure 3c.

It can be seen in Figure 3 that an effective parameter U** >
1.6 €V for PBE, and U*f > 2.7 eV for PBEsol, respectively,
is necessary to stabilize the hs-Is state over the Is-Is state. This
shows clearly the importance of electronic correlation on the
magnetic configuration. It is noted that other spin combina-
tions, such as an overall high-spin hs-hs state and mixed
configurations, were excluded, as they are very high in energy
(Supporting Information Table S4). The same is true for the
anti-ferromagnetic alignment of the magnetic moments on
separate sites, which is disfavored by spin-delocalization and,
possibly, direct coupling as well.”>**

Complementary, Figure 4 shows the dependence of the band
gap and the lattice parameter with varying U for both DFT
functionals PBE and PBEsol. The lattice constant for the hs-ls
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Table 1. Structural and Electronic Parameters of the Ideal KFe(III)[Fe(II) (CN)4] in a High-Spin—Low-Spin Magnetic
Configuration Calculated for the Different Functionals PBE, PBEsol, PBE+U, PBEsol+U (with Uff=5s5s eV), HSE03, and

HSE06“

functional PBE PBEsol PBE+U PBEsol+U HSE03 HSE06 expt
a, A 10.246 10.141 10.325 10.204 10.184 10.175 10.166"
d(Fe-N), A 2.070 2,043 2,076 2.050 2.053 2.051 203"
d(Fe—C), A 1.875 1.851 1911 1.877 1.873 1.872 192"
d(C-N), A 1177 1177 1.176 1.175 1.165 1.165 113"
Epos — EipeV +0.37 +0.63 —0.88 —5.53 —0.69 —0.31
AE, eV 0.50 0.60 1.59 173 1.94 2.31 1.75%
CFSEg(uyns €V 1.50 1.67 113 1.39 1.69 173
Qre(uyr 171 1.61 +1.74 +1.73 +1.87 +1.86 +1.87
Qre(uy-c &7 +0.97 +0.55 +1.01 +1.08 +0.76 +0.76
Qo le7l -1.25 -1.42 —-131 -1.36 -1.37 -1.38
qo le7l +0.67 +0.88 +0.70 +0.72 +0.78 +0.79
q le7l +0.93 +0.93 +0.93 +0.93 +0.94 +0.94
Hre(my N Hp 3.86 3.84 424 422 4.15 4.16 598"
Hre(mycr M 0.35 0.31 0.16 0.17 0.27 0.26
o M 0.06—0.07 0.06—0.07 0.05 0.05 0.05 0.05
Her Hy 0.02 0.02 0.02 0.02 0.01 0.01
Hio H 0.00 0.00 0.00 0.00 0.00 0.00

“The energy difference Ey ), — Ejy is a measure if and how much the hs-Is ground state is stabilized over the diamagnetic Is-Is state. The band gap
AE, results from the charge transfer from Fe(II)-C t,, to Fe(II)-N t,,. The crystal field splitting energy (CFSEp,(m.x) is the energy difference of

Fe(III)-N tye and e,

state is much larger than for the Is-Is state, which was expected,
since e,-antibonding orbitals are populated, giving rise to a
larger Fe(IlI)-N distance (Figure 4a). The Is-Is configura-
tion always remains conducting, independent of applied U*%
(Figure 4b). For hs-ls PB, the bandgaps increase with the
chosen value of U, As stronger the effective on-site Coulomb
interaction, as narrower get the d-bands and as larger gets the
bandgap. At values of U*" = 6.0 eV (PBE) and U = 5.5 eV
(PBEsol), the band gaps are closest to the experimental band
gap AE, = 1.75 eV> (Figure 4b and Supporting Information
Tables S2 and S3). This finding is in relatively good agreement
with the value U = 5.3 eV, found by calculating redox energies
for Fe(Il) and Fe(Ill)."” Especially for optoelectronics
applications, a correct prediction of the band gap is crucial.
Thus, it was the main criterion to choose the optimal 0 para-
meter, which will be set to 5.5 eV throughout further discussion.

3.1.2. Functional Comparison. A comparison of the
functionals PBEsol, PBEsol+U, HSE03, HSE06 is shown in
Table 1. We also investigated other hybrid functionals, such as,
for example, B3LYP*® and B3LYP*,*” which generally yielded
similar results. However, we chose to use HSE-type functionals,
as they are optimized especially for periodic solids (see
Supporting Information Table SS).

All obtained lattice parameters lie in a range of ~1% and are
in relatively good agreement with the literature values, which
vary between 10.13 and 10.17 A."*'* However, the experi-
mental values correspond to the non-stoichiometric lattice
Fe,[Fe(CN)];:«H,0. The lattice constants increase slightly
with increasing U, which can also be seen in Figure 4a.
Because of the higher charge localization on the transition-
metal centers, less charge density can be found in the interstitial
bonding regions, leading to an increase in the metal—ligand
distances and, hence, the overall lattice parameter. Compared
to the hybrid functionals and literature values, PBEsol (+U)
seems to perform slightly better than PBE (+U).

As for the Bader charges,"*™®” presented in Table 1 the Fe
charges lie well below their classical, ionic limits of +3 le”|
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(greumn) and +2 le7| (ggey.c), due to metal-ligand bonding.
This effect of charge delocalization is also reflected in a
significant amount of positive charge (+0.7—0.9 le’l) on the
carbon ions, while the ligand’s negative charge density is borne
by the nitrogen atom. Applying the U parameter leads to
a small increase of localized charges on both Fe centers and,
hence, an increase in ionic character. Similar arguments apply
for the magnetic moments, which are delocalized through
orbital overlap with the ligand, mainly the N atom, by the so-
called spin-delocalization mechanism.”> With PBE and PBEsol
alone the magnetic moment on Fe(IlI)-N is significantly
smaller (i ~ 3.8—3.9 ug) than its theoretical value of 5.92 g
for the isolated hs Fe(III) atom, while it is slightly larger on
Fe(I1)-C (1 =~ 0.3 ug) than for isolated Is Fe(II) (uy = 0).
As U increases electron correlation and, therefore, localizes
electrons on the Fe centers, the magnetic moment on Fe(III)-N
increases, while it decreases on Fe(II)-C with U™, This effect is
slightly less pronounced in HSE03 and HSE06, which may
indicate a slight overlocalization of charges with PBEsol+U.

The band gap is given as the energy difference between
valence Fe(II)-C ty, and conduction Fe(III)-N ty, band
(with equal spin). A calculation of the band structure (with
PBEsol + U) shows that the gap corresponds to an indirect
L « I transition of 1.73 eV, as it is shown in Figure S. This is
in good agreement with previous theoretical studies of Wojdel
et al.”® The direct band gaps located at I', K, L, and X are 1.85,
1.87, 1.91, 1.92 €V, respectively, and, hence, lie very close in
energy. This is why many experimental studies declare the
highly absorbing PB as direct band gap semiconductor.

Pure GGA (PBE and PBEsol) lacks in describing the
electronic structure around the Fermi level, which leads to a large
underestimation of the band gap (AE, = 0.50 and 0.60 eV).
By applying an effective potential U™ on the metal centers,
the band gap increases, as it was already seen in Figure 4b. The
more electron correlation energy is added to the transition-
metal centers, the more the valence and conduction bands shift
apart. Both hybrids HSEO3 and HSEO3 overestimate the band
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Figure S. Band structure of hs-ls PB calculated with PBEsol + U
(U =55eV).

gap, since they are overcorrecting the self-interaction error being
inherent to DFT. The value 1.94 eV, obtained with HSE03,
is in closer agreement to the literature value of 1.75 V.
The difference between the two, otherwise similar, hybrids is
due to the screening parameter y, which defines the distance
2/p at which the short-range exact exchange becomes negli-
gible and which strongly influences the band gap. As it
was predicted by Krukau et al,** HSE03 with y = 0.3 A™,
yields a band gap closer to experiment. The crystal field
splitting energy (CFSE) measures the shifts of bands one metal
center. Both GGAs (PBE, PBEsol) and hybrids (HSEO03,
HSE06) give relatively similar crystal field splittings (1.5—
1.7 €V) on the Fe(II)-N center. With the additional U corre-
ction, however, the CFSEg,y)n decreases significantly, as
U™ squeezes bands on metal center together, thus leading to
unphysical terms.

The electronic structures obtained for each functional are
visualized as projected DOS in Figure 6. The K atoms do not
participate in the DOS, as they are completely ionized, and they
are not shown. PBE (+U) and HSE06 yield DOS very similar
to PBEsol (+U) and HSEO03, respectively, and are omitted for
simplicity.

As it was seen in the variance of charges and magnetic moments,
Figure 6 demonstrates that, going from pure GGA (PBEsol) to
GGA+U (PBEsol+U) to hybrid (HSEO3) functionals, the
degree of ionic character increases. DFT alone delocalizes the
charge density in the system, resulting in broad, overlapping
bands that indicate a large degree of covalency. When going
from PBEsol to PBEsol+U this covalency is largely decreased
and, even more, in the hybrid calculations, leading to sharper
bands. It must be remarked that the notation e, and t,, is used
as a matter of convenience, as it conventionally describes
octahedrally coordinated transition-metal complexes. However,
the d,, d,., and d,. orbitals, which define the t,, set, are no
longer degenerate due to the descent in symmetry caused by the
insertion of counter cations in the lattice. The same applies for
the e, set consisting of d and d/ . This becomes most
obvious in the highly accurate DOS plots of HSE03, where
we can see a large splitting of the t,, sets of Fe(II)-C, as well as
of the Fe(IIT)-N f e, set. This symmetry distortion can only be
seen in the electronic structure, while the overall symmetry of
the crystalline lattice remains tetrahedral. The charge-transfer
state is indicated by the Is t,, set of the Fe(III)-N iron center,
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Figure 6. Projected DOS for all atoms in the hs-Is PB lattice for the
different functionals PBEsol, PBEsol+U, and HSE03.

which shows some density of the symmetry equivalent t,, set of
Fe(I)-C, and vice versa. Moreover, the e, sets on both metal
centers share some electron density, being due to a delocali-
zation of charges via the cyanide bridge, in particular, by the
nitrogen p-orbital>> A significant participation of nitrogen in
the charge-transfer state can be seen in the DOS as well
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Figure 7. (a) Configurations (hs-Is and Is-Is) of BG and PW and (b) their energy dependence on the effective U parameter U,

Table 2. Structural and Electronic Parameters of Berlin Green Fe(III)[Fe(III) (CN)s] and Prussian White K,Fe(II)[Fe(II)
(CN)g4], Obtained with PBEsol+U (U*f = 5.5 eV) and HSE03“

functional PBEsol + U HSEO03 experimental
compound BG hs-Is PW Is-Is PW BG hs-Is PW Is-Is PW BG* PW*

a, A 10.217 10.289 9.978 10.237 10.363 9.982 10.218 10.104—10.114%°

d(Fe-N), A 2,049 2086 1.926 2055 2083 1.936 2003

d(Fe—C), A 1.890 1.880 1.887 1.906 1.865 1.890 1.921

d(C-N), A 1.170 1.179 1175 1.158 1.179 1.165 1.162

Epgss — By eV —0.59 +026 -091 -0.10

AEg, eV cond. cond. 3.67 1.59 2.62 4.78 cond™** cond™®

CESEgymyr €V 132 095

Gre—xo le71 +1.87 +1.47 +1.25 +1.79 +1.49 +1.28

Grec, el +0.77 +0.88 +0.77 +1.19-120 +0.82 +0.78

qn le7l -1.22 —-1.32 —1.38 —1.31-1.34 —1.51 —1.43

qc le7l +0.78 + 0.62 + 0.74 +0.82- 0.83 +0.82 +0.78

G le7 +0.93 +0.92 +0.94 +0.92

T 421 +3.80 0.00 419 356 0.00 502

Hreco M 127-128 ~0.05 0.00 1.10-1.11 0.06 0.00 038

tr My 0.06-0.07 0.03 0.00 0.05- 0.09 0.02 0.00

e My —0.01 0.00 0.00 —0.02- 0.01 0.01 0.00

tio Ha 0.00 0.00 0.00 0.00

“Epe1s — Ejgi, is @ measure if and how much the hs-Is ground state is stabilized over the diamagnetic Is-ls state. The band gap AE, corresponds to
Fe—C ty, — Fe—N t,,. CFSEg ).y is the energy difference of Fe(1II)-N tyg and e, in BG.

Both the Fe(I[)-C t,, and Fe(III)-N t,, peaks contain a con-
siderable amount of nitrogen p-density.

In summary, although hybrid functionals provide a more
consistent approach than GGA+U, they are often disfavored
due to their huge computational cost. Furthermore, they
may overcorrect the DFT-inherent self-interaction error. In the
further discussion we will compare the applicability of HSE03
and compare it to GGA+U. For the DFT assessment of
PB-type structures, we choose the PBEsol functional with an
effective U correction of 5.5 eV, as it gives good results for the
band gaps and the lattice constant.

3.2. Different Redox Forms: Prussian White and Berlin
Green. The PB analogues BG and PW also have two low-lying
magnetic configurations hs-ls and Is-Is, which are shown in
Figure 7a. We calculated both spin states with varying Uf and
compared their energy differences E ), — Ej in Figure 7b.

A summary of results for the most likely spin configurations
of all three redox forms BG, PB, and PW for HSEQ3, as well as
PBEsol+U (U™ = 5.5 eV), is shown in Table 2. For a U >
3.3 eV BG is stabilized in a hs-lIs configuration, which is also

240

found in experimental studies®™” and hybrid calculations

(Table 2). When oxidizing PB to BG, an electron is removed
from the C-coordinated iron center (Is Fe(II)-C), leaving a hole
in one of the electron t,, orbitals and remaining in a s state
due to the strong ligand field exerted by the cyanide C. The hs
Fe(III)-N center is hardly influenced upon reduction from PB
to BG. This is also seen in the invariance of the Fe—N bond
length d(Fe—N) (Table 2). Hence, hs-ls BG is the correct
magnetic ground state. On the contrary, hs-ls PW is never
stabilized by PBEsol, with U*® varying from 0 to 9 eV. Although
higher U parameters might yield to a stabilization of the hs-Is
configuration, they are unphysical and are therefore avoided.
Experimental results, however, show magnetic behavior*®*” and
conduction,®® which are both absent in diamagnetic (S = 0)
and insulating lIs-Is PW. With HSEO3, a slight stabilization of
0.10 eV of hsls PW is found. With DFT and hybrid
calculations leading to contradictory results, the true electronic
ground state of PW cannot be clearly determined. It is expected
that both hs-Is and Is-Is configurations lie close in energy and
that the hs-Is state prevails at room temperature due to entropic
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Figure 8. Projected DOS for all atoms in (a) hs-Is BG and (b) hs-ls PW calculated with PBEsol+U and HSE03.

stabilization, as it is predicted by Kepp et al.®> To facilitate
comparison with hs-Is PB, and because it is in accordance with
experimental results, we will assume a hs-ls configuration in the
following discussion.

The structural parameters of both BG and PW (hs-Is) are
similar to those of PB. Oxidation (reduction) from PB to BG
(PW), removes (adds) an electron from (to) the effectively non-
bonding t, orbital of Fe(II)-C (Fe(III)-N), thus not altering the
bond length. Upon reduction to PW the lattice expands by
~1%. Small structural changes may be due to the insertion or
removal of the cation, which will be discussed later in the text.
The charges and, more significantly, the magnetizations on
the Fe centers reflect two distinct reduction steps, from BG
to PB and from PB to PW (Tables 1 and 2). When BG
(Fe(IIT)[Fe(III) (CN)]) is reduced to PB (KFe(IIT)[Fe(II)
(CN)g]), an electron is added to Fe(III)-C, filling the t,, shell;
hence, the positive charges and magnetic moments on Fe—C
decrease. When PB (KFe(IIT)[Fe(II) (CN)g4]) is reduced to PW
(K,Fe(I)[Fe(II) (CN)4]), an electron is added to Fe(III)-N,
and the positive charges and magnetic moments on Fe—N
decrease. Nevertheless, the charges obtained with PBEsol+U
may not show this behavior being due to the U correction
localizing too much charge on Fe—C. For PW no CFSE is given,
since the extra electron lifts the degeneracy of the Fe(I)-N tyg
d-orbital, and therefore no clear gap between t,, and e, can be
distinguished.

