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Introduction

Chapter 1. Introduction

Chapter 1 aims at introducing the research topic of this PhD thesis. Due to the
climate change and its consequences on our planet, new technologies are urgently needed
in order to access clean and renewable energy sources and decrease the CO, emissions
from fossil fuels combustion. In this context, our group develops research activities
focusing on the water splitting (WS) reaction activated by sunlight, which is an attractive
alternative method to obtain Hz, a clean energy carrier that only forms water after
combustion. Development of active and robust catalysts is required to be able to
implement practical WS technologies. Thus, my PhD work has been focused on the
development of new nanoparticulated systems to catalyze the two WS half-reactions,
namely the hydrogen evolution reaction (HER) and the oxygen evolution reaction (OER).
In this first chapter, the interest of nanoparticles (NPs) in catalysis and their synthetic and
stabilization methods will be introduced. The most used parameters in order to compare

their activity and stability under catalytic WS conditions will be also described.
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Introduction

1.1 Energy outlook

In 2018, the world population was increasing with a growth rate of 1.12 percent.
Nowadays, the world population is almost 7.9 billion and by 2030 it will exceed 8 billion,
being expected to rise to over 10 billion in 2055.* The increasing world population, jointly
with the increased human activity, has been interfering with the energy balance of the
planet, mainly by burning excessive fossil fuels (i.e. coal, natural gas and petroleum) for
obtaining energy, giving rise to the release of additional carbon dioxide into the
atmosphere (in fact the CO2 concentration has increased by 47 percent since the industrial
revolution began).? Although CO; absorbs less heat per molecule than other greenhouse
gases (i.e. methane or nitrous oxide), which jointly with water vapour are contributing
also to the greenhouse effect, CO> is the most long-lived greenhouse gas in the
atmosphere. The increasing level of CO: in the Earth’s atmosphere traps extra heat near
the surface of the Earth, releasing it gradually over time and causing an increase in the
global temperature (Fig. 1).2 However, the increased global temperature is not the only
effect of the global climate change. Thus, substantial changes in precipitation patterns,
more frequent droughts and heat waves, stronger and more intense hurricanes, a rising of
the sea level, the arctic likely to become ice-free, new diseases, reduced nutritional value

of most food crops, etc. are also occurring.*
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Figure 1. Temperature anomaly over the last 140 years. Data source: NASA’s Goddard Institute

for Space Studies (GISS), Credit: NASA/GISS. Inset, coloured views of world mid-tropospheric
CO; (from 365 ppm, in grey, to 425 ppm, in orange) from year 2002 (left) to year 2016 (right).
Data source: Atmospheric Infrared Sounder “AIRS”, Credit: NASA.
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At this point, it is not an exaggeration to say that finding solutions to at least mitigate
the energy crisis is urgently needed. In fact, in December 2015, The Paris Agreement, the
first-ever universal legally binding global climate change agreement, was adopted at the
Paris climate conference (COP21). This agreement sets out a global framework to avoid
dangerous climate change by limiting the global warming to well below 2 °C above pre-
industrial levels and pursuing efforts to limit it to 1.5 °C. In addition, it states to limit, in
between years 2050-2100, the amount of greenhouse gases emitted by human activity to

a level equal to what trees, soil and oceans can absorb naturally.

Going in that direction, two main alternatives can be considered to reduce CO>
emissions and overcome the climate change: replacing fossil fuels by renewable energy
sources and improving energy efficiency by developing new technologies. In this regard,
even the renewable energy supply is continuously increasing as a lot of investment is
done in the research of new technologies to obtain energy from renewable sources and to
produce them in a more cost-effective way, in 2018 around 85 percent of the obtained
energy still came from fossil fuels consumption (Fig. 2).° In addition, one of the most
attractive and possible solutions to this challenge is the production of H», considered as a
versatile energy carrier,® with the highest energy density per unit weight and producing
only water under combustion. However, today hydrogen production is carried out from
oil fossil fuels, with significant associated CO. emissions. Thus, a promising direction is
the H2 production through the water splitting (WS) process photo activated by sunlight, a

process also called artificial photosynthesis.”®*

a) Total primary energy consumption (2018) b) Trends in worldwide energy consumption

50%

Qil
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33.1% ks

\\1 Nuclear 30%
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'10.7% ;
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Coal 0% e
1965 1975 1985 1995 2005 2015 2025 2035
Figure 2. Total primary energy consumption in 2018. Source:

https://www.eia.gov/international/data/world (a). Trends in worldwide energy consumption from
1965 to 2035. *Renewables includes wind, solar, geothermal, biomass and biofuels. Source:
https://www.ogj.com/general-interest/article/17288577/bp-energy-outlook-global-energy-
demand-to-grow-30-t0-2035 (b).



1.2 Natural vs. artificial photosynthesis and water splitting

Natural photosynthesis is a process used by green plants, algae and cyanobacteria
to convert sunlight energy into chemical energy (i.e. chemical bonds). The penta-oxygen
tetramanganese-calcium cofactor (MnsOsCa), with a [MnsO4] cubic unit core, is the real
active water oxidizing catalyst in the nature. It is embedded in a unique pigment-protein
supercomplex, PSII, acting as a photosensitizer. In that way, solar energy can be absorbed
by the outer light harvesting complexes (i.e. chlorophyll and other pigments, constituting
the “antenna complex”), starting chain reactions and shuttling the absorbed energy by
resonance energy transfer to the reaction centre of PSII (chlorophyll a), where charge
separation takes place. When chlorophyll a absorbs photons, electrons and holes are
generated, leading to the primary oxidant P680". The photochemically generated
electrons are transferred to pheophytin and then to plastoquinone, before arriving to the
next photosynthetic supercomplex, cytochrome bef, and finally ending in plastocyanin
(Fig. 3). This process allows increasing the electron-hole distances, stabilizing the charge
separated states. In addition, this creates a proton gradient across the chloroplast
membrane (i.e. a chemiosmotic potential), which is used by ATP synthase in the synthesis
of ATP. P680" recovers its initial state by accepting e” resulting from the oxidation of
water into O, in a reaction catalyzed by the water oxidizing centre (i.e. MnsOsCa binds
to two water molecules and contains the four oxidizing equivalents to drive the water
oxidation reaction). Simultaneously, P700 (PSI) absorbs light and loses an electron to
reduce H® and convert NADP* (nicotinamide adenine dinucleotide phosphate) to
NADPH, generating P700*. The electron coming from PSII is used up by P700* to recover
its initial state. The NADPH is the reducing power for the later biosynthetic reactions in
the Calvin cycle, where the fixation of CO- takes place to obtain sugars. As the generation
of O, from water is a 4-e reaction, four successive charge-separation reactions by

photosystem Il are needed (Fig. 3).
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PSI

Figure 3. Schematic view of the natural photosynthetic electron transport chain.

At present, the technology to carry out this complex process in a commercial
large-scale device is not available despite the numerous efforts have been made in recent
years to understand and mimic the natural photosynthesis for being able to use solar
energy to produce energy-rich molecules (i.e. solar fuels). One approach consists in
artificial photosynthesis, that is, the use of synthetic catalysts and sunlight to drive WS

into hydrogen and oxygen (Eq. 1) or to reduce CO into synthetic carbon fuels.
2H 0> 0:+2H> (1.23 Vvs. NHE, Eq. 1)

Photocatalytic WS is simple in design. It is a redox process based on two half
reactions in which water is oxidized to dioxygen at the anode (oxygen evolution reaction,
OER, Eqg. 2), constituting the source of electrons to reduce protons to dihydrogen at the

cathode (hydrogen evolution reaction, HER, Eqg. 3).

2H:0> 0, +4H +4 ¢ (123 V vs. NHE, Eq. 2)
2H* +2¢ D> Hy (0 V vs. NHE, Eq. 3)

However, the WS process can be kinetically slow because of the difficulty of
evolving gases from a liquid phase. The water oxidation reaction is the bottle neck
reaction since it is highly endergonic and mechanistically complex, as a four-electron
process is needed to break four O-H bonds from two water molecules to form an O=0
molecule. Therefore, developing highly efficient and active water splitting catalysts® is

essential for the proper kinetics of the overall WS process.



In order to simplify the systems, electrochemical cells are employed using an
applied potential as energy source instead of solar light to drive the WS. In these systems,
the energy to carry out WS can still come from a renewable source such as solar energy,
for example by using a photovoltaic solar cell.!* These simplified cells facilitate the
finding of highly efficient water oxidation catalysts (WOCs) and hydrogen evolution
catalysts (HECs), yielding high rates and low overpotentials needed for each half-reaction
to occur (see section 1.3.4 for catalyst engineering). For such purpose, each half-reaction
is usually studied in a separate manner. In this context, nanoparticles (NPs) have emerged
in the last years as very promising catalysts'?'® due to their high stability compared to
molecular complexes and their high surface per volume ratio, exposing a high number of
active catalytic sites.

1.3 Nanoparticles
1.3.1 The important role of the surface at the nanoscale

It is well known that chemical and physical properties of solid materials are
strongly related to the nature and state of the surface. When decreasing the size of a solid
material toward the nanoscale regime (1-100 nm), the number of surface atoms increases
with respect to the total number of atoms, increasing the surface/volume ratio (Fig. 4,
top).1* Thus, surface phenomena gain even more importance at the nanoscale, pointing to
the need of having a good control of the surface state and a well-stabilized nanomaterial.
When talking about the stability of NPs, we have to consider not only the electronic
configuration but also the geometric configuration (i.e. the presence of edges or corners).
When the size decreases, small clusters can have different stabilities and one more atom
or less can make the difference between a stable, metastable or unstable cluster. The
stability of a system at the nanoscale regime is more dependent on its geometric
configuration than its electronic configuration. Those clusters with a face centred cubic
crystalline structure have closed shells with minimum volume, making them very stable.
In this case, the atoms are packed in such a way that all the neighbourhood places are full,
forming a complete shell around the central atom or shell. It is said that the cluster

contains a “magic” number of atoms (Fig. 4, bottom).*®
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Figure 4. Graphical representation of the increased importance of the surface when the size is
decreased, jointly with tabulated values (top). Adapted from ref. 12. Idealized representation of
hexagonal close-packed full-shell “magic number” clusters (bottom). Adapted from ref. 15. The
number of atoms in the n'" shell is 10n? + 2. The number of atoms in the total cluster is (5/3)n(n
+1)(2n+1)+2n+ 1.

1.3.2 Stabilization of NPs

The surface of NPs is the place where the interactions or bonds between atoms are
interrupted.* Atoms at the surface have fewer neighbouring atoms than the atoms in the
bulk of the material, so they have higher energy and less stability. It is said that surface
atoms show dangling bonds (unsaturated), which have to be compensated by chemical or
physical processes. The higher the surface/volume ratio, the more important becomes the
surface energy. This surface energy can be decreased by reaction of the NPs with other
species or molecules or even by accommodating adsorbed species. Therefore, one of the
key points in the synthesis of NPs is to get sufficient stabilization to avoid aggregation,
coalescence, sedimentation, etc., which lead to a decrease in the exposed surface of the
material, lowering its surface reactivity. There are different ways to stabilize colloidal

systems (Fig. 5):

- Stabilization by electrostatic interactions: NPs presenting charges on the surface
can incorporate a layer of counterions from the solvent molecules around
(electronic double layer), leading to a repulsion between NPs that limits their

aggregation. It is worth mentioning that the addition of salts may decrease the
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width of this double layer, so NPs can approach more one another at such an extent
to lose the stability by coalescence.16:17:18.19

- Stabilization by steric hindrance: diverse molecules (i.e. polymers,? surfactants,?
ligands,?%?2 dendrimers?® or ionic liquids®*) can be anchored to the surface of the
NPs to create a protective layer and avoid the coalescence between individual
NPs.