Figure 8 shows the DOS calculated with PBEsol+U and
HSEO03 for both compounds BG and PW (hs-Is). Also here a
descent in symmetry is visible, with both t,, and e sets being
no longer degenerate and split in multiple bands. When PB is
oxidized to BG, one electron is removed from the Fe—C t,, set;
hence, the Fe(IIT)-C t,, band is shifted to higher energy, which
can be seen in Figure 8a. For PBEsol+U this Fe(Il)-C f-t,,

band overlaps with the Fermi level and, thus, results in a half-
metallic state.** HSEO03, on the contrary, indicates insulating
behavior with a band gap of 1.59 eV. This comes from the fact
that the Fe(II1)-C ff-ty level is split into narrow distinct bands,
with the unoccupied f-t,; spin orbital lying well above the
Fermi level and the two occupied f-t,, spin orbitals just below
(Figure 8b). Recent experimental studies on the conductivity of
BG show an inverse resistance dependence on the temperature
as opposed to metallic behavior.” Therefore, the PBEsol+U
prediction of BG being a half-metal is insufficient. However,
the large band gap of 1.59 eV predicted by HSEO3 excludes
thermally activated conduction. A different conduction mecha-
nism might take place, such as, for example, an electron-hopping
mechanism, which was proposed by Pajerowski et al® The
splitting of occupied and unoccupied f-t,, spin orbitals, as shown
by HSEO3, is believed to be qualitatively correct but exaggerated.
The high amount of Hartree—Fock exchange in the hybrid
functional probably leads to an overestimation of the spin-pairing
energy for this system. A similar effect is seen in the electronic
structure of PW (Figure 8c,d). Upon reduction of PB (hs-Is) to
PW (hs-Is) an extra electron with opposite spin is incorporated
in the t,; set of Fe—N, shifting the f-t); band toward lower
energy. In the case of PBEsol+U the Fe(II)-N f-t,, band
overlaps with the Fermi level, while it is split into occupied and
unoccupied f3-t,, spin orbitals with the hybrid calculation, giving
rise to a large band gap of 2.62 eV. Again, HSE03 exaggerates the
spin-pairing energy, therefore giving unphysical wide band gaps,
which are opposed to the experimentally observed conduction.*®

In both cases, neither HSE hybrid functionals nor GGA+U
give a complete description of the accurate electronic structure.
Although PBEsol + U with U = 5.5 eV provides a good descrip-
tion of the magneto-electronics of PB, it is not adequate for its
redox forms, in which the electronic environment is changed.(’4
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Figure 9. Intercalation compounds with small cations Li and Na: Crystal structures of the (a) face Li-PB and face Na-PB, (b) face Li-PW, and (c) face

Na-PW.

It is seen that, while GGA overestimates electron delocalization
and leads to large broadening of bands, HSE over corrects the
self-interaction error and thus exaggerates the band splitting.

3.3. Database of Prussian White-Related Compounds
with Different Alkali Atoms. To set up a complete database,
as well as to test the influence of different cations on different
parameters, we incorporated all alkali cations (Li, Na, K,
Rb, Cs, Fr) in PB-like (AFe(III)[Fe(II)(CN)¢]) (Figure 2b)
and PW-like (A,Fe(II)[Fe(II)(CN)¢]) (Figure 2c) structures
and calculated their structural and electronic properties
with both PBEsol+U (U™ = 5.5 V) and HSE03 functionals
(Tables 3 and 4).

For the smaller alkali metal cations, Li* and Na*, it was found
that the face positions in the lattice, instead of the tetrahedral
holes, are preferred (Figure 9). The resulting, more stable
intercalation compounds are labeled f-Li-PB, f-Li-PW and f-Na-
PB, f-Na-PW, respectively, and are listed in Tables 3 and 4 as
well. The larger alkali cations (K, Rb, Cs, Fr) do occupy the tetra-
hedral holes in the ground state. For potassium, for instance,
K-PB is stabilized by 0.26 eV (PBEsol+U) with respect to
fK-PB. In the case of f-Li-PW, the structure was found to be
more stable (AE = 1.03 eV with PBEsol+U), if all the cations
lie in diagonal {222} planes (Figure 9b), instead of in parallel
{100} and {200} lattice planes (Figure 9c), while the opposite
is true for face Na-PW (AE = 0.02 eV with PBEsol+U).
It is remarked that other positions, different than lattice faces or
tetrahedral holes, may also be envisaged for Li* and Na*, as did
Ling et al,* but this lies beyond the scope of this article.

Li and Na ionic radii are sufficiently small to occupy the
square-planar holes that are spanned by four Fe-centers.
Optimization of f-PB and f-PW structures leads to a distortion
of cubic symmetry; hence, two different lattice parameters and
bond lengths can be found. This is due to the negatively charged
N-site of the cyanide ligand bending toward the positively
charged countercation and thus leading to a stabilization of
the distorted structure. In contrast, larger metals produce
tetrahedral intercalation compounds. Along the series, the lattice
expands as the alkali cation size increases (Figure 10). The
Fe—N and Fe—C bonds lengthen, while the C—N distance stays
the same (Supporting Information Tables S6—S9). The effect of
the lattice expansion, which is of the order of 1%, has a higher
impact on PW-like than PB-like structures, since all the tetra-
hedral holes are occupied (Figure 2). For the HSE03 calcu-
lations, this effect is more pronounced. Sodium intercalated
compounds Na-PB and Na-PW seem to be exceptions, since its
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Figure 10. Variation of lattice parameter for different countercations
(incorporated in the tetrahedral holes) of the PB and PW lattice for
PBEsol + U and HSEO3 functionals.

lattice parameter is equal (PBEsol+U) or even decreased
(HSE03) compared to Li-PB or Li-PW, respectively.

The charges and magnetic moments are not significantly
affected by the incorporation of the cation, if tetrahedral, since
the cation is not expected to actively participate in the
electronic structure (see Tables 3, 4, and S6—S9). The charge
of the alkali metal itself decreases slightly from Li to Cs, which
reflects the decreasing charge concentration (q/r) of the ion.
If the cation is placed at the faces (fPB and f-PW) the ionic
charges vary, which is attributed to the significant structural
distortion of the lattice. Moreover, the cationic charge decreases
by ~0.1 le7|, which indicates an interaction between the CN
ligand and the alkali metal when it is placed at the faces of the
lattice. In all cases, the magnetic moments remain effectively
unchanged (Supporting Information Tables S6—S9).

Regarding PBEsol+U calculations, the band gap and the
CFSE do not vary throughout the (tetrahedral) series. In HSE03
simulations, a small decrease of the band gap of ~0.1 eV is seen.
On the one hand, Rosseinsky et al. observed a change in band
gaps and attributed this to cation—lattice interactions.”> On the
other hand, Wojdel et al. reported a decrease of the band gap
from K* to Cs*, suggesting a lattice expansion effect.” Our
results seem to favor the latter, geometric, effect. In the case of
Na-PB (HSE03), the lattice is contracted by ~2%, and the band
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gap increased by ~20% compared to K-PB, which is supporting
this assumption. Moreover, this effect of the geometry on the
band gap can be observed in fLi-PB and f—Na-P, where the
lattice is distorted in the plane, in which the cations lie, leading
to a decrease in band gap and CFSE.

The effect on the electronic structure is presented best by the
DOS, which is shown for Li-PB, f-Li-PB, and Fr-PB (Figure 11)
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Figure 11. Projected DOS for the intercalated PB-type compounds
Li-PB (a), face-Li-PB (b), and Fr-PB (c) calculated with HSE03.

and which was calculated by HSEO3. Li-PB and Fr-PB have very
similar electronic structures, again indicating that there is no major
effect of the cation on the electronic structure. However, there is
some antibonding cation—ligand interaction, which is shifted to
higher energies with increasing cation size. The electronic structure
for fPB and f-PW, with cations on the lattice faces, varies
significantly, which can be seen in Figure 11b for f-Li-PB. Because
of the structural distortion, the former (almost-) degeneracy of
orbitals is lifted, and electronic states are further split into several
parts. This also influences the CFSE, which is smaller for f-PB and
JPW, respectively, because the former t,; and e, sets of Fe—N are
split into smaller bands and spread apart (Figure 11b).

4. CONCLUSIONS

DFT has been shown to be insufficient in describing the correct
electronic ground state of PB and its related analogues due to
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many low-lying charge transfer states and magnetic config-
urations. GGA+U seems to be an adequate compromise to
accurately assess localized charges and magnetizations on the
transition-metal centers with relatively small computational
effort. Nonetheless, GGA+U calculations must be treated very
carefully, as they are empirically fitted to represent the experi-
mental data of KFe(IIT) [Fe(11)(CN),] PB and are not universally
transferable to its derivatives. For practical use GGA+U gives
good initial estimates for electronic and geometrical properties
and serves as a reasonable comparison between related com-
pounds. Hybrid functionals, such as HSE03, are clearly more
accurate but also dramatically more expensive. Even hybrid
functionals, however, might over correct the electronic self-
interaction error and therefore overestimate band gaps and band
splittings.

The insertion of cations leads to a small expansion of the
lattice, if cations are inserted into the tetrahedral holes of the
structure. The relative lattice expansion increases with cationic
size. The smaller ions Li* and Na® give unstable structures
when placed in tetrahedral holes of the lattice and prefer to
move to the faces of the structure. The electronic structure is
not significantly influenced when varying the type of counter-
cation. It changes, however, when oxidizing or reducing the iron
centers, thus along the green, blue, white series. The oxidized
and reduced forms of PB, do show conducting behavior being
due to a shift in Fermi level. Neither PBEsol+U nor HSE03 has
shown to correctly describe the conducting behavior of those
compounds, but the model for the ideal lattice might be a
potential source for the discrepancy.

In summary, we have identified the challenges ahead in the
modeling of PB-type compounds both increasing the counter-
cation and its concentration. The modeling of the ideal lattice
gives some hints pointing at the minimum computational setup
to reproduce the geometries and electronic structures, but
the role of impurities, partial occupancies, and other deviations
from the ideal model are still ahead. A complete full database
for all the compounds in the family is presented.
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ABSTRACT: The efficient integration of photoactive and catalytic
materials is key to promoting photoelectrochemical water splitting as a
sustainable energy technology built on solar power. Here, we report
highly stable water splitting photoanodes from BiVO, photoactive cores
decorated with CoFe Prussian blue-type electrocatalysts (CoFe-PB). This
combination decreases the onset potential of BiVO, by ~0.8 V (down to Y

0.3 V vs reversible hydrogen electrode (RHE)) and increases the m
photovoltage by 0.45 V. The presence of the catalyst also leads to a
remarkable 6-fold enhancement of the photocurrent at 1.23 V versus
RHE, while keeping the light-harvesting ability of BiVO,. Structural and Erd
mechanistic studies indicate that CoFe-PB effectively acts as a true
catalyst on BiVO,. This mechanism, stemming from the adequate
alignment of the energy levels, as showed by density functional theory
calculations, allows CoFe-PB to outperform all previous catalyst/BiVO, junctions and, in addition, leads to noteworthy long-
term stability. A bare 10—15% decrease in photocurrent was observed after more than 50 h of operation under light irradiation.

0
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H INTRODUCTION

The production of solar fuels (by converting the energy of solar
photons into chemical bonds) stands as a promising technology
to power the planet with sunlight. This approach elegantly
overcomes the problems related to the intrinsically intermittent
solar flux, by transforming the solar energy into compounds,
which can be stored, transported, and used upon demand.' In
this context, photoelectrochemical (PEC) water splitting offers
a reliable strategy to generate solar H,, which can directly
power fuel cells. Alternatively, H, can be combined with CO,
for the synthesis of complex hydrocarbons, leading to C-neutral
energy schemes.” From a technoeconomical perspective, the
key performance indicators, to consider the technology
competitive, can be summarized as follows: (i) solar-to-
hydrogen (STH) efficiency of 10%, (ii) durability of 10 years,
and (iii) cost of $2—4/kg of dispensed hydrogen.’

These stringent requirements impose the use of Earth-

record of performance with 8.1% solar-to-hydrogen (STH)
efficiency, when combined with a double-junction GaAs/
InGaAsP photovoltaic device.”' In tandem with a single
perovskite solar cell, unassisted water splitting with a solar-to-
hydrogen conversion efficiency of up to 6.2% for more than 10
h has been recently demonstrated.”> Because there are some
concerns on the relative abundance of bismuth in the Earth
crust,”® different compositional modifications have been
explored to achieve a competitive metal vanadate based on
this system.”*~>° In all of these arrangements, a water oxidation
catalyst (WOC) is deposited on top of the photoactive
semiconductor material to overcome the thermodynamic and
kinetic barriers of the sluggish water oxidation reaction at the
BiVO, surface, boosting the performance of the photoanode.
Consequently, the deposition of an efficient, stable, and cost-
effective WOC on the photoactive semiconductor material is
key to achieving the targeted technoeconomical requirements.

abundant materials and low-cost synthetic procedures for the
fabrication of photoelectrochemical (PEC) devices. In this
context, n-type metal oxide semiconductor materials (Ti02,4‘5
Fe,0,,°7° WO,,'%" BiVO,,"* ™" etc.) have been extensively
studied as promising candidates for the development of the
technology due to their relatively good stability under operation
in harsh environments. From this family, BiVO, holds the
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Moreover, the state of the art in heterogeneous catalysis for
oxygen evolution is dominated by noble metals (Ir or Ru), but
their high price and scarcity preclude large technological
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impact. Abundant and inexpensive oxides of first-row transition
metals are also competent WOCs, although exclusively at a very
high pH or with the help of ancillary electrolytes (ie.,
phosphates).””** Alternatively, Prussian blue (PB)-type materi-
als have emerged as promising catalysts for water oxidation
catalysis.”” "> These coordination polymers are (i) easy to
obtain and to process by soft chemistry methods; (ii) available
as nanoparticles or thin films; (iii) and stable and active in a
very large ?H range, from neutral down to extremely acidic
conditions;*> (iv) while being non-toxic. The unique perform-
ance of these catalysts is based on their structural and electronic
features. They are built from hexacyanometallate anionic
complexes and a metal dication, in stoichiometric excess.
These coordination networks are very robust due to the
strength of cyanide bridging, with a rather high covalent
character. Their structure is built following an ideal face-
centered cubic (FCC) network (Scheme 1), but their

Scheme 1. Representation of the Ideal Face-Centered Cubic
Structure of the CoFe-PB Prussian Blue-Type Catalyst

nonstoichiometric nature creates multiple voids for solvent
(water) and countercations (if needed). Typically, the dication
is in excess and coordinatively unsaturated due to missing
[M(CN)6]* moieties. This opens two to three accessible
coordination sites for solvent molecules, where water oxidation
catalysis is supposedly taking place. At the same time, these
semiconductor materials possess versatile redox properties,
allowing the metals to be in multiple oxidation states.> Their
low absorption in the UV—vis region also makes them very
good candidates to be combined with chromophores for a
photocatalytic process. Indeed, light-driven water oxidation was
already proven in suspension of a Co-containing PB material,
using a Ru chromophore and a sacrificial electron acceptor.>*

In the present study, we have been able to successfully
combine the unique properties of these two materials,
producing a BiVO, photoanode coupled to a Prussian blue-
type WOC (CoFe-PB/BiVO,). This heterostructure appears to
be superior to previous examples, with a significant and robust
photoelectrocatalytic performance, arising from the optimum
matching of the photoactive BiVO, core and the PB system,
which does not alter the capacitive properties of BiVO,. This is
distinct from other metal oxide WOCs on semiconductor
surfaces, which appear to work mainly as charge accumu-
lators.>*® Furthermore, our results are supported with state-of-
the-art theoretical density functional theory (DFT) calculations
that demonstrate the correct alignment of the electronic levels
between the different photocatalytic units. Besides the
remarkable increase of performance, the CoFe-PB/BiVO,
system exhibits outstanding stability thanks to the intimate
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interfacial connectivity achieved via a soft wet processing
method.

Bl EXPERIMENTAL SECTION

Materials. Chemicals bismuth(III) nitrate (Bi(NO,);-SH,0 >
98.0%), vanadyl acetylacetonate (VO(acac), > 97.0%), potassium
ferri(1II)cyanide (K;[Fe(CN)g] > 99.0%), and potassium hydroxide
(KOH flakes > 90%) were purchased from Sigma-Aldrich and cobalt
chloride hexahydrate (CoCl,-6H,0 > 98.0%) from Fluka Analytical.
Solvents dimethylsulfoxide (DMSO > 99.9%) and ethylene glycol
(ethane-1,2-diol > 99%) were obtained from Sigma-Aldrich. The
buffer solution was prepared from potassium phosphate monobasic
and dibasic (KH,PO, > 99.0% and K,HPO, > 98.0%, Sigma-Aldrich).
As a hole scavenger, Na,SO; from J.T. Baker was used. High-purity
(milliQ) water was obtained with a millipore purification system
(Synergy) and used for all solutions. Fluorine-doped tin oxide (FTO)-
coated glass slides were purchased from Hartford glass (15 Q/cm?).

Synthesis of BiVO, Electrodes. Thin-film BiVO, electrodes were
prepared following a simple and cost-efficient electrodeposition
method, described by Kang et al®’ Prior to deposition, fluorine-
doped tin oxide (FTO) electrodes were ultrasonicated and then
thoroughly cleaned with water and ethanol (isopropanol). Metallic Bi
was deposited from a solution of 20 mM Bi(NO;);-SH,O in ethylene
glycol by applying a repetitive sequence of passing 0.04 C/cm?” at a
potential of —1.8 V versus Ag/AgCl (3 M KCl), followed by a resting
time of 2 s eight times. Thus, a total charge of 0.32 C/cm? was passed.
After carefully rinsing the films with milliQ water, 60 yL/cm? of 0.15
M VO(acac), in DMSO was dropped on the Bi surface and heated up
to about 80 °C on a hot plate to evaporate the DMSO. The electrodes
were calcined in air by heating them with a rate of 2 °C/min up to 500
°C and then at 500 °C for 2 h. During heating, metallic Bi and VO**
oxidize and form BiVO,. Excess V,0s, which is formed during the
calcination process, was removed by leaching the electrodes in 1 M
KOH for 20—30 min under vigorous stirring.

Sequential CoFe-PB Coating. The catalyst was deposited by
sequentially dipping the BiVO, electrodes in reactant solutions of 0.02
M Ky[Fe(CN)¢] in H,O and 0.04 M CoCl, in H,O. First, the
electrodes were dipped in a [Fe(CN)g]*~ solution for 10—15 min
under slow stirring, so that the negatively charged iron cyanide
complexes can bind to the BiVO, surface. Afterwards, the electrodes
were thoroughly rinsed with milliQ water and then dipped in the Co®*
solution, again for 10—15 min under stirring, to form CoFe-PB
complex structures. The sequence was repeated at least four times
(four to eight times) to reach optimum photoelectrocatalytic
enhancement.

Photoelectrochemical (PEC) Measurements. PEC experiments
were performed with an Eco Chemie Autolab potentiostat coupled
with the NOVA electrochemical software. A typical three-electrode cell
consisted of the BiVO, photoanode as the working electrode, a Pt-wire
or mesh as the counter electrode, and a Ag/AgCl (3 M KCI) reference
electrode. All potentials were converted to the pH-independent
reversible hydrogen electrode (RHE) by using the Nernst equation
(eq 1)

Ve = Vag/agal + Vig/agal + 0-059pH

1
with V0 aci(3 MKCI) = 021 V

To normalize the measured current (in ampere, A) to current density j
(in mA/cm?), the electrode geometrical areas were determined by the
graphical software Image] 1.50i. If not stated otherwise, the
experiments were performed in a 0.1 M solution of potassium
phosphate (KH,PO,) buffer at pH 7(£0.1). The pH was
determined with a CRISON Basic 2° pH meter. Some experiments
were carried out in a 1 M Na,SOj; solution in buffer (pH = 8), which
served as a hole scavenger. A 450 W Xe arc lamp with an AM 1.5 solar
filter (Sciencetech Inc.) was used to simulate sunlight of 100 mW/cm?
(1 sun). Cyclic voltammetry (CV) was performed at a scan rate of SO
mV/s, and for chopped light experiments, the shutter frequency was 1
Hz. Because it takes typically 2—4 CVs to reach a stable signal, all
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Figure 1. Electron micrographs obtained by SEM (2a—d) and TEM (2e—i): SEM images (25000X magnified) of (a) bare and (b) CoFe-PB-
modified BiVO, surfaces and (c) cross section of CoFe-PB/BiVO, with (d) large (250 000X) magnification of one surface particle. High-resolution
(HR)-TEM of scratched CoFe-PB/BiVO, particles before (e, f, h) and after (g, i) photoelectrochemical treatment (100 mW/cm? for 1 h at 1.23 V
vs RHE). Amorphous CoFe-PB particles on the BiVO, surfaces before (f) and after (i) photoelectrochemical treatment (2 h) showing the

nanocrystalline BiVO, structure at the surface.

experiments were generally repeated five times and the fifth scan is
presented here. All BiVO, electrodes were illuminated through the
FTO substrate and not, as it is usual for hematite, from the electrolyte.
This ensures a small mean free path for excited electrons because
conduction in BiVO, is well known to be limited by its small electron
diffusion length (around 70—100 nm)***’ in contrast to that of
hematite, where it is limited by its small hole diffusion length of 2—4
nm.**"" It is to be noted that the shown CVs were systematically
taken after stabilization of the system. Impedance data were collected
between 107> and 10° Hz using a 20 mV amplitude voltage
perturbation and analyzed with ZView software (Scribner associates).
Incident photon-to-current conversion efficiencies (IPCEs) were
obtained by collecting the photocurrent recorded under mono-
chromatic light irradiation (Newport spectrometer) using the same
three-electrode setup as described above. IPCE, as a function of
wavelength, is given by the ratio of the measured photocurrent, jypoor
to the incident monochromatic light intensity, P50

1239.87 Jphoto

IPCE(1) =
P @)

with 1239.87/4 as the wavelength-to-electronvolt conversion factor.
Structural and Optical Characterization. Morphologies, particle
sizes, and chemical compositions were determined by scanning
electron microscopy (SEM) with a JSM-7000F JEOL FEG-SEM
system (Tokyo, Japan) equipped with an INCA 400 Oxford EDS
analyzer (Oxford, UK.) operating at 15 kV and a JEM-2100 JEOL
transmission electron microscope (TEM) operating at 200 kV. Prior to
the SEM experiment, the samples were sputtered with a 2 nm thick
layer of Pt. To evaluate the effect of aging on the microstructural
features of the samples, they were irradiated at 100 mW/cm? at 1.23 V

249

versus RHE for 1 h. X-ray photoelectron spectroscopy (XPS) was used
to analyze the surface and possible changes of electronic coordination
before and after the electrochemical treatment. The analyses were
performed with a Specs SAGE 150 instrument using nonmonochrome
Al Ka irradiation (1486.6 eV) at 20 mA and 13 kV, a constant energy
pass of 75 eV for overall analysis and 30 eV for analysis in the specific
binding energy ranges of each element, and a measurement area of 1 X
1 mm? The pressure in the analysis chamber was 8 X 10~ hPa. The
data were evaluated using Casa XPS software. The energy corrections
of the spectra were performed considering a reference value of C 1s
from the organic matter at 284.8 eV. UV—vis spectra of the electrodes
were recorded with a Cary 300 Bio spectrometer (UV0911 M213).
Infrared absorption spectroscopy was performed with a Thermo-
Scientific NICOLET iSS0 Fourier transform infrared (FT-IR)
spectrometer. For the measurement, the substrate (<1 mg) was
scratched from several electrodes, finely ground with large excess of
KBr, and pressed to obtain a thin transparent disk. Electrolyte
solutions were analyzed for trace metals using inductively coupled
plasma optical emission spectrometry (ICP-OES).

Oxygen Detection. The faradaic efficiency of the photoanodes
was calculated during a chronoamperometric measurement at constant
potential (1.23 V vs RHE) and under illumination (100 mW/cm?),
where total oxygen evolution was determined by gas chromatography
(GC). An Agilent Technologies 490 Micro GC device was connected
to the electrochemical cell, which was constantly purged with Ar. After
a first blank measurement (without applying any voltage and in the
dark), periodic measurements of the O, content were repeated every S
min before and after switching on the light. The detected O, amount is
correlated to the measured photocurrent by its faradaic efficiency (FE)
(more details in the Supporting Information)
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Figure 2. Anodic CV scans of CoFe-PB/BiVO, (red) compared to those of bare BiVO, (black) under (a) chopped (Vguer = 1 Hz) and (b) constant
light irradiation (100 mW/cm?) at scan rates of 50 mV/s (solid lines) and 1 mV/s (dashed lines) in 0.1 M KPi buffer (pH 7). Incident photon-to-
current conversion efficiency (IPCE) obtained in the (c) buffer (pH 7) and (d) hole scavenger (pH 7.9) at 1.23 V vs RHE for bare BiVO, (black
circles) and CoFe-PB-modified BiVO, (red triangles). Chronoamperometric (CA) measurements of a CoFe-PB-coated BiVO, photoanode at 1.23
V vs RHE under (e) constant and (f) chopped (Vgyuer = 0.03 Hz) irradiation (100 mW/cm?) in 0.1 M KPi buffer (pH 7). Different colors indicate
different measurements of the same CoFe-PB electrode at different days.

1(0))evolved (mol)

FE (%) =
1(O3 ) heoretical (MOI)

X 100%
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Computational Details. Density functional theory (DFT)
calculations were carried out using the Vienna ab initio simulation
package.**** Pure density functional theory is insufficient in correctly
describing the complex electronic structure of Prussian blue-type
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materials. In contrast, hybrid functionals, which include 20—25% of
exact exchange from Hartree—Fock (HF) theory, often overcorrect the
DFT-inherent self-interaction error and yield exceedingly large band
splittings."> Therefore, the required amount of exact exchange was
optimized to be 13% for the hybrid functional HSE03, by fitting the
optical band gap, and will be referred to as HSE03-13 in the following
text. HSE03-13 gives a good description of the electronic structure for
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both CoFe-PB and BiVO, (see Computational Modeling in
Supporting Information). Projector augmented waves (PAWs) with
small cores, expanding valence-subshell s- and p-electrons, ensure
accuracy and were used for all metal atoms in the lattice.*® The valence
electrons were expanded in plane waves with kinetic energies up to
500 eV. The Brillouin zone was sampled using a Monkhorst—Pack k-
point mesh with 3 X 3 X 3 k-points for CoFe-PB and 6 X 3 X 4 k-
points for BiVO,, ensuring similar k-point samplings in both
compounds. Water was calculated with the same scheme, and the
water solvent was represented through the MGCM method (see the
Supporting Information for more details). ). All structures and
calculations have been uploaded to the ioChem-BD database (http://
www.iochem-bd.org), where they are openly accessible.

Bl RESULTS AND DISCUSSION

The nanostructured BiVO, films were modified with a cobalt
hexacyanoferrate (CoFe-PB) catalyst by a sequential coating
method, which has shown to be advantageous over other
deposition methods (see, Supporting Information, Figure SI,
for details). Mild deposition conditions were employed
(aqueous solution at pH 7, room temperature, and no applied
potential) to ensure that the underlying photoanode is not
damaged. The optimum photoelectrochemical performance
was obtained after four dipping cycles (Figure S2). Higher
catalyst loading did not further improve photocurrent. This
ensures a very thin deposited layer, favoring fast charge and
mass transport through the catalyst.

Figure lab shows zenithal SEM images of the nano-
structured BiVO, film with and without the CoFe-PB catalyst,
respectively. Figure 1c shows the cross section of the modified
BiVO, photoanode, with a thickness of about 200—250 nm.
The electrochemical treatment (100 mW/cm? irradiation at an
applied bias of 1.23 V vs RHE for 1 h), which was done to
detect the effects of aging, did not alter the morphology
significantly (Figure S3).

Energy-dispersive spectrometry (EDS) microanalysis con-
firms the presence of the CoFe-PB catalyst showing about 1—
2% of Fe and Co on the electrode surface. (Figures S3 and $4).
High resolution transmission electron microscopy (HR-TEM)
shows the presence of <50 nm nanoparticles on the surface
(Figure le—i). The Co/Fe ratio is not homogeneous, varying
between 1:1 and 3:2 (Figure SS), corresponding to the two
limiting compositions KCo[Fe(CN)g] and Co;[Fe(CN)gl,.*’
The measured lattice spacings 2.8 and 3.1 A of BiVO, are
consistent with the (121) and (040) planes of the monoclinic
scheelite structure, respectively (Figure $6).* No lattice fringes
from the CoFe-PB layer were detected, probably due to a lack
of long-range order, along with its very small size (Figure le—
i). More detailed surface characterization was carried out by X-
ray photoelectron spectroscopy (XPS) on different BiVO,
electrodes (bare and CoFe-PB-modified; see Table S1 and
Figures S7—S11). Quantitative analysis confirms the presence
of Co and Fe on the surface of the electrodes with a higher
amount of Co. Moreover, an excess of Bi with an average Bi/V
ratio of 1.6 was found, in agreement with EDS/TEM data and
recent mechanistic studies, which detected structural destabi-
lization and chemical attack via vanadium loss into solution
upon hole accumulation at the BiVO, surface.”” XPS of CoFe-
PB/BiVO, reveals a predominant Fe 2p peak at a binding
energy of 708.3—708.4 eV, which can be attributed to Fe(II) as
in [Fe(CN)4]*".*° Co binding energies cannot be unambigu-
ously deconvoluted. However, an obvious peak maximum at
around 780—781 eV is attributed to Co(IIl) in the structure.
This means that upon CoFe-PB formation, starting reagents
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[Fe(CN)4]*~ and Co**(aq) undergo (partial) electron transfer
to yield a majority of Fe?* and Co>* centers in the fresh
electrodes (Table S1 and Figures S7—S11). XPS analysis was
also carried out after photoelectrochemical treatment (1 h at
1.23 V vs RHE under 1 sun irradiation). No significant changes
were detected for the Fe and Co centers, confirming the redox
stability of the CoFe-PB material under water oxidation
conditions.

Additional evidence on the formation of a PB solid structure
on the surface of the BiVO, electrodes comes from infrared
spectroscopy (FT-IR). The spectra (Figure S12) clearly show
the characteristic and unique C—N stretching mode at
frequencies in the 2070—2150 cm™' range. The multiple
bands also confirm the presence of both metals in multiple
oxidation states, typical of these nonstoichiometric solids.

Cyclic voltammetry (CV) using CoFe-PB/BiVO, photo-
anodes was carried out under chopped (Figure 2a) and
constant (Figure 2b) illumination (100 mW/cm?) in a neutral
(pH 7) KPi buffer (0.1 M) solution. The photocurrent density
is significantly improved when CoFe-PB is present, particularly
at the low-voltage region, accompanied by a large cathodic shift
of the onset potential. The transient cathodic dark current
observed in the CoFe-PB/BiVO, sample in Figure 2a
originates from back-reduction of oxidized Co centers by
electrons from the BiVO, conduction band, after turning off the
light. A similar phenomenon was previously reported for CoP;-
modified hematite photoanodes.>® The onset potentials were
determined from quasi steady-state j—V curves obtained at 1
mV/s (Figure 2b). The voltage needed to attain 0.1 mA/cm’
photocurrent was taken as the onset potential (V,,)."" The
obtained values were 0.3 V versus RHE for CoFe-PB/BiVO,
and 1.1 V versus RHE for bare BiVO,, reflecting a 0.8 V gain.
This is directly connected to the estimated photovoltage from
open circuit measurements in the dark and under illumination.
The photovoltage increases from 0.15 V for bare BiVO, to 0.60
V upon deposition of CoFe-PB (Figure S13). This behavior
has been previously ascribed to passivation of surface states or
release of Fermi-level pinning at the semiconductor—liquid
junction.{”5

The spectral signature of the photocurrent, characterized by
the incident photon-to-current conversion efficiency (IPCE),
was obtained for both pristine and CoFe-PB-decorated BiVO,
photoelectrodes (Figure 2c). The 6-fold enhancement of the
photocurrent observed between 350 and 450 nm is fully
consistent with the results obtained by cyclic voltammetry.
Indeed, the integrated photocurrents (0.38 mA/cm? for BiVO,
and 0.92 mA/cm? for CoFe-PB/BiVO,) perfectly match those
obtained at 1.23 V versus RHE by cyclic voltammetry (0.40 and
0.95 mA/cm? respectively). Moreover, the full spectral
absorption range of BiVO, is not affected by the presence of
the CoFe-PB catalyst. This should be related to the very low
catalyst coverage (1—2%). Thus, the CoFe-PB absorption band
at 520—550 nm is not fully developed and does not interfere.
Indeed, it is not even detected (Figure S14). The calculated
BiVO, band gap, between 2.40 and 2.45 €V, is not affected by
the catalyst either, and it is in good agreement with other
reports.”” On the other hand, IPCE measurements of CoFe-
PB/BiVO, in the presence of a hole scavenger (1 M Na,SO;)
(Figure 2d) show almost identical values compared to those for
water oxidation (in buffer), suggesting a 100% faradaic
efficiency for the CoFe-PB catalyst.

The long-term stability of the CoFe-PB/BiVO, photoanodes
was assessed by chronoamperometric measurements at 1.23 V
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versus RHE under constant (Figure 2e) and chopped (Figure
2f) illumination (100 mW/cm?). After an initial transient
decrease of the photocurrent during 1 h, the photoanodes show
a remarkable stability, with a mere decrease of about 10%
current density over a time scale of more than 50 h.
Remarkably, an analogous decrease is observed for bare
BiVO, photoanodes. Thus, we can assign this decay to
BiVO, deactivation® and not to catalytic fatigue. Additionally,
no catalyst leaching was detected by ion plasma chromatog-
raphy (IPC) analysis of the supernatant buffer solutions after
water splitting, suggesting excellent catalytic stability for this
system (Tables S2 and S3), in agreement with previous
studies.””