- Electrosteric stabilization: this method combines both electrostatic interactions
and steric hindrance, being an efficient way to stabilize NPs.%

a) b)

Electrostatic repulsion

Figure 5. Schematic representation of the stabilization of NPs by electrostatic interactions (a) and
steric hindrance (b).

However, it is important to take into account that the addition of ligands to
stabilize NPs can have key effects on their catalytic activity (i.e. ligands should stabilize
the NPs enough to avoid aggregation but not too much, to avoid totally Killing their
surface reactivity). The different role of the ligands on the catalytic activity of NPs

towards WS will be discussed in Section 1.4.4.

1.3.3 Synthesis of NPs

The synthetic methodologies to obtain nanomaterials can be divided in two
different approaches: the top-down (i.e. physical methods) and the bottom-up (i.e.
chemical methods) approaches (Fig. 6). The top-down approach consists in the synthesis
of nanomaterials starting from a bulk material and going down in size. In the bottom-up
approach, the nanomaterials are synthesized from the assembly of individual metal atoms

coming from single-metal atom species (like metal salts or complexes).
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The bottom-up approach allows higher molecular or atomic precision. Contrarily,
the precise control over the size and shape is not easy when using the top-down approach,
which is normally more used for large scale production as it is a faster method.

Bottom-up Top-down

Nanomaterials

9 e @ 3 3
JJJJ- ® ¢ $$$

Q Q P 1% =
Atoms Clusters $ § Fragments

Figure 6. Schematic overview of the top-down and bottom-up approaches for synthesizing

nanomaterials.

Among the top-down methods, we can find mechanical milling, laser ablation and
ion sputtering (Fig. 7). In mechanical milling we can find ball milling,2® consisting in the
reduction of the particle size of a bulk powder by using a high energy rolling ball
impacting the powder. In the laser ablation method,?’ a solid material dispersed in solution
is exposed to a laser irradiation to reduce the particle size to the nano-regime, providing
a colloidal suspension surrounding the original material. lon sputtering consists in the
vaporization of a solid through sputtering with a beam of inert gas ions, obtaining atom
clouds from the target material, which will deposit on substrates like silicon.?®
Lithographic methods using photons, electrons or AFM/STM tips to nanostructure
moulds to stamp the nanopattern on surfaces are also considered in this classification.
However, the lithographic techniques are more widely used in optical and electronic

devices and (bio)sensors.2%30:31:32.33

a) Ball milling b) Laser ablation c) Sputtering
Grinding medium / Laser beam li
0 Bulk material Tt
P " Sputtering ff
gas ee L
Rotating direction ’ ee o —
of mill 1t Solution Ar* €
L e
T Plasma e'e
Target = '

Figure 7. Top-down approaches to obtain nanomaterials.
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Concerning the bottom-up approach, it is not an obvious task to classify the
different synthetic methods and only the most used methodologies are explained below.
These can be classified as chemical reactions or energy-assisted reactions.

Among the chemical reactions, one can find:

e Sol-gel method: it consists in the formation of a stable colloidal solution (sol) which
becomes a network in a continuous liquid phase (gel) after hydrolysis and
condensation reactions (Fig. 8a). The ions of metal alkoxides and alkoxysilanes are
used as precursors for the synthesis of colloids. It is most particularly used to obtain
metal oxide nanomaterials.343

e Chemical reduction: it is one of the most commonly used methodologies due to its
simplicity and availability. Metal salts are chemically reduced by chemicals such as
aluminohydrides, borohydrides, hypophosphites, formaldehyde or salts of oxalic and
tartaric acids to form zerovalent metal atoms (Fig. 8b). The nature of the reducing
agent is a key factor affecting the size, shape and particle size distribution. Nowadays,
processes using a reducer also as stabilizer are widely developed.6:37:38:39

e Microemulsion synthesis: this synthetic method is assisted by micelles, normally
reverse micelles (i.e. hydrophobic tail outside and hydrophilic head in the core) acting
as microreactors in an oil phase. Aqueous solutions of metal salts, reducing agents
and stabilizers can be encapsulated inside the micelles. When two micelles are mixed
by collision, the synthetic reaction takes place (Fig. 8c).4%4142

e Precipitation: it is one of the most ancient techniques to synthesize NPs, in which the
reactants are dissolved before adding a precipitating agent to obtain the nanoparticles
(Fig. 8d).4344

e Supercritical fluid technology: physicochemical properties of supercritical fluids
(SCFs) can be modified between gaseous and liquid states by simply altering the
pressure or temperature close to the critical point, providing the opportunity to change
the reaction environment like the density, viscosity, diffusivity or surface tension. The
most commonly used SCFs are carbon dioxide, nitrous oxide, water, methanol,
ethanol, ethane, propane, n-hexane and ammonia. In addition, supercritical fluids
rapidly allow exceeding the saturation point of a solute, faster than in liquids,

promoting nucleation over crystal growth, yielding to small and narrow distribution
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NPs, which can be recovered either as a powder material or in the form of a

suspension,45:46:47.48

a) Sol-gel b) Chemical reduction
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— < HAuCl, sodlum citrate > N N
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e @ ! J and stabilizer)
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Solvents evaporation extraction d) Precipitation
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c) Microemulsion
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Figure 8. Schematic processes for the most used chemical reactions following the bottom-up

approach.

Among the energy-assisted synthesis reactions, one can find:

Physical vapour deposition (PVD) and chemical vapour deposition (CVD)
techniques: they consist in the vaporization of a solid or a liquid target material (e.g.
thermal evaporation) and its further condensation (sputtered deposition) on a
substrate. These methods are usually used to produce thin films and coatings. Both
methods differ in the sense that in CVD volatile molecules from the target suffer
chemical reactions before deposition,***° whereas for PVD do not.>*

Hydrothermal/solvothermal methods: a hydrothermal process consists in a chemical
reaction in the presence of water at a temperature higher than its boiling temperature
(Fig. 9a). The aqueous solution vapours react with the solid material at high pressure
and temperature, leading to deposition of small particles.®>*® The solvothermal
method is similar to the hydrothermal one but normally takes place in a non-aqueous

solution at relatively high temperatures (i.e. above their boiling point, Fig. 9a).>4%°5¢
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The polyol process can be classified as a solvothermal reaction in which a high-
boiling point polyol (i.e. 1,2-hexadecanediol) is used at the same time as solvent,
reductant of the metal precursors and stabilizer of the NPs.®’

Electrochemical deposition: it consists in inducing chemical reactions in an
electrolyte solution by applying voltage (Fig. 9b). Electrochemical deposition is a
process where the metallic ions can become a solid metal coating deposited onto the
cathode surface if a sufficient amount of electric current passes through the electrolyte
solution.58%°

Spray pyrolysis: in spray pyrolysis NP precursors in the vapour form (i.e. small
droplets) are delivered into a hot reactor by using a nebulizer, where reactions take
place before collecting the NPs in a precipitator (Fig. 9¢).%° Other types of spray
pyrolysis are the ultrasonic spray pyrolysis, in which ultrasounds are used to produce
atomized droplets from the precursor solution, forming aerosol droplets which are
transported from the atomizer to the reactor furnace by a carrier gas for the formation
of the NPs, which are finally collected by a collection system;®! and the laser
pyrolysis, in which the application of laser energy allows the preparation of the NPs
upon absorption of the laser energy by the precursor, thereby inducing homogeneous
nucleation reactions.®? A similar process happens in flame pyrolysis, in which gas,
liquid or solid precursors are exposed to the flame and allowed to form NPs.6%64
Microwave assisted NPs preparation: a microwave frequency range from 300 MHz
to 300 GHz is applied to precursors, homogeneously heating up the solution and
leading to the synthesis of NPs,5%:66.67

Ultrasound techniques: exposure of liquids to ultrasounds produces alternating
expansive and compressive acoustic waves that form oscillating bubbles that hold the
ultrasounds energy. At certain conditions the bubbles overgrow, collapsing and
releasing concentrated energy immediately, leading to light emission, known as
sonoluminescence. The main working principle is that every cavitation bubble serves
as a plasma chemical microreactor and offers a highly energetic environment at
almost room temperature of the bulk solution,8°

Photochemical and radiation-chemical reduction: the reactants are irradiated with
high energies, leading to the generation of highly active strong reducers (i.e. electrons,
radicals and excited species). Photochemical synthesis uses lower energies than

radiation-chemical processes. The photochemical and radiation-chemical reduction
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processes allow obtaining higher purity NPs than the chemical reduction
methods.”%"1:727374 |n addition, NPs can be obtained in solid-state conditions and low
temperatures.

e Thermal decomposition: it consists in the thermal decomposition of metal precursors
in boiling organic solvents containing stabilizing surfactants able to stabilize the

NPs.7576

a) Hydrothermal/Solvothermal
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Figure 9. Schematic processes for the most used energy-assisted reactions following the bottom-

up approach.

Given that the organometallic approach is the method used to prepare the metallic
NPs described in this PhD manuscript, this methodology will be explained in detail

thereafter.

1.3.3.1 Organometallic synthesis

The organometallic method is an efficient and versatile synthetic pathway to
obtain well-controlled metal nanostructures from the decomposition of an organometallic
complex.”""®7° An organometallic complex is constituted by a metal centre and organic
molecules (ligands) that are linked to the metal centre through at least one direct metal-

carbon bond. An advantage of these complexes is that the metal can be already in the
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zero-valent state (like in olefinic complexes) or it can be easily reduced due to high

reactivity with dihydrogen.

Organometallic complexes containing diene and triene ligands can be easily
decomposed under Hz at room temperature to generate “naked” metal atoms in the
reaction media as well as saturated alkanes, which are not able to bind to metal surfaces
and can be easily eliminated under vacuum (step 1, Fig. 10). Then, metal atoms start
nucleating, forming small clusters that further grow and form NPs. The formation of NPs
from “naked” atoms through the growth of small clusters is controlled by the addition of
stabilizers (i.e. ligands, 20818283 polymers,34%° supports,2® ionic liquids®’) (steps 2 and 3 in
Fig. 10, respectively). The stabilizers play a major role during the NP formation process
from the early stages by interacting with the metal precursor and defining the nature and
relative concentration of the species composing the metal “reservoir” in the reaction
media. The organometallic method allows to obtain clean and flawless surface NPs, since
only solvent molecules,® stabilizing agents'®®9°9! and/or hydrides®® can be present on
their surface, which constitutes an advantage to study the influence of the stabilizing

agents on their morphology, surface chemistry and related catalytic performance.