The high ex situ stability of this catalyst is worth mentioning.
The photoelectrodes can be stored and dried in air, for several
days, while retaining their photocatalytic activity, as confirmed
by subsequent measurements (Figure 2f). This outstanding
stability in air constitutes a clear advantage over the widely
known cobalt oxide (CoP; or CoO,) systems, which easily crack
upon drying, leading to fatal catalytic loss (Figure S15).3%*

To benchmark the performance of the CoFe-PB catalyst
under the same experimental conditions, CoO, and FeOOH
(as related WOCs containing Fe or Co) were deposited on top
of our nanostructured BiVO, films (see Supporting Information
for details). The photoelectrochemical behavior of CoFe-PB
clearly outperforms both catalysts (Figure 3a). Because
deposition conditions were not specifically optimized, we
cannot quantitatively use these data to sustain the overall
superior catalytic activity. However, it is clear that CoFe-PB is
at least photoelectrocatalytically competitive, with the addi-
tional advantages described above.

The CoFe-PB/BiVO, photoelectrochemical behavior was
also characterized in the presence of an efficient hole scavenger.
Under these conditions, it is assumed that no electron—hole
recombination takes place at the semiconductor—liquid inter-
face.”*”* The experiments were carried out in a 1 M sodium
sulfite (Na,SO;) solution (pH 7.9), identified as the
optimum concentration of the hole scavenger in solution (see
Supporting Information, Figure S16, for details). Figure 4a
shows the photocurrent densities obtained in both, buffer
solution and 1 M Na,SO; for bare and Co-Fe-PB/BiVO,
anodes. In good agreement with previous studies, a large
difference between the obtained photocurrents with and
without the hole scavenger is observed for pristine BiVO,,
highlighting its poor water oxidation kinetics.** Indeed, BiVO,
yields only <15% charge transfer efficiency even at high anodic
potentials (>1.4 V vs RHE), where the large electric field
precludes surface recombination (Figure 4b). Upon deposition
of the CoFe-PB catalyst, the difference between the obtained
photocurrents with and without the hole scavenger is
significantly narrowed, indicating enhanced charge transfer
kinetics. Nonetheless, both curves do not overlap, suggesting
that further optimization is still possible (some guidelines can
be extracted from DFT calculations, as shown below). The
charge transfer efficiency for both photoanodes together with a
comparison to that of a CoOj catalyst is shown in Figure 4b. In
agreement with CV data (Figure 3a), CoO, exhibits lower
charge transfer/catalytic efficiency for water oxidation up to 1.4
V versus RHE when compared to that of the CoFe-PB catalyst.
The maximum charge transfer efficiency for the CoFe-PB/
BiVO, system (~80%) is obtained in the 1.1—-1.2 V versus
RHE range (Table S4). The charge separation efficiency was
also evaluated, and a 5—10% enhancement is obtained after
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Figure 3. (a) Cyclic voltammetry curves under illumination (100
mW/cm?) for bare BiVO, (black) and coated with different state-of-
the-art catalysts: CoFe-PB (red), CoO, prepared by dip-coating
(green) and electrodeposition (yellow),>* and FeOOH (blue).*® (b)
Theoretical (black line) and measured (red triangles) O, evolution, as
well as faradaic efficiency (black circles), of the CoFe-PB/BiVO,
photoanode during chronoamperometry (CA) at 123 V vs RHE
under 100 mW/cm? irradiation in 0.1 M KPi buffer (pH 7).

CoFe-PB deposition (see the Supporting Information, Figure
$17).

To confirm that measured photocurrents result from oxygen
production at the photoanode and to exclude any contribution
from side reactions, gas chromatography measurements under
an inert argon atmosphere were carried out. Figure 3b shows
the amount of detected oxygen (red triangles) at 1.23 V versus
RHE after switching on the light source and compares it to the
theoretical oxygen evolution (black line), which can be
determined by the total amount of charge passed through the
cell. The measured O, evolution coincides well with that
theoretically estimated from the measured photocurrent by
Faraday’s law, maintaining >95% faradaic efficiency.

The enhanced photoelectrocatalytic behavior obtained upon
deposition of the CoFe-PB layer can be due to several factors,
such as (i) a stronger electric field at the interface leading to
more favorable recombination kinetics;*® (i) the development
of a capacitive layer,”* which can act as a hole reservoir; (iii) the
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Figure 4. (a) Anodic scans (50 mV/s) of CoFe-PB-modified (red)
and bare BiVO, (black) photoelectrodes under 1 sun irradiation in 0.1
M KPi buffer (solid lines) and after addition of hole scavenger Na,SO;
(dashed lines). (b) Calculated charge transfer efficiencies for both
photoelectrodes as compared to those of CoO,/BiVO, (dashed blue).

04 0.6

passivation of surface states;®’ (iv) a cathodic shift of the
semiconductor bands due to a surface dipole;62 and/or (v)
suppression of surface recombination.””** To gain insight into
this issue, Electrochemical impedance spectroscopy (EIS)
measurements were carried out on BiVO, and CoFe-PB/
BiVO, electrodes at 0.1—1.2 V versus RHE under 100 mW/cm?”
illumination. Different CoFe-PB deposition cycles (X6, X8, and
X10 cycles) were carried out to identify the effect of the catalyst
loading on the measured response. The obtained Nyquist plots
systematically showed a single arc (Figure S18) and,
consequently, the data were fitted to a simple Randles circuit.**
Independent of the CoFe-PB layer thickness, the capacitance of
all electrodes is identical, within experimental error (Figure Sa),
ruling out any significant participation of a capacitive
mechanism. This is in contrast with the conclusions previously

(
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Figure S. (a) Capacitance and (b) charge transfer resistance for bare
(black solid circles) and different CoFe-PB-modified BiVO, electro-
des, obtained by modeling the electrochemical system to a simple
Randles circuit. The capacitance of the FTO substrate is also included

in (a).

claimed for IrO, and CoP; when deposited on top of a-
Fe,0,>**% On BiVO,, Durrant et al. concluded that CoP;
does not contribute significantly to the overall water oxidation
current (<5%) but was essentially just retarding the electron-
hole recombination.”” In the same line, a recent study by Van
de Krol et al. also claims that the photocurrent of BiVO, is
limited by surface recombination rather than by surface
catalysis.®>

In the present study, the capacitance values obtained for all
samples lie in the 107°—10~* F/cm® region, suggesting an
important contribution of the double layer capacitance of the
electrode. For this reason, the capacitance of the bare FTO
substrate is also included in Figure Sa. At applied voltages
below 0.4 V and above 1.2 V versus RHE, the capacitance of the
photoelectrodes is dominated by FTO. At intermediate
voltages, the capacitance is dominated by BiVO,. Additionally,
in agreement with previous studies, a capacitive peak at 0.8 V
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versus RHE is observed, which has been attributed to the V*/
V** redox couple.”” On the other hand, the charge transfer
resistance drops to a constant value of ~1 kQ at 0.5 V versus
RHE for the samples coated with the CoFe-PB catalyst,
whereas significantly higher voltages (>0.8 V) are needed for
pristine BiVO, photoelectrodes (Figure Sb). Both the constant
capacitance and the charge-transfer resistance drop at lower
applied potentials, strongly suggests that CoFe-PB is acting as a
true catalyst, enhancing charge transfer kinetics to the solution,
although suppression of surface recombination cannot be ruled
out at this stage.

The synergistic interaction between both BiVO, and CoFe-
PB was assessed by hybrid density functional theory (DFT)
calculations. Both the bulk monoclinic scheelite bismuth
vanadate (ms-BiVO,) and the CoFe-PB catalyst (topologically
described as the ideal FCC structure-type KCoFe[(CN)g],
Scheme 1) were modeled as well as a solvated single water
molecule,” using a modified HSE03-13 functional (see the
Supporting Information for a methodological discussion).
Figure 6 shows the aligned densities of states (DOS) of the
photoanode, the catalyst, and water. The BiVO, valence band
(VB) edge consists of mainly O 2p and, to a smaller extent, Bi

3
BiVO, CoFe
CBmrf
24 JIVVS (\e 5,0
v i
14
o 07
o
& —all
g —0
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o 11
< ——
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w o
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— ]
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4 4]
-5 =
BiVO, CoFe-PB H,O

Figure 6. Densities of states of BiVO, (left), KCoFe[(CN)4]
(middle), and solvated H,O molecule®* (right) aligned by their O
2s bands. The CoFe-PB valence band edge is set as zero energy level,
and filled electronic states are represented by filled areas. A simplified
representation is given as the inset (top right). Above band gap light
excitation creates a hole (h*) in the BiVO, VB, which is filled by
electron transfer from the CoFe-PB catalyst, which subsequently
oxidizes water.
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6s contributions. This s—p hybridization is crucial as it enables
ms-BiVO, to be a good hole conductor.””~"° CoFe-PB, on the
right-hand side, has filled valence band levels above the BiVO,
VB edge, namely, the nonbonding t,, states of Co (purple) and
Fe (blue). The HOMO (1b,) level of water, which lies about
0.34 eV above the Co ty, band, is also presented in Figure 6.

The photoelectrochemical experiments can be understood as
illustrated in the simplified energy diagram in Figure 6: Upon
supra band gap illumination from the FTO substrate (2.55 eV
from HSE03-13 calculation, in good agreement with the 2.40—
245 eV experimental value, Figure S14) from the FTO
substrate, an electron—hole pair is created at BiVO, close to the
BiVO,/FTO interface. Because of the applied positive bias, the
electron moves to the FTO and enters the external circuit,
whereas the photogenerated hole moves towards the CoFe-
PB/BiVO, interface, where it is transferred to the CoFe-PB
catalyst, being available for water oxidation. The [Fe(CN);]
units are coordinatively saturated and robust, as CN is a strong
ligand when bonded from the C-end. Therefore, the interface
between BiVO, and CoFe-PB is likely to be formed by the
interaction of O atoms from the oxide and surface Co centers
from CoFe-PB. The filled Co t,, lies about 0.9 eV higher in
energy compared with the VB of BiVO,, which energetically
favors the electron transfer from Co to the BiVO, VB, which is
mainly formed by the O 2p band. The difference between the
VB of the BiVO, substrate and the Co levels is in good
agreement with the observed cathodic shift of the onset
potential of 0.8 V. The subsequently created hole in the Co t,,
set is now available for water oxidation.

The cathodic shift of the onset potential, together with the
increase of photovoltage due to the CoFe-PB layer, can then be
interpreted as follows: Considering BiVO,, the distance
between the Bi 6s states and the HOMO position of water is
about 1.3 eV, causing a relatively high potential needed to
initiate water oxidation (1.1 V vs RHE). Thus, the BiVO, states
do not overlap with the HOMO and and hence charge transfer
between those states is kinetically hampered, which implies that
more external energy is needed in order to overcome this
barrier. In the presence of CoFe-PB, the situation changes and
the photogenerated hole at the BiVO, surface is filled by
electrons from the catalyst. In CoFe-PB, the energy difference
to the water HOMO is reduced to 0.3—0.4 eV, facilitating water
oxidation at a lower onset (0.3 V vs RHE). This smaller energy
difference (as well as symmetry considerations) allows good
overlap of Co t,, and the water HOMO (1b,). Nevertheless,
there is still an energy mismatch of about 0.3 eV to be
overcome, and this situation can be related to a <100% charge
transfer efficiency of CoFe-PB/BiVO, (See Figure 4b). A more
efficient charge-transfer catalyst would require catalytically
active states to lie as close as possible to the HOMO level of
water, while possessing an uncoordinated site with matching
symmetry and further keeping the good electronic overlap with
the light absorber.

Bl CONCLUSIONS

In summary, we have demonstrated that integrated photo-
electrocatalytic systems with earth-abundant materials and low-
cost synthetic procedures based on the CoFe-PB/BiVO,
system exhibit excellent performance with (i) remarkable
increase of photocurrent, (ii) low onset potentials, and (iii)
excellent stability. Impedance spectroscopy analysis suggests
that CoFe-PB is acting as a true catalyst, enhancing charge
transfer kinetics to the solution, as inferred by the constant
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capacitance and decreased charge transfer resistance observed.
CoFe-PB appears to be the main catalyst in these CoFe-PB/
BiVO, photoelectrodes, resulting in faster oxygen evolution and
significantly lower onset potentials when compared to those of
bare electrodes.

Our results also highlight the importance of the interface
between the catalyst and photoanode. Under general
conditions, CoFe-PB has not been systematically faster than
CoP, or Co0,.”**" However, it is intrinsically better matching
the activity of the BiVO, semiconductor. Indeed, the
performance of our photoanodes also exceeds those results
obtained with any other decorated BiVO, photoelectrode, as
discussed through the text.

Furthermore, the outstanding performance of this system can
be understood on the basis of the adequate alignment of the
valence levels of the BiVO, light-harvesting material and the
CoFe-PB catalyst together with the matching symmetry and
small energy difference between the Co levels in the catalyst
and the HOMO of water. DFT also provides a useful guideline
for further catalyst optimization to achieve 100% charge
transfer efficiency for water oxidation, by achieving a closer
proximity of the Co states and the HOMO level of water, while
still maintaining an uncoordinated site with matching symmetry
and good electronic overlap with the light absorber. Finally, the
outcome of this study can be extrapolated to other metal
oxides, providing that a good adsorption of CoFe-PB on the
metal oxide surface, which leads to high mechanic stability and
efficient interfacial charge transfer, is favored by the energy level
alignment and orbital symmetry considerations.
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Level Alignment as Descriptor for Semiconductor/Catalyst
Systems in Water Splitting: The Case of Hematite/Cobalt
Hexacyanoferrate Photoanodes

Franziska Simone Hegner,” Drialys Cardenas-Morcoso,” Sixto Giménez,** Nuria Lépez,**

and Jose Ramon Galan-Mascaros*™

The realization of artificial photosynthesis may depend on the
efficient integration of photoactive semiconductors and cata-
lysts to promote photoelectrochemical water splitting. Many
efforts are currently devoted to the processing of multicompo-
nent anodes and cathodes in the search for appropriate syner-
gy between light absorbers and active catalysts. No single ma-
terial appears to combine both features. Many experimental
parameters are key to achieve the needed synergy between
both systems, without clear protocols for success. Herein, we
show how computational chemistry can shed some light on
this cumbersome problem. DFT calculations are useful to pre-
dict adequate energy-level alignment for thermodynamically
favored hole transfer. As proof of concept, we experimentally

Introduction

The production of solar fuels consists of harvesting sunlight as
an energy source to transform a substrate into an energy-rich
chemical through reduction. The reducing equivalents (elec-
trons) are extracted from the complementary semireaction, in
which another substrate (ideally water) gets oxidized. Hence,
the efficiency and kinetics of the overall process undoubtedly
depends on the latter, although the oxidation products typical-
ly have no commercial value. Without a fast and robust oxida-
tion process, solar fuels will never reach market interests.

This is the reason why water-oxidation catalysis has become
such a hot topic, as it is generally considered the major bottle-
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confirmed the limited performance enhancement in hematite
photoanodes decorated with cobalt hexacyanoferrate as a
competent water-oxidation catalyst. Computational methods
describe the misalignment of their energy levels, which is the
origin of this mismatch. Photoelectrochemical studies indicate
that the catalyst exclusively shifts the hematite surface state to
lower potentials, which therefore reduces the onset for water
oxidation. Although kinetics will still depend on interface archi-
tecture, our simple theoretical approach may identify and pre-
dict plausible semiconductor/catalyst combinations, which will
speed up experimental work towards promising photoelectro-
catalytic systems.

neck towards the realization of artificial photosynthesis.
Beyond electric potential requirements, water oxidation is a
very slow process that includes a four-electron transfer and the
chemically challenging formation of an oxygen-oxygen bond.