Another advantage of this method is that mild conditions are needed, allowing a
good control of the NPs formation, obtaining reproducible small and homogeneous sizes.
Furthermore, the organometallic precursors can be used in clean procedures, avoiding the
presence of possible contaminants in the final nanomaterials surface (i.e. salts, halides,
main group oxides). In addition, this procedure allows to introduce a support in the
reaction media from the beginning of the synthesis, so the NPs can be directly grown on
the surface of a heterogeneous support (see Chapter 4 and Chapter 5). However, this
methodology has also some disadvantages, such as the difficulty in the synthesis of some
of the organometallic precursors and most often their sensitivity to both air and moisture,

which makes the organometallic synthesis sometimes difficult to handle.
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Nucleation of
“naked” metal

Organometallic Growth of

nanoparticles
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Figure 10. Schematic representation of the organometallic method for the synthesis of metal
nanoparticles. The stabilizer can be a ligand, a polymer, a dendrimer, a support, etc. Ruthenium
and cobalt precursors shown here are the ones used in this work, which can be added in
independent reactions to obtain monometallic NPs or together to obtain bimetallic NPs.

Numerous other analogous organometallic complexes can be also used.

1.3.4 NPs for electrocatalysis

The application of nanomaterials in electrocatalysis is a research field which has
been exponentially growing in recent years, as evidenced by the rapid increase in the
number of publications on this subject. Numerous studies concern the engineering of

electrocatalysts to obtain high catalytic activities and/or to improve the reaction rate.%3%

As previously explained, electrochemical cells are used to study WS in a
simplified manner. These cells consist of a set of components that have to work in a
harmonized manner: a water oxidation catalyst (WOC) in the anode, a hydrogen evolution
catalyst (HEC) in the cathode and a proton-exchange membrane (PEM) to physically
separate the two half reactions and safely produce and store O and H> in independent

compartments (Fig. 11).

Figure 11. Schematic representation of an electrochemical cell for studying water splitting.
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The implementation of highly active and robust WOCs and HECSs is essential to
decrease the energy barrier of the overall WS reaction. Although WOCs and HECs can
be molecular complexes or nanostructured materials, due to the scope of this PhD work
we will focus only in the engineering of nanomaterials to access highly active and robust
electrocatalysts. Two major approaches have been used to improve the performance of
electrocatalysts: first, the increase of the number of exposed active sites both by
increasing the catalyst loading or the nanostructuration degree of the materials, and
second, by increasing the intrinsic activity of the active sites. However, there is a limit
when the catalyst loading is too high because it negatively affects mass transport and/or
charge transfer between the catalyst and the supporting electrode (i.e. many catalyst units
are not in direct contact with the electrode, hampering their mutual electronic
communication). Consequently, there is always an intermediate loading that results in the
best performance. In addition, reducing the catalyst loading is interesting from an

economic viewpoint to decrease the overall cost of the system.

A list of the most useful approaches followed to increase the performance of

nanostructured electrocatalytic materials can be found below (Fig. 12):

e Increase the nanostructuration degree of the materials: as explained previously,
the surface of the catalytic materials becomes more prominent when their size
decreases, presenting higher surface/volume ratios. One commonly used approach
to increase the number of exposed active sites in catalytic materials is therefore
by increasing their nanostructuration degree in order to obtain a high number of
surface atoms and defects (such as edges, corners, etc). Interestingly, a high
nanostructuration degree allows to decrease the total amount of catalyst used, thus
diminishing the overall cost. Beside the advantages provided by the size decrease
of the catalyst, the control of the shape is also important, as it can affect the
number and nature of exposed active sites for electrocatalysis.®

e Use supports: another approach in electrocatalyst development is the use of
supports with high surface area. It allows to improve the NP dispersion and reduce
their aggregation, thus leading to higher number of exposed active
sites,%:97:9899.100 The yse of conductive supports is an interesting way to improve
the charge transfer processes between a nanocatalyst and an electrode.®”:98.99.100

Moreover, from an engineering point of view, supported catalysts that can act
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themselves as electrode materials are advantageous systems, since they avoid
catalyst deposition onto macroscopic electrodes (i.e. glassy carbon, FTO).
However, this last approach is still challenging. 01102

e Confinement of catalysts in a matrix: the energy levels become discretized when
confinement effects are present in nanomaterials, in contrast with continuous
energetic bands shown by bulk materials. These changes in energetic levels can
also positively affect the catalytic behaviour of the final materials by the formation
of unique microenvironments for the active sites. 03104

e Use bimetallic catalytic systems: the addition of a second metal can have
beneficial electronic effects, since chemical environment changes of the metal
centres in NPs lead to enhanced catalytic performances. Furthermore, alloying can
decrease the adsorption energy of the reactants on top of the nanomaterials, thus
facilitating the catalytic reaction. Core-shell systems can also display more

favourable energetic levels and provide improved electrocatalysts, 105106:107.108

Increasing intrinsic
activity

e ve es

Degree of
nanostructuration

Porous

Supports Confinement Bimetallic

Cavities “ M »'-':-"“ Core-shell
¥

. &

&

Nanoparticles

Figure 12. Catalyst engineering approaches to obtain increased electrocatalytic activities.

In recent years, the combination of complementary theoretical and experimental
studies has led to breakthrough approaches to predict/study the catalytic activity of
nanomaterials.1® In this sense, theoretical calculations allow an atomic-scale description,
usually provided by first-principle methods such as density functional theory (DFT).

These calculations follow the idea of the Sabatier Principle, which states that the best
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reaction rate corresponds to an optimal adsorption strength onto a certain surface.
However, it is still difficult to accurately describe ligand-stabilized NPs to explore their
surface chemistry. This difficulty arises from the partial mobility and/or lability of surface
ligands stabilizing the nanosized metal core, which is even difficult to define by
experimental techniques. However, some theoretical concepts such as adsorption free
energy, microkinetic models, volcano plots and “d-band centres” have been recently
accepted for (semi)quantitative evaluation/description of the performance of synthesized
electrocatalysts, especially for HER.1 In fact, the hydrogen adsorption Gibbs free energy
(AGH+) is a well-accepted descriptor to theoretically predict the catalytic activity for HER
in solid electrodes. Analogously, standard free energy of HO* oxidation (AGox - AGHo*)
is considered for OER. All the theoretical descriptors offer a deeper view on how the
electronic structure (metal d-orbital levels) influences the adsorption strength of
reactants/intermediates/products on the surface of a given electrode, leading to an
approximate overview of the electrocatalytic activity trends (i.e. active sites, feasible
reaction intermediates), therefore allowing the design and synthesis of improved

electrocatalysts.

1.4 Water splitting reaction
1.4.1 Benchmarking of electrocatalytic activity

Owing to the previous lack of standardised methodologies to compare the activity
and stability of different electrocatalysts, Jaramillo ez al. reported in 2013 a protocol for
evaluating the electrochemically active surface area, catalytic activity, stability and
faradaic efficiency of different electrocatalysts.!**112 The most relevant key parameters

to take into account according to these authors are stated below:

e X-ray photoelectron spectroscopy (XPS) is the suitable technique for surface analysis
in order to explore the elemental composition of the catalysts to relate composition
and catalytic performance.

e Electrochemically active surface area (ECSA) calculation. The ECSA can be
estimated by two different methods (i.e. from cyclic voltammetry (CV) or from
electrochemical impedance (EIS) measurements), which can be seen as

complementary for achieving more accurate results. The double-layer charge (Cp.)
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can be calculated through CV by choosing a potential range in which no faradaic
processes occur (typically a 0.1 V potential window centred at the open-circuit
potential (OCP)). By this way, all the current in this non-faradaic region is assumed
to be due to double-layer charging. The charge current, i., is measured at half potential
from CVs at different scan rates. The working electrode should be held at each
potential vertex for 10 s prior the next scan. The double-layer charge current is equal
to the product of the scan rate, v, by the electrochemical double-layer capacitance,
Co. (Eq. 4):
ic = vCpL Eq. 4

Plotting ic as a function of v yields a straight line with slope equal to CpL. The double-
layer capacitance can also be measured by EIS in the same non-faradaic region. A
sinusoidal potential is applied to the system and the frequency-dependent complex
impedance is measured between 100 Hz and 100 kHz, obtaining a Nyquist plot of the
real and imaginary components of the electrochemical impedance.

The ECSA is then obtained by dividing the calculated capacitance (CpL) by a
tabulated value (Eqg. 5, Cs = specific capacitance) that depends on the material and

solution used:

C
ECSA [cm?] = % Eq.5

N

Finally, the so-called roughness factor (RF) is calculated by dividing the ECSA by

the geometrical surface area (S) of the electrode (Eq. 6):

ECSA
RF=—= Eq. 6

Electrocatalytic activity determination: the catalytic performance of each system is
measured by CV in a three-electrode electrochemical configuration cell normally at a
scan rate of 10 mV/s. Glassy carbon (GC) is generally chosen as the working electrode
due to its relative inactivity towards HER and OER at moderate overpotentials. The
key figure of merit is the overpotential required to achieve an absolute current density
of 10 mA/cm? (m10), which is the approximated value at 10 % solar-to-fuel efficiency

for an integrated solar water-splitting device under 1 sun illumination (Eg. 7 and 8):

N10 (NHE) = Erer+ E%f— (0 — 0.059 x pH) for HER Eq.7
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N10 (\HE) = Eret+ E%f — (1.23 — 0.059 x pH) for OER Eq.8

where Erer is the experimental potential obtained to achieve a current density of |10
mA/cm?|, E%f is a tabulated value of each reference electrode vs. NHE and the (0—
0.059 x pH) term is the thermodynamic potential at which each reaction takes place
(Fig. 13).
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Figure 13. Schematic catalytic curves for both HER and OER showing the Err parameter to

determine njo.

Another illustrative parameter is the specific current density, j;, which can be
calculated by dividing the current density per geometric area (S) at a given
overpotential, j,, by the RF (Eq. 9):

. n .

in _ ) iy

= —— = = Eq.9
P TRF T (ECSA) T Ecsa a

However, due to inaccuracies in determining the ECSA and RF, j, is considered only
as an approximate guide for comparing specific activities but not to replace nzo.

e Electrocatalytic stability assessment: short-term stability is determined by current-
controlled electrolysis (i.e. chronopotentiometry, CP) at a constant current density of
|10 mA/cm?| for 2 h. If n10t=0s =M10t=2h, the catalyst is stable under catalytic conditions
for at least 2 h. In contrast, if nio t=0 s < M10 t=2 h, it is confirmed that the catalyst is
deactivating. Short-term stability (2 h) can be extended to long-term stability (24 h or

48 h) to test the most promising catalysts.
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e Faradaic efficiency (e) determination: Jaramillo et al. reported the determination of
the faradaic efficiency by two different methods, either by using a rotating ring-disk
electrode (RRDE) or by using a Clark-type electrode. In the next parts of this work,
an oxygen or hydrogen selective Clark electrode has been used for OER and HER
catalytic studies, respectively. The Clark probe allows to quantify in the gas phase the
amount of O, or Hz generated by the system during a bulk electrolysis, and the
faradaic efficiency is obtained by dividing this amount by the maximum theoretical
generated amount of Hz or O, calculated from the total charge passed through the

electrode according to the Faraday law.

1.4.2 Hydrogen evolution reaction (HER)

The HER is the cathodic half-reaction of the overall redox WS reaction in which
protons are reduced to dihydrogen. The reaction is stated as follows both at neutral/acidic
(Eq. 10) and basic (Eq. 11) pH, respectively:

2 H* + 2 ¢ 2 H: (neutral/acidic pH) Eq. 10
2 H20 + 2 ¢ > Hz + 2 OH" (basic pH) Eq. 11

The hydrogen evolution reaction (HER) on various metal surfaces (M) is
conventionally described by the sequence of three elementary steps, as shown in Fig. 14
and equations 12-14. These steps are known as the Volmer (electrochemical hydrogen ion
adsorption), Heyrovsky (electrochemical desorption by protonation of an adsorbed
hydrogen atom coupled with an electron transfer) and Tafel (chemical desorption by

recombination of two adsorbed hydrogen atoms) steps:

M = surface empty site on catalyst

Volmer step: H*@aq) + € + M) 2 M-Haqgs) Eq. 12
Heyrovsky step: M-Haas) + H*aq) + € 2 H2 + M Eq. 13
Tafel step: 2 [M-Hgs)] 2 Hz + 2 My Eq. 14
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Figure 14. Representation of the three steps involved in the HER mechanism on a material

surface.

The mechanism of the HER is discussed in terms of kinetic parameters such as the
Tafel slope, which is experimentally obtained by plotting the overpotential vs. the
logarithm of the absolute value of the current density, /j/, obtaining the following Tafel
equation (Eq. 15);113114115

n=bloglj+a Eq. 15

The Tafel slope (b) allows defining the rate determining step (rds) of the catalytic
reaction. Three different rds are possible for HER: Volmer, Heyrovsky and Tafel. A
specific Tafel slope value can be attributed to each rds independently of the magnitude of
the catalytic current. Thus, according to the literature,''® Tafel slopes = 120 mV/dec are
attributed to catalysts with the Volmer step as the rds, whereas Tafel slopes =~ 40 and =~ 30
mV/dec are attributed to Heyrovsky and Tafel steps as rds, respectively. In addition,
another parameter related to the intrinsic kinetic activity of each catalyst could be
extracted from the Tafel equation. This value is the exchange current density (jo), which

is defined as the current density in the absence of net electrolysis and at 1 =0 V.

Using the experimental jo and the free energy of hydrogen adsorption values
(AGn~), Parsons demonstrated a clear relationship between log jo and AGn~ in the form
of a “volcano” curve (Fig. 15).1 This volcano relationship reflects the Sabatier principle,
according to which it is assumed that optimal surfaces are those exhibiting moderate
binding energies of reaction intermediates, that is, AGn~= 0. In this way, the two branches
of the volcano can be interpreted as follows. In the left branch, the M-H* binding is

relatively strong (AGn» < 0), so the desorption (Heyrovsky/Tafel) step will limit the
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reaction rate. Contrarily, in the right branch, the M-H* binding is relatively weak (AGn«
> 0), being in this case the adsorption (Volmer) step the rds. In other words, if the
interaction between the NPs surface and H is too weak, the hydrogen atom will fail to
bind to the catalyst and the proton reduction reaction won’t take place. On the other hand,
if the interaction is too strong, the Hz product won’t be easily dissociated from the surface.

An example of volcano plot for HER!® on the surface of different metals,1°12°
alloy compounds?! and non-metallic materials'?? is shown in Fig. 15. Materials showing
a behaviour close to the top of the plot are potentially the ones showing higher activity
and efficiency. As expected, platinum is located near the top, as it is the state-of-the-art
metal for HER in acidic media. However, catalysts consisting of pseudomorphic Pd
monolayers on a single-crystal PtRu substrate have shown even better HER catalytic

activity than pure Pt catalysts.?!
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Figure 15. VVolcano-like behaviour of experimental jo as a function of hydrogen adsorption Gibbs
free energy (AGw+) for HER on the surface of various metals, alloy compounds and non-metallic
materials. Adapted from ref. 118. Data collected from refs. (119, 120, 121, 122).
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1.4.3 Oxygen evolution reaction (OER)

The OER is the anodic half-reaction of the overall redox WS reaction in which
water is oxidized to molecular oxygen. The reaction is stated as follows both at
neutral/acidic (Eq. 16) and basic (Eq. 17) pH, respectively:

2H0 2 0:+4 H" +4 ¢ (neutral/acidic pH) Eq.16
4 OH - 0:+2H;0 +4 e (basic pH) Eq. 17

The OER is considered as the bottle neck reaction of WS as it is a highly
endergonic and mechanistically complex reaction because it requires the breaking of four
O-H bonds and the formation of a double O=0. Taking profit of the mechanistic
knowledge accumulated from molecular catalysis, different mechanisms have been
proposed for OER happening at the surface of solid materials under alkaline conditions
(Fig. 16 and Eq. 18-20b.2). A common first step is the water coordination (OH") to a
surface metal centre to form a M-OH species (Eq. 18). The following step is the formation
of a M-O species either by an OH" attack (Eq. 19a), by disproportionation of two M-OH
species (Eq. 19b) or by a proton-coupled oxidation of the active site (Eq. 19c). Then, the
M-O species can decompose either in a bimolecular process to directly release an O>
molecule (Eg. 20a) or by a larger pathway in which the M-O species suffer an OH" attack
(EQ. 20b), forming a MOOH species, which will be then also attacked by an OH" to form
a MOO" species (Eq. 20b.1) before the final release of an O2 molecule (Eq. 20b.2).

M+ OH > MOH + ¢ Eq. 18
M-OH + OH" 2> M-O + H20 + ¢ Eq. 19a

2 (M-OH) > M-0O +M + H:0 Eq. 19b
M-OH > M-O +e + H* Eq. 19¢
2M-0)2>2M+ 0O Eq. 20a
MO + OH" - MOOH + ¢ Eq.20b
MOOH + OH > MOO" + H:0 Eq. 20b.1
MOO > M+0:+¢ Eq. 20b.2
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Figure 16. Representation of the possible steps involved in the OER mechanism on a material

surface at basic pH.

In contrast to the HER, in the OER the relation between Tafel slopes and the rds
is not as obvious. However, according to the literature,'!® Tafel slopes = 120 mV/dec are
attributed to catalysts with the formation of M-OH species (Eq. 18) as the rds. In addition,
when the formation of M-O species by an OH" attack (Eq. 19a) or the formation of MOO"
species (Eg. 20b.1) are the rds, Tafel slopes of 30 mV/dec are observed. Finally, when
the formation of MOOH species from an OH" attack (Eq. 20b) and the release of O
molecules from a MOO" species (Eg. 20b.2) are the rds, Tafel slopes of 40 mV/dec and
22-40 mV/dec are found, respectively.

As stated above for the HER, electrocatalytic trends are also visible in volcano-
type plots for OER by using the standard free energy of HO* oxidation (AGox - AGHo*)
as the universal descriptor instead of AGn= and the negative value of the theoretical n
value instead of jo.!?® Examples of volcano-like plots for perovskites are shown in Fig.
17a, whereas rutiles, anatase, C030s and MnxOy oxides are shown in Fig. 17b. For
perovskites, the theoretical overpotential trends are in agreement with experimental
overpotentials at 10 mA/cm? obtained by Bockris et al.'?* and Y. Matsumoto et al}?®
Similar trends have also been found comparing theoretical and experimental values of

overpotentials for oxides other than perovskites (Fig. 17b).1?°
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Introduction

In this way, even though obtaining relationships between experimental and
theoretical values is still a challenge due to a lot of parameters affecting the system in the
experimental set-ups, it is possible to compare general trends in OER activities for
different oxides, being again the most active materials the ones standing on-top of the
volcano plots.
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Figure 17. Volcano-like behaviour of the negative values of theoretical overpotentials for OER
as a function of the standard free energy of HO* oxidation (AGo~ - AGno~) for perovskites (a) and
rutiles, anatase, Co304 and Mn,Oy oxides (b). Adapted from ref. 118. Data collected from refs.
(124, 125).

1.4.4 Surface-functionalized NPs for WS

In addition to the previous approaches to improve the activity of the nanocatalysts
(section 1.3.4), the ligands used as stabilizers can coordinate at the metal surface and thus
influence the electroactivity and stability of the nanocatalysts. The ligand effect can be

achieved by different ways, as exposed below.

To begin with, the role of dangling non-coordinated free carboxylate groups
(second coordination sphere) as proton transfer relays near the catalytic centres was first
demonstrated in molecular complexes towards OER.?® This second coordination effect
is based on the ability of carboxylate ligands to shuttle protons from the catalyst surface,
thereby accelerating the necessary deprotonation process of water/hydroxide ligands to
achieve O formation. A very interesting example of such an effect can be found in a

recent work by Sun and collaborators using as catalyst a Fe/Ni 1:9 terephthalate
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coordination polymer electrochemically deposited as an amorphous film on top of nickel
foam (NiFeCP/NF).'2” This work reports on the crucial role of free carboxylate ligands
from terephthalic acid (TPA) in efficiently driving the rds of OER at basic pH, a concerted
proton-electron transfer process (c-PET) and the assistance of the TPA ligands in
deprotonating water and hydroxide substrates bonded to the metal active sites. In contrast,
an analogous catalytic system without TPA ligands, namely NiFe layered double
hydroxide (NiFe LDH), led to a poorer OER performance due to the lack of assisting
deprotonated TPA ligands, this catalyst requiring the addition of an external base such as
phosphate to remove protons from coordinated water or hydroxide substrates on the metal
active sites. Thus, in NiFeCP/NF the TPA ligands serve as proton transfer relays to the
external base added in the medium, such as phosphate. Furthermore, XPS, IR and Raman
data confirm the decoordination of some TPA ligands from the metals during OER, thus
providing additional free uncoordinated carboxylate groups that play the role of an

internal base and allow creating new available metal hydroxide sites.

Proton transfer second coordination effects have also been proposed recently by
the same group for covalently modified 1-4 nm NiO NPs through an O-C bond with the
strong electron withdrawing pentafluorophenyl (-CeFs) substituent.'?® Apart from the
direct electronic effects imparted by the introduced CsFs ligand (first coordination
effects), the outstanding OER performance of the NiO-CsFs catalyst has also been
assigned to the specific proton affinity of the CeFs group, which promotes proton
shuttling, accelerating the deprotonation of water in the formation of the NiOOH starting

key intermediate species needed for effective O2 evolution.