Several photoactive semiconductors possess appropriately
aligned valence-band levels and a suitable band gap to drive
water oxidation in their photoexcited state.l" In this context, n-
type metal-oxide semiconductor materials (e.g., TiO,,? Fe,0,
WO," BiVO," etc.) have been extensively studied as promis-
ing candidates to develop this technology, as they present rel-
atively good stability under operation in harsh environments.
From this family, a-Fe,O; (hematite) is particularly appealing,
not only because its favorable band gap of 1.9-2.2 eV allows
for light absorption in the visible region but mainly because
“rust” is one of the most abundant and cheap materials on
earth.[“’g]

However, its application in photoelectrochemical water oxi-
dation is severely limited owing to its unfavorable conduction
band-edge level as well as its short carrier lifetimes and slow
oxygen evolution kinetics.®’ Recombination in the bulk as a
result of small polaron trapping impedes hole transport to the
semiconductor-electrolyte interface,"*'? whereas surface-state
trapping causes electron-hole recombination before the oxida-
tion reaction is able to proceed.!*2"

To overcome the latter, that is, to enhance water-oxidation
kinetics with respect to surface recombination, a common
strategy is to modify the semiconductor surface with a water-
oxidation catalyst (WOC).”' An efficient hole-transfer catalyst
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on top of a photoactive semiconductor is thought to over-
come the kinetic barriers of the sluggish water-oxidation reac-
tion, which boosts the performance of the photoanode.*"??
Consequently, the deposition of a stable and cost-effective
WOC on a photoactive semiconductor material is crucial to
achieve the targeted technoeconomical requirements.

Notwithstanding, the simple combination of such two sys-
tems does not guarantee success. Indeed, detailed studies on
the mechanism of WOCs on iron-oxide photoanodes have
pointed out that most “catalysts”, although enhancing photo-
electrochemical behavior, do not act as genuine catalysts, that
is, they do not provide an effective hole-transfer pathway to
increase the rate of water oxidation by lowering the activation
barrier of the reaction. In many cases, the formation of the
semiconductor/catalyst interface “only” increases the lifetime
of surface recombination by acting as a capacitive layer or by
passivating surface states.?*?*%! A thick catalyst layer may
even counteract photoelectrochemical activity by blocking
light absorption or by inhibiting charge transport and ion dif-
fusion from the electrolyte.”**’ Moreover, an improvement in
the photoelectrochemical (PEC) performance was also ob-
served for noncatalytic overlayers, such as Al,O; and Ga,0Os,
which either passivate surface states, as in the case of
Ga,0,,%" or change the energetic levels favorably, as in the
case of ALO,.B"

The extent to which any semiconductor/catalyst combina-
tion has a chance of success can be predicted by computation-
al methods, which in turn can save much time and efforts to-
wards appropriate interface constructions.

We recently reported that cobalt hexacyanoferrate (CoFe-
PB), a competitive WOC, acted preferentially as a genuine cata-
lyst on top of photoactive BiVO, thin films.*” Through DFT cal-
culations, we assigned this behavior to favorable alignment of
the energy levels, allowing CoFe-PB to participate as a viable
bridge between the semiconductor and the water molecules.
This synergy was experimentally assessed with CoFe-PB-deco-
rated photoanodes, which exhibited a 0.8V gain in photo-
current and a hole-extraction efficiency above 80%.5?

Herein, we report the DFT analysis and experimental valida-
tion of a similar system, the hematite/CoFe-PB (Figure 1) com-
posite photoanode. Computational models indicate that there

° 9
Fe O

@ 092 0o Q
Co Fe C N

Figure 1. Representation of the crystal structures of a) the trigonal-hexago-
nal unit cell (space group R36), b) the predominant (00 1) surface facet (top
view) of hematite (a-Fe,0;), and ¢) the cubic unit cell (space group F43m) of
CoFe-PB (KCo[Fe(CN)4]).
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is an intrinsic mismatch between these two materials, which
implies that photoelectrocatalytic synergy should not occur.
Indeed, our experiments are in excellent agreement with these
predictions. CoFe-PB-decorated hematite electrodes show only
a small improvement in photoelectrocatalytic water-oxidation
activity that cannot be assigned to genuine catalytic behavior
of CoFe-PB. Most probably, this is due to a surface-state shift
that also shifts the water-oxidation onset to a lower potential.
Such robust computational analysis will be very useful for any
other semiconductor/catalyst ensemble by allowing for prior
assessment of the validity of a proposed interface combina-
tion. These theoretical analyses will facilitate, and even push,
future experimental research in the right direction towards
final optimization of interfaces in photoelectrodes.

Results and Discussion

For efficient hole-transfer catalysis to occur, the catalyst needs
to have its energy levels correctly aligned with the photoactive
material, as schematized in Figure 2a for the case of the syner-
getic BiVO,/CoFe-PB system.®? In particular, this indicates that
once the electron-hole pair is formed, the hole needs to be
transferred to the catalyst; therefore, the corresponding levels
in the catalyst need to be higher in energy than the valence
band (VB) of the photoanode. This energy-alignment requisite
is at the core of the process. If this thermodynamic condition
is not fulfilled, as shown in Figure 2b, the “catalyst” will not
exert efficient hole transfer.

Hybrid density functional theory (DFT) was used to calculate
the electronic structures of o-Fe,0;, CoFe-PB (KCo[Fe(CN)l),
and a solvated water molecule, as further described in the Ex-
perimental Section. Figure 2¢ shows the aligned densities of
states (DOS) of the photoelectrochemical system: the hematite
photoanode (left), the catalyst (middle), and water (right). To
avoid confusion, it has to be noted that the calculated HOMO
must not be mistaken with the electrochemical H,O redox po-
tential, although a linear relationship may exist.®*=*

The calculated band gap of 1.95 eV for a-Fe,0; matches well
with its experimental value of 1.9-2.1 eV (Figure S6 in the Sup-
porting Information).*” This shows that the hybrid functional
HSE03-13 %, which includes 13% of exact exchange and which
was previously optimized to match the electronic properties of
CoFe-PB," is also adequate to describe the electronic struc-
ture of a-Fe,0; and follows previous indications by Pozun and
Henkelman.®® The VB edge of hematite consists of both 02p
and Fe3d t,, antibonding orbitals, which hybridize as a result
of longitudinal lattice distortion along the main axis of the
hexagonal unit cell (Figure 1). Hybridization of the strongly cor-
related Fe3d levels and the bandlike O2p levels in the VB was
also found by photoemission studies and allows ligand-to-
metal charge transfer by photoexcitation.*”*® The distortion of
the FeOg octahedra in the lattice also stabilizes the empty
Fed,. orbitals along the principal axis, which thus forms the
conduction band (CB) minimum (together with a small Fe4s
contribution).

If a photon is absorbed, an electron of the O2p VB will be
excited to the Fe CB by a charge-transfer transition, as was
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Figure 2. Energy-level alignment of a) a synergetic photoanode/catalyst interfac

a-Fe,0,  CoFe-PB  DOS (H,0)

e: BiVO,/CoFe-PB and b) a noncatalytic photoanode/catalyst combination:

Fe,0,/CoFe-PB. ¢) Densities of states of a-Fe,0, (left), KCoFe[(CN)¢] (middle), and a solvated H,O molecule (right) aligned by their O2s bands. Filled electronic
states are represented by filled areas. The CoFe-PB valence band edge is set as the zero energy level, that is, the given electronic levels do not coincide with
electrochemical potentials, which are potential differences measured against a reference electrode.

seen in several X-ray photoemission and absorption studies,
which hence leaves a hole in the VB that is then available for
water oxidation.®”***" The highest electronic state, that is, the
highest occupied molecular orbital (HOMO), of water lies at
the same energy (within the computational error of +0.1 eV)
and, thus, is readily available to accept the hole at the Fe,O,
VB. From a thermodynamic viewpoint, disregarding kinetic ef-
fects and surface requirements, the hematite VB edge and the
H,O HOMO levels match adequately to induce electronic over-
lap, which is a necessary requirement for efficient electron
(hole) transfer to take place. Nonetheless, small polaron effects
and surface recombination prevent the efficient use of the
hole."*2

The CoFe-PB catalyst, however, has its filled Cod t,, states,
responsible for water oxidation,??*? slightly below the Fe,0,
VB edge (Figures 2b,c). Therefore, there is no thermodynamic
driving force to favor hole transfer from Fe,O; to CoFe-PB and,
subsequently, to H,O. This, in turn, does not mean that charge
transfer to the catalyst will not occur. The Fe t,, states, which
lie approximately 1V above the Fe,0; VB, do not directly par-
ticipate in the water-oxidation catalytic reaction, nor are they
involved in the formation of the CoFe-PB/Fe,0; interface. The
strong CN binding from cyanide’s C site makes the Fe centers
inaccessible to coordination. Moreover, their electronic levels
are far above the water HOMO, which excludes electronic over-
lap, required for water oxidation to occur. At finite tempera-
tures and in an electrochemical environment, the CoFe-PB
electronic levels, which lie close to the Fe,O; VB, may accept/
donate holes from/to Fe,0;/H,0. All the same, the probability

of CoFe-PB to have a true catalytic function, providing a faster
hole-transfer pathway, on top of a hematite photoanode is
negligible owing to level-alignment considerations. According
to the DOS levels (Figure 2¢), it is clear that there is an intrinsic
mismatch, as the Co t,, hole-acceptor level of CoFe-PB is at
lower energy than the valence band of hematite. This indicates
that hole transfer is neutral or slightly uphill and, thus, does
not favor catalysis. Nevertheless, other beneficial effects of a
CoFe-PB “catalyst” on hematite cannot be excluded. Tunnel-
ing* and hopping between sub-band-edge states within the
barrier layer® have also been reported to describe charge
transfer between photoactive and catalytic materials if the
energy levels are not correctly aligned.

We also performed experiments to assess the validity of
such a prediction. Nanostructured Zr-doped hematite films
(see the Supporting Information for more details) were modi-
fied with the CoFe-PB catalyst by a sequential coating method
at room temperature, as previously described.*? The hematite
electrode was submerged first in a ferricyanide solution and
then in a cobalt chloride solution (both at neutral pH), which
promoted the growth of the insoluble cobalt hexacyanoferrate.
For our experiments, we generally used between three and six
dipping cycles. Increasing the number of cycles did not signifi-
cantly alter the photoelectrochemical performance of the pho-
toanodes (as shown in Figure S3).

The electrodes were characterized by scanning electron mi-
croscopy (SEM) (Figure S4) and high-resolution transmission
electron microscopy (HRTEM, Figure 3), both combined with
energy-dispersive X-ray (EDX) spectroscopy. A total Fe/O ratio
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of 32:68 is found, which is in good agreement with the Fe,O,
stoichiometry. More consistent evidence for the formation of
Fe,O; is provided by X-ray photoelectron spectroscopy (XPS)
analysis (see Figure S5 and Table S2). The amount of the CoFe-

Figure 3. a) Electron micrographs obtained by HRTEM of a scratched CoFe-
PB/a-Fe,0; electrode with b, c) magnifications of the CoFe-PB crystallites
found on the surface.
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PB catalyst is less than 1% and cannot be detected under SEM
conditions. With HRTEM, however, cubic CoFe-PB crystallites
can clearly be found on the Fe,0; surface (Figure 3b,c). Their
Co/Fe ratios are found to be between 50:50 and 60:40 by EDX
spectroscopy, and they all lie in the stoichiometric possible
range of 1:1 (KCo[Fe(CN)s) and 3:2 (Co,[Fe(CN)gl,).2>**¢ The
presence of CoFe-PB on the surface is further confirmed by
XPS, as described in the Supporting Information. Catalyst dep-
osition does not show a significant influence on the optical
UV/Vis absorption or band gap of the hematite semiconductor
(Figure S6).

The photoelectrochemical behavior of the photoanodes was
examined by cyclic voltammetry (CV) under chopped and con-
stant illumination (Figure 4) in neutral (pH 7) potassium phos-
phate (KPi) buffer (0.1m) solution. In the anodic scans at
50 mVs~' (Figure 4a,c) an apparent cathodic shift in the pho-
tocurrent onset potential of 0.3V can be seen. Nevertheless,
scanning in the cathodic direction (Figure 4b) reveals a much
smaller improvement in the photocurrent, which indicates that
the apparent shift in the water-oxidation onset in the anodic
direction is the result of the capacitive effect of the CoFe-PB
layer, as the difference in anodic and cathodic scans for bare
Fe,0; is negligible. Indeed, scanning the CoFe-PB/a-Fe,0; elec-
trode at lower scan rates (Figures 4c and S7) significantly de-
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Figure 4. The j-V curves of CoFe-PB/Fe,0; (red) and bare Fe,0; (black) in 0.1 m KPi buffer solution at pH 7. a) Anodic and b) cathodic CV scans under chopped
light (1 sun) at a scan rate of 50 mVs~". ¢) Anodic CV curve in the dark (dotted thin lines) and under light (thick solid lines) collected at scan rates of 50 (thick
solid lines) and 2 mVs™' (blue dashed line). d) Steady-state j~V curve extracted from the electrochemical impedance analysis data.
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creases the observed photocurrent, whereas the scan rate
barely affects the current density-voltage (j-V) behavior of
bare hematite (Figure S7). Moreover, from the steady-state j-V
curve (Figure 4d), which can be extracted from electrochemical
impedance spectroscopy (EIS) analysis, as well as from scans at
very low scan rates, the “real” photocurrent onset potential
shift of 0.1V can be determined. In here, the voltage needed
to attain a photocurrent of 0.01 mAcm™2 was taken as the
onset potential.

To gain mechanistic understanding of the effect of CoFe-PB
on hematite photoelectrodes, PEC experiments were per-
formed in the presence of hydrogen peroxide (0.5m), which
was found to be an optimal hole scavenger for hematite."”
Under these conditions it is assumed that all holes that reach
the surface will be rapidly injected into solution and no elec-
tron-hole recombination will take place at the semiconductor-
liquid interface." Figure 5a shows the photocurrents obtained
with and without a hole scavenger under illumination at pH 7,
and Figure 5b shows the calculated charge-transfer efficiencies
as a function of applied potential (see Supporting Information
for calculation details).

The measured CV curves in hole scavenger solution do not
show significant differences, which implies that an equal
number of holes reaches the semiconductor/electrolyte inter-
face for both bare and CoFe-PB-modified hematite; thus, their
charge-separation efficiencies are similar. This, in turn, implies
that charge mobilities in the bulk and band bending are not
affected by surface catalyst modification. Consequently, it can
be safely claimed that surface modification of Fe,O; by CoFe-
PB does not alter its bulk properties. The photocurrent onset
in hole scavenger, that is, without surface recombination, is
equal to the flat band potential (Vi5) and is approximately
0.6 V versus reversible hydrogen electrode (RHE)."”!

The charge-transfer efficiency of CoFe-PB/Fe,O; reaches its
maximum at approximately 1.35V versus RHE, whereas for
bare Fe,O; it is maximal at 1.57 V versus RHE. The magnitude
of 60%, however, is equal for both bare and modified Fe,O,.
This indicates that the CoFe-PB catalyst does not improve
charge transfer to the electrolyte but that the catalyst shifts it

to a lower potential, which is in line with the observed catho-
dic shift in the onset potential.

EIS measurements were performed to further investigate the
effect of the catalyst layer on the photocurrent. The obtained
Nyquist plots systematically show a single arc in the dark and,
thus, were fit to a simple Randles’ circuit,*® whereas two arcs
are obtained under illumination at high potential (see Fig-
ure S8). This is due to a different, indirect charge-transfer
mechanism taking place, in which holes are trapped in surface
states and are then transferred to the electrolyte."-2**¥ |t is ap-
parent that the potential at which indirect charge transfer
starts to occur is lower for CoFe-PB/Fe,0; electrodes than for
bare Fe,0,, as also described in the Supporting Information.
These EIS data can be fit to a previously established equivalent
circuit that accounts for indirect hole transfer via hematite sur-
face states and that is shown in Figure 6a.""*%* The equiva-
lent circuit elements include the contact-dependent series re-
sistance (Rs); the trapping resistance (R,,) (Figure 6b), which
describes trapping of charges into the surface state; the
charge-transfer resistance (Rg) from the surface state to the
electrolyte (Figure 6b); the space-charge capacitance (Cy) of
the bulk semiconductor (Figure 6¢); and the surface-state ca-
pacitance (Cg) of the hematite surface traps (Figure 6d).

The resistances Ry, and R (Figure 6a,b) are not influenced
by the amount of catalyst on the surface. The trapping of
holes into the surface state (described by R,,,) is not affected
by the catalyst at all; this is in good agreement with the infor-
mation provided by the experiments with the hole scavenger
(Figure 5), for which no significant changes in the bulk proper-
ties of Fe,0; are identified. On the other hand, hole transfer
from the surface states occurs at lower potentials, in accord-
ance with the cathodic shift of the onset potential (Figure 4)
and the calculated charge-transfer efficiency (Figure 5).

The bulk capacitance of hematite Cs. (Figure 6¢), which re-
sults from band bending in the space-charge region, seems to
decrease slightly upon increasing the number of dipping
cycles during deposition. This, however, can be attributed to
having less Fe,O; surface area exposed to the solution in the
CoFe-PB/Fe,0; anode as more CoFe-PB is added. With Mott-
Schottky (MS) analysis (see the Supporting Information), the

a) 05 7 b 100
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E 03+ e
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Figure 5. a) Anodic CV curves of CoFe-PB/ Fe,0; (red) and bare Fe,0; (black) in 0.1 m KPi buffer (solid lines) and 0.5m H,0, (dashed lines) solutions (both at
pH 7) recorded at a slow scan rate of 2 mVs™' to exclude catalytic, nonfaradaic current. b) Calculated charge-transfer efficiencies for both systems at pH 7.
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Figure 6. a) Equivalent circuit model used to fit EIS results obtained under 1 sun irradiation at higher potentials when indirect hole-transfer occurs. b) Charge-
transfer (circles) and trapping (triangles) resistances of bare Fe,0; (black) and CoFe-PB/Fe,O; (red). c) Bulk and d) surface state capacitances of bare (black)
and CoFe-PB coated (red) Fe,0; semiconductor photoanodes. All spectra were obtained at pH 7 (0.1 m KPi buffer) and 1 sun irradiation.

flat band potential and the doping density of hematite were
determined. As expected, the flat band potential, Viz=(0.5+
0.05) V versus RHE, is independent of the CoFe-PB catalyst,
which proves that CoFe-PB does not change the band posi-
tions. It differs by approximately 0.1V from the photocurrent
onset potential in the presence of a hole scavenger (which
gives Vig=0.6V vs. RHE) (Figure 5) owing to inaccuracies in
the MS description for highly doped materials, as described by
Zandi et al.®” A flattening or horizontal shift in the MS curves,
which was previously attributed to Fermi-level pinning,"”? is
not observed here. The high annealing temperatures (800 °C)
employed in this study are partially thought to passivate sur-
face states and unpin the Fermi level, an effect that is also
seen in the comparatively small photocurrent transients (Fig-
ure 3a,b).

Figure 6d shows the surface-state capacitance (Cg) values of
bare and CoFe-PB-modified hematite photoanodes. The magni-
tude of Cg is not affected by CoFe-PB; hence, the “catalyst”
does not passivate surface states. It can be seen clearly
though, that the deposition of CoFe-PB shifts the surface state
to lower potential. Hence, we conclude that the observed
cathodic onset potential shift originates from shifting the sur-
face state, which initiates indirect charge transfer through the
surface states at a lower potential than for bare Fe,O;, and

this, in turn, is due to oxidation of the CoFe-PB catalyst. A simi-
lar effect was found for Ga,O, overlayers on hematite.”® Fur-
thermore, the trends followed by the two capacitances includ-
ed in the model validate the selection of this equivalent circuit
to fit our experimental results.

Although the energy-level alignment (Figure 2) does not
favor hole transfer to the catalyst in its ground state, an ap-
plied external potential can initiate charge transfer to the cata-
lyst in the surface, and this creates the oxidized Co"Fe" states
in CoFe-PB.“5" This transfer takes place at lower potentials
than hole transfer to the surface state, which could also ex-
plain the cathodic shift in the surface-state capacitance.

Another important issue is related to the interfacial adhesion
of Fe,0; and the CoFe-PB catalyst. The larger the surface in
contact between the photoanode and the catalyst, the more
paths available for hole scavenging. As shown in a recent
study by Shao-Horn et al., water wetting strongly influences
the charge-transfer properties from/to the electrolyte/catalyst
interface and, therefore, crucially determines the dynamics of
the catalytic surface reaction.” A similar principle applies to
the “wetting” of the catalyst on the semiconductor surface,
which leads to hole transfer to the solution.

The micrographs in Figure 3 show that the nanoparticles are
essentially nonwetting the oxide surface, which thus limits the
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number of hole-transfer paths. The reasons behind the poor
wetting can be traced back to the crystal structure of the com-
pounds. The most common surface termination of hematite is
hexagonal (Figure 1b); however, the termination of PB is cubic,
and this leads to lattice mismatch. Having incommensurate
crystal facets minimizes the number of Co—O—Fe bridges at
the interface, which are needed to enable hole transfer. Hence,
catalyst “wetting” is another aspect that may be studied in sili-
co and is linked to interface engineering that is crucial to its
performance.

Conclusions

Light-harvesting semiconductors, which can transform sunlight
into an electric-field potential as the driving force to produce
fuels, are promising candidates for large-scale application of ar-
tificial photosynthesis technologies. However, they need to be
coupled to an appropriate catalyst for the reaction to be effi-
cient and fast enough. Generally, electron-hole recombination
is faster than chemical transformations.

Beyond interfacial engineering requirements, there will be
an important contribution from the correct alignment between
the electronic levels from both the semiconductor and the cat-
alyst. In this manuscript, we demonstrated how appropriate
level alignment could be used to shed some light on possible
charge-transfer pathways and, hence, to determine the applic-
ability of a possible co-catalyst, as exemplified in the hematite/
cobalt hexacyanoferrate case.

Although the applied DFT analysis used the simplified model
of bulk structures only and did not include real electrochemical
interfaces, it clearly showed that there was an intrinsic mis-
match, as the catalyst hole-acceptor level was below the va-
lence band of hematite in the energy diagram. Consequently,
hole transfer to the catalyst was neutral or slightly uphill, and
thus, there was no thermodynamic pathway for the generated
holes in hematite to be transferred to the catalyst. This sug-
gests that hole transfer to water, and thus water oxidation cat-
alysis, is more likely to occur directly at the semiconductor sur-
face. Nonetheless, different hole-transfer pathways, such as
tunneling or hopping between sub-band-edge states, may be
considered.”**¥ In good agreement, our experiments indicated
that CoFe-PB decoration on top of hematite electrodes did not
lead to a relevant enhancement in the photoelectrocatalytic
performance. We assigned the small enhancement to longer
lifetimes of electron-hole surface recombination as a result of
the hole-scavenging character of the interface, which shifted
the surface-state capacitance to more cathodic potentials.
Water oxidation still preferentially occurred on the hematite
surface as observed in different hematite/catalyst systems.?*2%
Therefore, the theoretical model of simple energy diagrams
could predict the feasibility of this (and any other) junction. In-
terfaces may be engineered and improved, but if the process
is thermodynamically uphill, their improvement is not due to
an improvement in catalytic efficiency. For bare hematite in
particular, finding a suitable true catalyst is a difficult task, as
hematite has its valence band edge maximum very close to
the HOMO of water. An appropriate co-catalyst would need to
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have filled electronic states between the valence band (VB) of
Fe,0; and the HOMO of H,0, which are available for water oxi-
dation (next to having accessible coordination sites). A better
strategy could involve shifting the VB of Fe,O; to lower ener-
gies, which could be achieved by suitable dopants®® or surface
modification with overlayers.®"

In this line, analogous computational studies indicate that
the favorable alignment of a photoactive semiconductor and
catalyst (e.g., CoFe-PB/BiVO,) leads to a remarkable increase in
performance,*” which corroborates the validity of our theoreti-
cal approach.

Experimental Section
Materials

Iron(ll) chloride tetrahydrate (FeCl,»4H,0, >98%), zirconyl chloride
octahydrate (ZrOCl,»8H,0 >99%), and potassium ferricyanide
(K5[Fe(CN)¢], >99.0%) were purchased from Sigma-Aldrich, and
cobalt chloride hexahydrate (CoCl,:6H,0, >98.0%) was purchased
from Fluka Analytical. Dimethyl sulfoxide (DMSO, >99.9%) and hy-
drogen peroxide solution [H,0,, 30% (w/w) in H,O] were obtained
from Sigma-Aldrich. The buffer solution was prepared from potas-
sium phosphate monobasic and dibasic (KH,PO,, >99.0%; K,HPO,,
>98.0%; Sigma-Aldrich). High-purity (Milli-Q) water was obtained
with a Millipore purification system (Synergy) and was used for all
solutions. Fluorine-doped tin oxide (FTO)-coated glass slides were
purchased from Hartford glass (15 Qcm ™).

Synthesis of hematite electrodes

Thin-film hematite electrodes were prepared by a simple and cost-
efficient electrodeposition method, based on a description by
Shaddad et al.,”¥ but with varying calcination conditions as in
Refs. [50,54]. Prior to deposition, FTO electrodes were ultrasonicat-
ed and then thoroughly cleaned with water and ethanol (isopropyl
alcohol). Zr-doped metallic Fe was deposited from a solution of
20 mm FeCl,4H,0 and 0.9 mm ZrOCl,-8H,0 in DMSO by applying
a constant potential of —20. V vs. Ag/AgCl (3m KCI) for 6 min.
After carefully rinsing the films with Milli-Q water, the electrodes
were calcined in air by heating up to 800°C for 9-10 min, which
was followed by rapid quenching at room temperature.

Sequential CoFe-PB coating

The CoFe-PB catalyst was deposited by sequentially dipping the
hematite electrodes in reactant solutions of 0.02m K;[Fe(CN)¢] in
H,0 and 0.04m CoCl, in H,0, as we recently reported for BiVO,
photoanodes.? First, the electrodes were dipped in [Fe(CN)sJ>~ so-
lution for 10-15 min with slow stirring, so that the negatively
charged iron cyanide complexes could bind to the Fe,O; surface.
Afterwards, the electrodes were thoroughly rinsed with Milli-Q
water and were then dipped in the Co®>" solution, again for 10—
15 min with stirring to form CoFe-PB complex structures. The se-
quence was repeated at least two times to ensure significant
CoFe-PB deposition. In all shown measurements, 3-6 repetitions
were applied, which did not change the PEC behavior of the elec-
trodes (see Figure S3b).
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Synthesis of CoFe-PB electrodes

For the sake of comparison, CoFe-PB/FTO electrodes were pre-
pared by following the hydrothermal method described by Han
etal” In this method, CoO, was first deposited by heating
Co(NO,), and carbamide in an autoclave at 120° (10 h) and was af-
terwards derivatized to CoFe-PB in K;[Fe(CN),] solution at 60° (1-
3h).

Photoelectrochemical (PEC) measurements

PEC experiments were performed with an Eco Chemie Autolab po-
tentiostat coupled with NOVA electrochemical software. A typical
three-electrode cell consisted of the hematite photoanode as the
working electrode, a Pt wire or mesh as the counterelectrode, and
a Ag/AgCl (3m KCI) reference electrode. All potentials were con-
verted into the pH-independent reversible hydrogen electrode
(RHE) by using the Nernst equation [Eq. (1)]:

Ve = Vag/aga + Vgg/AgC\ +0.059 - pH

1
with V9, (3 M KCI) = 0.21 V M

To normalize the measured current (in A) to a current density j in
mAcm?, the electrode geometrical areas were determined by the
graphical software ImageJ 1.50i. If not stated otherwise, the experi-
ments were performed in a 0.1 M solution of potassium phosphate
(KH,PO,) buffer at pH (7+0.1). The pH was determined with a
CRISON Basic 2° pH meter. Hole-scavenger experiments were per-
formed in 0.5m H,0, solution (pH 7), which was described to be
an effective hole scavenger by Warren etal.” A 450 W Xe arc
lamp with an AM 1.5 solar filter (Sciencetech Inc.) was used to sim-
ulate sunlight of 100 mWcm™2 (1 sun). If not otherwise mentioned,
cyclic voltammetry (CV) scans were typically performed at a scan
rate of 50 mVs~" until a stable signal was reached. For the CoFe-PB
modified electrodes, approximately 2-3 CV scans were needed to
stabilize the signal, but not for bare hematite. All hematite electro-
des were illuminated from the electrolyte from the top of the hem-
atite surface. This ensured a small mean free path for photogener-
ated holes, as hematite is well known to have very small hole-diffu-
sion lengths between 2-4°" and 20 nm.®® Impedance data were
collected between 10~" and 40°Hz by using a 20 mV amplitude
voltage perturbation and were analyzed with ZView software
(Scribner associates). Steady-state j-V curves were extracted by
monitoring the stabilized current at each applied voltage during
the impedance measurement.

Structural and optical characterization

Morphologies, particle sizes, and chemical compositions were de-
termined by scanning electron microscopy (SEM) with a JSM-7000F
JEOL FEG-SEM system (Tokio, Japan) equipped with an INCA 400
Oxford EDX analyzer (Oxford, UK) and operating at 15kV and a
JEM-2100 JEOL transmission electron microscope operating at
200 kV that also contained an INCA 400 Oxford EDX analyzer
(Oxford, UK). Prior to the SEM experiment, the samples were sput-
tered with a 2 nm thick layer of Pt. Surface analysis was performed
by X-ray photoelectron spectroscopy (XPS) by using a Specs
SAGE 150 instrument. The analyses were performed by using non-
monochromatic AlK, irradiation (1486.6 eV) at 20 mA and 13 kV, a
constant energy pass of 75 eV for overall analysis, 30 eV for analy-
sis in the specific binding energy ranges of each element, and a
measurement area of 1x1 mmZ The pressure in the analysis cham-
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ber was 8x107° hPa. The data were evaluated by using Casa XPS
software. The energy corrections of the spectra were performed
considering a reference value of C1s from the organic matter at
284.8 eV. UV/Vis spectra of the electrodes was recorded with a
Cary 300 Bio spectrometer (UV0911M213). Absorbance and band
gaps were calculated as described in the Supporting Information.

Computational details

Density functional theory (DFT) calculations were performed by
using the Vienna Ab Initio Package (VASP)®”*¥ on the model struc-
tures of stoichiometric KCo[Fe(CN),] and a-Fe,O, (Figure 1). Al-
though real CoFe-PB is a nonstoichiometric compound, its elec-
tronic structure is not expected to vary from the ideal KCo[Fe(CN),]
structure.” However, a difference occurs owing to a change in the
magnetic configuration, which is discussed in the Supporting Infor-
mation. As pure density functional theory has proven insufficient
to describe correctly the electronic structure of Prussian Blue type
materials®® and as DFT+U cannot unambiguously predict an ex-
plicit U-term needed to compare materials with different transi-
tion-metal centers,””®" a modified hybrid functional based on the
HSEO03 functional,®*®* but including only 13% of exact Hartree-
Fock (HF) exchange, was employed.*? More information about the
functional is given in the Supporting information. Projector Aug-
mented Wave (PAW) pseudopotentials with small cores, expanding
valence-subshell containing s and p electrons, ensured sufficient
flexibility and were used for all metal atoms in the lattice.** For
structure optimizations, a I'-centered k-point mesh was used, and
valence electrons were expanded in plane waves with kinetic ener-
gies up to 500 eV. Single-point calculations to obtain more accu-
rate electronic structures were performed with a kinetic cutoff
energy of 600 eV and denser Monkhorst-Pack k-point grids with
3x3x3 (CoFe-PB) or 3x3x2 (Fe,0,) k-points.*® Water was calcu-
lated with the same scheme. For this, a single H,0 molecule in an
asymmetric box (14.5Ax15Ax15.5A) was solvated through a
continuum model. The implicit solvated water was represented
through the MGCM method.®”*

All structures and calculations were uploaded to the ioChem-BD
database, from which they are openly accessible.®"

Acknowledgements

We would like to acknowledge financial support from the Euro-
pean Union (project ERC StG grant CHEMCOMP no 279313); the
Spanish Ministerio de Economia y Competitividad (MINECO)
through projects CTQ2015-71287-R, CTQ2015-68770-R and the
Severo Ochoa Excellence Accreditation 2014-2018 SEV-2013-
0319; the Generalitat de Catalunya (2014-SGR-797, 2014SGR-199
and the CERCA Programme); University Jaume | through the
P11B2014-51 project; and the Generalitat Valenciana through the
Santiago Grisolia Program, grant 2015-031. Serveis Centrals at
UJI (SCIC) are also acknowledged. F.S.H. thanks the “LaCaixa”-
Severo Ochoa International Programme (Programa internacional
de Becas “LaCaixa”—Severo Ochoa) for a Ph.D. fellowship. We
thank BSC-RES for generous computational resources.

Conflict of interest

The authors declare no conflict of interest.