On the other hand, the presence of ligands on the NP surface may also lead to
electronic changes in the metal core, affecting the electrocatalytic activity of the overall
nanomaterial. In fact, the effect of ligands present onto the surface of metal NPs in the
M-H bond energy has been described for HER in several works. However, inverse
correlations have been proposed between the M-H bond energy and the HER activity of
the L-modified NP system. Thus, for face-coordinated porphyrin-modified Au
nanoclusters (Au NCs) through an acetylthio bridge (CH3-CO-S-), the HER activity is
enhanced thanks to the strengthening of the M-H bond upon S-Au binding as the result
of a charge migration from the 5ds. state of the Au core to the Fermi level, which empties

the antibonding state.!?® Also, the beneficial electronic effects in terms of HER activity
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of the porphyrin was found to decrease as the distance between the S atoms and the
porphyrin ring increases from 3.4 A (CH; bridge between the phenyl ring and the
acetylthio functional group) to 4.9 A (CH.-CH: bridge). In contrast, for a colloidal
dodecylamine-stabilized WSe> catalyst, the stronger M-H bond due to the existence of
fewer filled antibonding states in presence of the amine was stated to be detrimental for
the HER activity, since a stripped sample after treatment with Meerwein’s reagent
(triethyloxonium tetrafluoroborate) showed an improvement of the HER activity due to a

decrease in AGu~ during the rds.**°

The beneficial effect of the weakened binding of M-H intermediates towards the
HER activity has also been reported for Ir NPs functionalized with 4-
ethylphenylacetylene (EPA) in comparison with the same NPs functionalized with 4-
ethylphenylthiol (EPT) or with 4-dodecylbenzenesulfonyl azide (DBSA).**! The authors
relate this M-H bond weaking with the intraparticle charge delocalization induced by the
conjugated interfacial Ir-C=C- linkages within the acetylene-bridged system (Ir-C=),
which allows a more effective charge transfer from the Ir core to the acetylene moieties
(which elongate from ca. 1.20 A to 1.38 A) than in the case of the nitrene (Ir=N) and
specially mercapto (Ir-S) bridged systems. Analogously, for OER, during its rds water
molecules approach the Ir surface and become dissociated into *H and *OH adsorbed
intermediates in a vertical configuration onto two neighbouring Ir atoms, for whom again
the Ir-C= system exhibits the lowest energy barriers of all three systems. This explains
that the acetylene bridged Ir system is the most active both at alkaline and acidic pH in
HER and OER in terms of reduced overpotential (), Tafel slope (») and charge transfer
resistance, and is also stable at pH 14 (for 20 h) and pH 0 (for 8 h). Concerning the induced
electronic effects by the ligands covalently grafted at the NP surface, inverse effects are
obviously seen for HER and OER.

Another interesting aspect is the effect of the electron donating/withdrawing
capacity of ligands towards the metal activity. In an example by Miller ez al., the HER
catalytic activity increases with the electron donating ability of the ligands, as can be seen
in the progressive diminution of the impedance, the nio and the Tafel slope, and the
progressive increase of the TOF at acidic pH along the CIoPh, BrPh, MeOPh and Et2NPh-
modified MoS; nanosheets series through S-C covalent bonds®*? (from lower to higher

electron donating abilities of the substituents), since electron rich metal atoms are needed
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for fulfilling the reduction of protons into hydrogen. On the contrary, electron
withdrawing substituents are preferred for performing water oxidation, as demonstrated
in the MeOPh, HCO2Ph, CI,Ph, NO2Ph series and CeFs-modified NiO NPs,? with a
progressive increase in TOF and current density (;) and decrease in overpotential and
Tafel slope. Furthermore, apart from direct electronic effects, the CsFs substituent
improves the charge transfer Kinetics (diminished resistance) and accelerates the catalyst
surface reconstruction through the generation of abundant y-NiOOH active phases at pH
14, since the more electrophilic Ni sites show a higher tendency to experiment a water
nucleophilic attack and subsequent deprotonation. Finally, a work dealing with oxidized
CNTs decorated with C=0 and C-O functional groups to covalently bind Ru NPs through
their oxygen atom has proven that the ketonic C=0 groups enable the transfer of more
electrons to the CNTSs than the epoxide C-O groups because of the higher polarity of the
double bond.**® This accelerated heterointerface charge transfer is beneficial for the HER
catalytic activity at pH 14. Furthermore, according to the DFT calculations, the hydrogen
adsorption energy for the C=0 ligands is optimally closer to 0 eV (-0.10 eV) than in the
case of C-O (-0.22 eV), indicating that adsorbed hydrogen atoms can more easily escape

from the surface to generate H gas in the case of the C=0 functionalization.

Also, as expected, a high electrocatalytic activity of a nanocatalyst should be
related to the ability of the reactants (H*/H20) to come into contact with the metal surface
active sites. Thus, if the reactants meet difficulties to reach the active sites, the reaction
will be blocked. This was exemplified using acetate, octanoate and oleate capped CoP
NPs.13* It was reported that the catalytic HER overpotential increased up to 250 mV from
acetate to oleate capped CoP NPs because surface ligands prevent catalysis by inhibiting
access to surface active sites rather than poisoning the active sites. If the latter were the
case, all carboxylates would have been expected to have similar activity regardless of
their chain length. A similar study with primary alkyl amines shows a different trend,
since the overpotentials for HER do not significantly vary with the increase of the alkyl
chain. In this case, proved by ECSA and TGA measurements, the ligand density onto the
surface of the NPs is much lower than with the carboxylate analogues, so increasing the
carbon chain length of these amines does not significantly impede the protons in the
solution from interacting with the surface, since there is still a large amount of bare

surface available. In fact, when secondary and tertiary amines are used (dioctyl- and
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trioctylamine), the overpotential increases likely because a steric effect due to the
increased cone angle appears. In another example, WSe> NPs have been prepared using
dodecylamine as stabilizing surface ligand.** Their HER activity was then compared to
that of the same NPs whose surface ligands have been removed by treatment with
Meerwein’s reagent to generate ligand-free NPs. The removal of the dodecylamine
ligands provoked an increase of the ECSA values (from 17.6 to 40.8 cm?) and a reduction
of the overpotential in HER electrocatalysis in 62 mV, hinting that the coverage of the
surface of the NPs with the ligands is blocking the H*/H,O substrates to reach the active
catalytic centres due to steric hindrance effects. Nevertheless, it cannot be discarded that
changes in the electronic structure of the NPs also affect the overall catalytic output.

Finally, it is well known that there is an equilibrium between all the surface species
in NPs, and therefore the metal-ligand bond strength will affect the quantity of hydrides
present at the NP surface, which is a key-factor for the HER activity, observing higher
HER activity with increasing number of hydrides. This has been exemplified on Ru NPs
prepared through the organometallic approach and stabilized with 4PP,*° or just methanol
and THF used as solvent.' For the MeOH/THF stabilized Ru NPs, their porous character
together with the weakly coordinating stabilizing agents are claimed to provide a highly
accessible metal surface, as demonstrated by the high ECSA values and outstanding HER
activity. For the 4PP ligand, experimental and DFT studies show that 4PP does not
significantly alter the electronic structure of the catalyst as a result of the moderate
adsorption strength of this ligand onto the NP surface. This allows the NPs to have a large
number of surface hydrides and, again, an outstanding HER activity. In addition, in a
work by Poteau and co-workers, the AGn=values obtained by DFT confirmed that some

sites in 4PP-protected RUNPs could be very active towards the HER.*

Also, in another work, citrate-capped Au NPs showed an outstanding performance
in HER electrocatalysis. 13" In this case, small citrate ligands also present a weak surface
bonding energy and provoke a high negative surface charge density. These parameters
are described as key factors for the high activity in HER, increasing the number of
hydronium ions at the electrochemical interface and, thus, decreasing the activation
energy for HER electrocatalysis. Finally, studies on carboxylate- and alkylamine-
stabilized CoP NPs!3* have shed some light on the importance of the metal-ligand bond

strength in nanostructured HER electrocatalysts. Carboxylate-capped CoP NPs present
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higher overpotentials than alkylamine analogues with similar chain lengths. This is
attributed to the weaker binding energy of neutral alkylamine ligands, that can move and
provoke a lower surface ligand density, and thus a larger number of active sites available

for HER electrocatalysis.

In conclusion, nanoparticulated metal-based systems are very promising
frameworks for performing the HER and the OER electrocatalytic reactions. Thus, the
objectives of this PhD thesis, mainly centred on the applicability of different strategies to
tune the interactions between ligands/support/functionalities and metal NPs and the study
of their effect towards the HER and the OER electroactivity, will be stated in the

following chapter.
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Chapter 2. Objectives

After having introduced the reader into the research field of this PhD thesis,
Chapter 2 focuses on the objectives of this work, mainly centred on the study of different
strategies to obtain new efficient HER and OER nanoelectrocatalysts. The role of the
interactions between ligands/support/functionalities and metal NPs will be examined. In
addition, the analysis of metal-metal interactions in bimetallic nanoparticulated systems

is also targeted.
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2. OBJECTIVES

As exposed in Chapter 1, climate change, arising from the high emission of CO>
from fossil fuels combustion, is a serious global matter of concern. Therefore, there is an
extreme need to develop new renewable and carbon-free energy sources. In this regard,
renewable hydrogen could be considered as a clean source of energy. Mimicking natural
photosynthetic processes, our research is focused on the splitting of water molecules into
their constitutive elements to obtain O, and H». The two involved reactions, the HER and
the OER, are mechanistically complex processes with sluggish kinetics. Thus, catalysts
are needed to facilitate both reactions. This PhD thesis will be focused on the design of
new metal-based nanomaterials that could efficiently fasten the overall water splitting
process, aiming at obtaining electrocatalysts with a reduced noble-metal content and
better cost-efficiency. Different studies correlating structure and catalytic activity will be
performed in order to rationally open new doors to find optimum catalysts to efficiently
produce hydrogen in a clean and sustainable way.

In order to achieve the exposed overall goal, the guidelines of this PhD thesis are

listed below:

e It is well known that capping ligands can play a key role in the electroactivity of Ru-
based nanoparticles in HER. In collaboration with Prof. R. Poteau (Université
Toulouse 111 - Paul Sabatier, Toulouse), this PhD thesis will deal with theoretical
density functional theory (DFT) calculations to unravel the most favourable
coordination modes of different N-donor pyridinic ligands and to obtain their
corresponding hydrogen adsorption free energies (AGn=), a well-accepted descriptor

for the HER activity of a catalyst under acidic conditions.

e The deposition of metal nanocatalysts into carbon-based conductive supports can
have multiple advantages in HER/OER electrocatalysis such as improved long-term
stability (reduced NP aggregation) and better electron-transfer Kkinetics. In
collaboration with Dr. L. M. Martinez (Universitat de Valencia), along this PhD thesis
Ru/RuO2 NPs will be deposited and characterized onto two different reduced
graphene oxide supports. In addition, the use of heteroatom-doping into the carbon
structures will allow to extract valuable insights about its effect into the nucleation

Kinetics and stabilization of the NPs during the synthetic procedures. Finally,
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electrocatalytic HER studies will be performed to stablish a correlation between the
different physicochemical properties of the obtained systems and their electrocatalytic

behaviour.

e The use of macroscopic and easy to handle carbon supports able to be directly used
as an electrode in practical applications is also of interest. Therefore, we envisage the
synthesis and characterization of Ru and Co-based NPs supported onto bare and
functionalized carbon microfibers produced from cheap and abundant precursors. The
presence of different functional groups into the carbon structure, the different
synthetic procedures to obtain the metal NPs (in situ or ex situ) and the effect of
different stabilizing solvents/ligands will be evaluated to determine the role of
support-catalyst interactions into the final electrocatalytic activities observed.

e The incorporation of a second metal into monometallic NPs to synthesize bimetallic
nanoparticulated systems is another interesting strategy to fine-tune the properties of
nanomaterials. Therefore, bimetallic Ru-Ni (in collaboration with Dr. L. Peres, LCC-
UPS, Toulouse) and Ru-Co nanomaterials will be synthesized and thoroughly
characterized with the aim of corroborating the synergistic effects between the
different metals both in the morphology and catalytic performance of the as-

synthesized nanomaterials.

To achieve these objectives, the organometallic approach will be employed as the
general synthetic methodology for all the metal-based electrocatalysts reported in this
PhD work. The organometallic method will allow to obtain reproducible small and
homogenous NPs with a clean and flawless surface under mild conditions. In addition,
this methodology will allow to grow the NPs onto the surface of pre-formed supports of
different nature and to combine the decomposition of different organometallic precursors
to obtain bimetallic systems of different morphology. The physicochemical properties of
the obtained nanomaterials will be studied by means of (HR)TEM, SEM, STEM-
HAADF, WAXS, XRD, MAS NMR and ICP-AES/OES, XPS, FT-IR and Raman
spectroscopies. The electrocatalytic behaviour of each nanomaterial will be examined
through a three-electrode electrochemical set up by examining their HER and OER
electrocatalytic behaviour in a separated manner, in order to simplify the analysis of the

overall water splitting process.
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Chapter 3. DFT calculations on ligand-capped Ru NPs

Chapter 3 describes the DFT calculations performed for diverse ligand-capped Ru
NPs, namely 4'-(4-methylphenyl)-2,2".6",2"-terpyridine  (RuNPs-tpy) and 2-
phenylpyridine (RuNPs-2PP), to extract correlations between the experimental
electrocatalytic results and a well-accepted theoretical descriptor for HER, the hydrogen

adsorption Gibbs free energy (AGnh=).
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DFT calculations on ligand-capped Ru NPs

3.1 INTRODUCTION

When obtained from renewable sources, hydrogen is an alternative clean energy
vector of high interest in the transition our society is facing from fossil to renewable
energy. Therefore, a lot of effort has been put in searching efficient electrocatalysts able
to catalyze the hydrogen evolution reaction (HER). Even though Pt is the state-of-the-art
HER electrocatalyst," Ru-based nanomaterials have emerged in the last years as
promising catalysts towards HER due to their high stability both in acid and alkaline
media and the similar Ru-H bond strength compared to Pt-H.2 In this regard, 4-
phenylpyridine capped Ru NPs (Ru-4PP) have been previously synthesized and studied

in our group.®

Elucidation of the catalytic mechanisms with nanoparticulate catalysts has been
a challenging task despite the progress experienced in the characterization techniques at
the nanoscale regime during the last years. In this sense, merging theoretical calculations
with experimental results has emerged as a powerful tool to predict and/or rationalize
some trends in the HER electrocatalytic activity of nanocatalysts. Thus, some theoretical
concepts such as adsorption free energy, microkinetic models, volcano plots and d-band
centers have been widely accepted for (semi)quantitative evaluation of the performance
of HER electrocatalysts in acidic media.* It is well-known that the catalytic activity of a
nanomaterial depends on its surface energy, and thus on the nature/coverage of surface
species. Density functional theory (DFT) allows elucidating chemical/electronic
properties of modelled metal clusters, which can be constructed based on the
experimental characterization of nanocatalysts surfaces. In the particular case of HER, a
good correlation between experimental exchange current density values (which reflect
the intrinsic rate of electron-transfer between the analyte and the electrode) and the Gibbs
adsorption free energy of hydrogen (AGh+) has been stablished, obtaining volcano-like

dependencies.®

An ultra-small ca. 1.0 nm 55-atom hcp metal Ru NP (Russ) has been widely used
as a basis model to perform DFT calculations. This model has been previously reported
by R. Poteau et al.,® confirming that it properly describes the surface properties of ultra-
small Ru NPs. Thus, in previous DFT studies on 4PP-capped Ru NPs, the coordination

mode of the ligand into a RussHs3s model (since surface hydrides had been confirmed by
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experimental hydride titration of the real sample) has been assessed, confirming a
competition between -donation of the N lone pair and an aromatic n-to-metal interaction,
being the latest the most stable coordination mode. Taking into account these results, a
final model was constructed consisting in RussHs3(c-4PP*)g(-4PP*),, from which AG=
probing indexes have been calculated at different representative adsorption sites.” The
AGh~ values suggested that some sites in 4PP-protected Ru NPs could be very active
towards the HER, showing a AGn+ = 0 kcal/mol. These computational results are in
agreement with the outstanding experimental HER activity of Ru-4PP, showing a low
overpotential at 10 mA/cm? (n10) value of 20 mV.2 Thus, following this study, two new
different ligand-capped Ru NPs will be studied in this chapter by DFT calculations, 4'-
(4-methylphenyl)-2,2".6',2"-terpyridine (Ru-tpy) and 2-phenylpyridine-capped (Ru-2PP)
Ru NPs.

3.2 DFT STUDIES

3.2.1 Tpy ligand coordination studies through DFT calculations

The coordination of the tpy ligand over the surface of a Ru NP has been studied
by means of DFT in order to elucidate its most energetically favoured coordination
modes. The calculations have been performed on a 1-nm hydrogenated Ru NP (RussHss,
0.8 H/Rusurf), simulating the results obtained from experimental hydride titration of the

sample (see Fig. 1 for geometries of RussHss and tpy ligand).

RussH3s (0.8H/Ru,, ) tpy ligand

Figure 1. Geometry of the RussHss NP (0.8 H/Rusys) and the 4'-(4-methylphenyl)-2,2".6',2"-
terpyridine (tpy) ligand used for DFT calculations. The average adsorption energy of the 35
hydrides in RussHss is ca. -14.0 kcal/mol.
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The three different pyridine rings of the ligand can be coordinated onto the Ru
surface atoms by two different coordination modes: c-donation of the nitrogen lone pair,
or an aromatic m-metal interaction, with a flat configuration of the ring. By combining
these two possibilities for all the pyridine rings, it is possible to obtain five different
geometries with different coordination modes of the ligand (Fig. 2). Adsorption energies
for tpy in each coordination mode are also summarized in Fig. 2.

I\i
A
k- -l
SN AN X
,"/:‘ LAY "7\
RussH3s(co0-tpy*) RugsH3s (moo-tpy*) RuggH35(romt-tpy*)
E,qs = -33.4 kcal/mol E,qs = -59.2 kcal/mol E,qs = -64.5 keal/mol

RugsHss(rom-tpy*) RussH;s(omo-tpy*)
E,q4 = -68.5 kcal/mol E,qs = -16.4 kcal/mol

Figure 2. Geometry of the five different structures with different coordination modes and

corresponding adsorption energies (Eags) for tpy onto RussHss NP (0.8 H/RUsyr).

When the three pyridine rings are all coordinated by a n-metal interaction, the
system is stable by -68.5 kcal/mol, whereas when all the rings are coordinated by o-
donation, the ligand is more weakly coordinated (-33.4 kcal/mol). Whilst the geometry of
the carbon atoms in the coordinated aromatic rings in coo-tpy is more similar to a free
ligand, it is significantly distorted in the nzz configuration. Furthermore, in intermediate
situations (hybrid ¢ and = coordination), a twisting of one or two of the terpyridine
aromatic rings should be accomplished, which could lead to the destabilization of the final

system. Among those, the non coordination is the most stable one (-64.5 kcal/mol), since
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the two twisted rings are m-coordinated, proportioning stability to the system and being
able to counterbalance the structural changes, whereas the o one (-16.4 kcal/mol) is the
least stable, with high twisting and only one r-coordinated ring. The intermediate energy
hybrid case, noo (-59.2 kcal/mol) lies in the middle because although it only contains one

n-coordinated ring, the overall distortion is lower than in the onc case.

The co-adsorption properties of hydrides and tpy ligands on the Russ model could
be theoretically evaluated through first-principles thermodynamics,® as previously done
with Ru NPs in equilibrium with syngas,® but it is not under the scope of this present
study due to the huge amount of time needed to optimize the systems with different
coverages both for H and tpy. Thus, considering the obtained results and the low
differences found in Eags Of the tpy ligand in both the nnr and mon coordinations (-68.5
kcal/mol vs. -64.5 kcal/mol, respectively), the chosen coordination mode to build a more
complex model with more tpy ligands on the surface has been the mom one, owning to its
lower steric hindrance compared to the it one. Moreover, the ton coordination allows
the coordination of more hydrogen atoms, which will likely stabilize the system. In
contrast, the large steric hindrance of the mnm configuration would push out hydrides
placed below the ligand, forcing them to be more crowded in other Ru sites, and thus
consequently reducing the number of putative tpy ligands adsorbed at the NP surface.
This difference would probably lead to a less stable system if the tpy ligands are only nnn

coordinated, as confirmed in a previous study with 4PP-capped Ru NPs.?

In this direction, a model with 5 tpy ligands coordinated in a tor-mode onto the
RUNP surface has been constructed, RussHss(non-tpy*)s (Fig. 3). The obtained average
Eags Of the tpy ligands is -21.5 kcal/mol, which has been calculated according to Eads =
[E(ntpy*) — E(RussH3sNP) — nE(tpy)]/n, where tpy* designates an adsorbed tpy ligand
over the surface of the Ru NP. This lowered Eags compared to the value obtained for a
single tpy in the same coordination mode (-21.5 vs. -64.5 kcal/mol) is in agreement with
the fact that the incorporation of more ligands leads to a decrease in the d-band center of
the metal (i.e. to a stabilization of the metal) and that the steric hindrance provoked by

the saturation of the surface overrides the coordination stabilization effects.
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RugsH;s(rtomt-tpy*)s
E,4 = -21.5 kcal/mol

Figure 3. Optimized geometry for the 5-tpy-protected 1-nm RUNP (RussHss(mom-tpy*)s) and its
Eads-

3.2.2 Standard free energy change calculation

DFT calculations can be used as a tool to have an insight into the electronic
structure of a NP surface, which depends on the nature of the species present. It is well-
known that there is a relationship between experimental HER exchange current density,
Jjo, and the adsorption energy of a single hydrogen atom on a given site (AGn+), thus being
AGh+ a well-accepted descriptor for the theoretical prediction of the activity of a

nanocatalyst towards HER (Eq. 1):°

AGr* = AEn* + AEzpe — TASH Eq.1

where AEn= is calculated as AEx~ = E (NP - H*) - E (NP) - %2 E (H2), AEzpe is the
difference in zero-point energy between the adsorbed and the gas phase hydrogen atom
and AS is the entropy change. AEzpe is obtained by a vibrational frequency calculation
(AEzpe = ¥2 Zhvi, where v;are the 3N-6 computed vibrational harmonic frequencies), and
AS is calculated as S = Syrans + Svib + Srot + Sel, Where Strans, Svib, Srot, and Ser are the
translational, vibrational, rotational and electronic entropy terms, respectively, and where

Svib can be derived from frequency calculations. In addition, Ngrskov and co-workers®
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have suggested that 5.5 kcal/mol can be considered a representative value for AEzpe -
TASH for all metals, being therefore Eq. 1 simplified as follows (Eq. 2):

AGn+ = AEg+ + 5.5 kecal/mol Eq. 2

According to the Sabatier principle, the catalyst-substrate interaction cannot be
neither too strong nor too weak (AGn= < 0, relatively strong H* adsorption, and AGn« >
0, relatively weak H* adsorption). Thus, if the interaction between the NPs surface and
H is too weak, the hydrogen atom will fail to bind to the catalyst and proton reduction
reaction won’t take place. On the other hand, if the interaction is too strong, no turnover
will occur. Taking into account this principle, for an optimum HER catalyst the hydrogen
adsorption Gibbs free energy, AGh=, should lay as close as possible to 0 kcal/mol.
However, AGn~depends on global features such as the type of metal, the hydride and
ligand coverage, the oxidation state of the surface and, more importantly, on local features
such as the coordination mode and environment effects such as other hydrides and/or
ligands in the neighbourhood of the coordination sites. It is also noteworthy to mention
that this characteristic is not enough to have a good catalyst towards HER, as other
parameters have to be taken into account having an effect in the overall HER activity,
such as the aggregation of the NPs, the stability and the degree of defects in the real

nanomaterial.