266



UNIVERSITAT ROVIRA I VIRGILI

EXPERIMENTAL AND THEORETICAL INVESTIGATION OF PRUSSIAN BLUE-TYPE CATALYSTS FOR ARTIFICIAL

PHOTOSYNTHESIS
Franziska Simone Hegner

&> ChemPubSoc
et Europe

) ) ) 1391
Keywords: computational chemistry - electrochemistry - 40
hematite - oxygen evolution catalysis - water splitting [41]

[1] K. Sivula, R. van de Krol, Nat. Rev. Mater. 2016, 1, 15010.
[2] A. Fujishima, K. Honda, Nature 1972, 238, 37-38. [42]
[3] K. L. Hardee, A. J. Bard, J. Electrochem. Soc. 1976, 123, 1024-1026.
[4] C. Fabrega, S. Murcia-Lopez, D. Monllor-Satoca, J. D. Prades, M. D. Her-
nandez-Alonso, G. Panelas, J. R. Morante, T. Andreu, Appl. Catal. B 2016, [43]
189, 133-140.
[5] T.W. Kim, K. S. Choi, Science 2014, 343, 990-994. [44]
[6] J. H. Kennedy, K. W. Frese, J. Electrochem. Soc. 1978, 125, 709-714.
[71 R. M. Cornell, U. Schwertmann in The Iron Oxides: Structure, Properties, [45]
Reactions, Occurrences and Uses, 2nd ed., Wiley-VCH, Weinheim, 2003,
pp. 9-38. [46]
[8] K. Sivula, F. Le Formal, M. Gratzel, ChemSusChem 2011, 4, 432-449.
[9] A.G. Tamirat, J. Rick, A.A. Dubale, W-N. Su, B-J. Hwang, Nanoscale  [47]
Horiz. 2016, 1, 243-267.
[10] S. M. Ahmed, J. Leduc, S.F. Haller, J. Phys. Chem. 1988, 92, 6655 -6660.
[11] A.J. Bosman, H. J. Vandaal, Adv. Phys. 1970, 19, 1-117.
[12] L. M. Carneiro, S. C. Cushing, C. Liu, Y. Sude, P. Yang, A. P. Alivisatos, S.R.  [48]

Leone, Nat. Mater. 2017, 16, 819-824. [49]
[13] M. Barroso, S.R. Pendelbury, A. J. Cowan, J. R. Durrant, Chem. Sci. 2013,

4,2724-2734. [50]
[14] F. Le Formal, S.R. Pendlebury, M. Cornuz, S.D. Tilley, M. Grétzel, J.R.

Durrant, J. Am. Chem. Soc. 2014, 136, 2564-2574. 1511
[15] H. Dotan, K. Sivula, M. Grétzel, A. Rothschild, S. C. Warren, Energy Envi-

ron. Sci. 2011, 4, 958 -964. [52]
[16] B. Klahr, S. Gimenez, F. Fabregat-Santiago, T. Hamann, J. Bisquert, J. Am.

Chem. Soc. 2012, 134, 4294-4302. [53]
[17] B. Klahr, S. Gimenez, F. Fabregat-Santiago, J. Bisquert, T. Hamann, Energy

Environ. Sci. 2012, 5, 7626 - 7636. [54]
[18] B. landolo, A. Hellman, Angew. Chem. Int. Ed. 2014, 53, 13404 -13408;

Angew. Chem. 2014, 126, 13622 -13626. [55]
[19] N. Yatom, O. Neufeld, M. C. Toroker, J. Phys. Chem. C 2015, 119, 24789 -

24795. [s6]
[20] N. Yatom, Y. Elbaz, S. Navon, M. C. Toroker, Phys. Chem. Chem. Phys.

2017, 19, 17278-17286. 571
[21] F. Ning, M. Shao, S. Xu, Y. Fu, R. Zhang, M. Wei, D. G. Evans, X. Duan,

Energy Environ. Sci. 2016, 9, 2633 -2643.
[22] W. Liu, H. Liu, L. Dang, H. Zhang, X. Wu, B. Yang, Z. Li, X. Zhang, L. Lei, ~ [58]

S. Jin, Adv. Funct. Mater. 2017, 27, 1603904. 1591
[23] B. Klahr, S. Gimenez, F. Fabregat-Santiago, J. Bisquert, T. Hamann, J. Am.

Chem. Soc. 2012, 134, 16693 - 16700. [60]
[24] M. Barroso, A.J. Cowan, S.R. Pendelbury, M. Gréatzel, D.R. Klug, J.R.

Durrant, J. Am. Chem. Soc. 2011, 133, 14868 -14871. [61]

[25] L. Badia-Bou, E. Mas-Marza, P. Rodenas, E. M. Barea, F. Fabregat-Santia-
go, S. Gimenez, E. Peris, J. Bisquert, J. Phys. Chem. C 2013, 117, 3826 - [62]
3833. [63]
[26] D.K. Zhong, D. R. Gamelin, J. Am. Chem. Soc. 2010, 132, 4202-4207.
[27] G. Wang, Y. Ling, X. Lu, T. Zhai, F. Qian, Y. Tong, Y. Li, Nanoscale 2013, 5, ~ [64]

4129-4133. [65]
[28] L. Steier, |. Herraiz-Cardona, S. Gimenez, F. Fabregat-Santiago, J.- Bis- [66]
quert, S. D. Tilley, M. Gratzel, Adv. Funct. Mater. 2014, 24, 7681 -7688. [67]

[29] E. Aharon, M. C. Toroker, Catal. Lett. 2017, 147, 2077 —2082.

[30] K. Ulman, M. T. Nguyen, N. Seriani, R. Gebauer, J. Phys. Chem. 2016, 144, [68]
094701.

[31] O. Neufeld, N. Yatom, M. C. Toroker, ACS Catal. 2015, 5, 7237 -7243. [69]

[32] F.S. Hegner, I. Herraiz-Cardona, D. Cardenas-Morcoso, N. Lopez, J.R.
Galén-Mascards, S. Gimenez, ACS Appl. Mater. Interfaces 2017, DOI:  [70]
10.1021/acsami.7b09449.

[33] J. Conradie, J. Phys. Conf. Ser. 2015, 633, 012045. 71

[34] A.V. Marenich, J. Ho, M. L. Coote, C. J. Cramer, D. G. Truhlar, Phys. Chem.
Chem. Phys. 2014, 16, 15068 -15106.

[35] C.P. Kelly, C.J. Cramer, D. G. Truhlar, J. Phys. Chem. 2006, 110, 16066 —

CHEMES!!SCHEM
Full Papers

G. Dréager, W. Czolbe, J. A. Leiro, Phys. Rev. B 1992, 45, 8283 -8287.

R.J. Lad, V. E. Henrich, Phys. Rev. B 1989, 39, 13478-13485.

Y. Ma, P.D. Johnson, N. Wassdahl, J. Guo, P. Skytt, J. Nordgren, S.D.
Kevan, J.-E. Rubensson, T. Boske, W. Eberhardt, Phys. Rev. B 1993, 48,
2109-2111.

L.J. Han, P.Y. Tang, A. Reyes-Carmona, B. Rodriguez-Garcia, M. Torrens,
J.R. Morante, J. Arbiol, J. R. Galan-Mascaros, J. Am. Chem. Soc. 2016,
138, 16037 - 16045.

Y.W. Chen, J.D. Prange, S. Dihnen, Y. Park, M. Gunji, C. E. D. Chidsey,
P. C. McIntyre, Nat. Mater. 2011, 10, 539-544.

J.R. Avila, M. J. Katz, O. K. Farha, J. T. Hupp, J. Phys. Chem. C 2016, 120,
20922-20928.

R. O. Lezna, R. Romagnoli, N. R. de Tacconi, K. Rajeshwar, J. Phys. Chem.
B 2002, 7106, 3612-3621.

N.R. de Tacconi, K. Rajeshwar, R.O. Lezna, Chem. Mater. 2003, 15,
3046-3062.

J. Bisquert, S. Gimenéz, L. Bertoluzzi, |. Herraiz-Cardona in Photoelectro-
chemical Solar Fuel Production: From Basic Principles to Advanced Devi-
ces (Eds.: S. Gimenéz, J. Bisquert), Springer International, Cham, Switzer-
land, 2016, Chap. 6.

J. E. B. Randles, Discuss. Faraday Soc. 1947, 1, 11-19.

L. Bertoluzzi, P. Lopez-Varo, J. A. Jimenéz Tejada, J. Bisquert, J. Mater.
Chem. A 2016, 4, 2873-2879.

0. Zandi, A. R. Schon, H. Maihibabaei, T. W. Hamann, Chem. Mater. 2016,
28,765-771.

R. Martinez-Garcia, M. Knobel, J. Balmaseda, H. Yee-Madeira, E. Reguera,
J. Phys. Chem. Solids 2007, 68, 290 -298.

B. Han, K. A. Stoerzinger, V. Tileli, A. D. Gamalski, E. A. Stach, Y. Shao-
Horn, Nat. Mater. 2017, 16, 121-126.

M. N. Shaddad, M. A. Ghanem, A. M. Al-Mayouf, S. Gimenez, J. Bisquert,
I. Herraiz-Cardona, ChemSusChem 2016, 9, 2779-2783.

A. Annamalai, A. Subramanian, U. Kang, H. Park, S. H. Choi, J. S. Jang, J.
Phys. C 2015, 119, 3810-3817.

K. Sivula, R. Zboril, F. Le Formal, R. Robert, A. Weidenkaff, J. Tucek, J. Fry-
druch, M. Gratzel, J. Am. Chem. Soc. 2010, 132, 7436 -7444.

M. P. Dare-Edwards, J.B. Goodenough, A. Hemnett, P.R. Trevellick, J.
Chem. Soc. Faraday Trans. 11983, 79, 2027 - 2041.

J. Hafner, G. Kresse, The Vienna Ab-Initio Simulation Program VASP: An
Efficient and Versatile Tool for Studying the Structural, Dynamic, and Elec-
tronic Properties of Materials, Plenum Press, New York, 1997, pp. 69-82.
G. Kresse, J. Furthmdiller, Phys. Rev. B 1996, 54, 11169-11186.

J. C. Wojdel, I. D. R. Moreira, S.T. Bromley, F. lllas, J. Chem. Phys. 2008,
128, 044713.

F.S. Hegner, J.R. Galan-Mascarés, N. Lopez, Inorg. Chem. 2016, 55,
12851-12862.

M. Capdevila-Cortada, Z. Lodziana, N. Lopez, ACS Catal. 2016, 6, 8370-
8379.

J. Heyd, G. E. Scuseria, J. Chem. Phys. 2004, 120, 7274 -7280.

J. Heyd, G.E. Scuseria, M. Ernzerhof, J. Chem. Phys. 2003, 118, 8207 -
8215.

P. E. Blochl, Phys. Rev. B 1994, 50, 17953 -17979.

G. Kresse, D. Joubert, Phys. Rev. B 1999, 59, 1758-1775.

H. J. Monkhorst, J. D. Pack, Phys. Rev. B 1976, 13, 5188-5192.

M. Garcia-Ratés, N. Lopez, J. Chem. Theory Comput. 2016, 12, 1331-
1341,

M. Garcia-Ratés, R. Garcia-Muelas, N. Lépez, J. Phys. Chem. C 2017, 121,
13803 -13809.

ioChem-BD software, http://www.iochem-bd.org/, Institute of Chemical
Research of Catalonia (ICIQ), 2014.

M. Alvarez-Moreno, C. de Graaf, N. Lépez, F. Maseras, J. M. Poblet, C. Bo,
J. Chem. Inf. Model. 2015, 55, 95-103.

F.S. Hegner, link to database: Photoanodes_Fe203_CoFe-PB, https://
doi.org/10.19061/iochem-bd-1-51.

16081.

[36] Z.D. Pozun, G. Henkelman, J. Chem. Phys. 2011, 134, 224706. Manuscript received: August 15, 2017

[37] A. Fujimori, M. Saeki, N. Kimizuka, M. Taniguchi, S. Suga, Phys. Rev. B Revised manuscript received: September 29, 2017
1986, 34, 7318-7328. Accepted manuscript online: October 2, 2017

[38] M. Catti, D. Valerio, R. Dovesi, Phys. Rev. B 1995, 51, 7441 -7450. Version of record online: November 7, 2017

267




UNIVERSITAT ROVIRA I VIRGILI

EXPERIMENTAL AND THEORETICAL INVESTIGATION OF PRUSSIAN BLUE-TYPE CATALYSTS FOR ARTIFICIAL
PHOTOSYNTHESIS

Franziska Simone Hegner

268



UNIVERSITAT ROVIRA I VIRGILI

EXPERIMENTAL AND THEORETICAL INVESTIGATION OF PRUSSIAN BLUE-TYPE CATALYSTS FOR ARTIFICIAL
PHOTOSYNTHESIS

Franziska Simone Hegner

Unraveling Charge-Transfer in CoFe-Prussian Blue
Modified BiVO, Photoanodes

Benjamin Moss, " * Franziska Simone Hegner "# Sacha Corby,' Shababa Selim,' Laia
Francas'™” Niria Lopez,”” Sixto Giménez!J.R. Galan-Mascarés!™ ™" and James R.
Durrant

AUTHOR ADDRESSES:

[a] Department of chemistry, Imperial College London, Imperial College Rd, London, SW7
2AZ, United Kingdom.

[b] Institut Catala d’Investigacié Quimica (ICIQ), The Barcelona Institute of Science and
Technology (BIST), Avinguda Paisos Catalans 16, 43007 Tarragona, Spain.

[c] Institute of Advanced Materials (INAM). Universitat Jaume I, 12006 Castell6, Spain.
[d] ICREA. Pg. Lluis Companys 23, 08010 Barcelona, Spain.

i Equal contributors to this work.

KEYWORDS. Charge-transfer dynamics, semiconductor-catalyst interfaces, cobalt
hexacyanoferrate, BiVO4 photoanodes, Transient Absorption Spectroscopy, Photoinduced
Absorption Spectroscopy

ABSTRACT. The reasons for improved photoelectrochemical
performance upon catalyst modification are often controversial.
When depositing the efficient CoFe Prussian blue (CoFe-PB)
water oxidation catalyst on BiVOy, a large photocurrent increase
and onset potential shift (up to 0.8 V) is observed, while
maintaining staibility for over 50 hours. To elucidate the origin of
such an enhancement, we used time-resolved spectroscopies to
compare the dynamics of photogenerated holes in modifed and
unmodified BiVOy films. Even in the absence of strong positive
bias, a fast fast (pre-ms), largely irreversible, hole transfer from
BiVOs; to CoFe-PB is observed. This process retards
recombination, enabling holes to accumulate in the catalyst. These
holes in CoFe-PB remain reactive, oxidising water at a similar rate
to holes in pristine BiVO4. CoFe-PB therefore enhances
performance by presenting a favourable interface for efficient hole
transfer, combined with the catalytic function necessary to drive
water oxidation.
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TEXT. Metal oxides, such as TiO, ['], Fe,05 [2], WO;3 Bl and BivOs ¥ have been extensively
studied as candidate photoanodes for water oxidation (WO). Despite their ideally aligned valence
bands, which provide a large driving force for WO,"! large additional positive applied potentials
are still required to access high photon-to-current conversion efficiencies. A common approach
to reduce the need for such strong positive potentials is to deposit an electrocatalyst on the
surface of the photoanode to act as a co-catalyst. This strategy is often successful, yielding
enhanced photocurrents and reduced WO onset potentials.* ! However, those observed
improvements in performance are not necessarily linked to improved WO kinetics. Different
mechanisms, such as slowing down electron-hole recombination in the semiconductor, may
dominate. For example, deposition of cobalt phosphate (CoP;) on dense BiVO4 leads to a 100-
250 mV negative shift in the onset potential of WO.!'!) Independent studies of CoP; modified
films using electrochemical impedance spectroscopy (EIS), transient absorption spectroscopy
(TAS)," and intensity modulated photocurrent spectroscopy (IMPS)!'? indicate that this
improvement is not related to hole transfer to CoP; (i.e charge separation) and/or WO catalyzed
by CoP;, but rather stems from retarded surface recombination within BiVOy. Intriguingly,
unfavorable interfacial kinetics for hole transfer to CoP; are observed despite this transfer having
an apparently large driving force!'® with the timescale of hole transfer from BiVO, to CoP;
observed to be 2-10 times slower than direct water-oxidation on the BiVO, surface (which has a
characteristic time constant of ca. 0.5 s).l'"1!%] Although oxidation of CoP; was observed under
WO conditions, this oxidation of CoP; did not contribute significantly to the overall water
oxidation flux,""¥ due to CoP;’s relatively slow water oxidation kinetics (~2x107 s per active
site."®) As such, finding a co-catalyst, which is directly a key challenge remains to demonstrate
enhanced photoanode performance directly attributable to the water oxidation properties of an
added co-catalyst. Whilst studies have reported indirect evidence for such performance
enhancement!'”, we focus herein on a direct kinetic study of a promising candidate system;
cobalt iron Prussian blue on BiVOj,.

Cobalt hexacyanoferrate, the cobalt-iron analogue of Prussian blue (CoFe-PB), is a robust,
effective and inexpensive electrocatalyst. CoFe-PB shows low WO onset potentials and
exceptional stability, even in acidic media, whilst being simple and cost-effective to prepare.l'"s
20 Critically, CoFe-PB exhibits much faster WO kinetics than CoP; (1.4 s for CoFe-PB vs
2x107° s for CoP; per active site).'%'®! It has recently been demonstrated that CoFe-PB
modification of mesostructured BiVO,4 photoanodes produces substantial improvements in both
onset potential and photocurrent, maintaining stability for over 50 h.['”! Preliminary investigation
of CoFe-PB modified BiVOy, using photoelectrochemical impedance and hole scavenger studies,
suggests that the origin of this improvement is distinct from the effect of CoP; (i.e. suppression
of surface recombination within BiVO,), and related to more efficient hole transfer to water,
presumably via CoFe-PB.l'"*!) These findings are consistent with hybrid density functional
theory calculations, which predict the existence of a strong energetic offset (thermodynamic
driving force) for hole transfer between the valence band of BiVO, and CoFe-PB.['"*!