The AGh= probing index has been calculated on three different representative
adsorption sites that could coexist in the surface of the 5-tpy-nom protected model
RussHss(mon-tpy*)s, corresponding to 1, u or ps bonding. These three hydrides are the
top-H'"? (n bonding), the edge-capping p-H®" and the face-capping ps-H®, respectively,

colored in red in Fig. 4.
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Figure 4. Probed adsorption sites for HER on a 5 tpy-protected 1-nm Ru NP (RussHss(mon-
tpy*)s).

These calculations have been very tricky because of the reorganization of surface
hydrides upon adsorption/desorption processes, and thus they may provide artefactual
energies. In this sense, it is noticeable that the first adoption Gibbs free energies of these
representative hydrides (AGn=) are positive (i.e. weak adsorption), yielding values in
between ca. 5 and 15 kcal/mol. Thus, a second hydride was removed in the immediate
neighbourhood of the 1% hydride (i.e. the hydrogen atom that migrates after the removal
of the 1% H) and the AGw~ values were again calculated, obtaining values in between ca.
-9 and 5 kcal/mol (Table 1).

Table 1. Summary of the obtained AGu-~ values for the different H sites of RussHzss(mon-tpy*)s.

Entry Probed H sites AEgn+ (kcal/mol)  AGq+ (kcal/mol)
1 Top-H'" 8.6 14.1
2 Top-H'"2 + 2" H removal 0.7 4.8
3 Edge-capping p-H®*’ -0.9 4.6
4 Edge-capping p-H®" + 2" H removal -14.7 -9.2
5 Face-capping ps-H® 9.2 14.7
6 Face-capping pa-H®” + 2" H removal 2.9 2.6
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3.2.3 DFT vs. experimental data

As explained in the previous sections, a correlation between DFT calculated H
adsorption Gibbs free energies, AGn=, and the experimental exchange current densities,
jo, for HER in acidic media leads to a volcano-like behaviour.> An optimum catalyst
should lie on-top of the volcano plot (AGn= = 0 kcal/mol). The resulting experimental
exchange current density, jo, for different ligand-capped Ru NPs as well as several other
pure metals and MoS:; are plotted in Fig. 5 as a function of the AGn+ values obtained from
DFT-PBE (Perdew—Burke-Ernzerhof) calculations. The idea of these plots is to have a
guide to qualitatively predict the activity of new electrocatalysts.
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Figure 5. \olcano plot of the log of the experimental exchange current density jo (A/cm?) vs. the
DFT-calculated H adsorption Gibbs free energy, AGu« (kcal/mol), for pure metals® (orange
diamonds) and nanoscale MoS; (pink diamond).'® Horizontal lines are the experimental log jo
values for Ru-4PP NPs (red) and Ru-tpy (green). The results from our DFT calculations for AGp«
in the different H probed sites for RussHss (blue), RussHss(c-4PP)g(n-4PP), (red) and
RussHss(ntoc-tpy)s (green) after a 2™ hydride removal are shown as oval shapes. Adapted from
ref. 7.
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Furthermore, a summary of the chemical and electrochemical experimental data
obtained for three different ligand-capped Ru NPs is shown in Table 2.

Table 2. Summary of the chemical and electrochemical (1 M H.SO.) experimental data for
different ligand-capped Ru NPs.

Entry Catalyst ((i:r‘:'; H/Rugurt (:Tl]l\‘;) jo (MA/cm?) (:/)frﬁz) Ref.
1 Ru4PP 15x0.3 1.2 20 2.04 -2.69 3
2 Rutpy 14+02 07 03 0.99 -3.00 11
3 Ru-2PP 18zx0.3 1.0 30 1.93 -2.71 11

In previous studies, the AGu+ probing index has been calculated on six
representative adsorption sites in the RussHs3(4PP)11 model, obtaining AGx= values which
can be classified in two groups, those H showing a AGh= in between -5.0 and -4.0
kcal/mol, and those in between -1.0 and 1.5 kcal/mol (red ovals in Fig. 5). These results
suggest that some sites in Ru-4PP NPs could be very active towards the HER, showing a
AGHh+ close to 0 kcal/mol (red shapes on-top of the volcano in Fig. 5), supporting their
outstanding experimental HER electrocatalytic activity, with an nio value as low as 20
mV (Table 2). The AGn= probing values have also been calculated for the same sites in a
ligand-free model (RussHs3), obtaining significantly more negative AGu+ values (blue
ovals in Fig. 5) than for the 4PP ligand-capped model, thus confirming that the 4PP ligand
significantly moves the adsorption energies close to ca. 0 kcal/mol. Regarding the
experimental data for Ru-tpy NPs, it can be noticed that they possess the lowest
electrocatalytic activity of all three ligand-capped systems, with a nio value of 93 mV
(Table 2). This tendency can be also observed in the probed AGn=values (Table 1), which
lie on both branches of the volcano plot, away from its top (green ovals in Fig. 5). This
study should be completed with other adsorption energy calculations considering those H
that are closer to the tpy ligands in order to check any possible influence of the n-density
of the tpy ligand in AGnx~. However, it provides up to now interesting trends which are in

agreement with our previous experimental results.
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3.2.4 2PP ligand coordination studies through DFT calculations

As previously exposed, experimental HER electrocatalytic experiments on 2PP-
capped Ru NPs (Ru-2PP) in acidic media (1 M H2SO4) have been performed by a PhD
student in our research group (L.I. Alvarez, see Table 2 above)'! in order to compare their
performance with the previously reported 4PP-capped Ru NPs (Ru-4PP).2 In addition,
3PP-capped Ru NPs (Ru-3PP) are also being evaluated experimentally in our research
group. Therefore, the DFT calculations presented in this chapter aims at assessing (1) the
effect of the different relative positions of the coordinating N atom and the aromatic
substituents in the coordination mode and Eags Of the set of phenylpyridine ligands, and
(2) the changes in the overall HER electrocatalytic activity due to the different electronic

and steric effects of each ligand isomer (Fig. 6).

J
2PP ligand 3PP ligand 4PP ligand

Figure 6. DFT-optimized geometry of the 2PP, 3PP and 4PP and ligands.

Thus, the coordination of the 2PP ligand over the surface of a single Ru NP has
been also studied, analogously as in the case of the tpy ligand. Previous DFT studies with
Ru-4PP confirmed a competition between a vertical ¢ donation of the N lone pair and an
aromatic n-to-metal interaction, being the latest the most stable coordination mode (-32.1
vs. -63.6/-48.8 kcal/mol, respectively).® The coordination studies of 2PP have been
performed in a RussHss model (1.2 H/Rusurf), & reasonable starting model although the
last experimental hydride titration revealed the presence of 1.0 H/Rusurr. The combination
of 6 and & coordination modes of the two rings in 2PP allowed to obtain five different

adsorption modes (Fig. 7 and Table 3).
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RugsHs;(0-2PP*) RugsHg;(om-2PP*) RugsHs3(0m,0,-2PP*)
E.q4 = -13.2 kcal/mol E,q4 = -56.9 kcal/mol E,q4 = -41.4 kcal/mol

RugsHs3(mtrt g,.-2PP*) RuggHs;(mmy,,-2PP*)
E.4 = -43.8 kcal/mol E,4s = -53.4 kcal/mol

Figure 7. Geometry of the five different coordination modes and corresponding Eaqs of 2PP onto
the Ru NP model.

The obtained results point again that m coordination is more stable than o
coordination (-43.8/-53.4 kcal/mol vs. -13.2 kcal/mol, respectively). In fact, the o-
coordination is even less stable in 2PP than in 4PP (Table 3, entry 1), which could be
probably explained on the basis that 4PP almost maintains its geometry from the free
species, while the benzene ring of 2PP needs to twist in order to be able to s-coordinate

through the pyridine ring (Fig. 7).

Furthermore, a new coordination mode could be evaluated now for 2PP, by
coordinating each ring in two different modes (i.e. the pyridine in ¢ and the benzene ring
in m). The obtained systems with mixed-on coordination mode show comparable
stabilities to the nrt systems (-41.4/-56.9 kcal/mol vs. -43.8/-53.4 kcal/mol, respectively,
Table 3, entries 2 to 5). In this case, the existing twisting of the benzene ring to allow the
o coordination of the pyridine ring can be counterbalanced by the formation of a very
stable -coordination by the benzene ring, leading to a very stable configuration. These
results could explain the lower H coverage found experimentally by hydride titration for
Ru-2PP compared to Ru-4PP (1.0 H/Rusut vs. 1.2 H/Rusut, respectively), being the
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incorporation of hydrides less favoured at the Ru-2PP NPs surface than in the Ru-4PP

NPs surface.

Table 3. Eus per 2PP in the different configuration modes compared to the Eags per 4PP in the

same configurations.

Number of E.as per E.as per
Entry System ligands* 2PP* 4ppret 7
(n) (kcal/mol) (kcal/mol)
1 RussHs3(c-2PP*) 1 -13.2 -32.1
2 RussHs3(om-2PP*) 1 -56.9 -
3 RussHs3(cmo01-2PP*) 1 -41.4 -
4 RussHs3(mttedge-2PP*) 1 -43.8 -59.0
5 RussHss(mtmoo1-2PP™) 1 -53.4 -48.8

Taking into account these results, a more complex model was considered in this
case, consisting in two 2PP ligands in ©r coordination and five ligands on-coordinated
onto a RussHss model (1.0 H/Rusurf), Simulating now the results obtained from the
experimental hydride titration of the Ru-2PP sample. However, the high coverage of the
Ru surface with hydrides didn’t allow to coordinate the ligands in the om-coordination,
and thus these 5 ligands were coordinated in the ¢ mode. This behaviour can be explained
as for the Ru-tpy case because on the one hand hydrides can be pushed out to form the
very stable (and thus energetically compensated) n-coordinated ligand bonds, whereas on
the other hand o-coordination leaves enough room for keeping the hydrides to stabilize
the whole system. Thus, a final mode containing two 2PP ligands in nr-coordination and
five 2PP ligands in o-coordination has been considered, obtaining an average Eags of
-29.7 kcal/mol for 2PP (Fig. 8). This model will be considered in the near-future to obtain
the AGh=values for different H probed adsorption sites. However, taking into account the
hindered hybrid ozn-coordination in this model, presenting high surface coverage, we
could probably propose a future model with less coordinated ligands in order to be able

to favour the or-coordination and extract more conclusions.
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RuSsHM(O'ZPP*)s(N'ZPP*)Z
E.4 = -29.7 kcal/mol

Figure 8. Optimized geometry for RussH.a(c-2PP*)s(n-2PP*), and corresponding Eags.