Herein, we present the first study of the effect of CoFe-PB modification of BiVOj, electrodes
on the kinetics of photogenerated holes. Using time-resolved absorption spectroscopies, we
demonstrate that BiVO4 holes quickly and efficiently transfer to CoFe-PB, leading to persistent
oxidised CoFe-PB states even at modest applied potentials. This capacity to separate charges at
modest applied potential is coupled with effective catalytic functionality. Accumulated holes in

270



UNIVERSITAT ROVIRA I VIRGILI
EXPERIMENTAL AND THEORETICAL INVESTIGATION OF PRUSSIAN BLUE-TYPE CATALYSTS FOR ARTIFICIAL

PHOTOSYNTHESIS

Franziska Simone Hegner

CoFe-PB form multiply oxidised states, which react with water with similar kinetics to
unmodified BiVOy, despite a significant loss of oxidising potential during charge separation.

Nanostructured BiVOs photoanodes were fabricated by a previously described
electrodeposition method and modified with CoFe-PB by sequential coating.!'”! Details of this
synthesis and the film morphology (including SEM and TEM images of unmodified and CoFe-
PB modified BiVOy) can be found in the Supporting Information (Figure S1). CoFe-PB on FTO
was pre[pared using a modified hydrothermal method, developed by Han et al. (See SI for
details).*"! Consistent with previous reports, a thin (< 20 nm) co-catalyst layer is observed on
BiVO, after sequential coating (Figure Sle and S1f).!'"") Due to the thinness of this layer, the
ground state absorption spectra of CoFe-PB modified and unmodified BiVOy films (Figure S2)
do not significantly differ. We thus conclude that the enhancements in photocurrent are not
caused by increased photon absorption - i.e that photons are predominantly absorbed by the
BiVO,.

Cyclic voltammograms of CoFe-PB modified and unmodified BiVOy in the dark and under
simulated AM1.5 illumination are compared in (Figure 1a). Negligible current was observed in
unmodified BiVOy, in the dark. Upon CoFe-PB modification, a semi-reversible redox couple is
observed in the dark around 1.2 Vgpyg, with electrocatalytic WO occurring after 1.6 Vrue (a
value similar to that observed for CoFe-PB/FTO electrocatalysis).m] Taking the voltage required
to attain 0.1 mA/cm’ as the onset potential for photocurrent under 1 sun irradiation, a negative
shift of 0.8 V of the onset potential is achieved upon CoFe-PB deposition (Figure S3) - a result in
agreement with previous reports.!'”

12 coFe-PB/BIVO,

1 varesivo,
15un
06T ----. dark

j (mA/cm?)

AOD (vs OCP)

—1.50V w—154V w—160V

OTZ 0:4 0t6 D:H ljD
V vs RHE (V)

12

075 0'8 I'ﬂ 1'2 1'4 175 178
V vs RHE (V)

" s "
500 600 700 800 o

Wavelength (nm)

AOD (vs onset)

Figure 1: a) Cyclic voltammograms of bare BiVO4 (yellow) and CoFe-PB modified BiVO,
(purple) with and without illumination (1 sun) and b) CoFe-PB alone (in the dark) at pH 7 (0.1 M
KP; buffer). Inset: Ideal (fcc) crystal structure of CoFe-PB with octahedrally coordinated Co
(purple) and Fe (green) centres. c¢) Differential absorbance spectra observed upon the oxidation
of CoFe-PB/FTO. When potentials positive of the open circuit potential are applied (green/blue
lines, referenced against OCP) an asymmetric peak with a broad maximum around 700-800 nm
is observed. At potentials exceeding the onset potential of water oxidation electrocatalysis, a
broader spectrum is observed with a maximum between 600 and 700 nm (red line, referenced
against WO onset potential).
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Before considering the effect of CoFe-PB modification on the transient absorption of BiVOy,
we first determined the effect of positive applied potential (oxidation) on the ground state
absorption of CoFe-PB/FTO (employing a thicker, CoFe-PB film to yield a measurable ground
state absorption spectrum). When potentials positive of the open-circuit (resting) potential (1.1
Vrug) are applied, a broad and asymmetric (decaying more strongly towards shorter
wavelengths) absorption difference spectrum is observed, peaking around 700 — 800 nm, (blue
and green lines in Figure 1c¢, a full data set can be found in Figure S4). We attribute this to the
oxidation of CoFe-PB as it increases with applied potential and correlates strongly with the semi-
reversible redox wave observed before the onset of catalytic current. (Figures 1b and S4c).
CoFe-PB films are non-stoichiometric, likely containing a mixture of neighbouring Co*" and
Fe®, Co®* and Fe® (and possibly Co*" and Fe*") centres, each with different coordination
environments and redox potentials.****) Consequently, this redox wave cannot clearly be
assigned uniquely to either a Co?*/Co’" or a Fe*'/Fe*" couple. For simplicity, we hereafter refer
to this oxidised state as “CoFe-PB"”.*! At potentials positive of the electrocatalytic WO onset
potential (1.6 Vryg), a smaller, flatter difference spectrum, with increased amplitude towards
blue wavelengths is observed (red line in Figure 1c). This second spectrum exhibits a blue
shifted maximum compared to CoFe-PB". We assign this change in spectral shape to a further
oxidation of CoFe-PB", which again for simplicity we label “CoFe-PB*™. The appearance of this
second spectrum correlates with the onset of water oxidation catalysis (Figure 1b.).

Utilising the spectral fingerprints of oxidised CoFe-PB states to interpret our results, we now
turn to transient absorption spectroscopy (TAS, see SI for details), which we use to assess the
effect of CoFe-PB modification on the kinetics of photogenerated holes in BiVO,4 photoanodes.
Figure 2a presents a comparison of the transient absorption spectra (at 10 ms) of CoFe-PB
modified and unmodified BiVO, films, both at strong positive bias, whilst Figures 2b and 2¢
shows kinetics at selected wavelengths as a function of applied bias. Consistent with previous
reports !'"'3), unmodified BiVOy exhibits a transient absorption spectrum peaking at 550 nm and
decayin% towards the near IR. This spectrum has previously been assigned to BiVO, surface
holes. ' 151 After CoFe-PB modification, amplitude at 550 nm is lost, and a new peak bearing a
strong resemblance to the absorption of CoFe-PB" (= 700 nm, decaying more strongly towards
shorter wavelengths), is observed. Taken together, these results demonstrate efficient hole
transfer from the BiVO, surface to CoFe-PB.

An increase in the lifetime of photogenerated charges upon CoFe-PB modification is clearly
visible in the TA kinetics of the electrodes at low applied potentials (Figure 2b and 2c).
Concordant with previous transient studies, strong positive bias (1.5 Vryg) is required to produce
persistent (t > 10 ms) photogenerated holes in unmodified BiVO, (Figure 2b).!">) However, after
CoFe-PB modification, persistent transient absorption is observed even at low applied potentials
(0.25 Vgug, Figure 2¢, see also spectra in Figure S5). Figure 2¢ also shows that the signal
amplitude at early times (10 ps) remains almost unchanged for 10’s of ms. This data indicates
that hole transfer from BiVO4 to CoFe-PB is largely complete by 10 us. We attribute this
increased hole lifetime to fast and efficient hole transfer. This is because hole transfer to CoFe-
PB corresponds to a spatial separation of charge; it is apparent this supresses recombination even
in the absence of a strong applied potential.
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To better understand the fate of persistent separated holes in CoFe-PB under operational
conditions, we utilise photo-induced absorption spectroscopy (PIAS) employing 5 s LED pulse
to simulate in operando conditions (details can be found in the SI and previous publications)m].
Unmodified BiVO4 again shows a peak at 550 nm, assigned to the accumulation of BiVOy
surface holes facilitated by strong positive applied potential (Figure 3a)">™") Upon CoFe-PB
modification, amplitude at 550 nm decreases and a new peak consistent with oxidised CoFe-PB
(= 650 - 750 nm, see the following section for discussion of spectral shape and CoFe-PB
oxidation state) is observed (Figure 3a). This change is broadly similar to the spectral change
observed in TAS upon CoFe-PB modification, further supporting the conclusion that
photogenerated holes transfer to, and accumulate in, CoFe-PB rather than BiVO,.

PIA-Spectrum (15V, ) 0.3V, ——1.5V,

a) T : - b) e v Figure 3: Comparison of the PIA
1m<- 1 4 spectra of CoFe-PB modified and
B V3 unmodified BiVO, films (4a). In
800u -+ 1 o ‘] unmodified BiVOs4, strong positive
_ ¥\ ‘,qu_" \‘ potential (1.5 Vgug) is. required. to
3 goouds /o A observe a large growing transient,
g' |8 - related to the accumulation BiVO,
8 o /‘ | surface holes to under illuminat.ion (flb).
i 500 Upon CoFe-PB modification,
photogenerated charge accumulates even
200u - at potentials close to the onset potential

04 of photocurrent, such as 0.3 Vgyg (4¢).

0 A—————+—
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The effect of the CoFe-PB layer on the dynamics of accumulated charges can be found by
examining the PIA kinetics as a function of applied bias (Figures 3b and c). At lower applied
potentials, a negligible PIA signal is observed for unmodified BiVO,, indicating the few holes
accumulate (Figure 3b). Under strong positive applied potentials, a strong PIA signal is
observed, indicative of the accumulation of surface holes under in operando conditions -
consistent with our TAS studies (Figure 2b). After CoFe-PB modification, strong positive
potentials are no longer required to observe large PIA signals (Figure 3c), again consistent with
our TAS data (Figure 3c¢). The decay kinetics of the PIA traces under strong positive potential
(where recombination processes are strongly supressed for both electrodes) gives a direct
indication of the WO kinetics under these in operando conditions. ["*! In unmodified BiVO,, an
initial rates analysis yields a WO time constant from BiVO, surface holes on the order of
seconds (Figures 3b and S6a); consistent with our previous reports.!'"*!>) |

PIA-Spectrum Absorption (SEC)

a) Cofe-PB/BVO, ) CoFe-PB / FTO Figure 4: Normalised absorption
' ! ! ' ' ' spectra of (a) CoFe-PB modified
BiVO, obtained from photoinduced
absorption spectroscopy (PIA) and
(b) of solely CoFe-PB on FTO
obtained from spectro-
electrochemistry (SEC) at low
(below onset) bias (dark green) and
high (above onset) bias (red).

1.6V, (AvsOCP)

4 RHE
_—2.3 Ve (Avsonset)

T T T T T
500 600 700 800 900500 600 700 800 900

A (nm) A (nm)

PIA signal decays for CoFe-PB modified BiVOs, assigned to oxidised CoFe-PB states, exhibit
broadly similar decay kinetics to BiVO, holes, indicative of similar WO oxidation kinetics on
both BiVO,4 and CoFe-PB (Figure 3¢). However, in contrast to BiVOy, significant PIA signal is
observed for CoFe-PB modified BiVO4 even at 0.3 Vgug, with the PIA decay kinetics
accelerating with increasing applied potential. Such an acceleration cannot be attributed to
suppression of recombination losses, as this would result in a retardation of this decay. This
acceleration with increased positive bias coincides with a blue shift of the PIA spectrum (Figure
4a). This is analogous to the blue shift observed with increased positive bias in our
spectroelectrochemical data for CoFe-PB on FTO (Figures 4b and 1c), assigned to the
subsequent generation of CoFe-PB?" states. These data thus indicate that under modest applied
potential (0.3 Vryg), hole transfer from BiVO,4 to CoFe-PB results primarily in the generation of
unreactive (and therefore slowly decaying) CoFe-PB" states. However, as the applied potential
(and photocurrent) increases, irradiation results in the generation of CoFe-PB?" states capable of
driving water oxidation. The greater reactivity of these states is consistent with their faster PIA
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decay kinetics. Fitting the decay of PIA traces at gives a time constant for WO by CoFe-PB**
states on the order of 1.4 s (Figure S6b), in agreement with a previously reported timescale for
electrocatalytic water oxidation on CoFe-PB.!'*)

In summary, and as illustrated in Scheme 1, our kinetic studies indicate that the enhanced
photoelectrochemical water oxidation performance of CoFe-PB modified BiVO, results from
fast (~ ps) hole transfer from BiVO4 to CoFe-PB. This charge transfer enables the generation of
long lived photogenerated holes (i.e CoFe-PB*** states in CoFe-PB) in the absence of strong
anodic bias. WO kinetics are on the order of seconds on both BiVO,4 and CoFe-PB, despite the
more oxidising nature of BiVO4 holes. The resultant suppression of recombination losses,
without any compromise in water oxidation kinetics, is the origin of the remarkable shift of the
water oxidation onset potential following CoFe-PB deposition.

a) Recombination b) Inhibited surface
competing with WO recombination
BiVO, BiVO,/ CoP;

c) Hole separation coupled to Troc Tcr
effective WO catalysis (BiVO,) (E.L\;?; Two
BiVO, / CoFe-PB

a)

b)BiVO, /| ms—s s 1::’:
------- CoPy v (via CoP)
) BiVO, / S
wo C)‘,Fe_p‘g - Hs (via CoFe-

PB)

red: recombination pathway; green:
favoured reaction pathway; black:
disfavoured pathway; dashed lines:
slow or suppressed processes

Scheme 1: Photon conversion efficiency in unmodified BiVOy (a) is limited by the kinetic
competition between potential-dependent surface recombination (rec (V)) and water oxidation
(WO). CoPi modification (b) reduces the applied potential needed to effectively supress surface
recombination, allowing holes to react via the BiVO4 surface. Hole transfer (CT) to CoPi and
water oxidation via CoPi is slow and does not contribute to photocurrent. CoFe-PB enhances
efficiency via a different mechanism (c): efficient hole charge transfer to CoFe-PB separates
holes from electrons in the BiVO4 surface (thereby supressing this recombination pathway). This
is coupled to effective WO catalysis.

The kinetics we report herein for CoFe-PB modified BiVOy differ substantially from those we
have reported previously for CoP; modified dense BiVOy films (Scheme 1b). Water oxidation on
CoP; is 2-3 orders of magnitude slower than water oxidation via the BiVO, surface or water
oxidation via CoFe-PB. This slow catalysis results in the accumulation of large amounts of
relatively unreactive charge in CoP; when used as a co-catalyst, observed as slowly decaying PIA
signals, with amplitudes 2 orders of magnitude greater than those observed in CoFe-PB, where
holes in the catalyst are removed from the catalyst by water oxidation.'”) However, these large
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signals arise from a CoP; layer 10 times thicker than the CoFe-PB layer studied herein (200 vs 20
nm). Consequently, despite larger signals, only singly oxidised (i.e. pre-catalytic) CoP; states are
observed, corresponding to a lower hole density. This contrasts to the multiply oxidised CoFe-
PB states observed herein. This is consistent with the concept of enhanced performance
following CoP; deposition resulting from retarded recombination within BiVO4 due to increased
band bending, suggested to result from Schottky junction formation ' (See Scheme 1b). A
further difference is that in BiVO4/CoP;, hole transfer to the CoP; was observed to be relatively
slow and inefficient (occurring on order of seconds), despite similar apparent energy offsets for
hole transfer (roughly 1 eV), and contributed little to the overall water oxidation flux.!""'*"*) One
possible explanation for this is that the interface between CoFe-PB and the most
thermodynamically favourable surface facets of BiVO; is either significantly more covalent or
exhibits better epitaxy than BiVO4/CoP; (Figure S7). This could favour charge transfer in the
high surface area nanostructured BiVO, studied herein. An alternative hypothesis is that this
difference could be related to the difference in morphology between the BiVOj, studied, as in our
previous study of BiVO,/CoP; a flat (dense) BiVO, film with a planar junction to a thick (200
nm) CoP; layer was used.!'”) The BiVO, samples studied herein are highly textured and interface
via a high surface area junction to an extremely thin CoFe-PB layer (20nm). Research is
currently underway to further investigate the conclusions of this work - in particular, the effect of
the semiconductor and co-catalyst morphology as well as the semiconductor/co-catalyst interface
on the efficiency of hole transfer as well as the factors that control the kinetics of water oxidation
— with the aim of constructing a set of simple and general design principles for assessing the
compatibility of semiconductor/co-catalyst systems.
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