3.3 CONCLUSIONS

DFT calculations have allowed to discern the most favourable coordination modes
of two different ligands, tpy and 2PP, on the surface of a Ru NP. In general, m-
coordination is more stable than the o one. Final models have been chosen taking into
account the Eags values obtained from the different ligand coordination modes onto the
surface of the Ru NP, choosing the most stable configuration but also putting in balance
possible steric effects and hydride push out effects due to high surface coverage with
hydrogen atoms. The final proposed models have been RussHss(non-tpy*)s for tpy-Ru
and RussHaa(o-2PP*)s5(n-2PP*), for 2PP-Ru.

The experimentally lower HER electrocatalytic activity of Ru-tpy compared to
Ru-4PP has also been evidenced by the obtained AGn= values, for Ru-tpy lying on the
branches of the volcano plot, in contrast to Ru-4PP, placed near the top. Although this
study should be completed with other adsorption energy calculations considering those H
that are closer to the tpy ligands in order to check any influence of the © density of the
ligands in AGn=, it provides up to now interesting trends which are in good agreement

with our experimental results.
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3.4 PERIODIC DFT PARAMETERS

DFT calculations were done with the Vienna Ab initio Simulation Package,
VASP, 1213 within the framework of density functional theory (DFT). Non-spin polarized
calculations have been performed and the exchange-correlation potential has been
approximated by the generalized gradient approach proposed by Perdew, Burke, and
Ernzerhof (PBE).!* Projector augmented waves (PAW) full potential reconstruction have
been used,'>!® with a plane-wave kinetic energy cut-off of 525 eV 51718 PAW data sets
for metal atoms treat the (n-1)p, (n-1)d and ns states (i.e. Ru atoms treating the 4p, 4d and
5s states; 14 valence electrons). T'-centered calculations® have been performed with a
Gaussian smearing of 0.02 eV width. Geometries have been optimized until the criterion
of the residual forces on any direction being less than 0.05 eV/A. The supercell size has
been set to ensure a vacuum space of ca. 16 A between periodic images of metal clusters,
i.e.41.0 x 35.0 x 43.0 A for tpy and 31.5 x 31.5 x 32.0 A for 2PP.
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Chapter 4. Ruthenium nanoparticles supported on reduced
graphene oxide as electrocatalysts towards the hydrogen

evolution reaction

Chapter 4 deals with the synthesis of carbon-supported ruthenium nanoparticles
by using the organometallic synthetic methodology. Two related supports have been
tested, reduced graphene oxide by following a modified Hummers method (rGO)
(Chapter 4A) and reduced graphene oxide prepared from the pyrolysis of alginate (G)
(Chapter 4B). (HR)TEM, EDX, EA, ICP, XPS, XRD, Raman and IR techniques have
been used to get information about the structure and composition of the obtained carbon-
supported materials. The influence of heteroatom-doping in both the stability and
catalytic activity of the two hybrid systems towards the hydrogen evolution reaction
(HER) has been studied.
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4.1 GENERAL INTRODUCTION

Graphene is a monolayer of hexagonal-packed carbon atoms (Fig. 1), presenting
high surface area, high stability and large electrical conductivity. These unique
characteristics make this material a suitable support for electrocatalysis.> In addition,
graphene can be doped both with non-metallic or metallic atoms to modulate its
electrocatalytic activity by means of induced electronic changes. Representative literature

examples are summarized below.

Figure 1. Graphene structure

In 2014, Qiao er al. presented the first theoretical study on the prediction of the
electrocatalytic capacities of graphene-based materials towards HER.? The DFT results
were also complemented with experimental results, adding a step forward in the design
of active carbon-based catalysts for HER. Different heteroatoms with different
electronegativity were introduced into the carbon structure (N, B, O, S, P, F), and natural
bond orbital (NBO) population analyses showed that while N and O are negatively
charged (electron acceptors for adjacent C), the other heteroatoms are positively charged
(electron donors) (Fig. 2a). As HER descriptor, Gibbs free-energy for the hydrogen
absorption values (AGnh~) were calculated, obtaining a highly positive value for pure
graphene, confirming its poor electrocatalytic activity (Fig. 2b). Choosing the most
different heteroatoms in terms of charge population, i.e. P and N, the HER activities of
N- and/or P-doped graphene were predicted by DFT studies. Both N and/or P doping help
in reducing the AGn~ value, approaching to the optimum value (AGu~= 0 kcal/mol),
enhancing the H* adsorption (Fig. 2c). Later, DFT studies from Ding and co-workers

supported also these results.?
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Figure 2. NBO population analysis of six different non-metallic heteroatoms in graphene (a).
Calculated AGn~ diagram for HER at the equilibrium potential (Urne= 0V) for various single-
doped graphene structures (b). Calculated AGw diagram for HER at the equilibrium potential
(Urre = OV) for N- and/or P-doped graphene (c). Extracted from ref. 2.

Experimental electrocatalytic activities towards HER in acidic media were in good
agreement with the theoretical predictions, obtaining a lower overpotential to reach 10
mA/cm? with the dual P-N doped graphene (420 mV) and a lower Tafel slope » (91
mV/dec), compared to the single doped P- or N-graphene (550 mV and 490 mV and 133
mV/dec and 116 mV/dec, respectively) (Fig. 3). This behaviour was attributed by the

authors to the synergistic coupling effect between heteroatoms.
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Figure 3. HER polarization curves (a) and corresponding Tafel plots (b) of N- and/or P- doped

graphene in 0.5 M H,SO.. Graphite is considered as reference. Extracted from ref. 2.

72



Ruthenium nanoparticles supported on rGO as HER catalysts

Quiao et al. described the promotion of electrocatalytic HER on N-doped carbon
nanosheets (CN) with secondary heteroatoms, obtaining in this case the best catalytic
activity for N,S-CN (10 = 290 mV and b = 76.9 mV/dec).* In addition, N,P-CN, N-CN
and N,B-CN showed n10 of 550 mV, 620 mV and 710 mV and b of 139.3 mV/dec, 159.3
mV/dec and 198.2 mV/dec, respectively (Fig. 4).
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Figure 4. HER polarization curves (a) and corresponding Tafel plots (b) for N-CN, N,B-CN, N,P-
CN and N,S-CN in 0.5 M H;SO,. Extracted from ref. 4.

Furthermore, Su et al. confirmed the great importance of pyridinic and graphitic
nitrogen atoms (pyN/gN) in the final electrocatalytic activity of doped graphene in
addition to the P and N-doping.>® While gN in proximity to P-C bonds maintains the
electronic conductivity and the distribution of the catalytic sites, pyN helps in generating
a large number of electroactive sites. In addition, the best material was the PN-doped
graphene (PNG), showing a ni0 =380 mV and » = 125.5 mV/dec (Fig. 5). DFT studies
from Tu et al. confirmed also the different contributions of each type of doping atoms

(pyridinic, graphitic or pyrrolic N) in vertical graphene (VG) (Fig. 6).’
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Figure 5. HER polarization curves (a) and corresponding Tafel plots (b) of P-, N-, NP- and PN-
doped graphene in 0.5 M H,SO.. Extracted from ref. 5.
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Figure 6. AGu~ on different doping sites of N-VG(c). N-VG = N-doped vertical graphene.

Extracted from ref. 7.

Due to the relatively high n1o values presented for metal-free graphene materials,
doping with metal NPs has also been studied recently to improve their HER catalytic
activity. The use of graphene as a supporting material allows attaining improved
dispersion and stability of the obtained NPs. Among the different metal atoms to be tested,
Pt is the state-of-the-art HER catalyst.® However, its scarcity, high price and instability
(corrosion) under alkaline catalytic conditions makes the development of alternative
catalytic systems a priority in the field, particularly if large-scale applications are
envisioned. In the last years Ru has emerged as an alternative metal due to its similar
hydrogen bond strength, its higher stability under alkaline conditions and its relative
lower price. For some of the developed Ru-based systems, graphene-like materials have
been used as conductive supports. Some selected examples are summarized in the

following paragraphs.

In 2016, L. Wan et al. synthesized well dispersed Ru NPs (2-5 nm) by reduction
of RuCls following a hydrothermal procedure in critical H20.° The synthesis of those NPs
was performed onto a pre-formed graphene-like layered carbon obtained from a
graphitization process from a Rub-15 nanoplates and glucose mixture (Ru/GLC) (Fig.
7a). The system showed a low overpotential of 35 mV to reach 10 mA/cm? (n10) and a
Tafel slope of 46 mV/dec in 0.5 M H.SOa. In the same direction, M. Tour et al. published
a study on Ru® nanoclusters (3-7 nm) supported on N-doped graphene (Ru/NG) (Fig.
7b).1% The materials were obtained with a two-step procedure: initial nucleation of Ru'"
on GO by hydrolysis of [Ru(NHs)s]Cls followed by the reduction of Ru'" clusters to Ru®
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by means of applying a range of high temperatures (350-850 °C) in a NHs/Ar
environment. Ru/NG-750 was the best system, showing a n10 =53 mV and a Tafel slope
of 44 mV/dec.

In 2018, Baek and co-workers presented Ru NPs (2 nm) uniformly distributed on
pre-formed graphene nanoplatelets (Ru@GnP).!! Commercial graphite was ball-milled
with dry ice to produce a carbon structure with high content of carboxylic groups at the
edges, where Ru ions could be trapped prior to the in situ reduction to metal Ru by sodium
borohydride (NaBH4) (Fig. 7¢). A competitive performance compared to Pt was observed,
obtaining a n10=13 mV and a Tafel slope of 30 mV/dec in 0.5 M H2SOa. In this work, the
N-doping of the support was performed after the synthesis of supported Ru NPs, being in
this case the HER activity significantly decreased, confirming that N blocks the metal-

centred active sites (n10 =45 mV and Tafel slope of 84 mV/dec).

In contrast to the previous examples in which the NPs were synthesized over a
pre-formed support, Wang et al. presented highly uniform Ru NPs (2-3 nm) over N-doped
carbon (Ru@CN) by direct calcination of a solid mixture of D-glucosamine
hydrochloride (GAH), melamine and RuCls (Fig. 7d).1? This system achieved a current
density of 10 mA/cm? at a higher overpotential than in previous examples, 110 =126 mV
in 0.5 M H>SO4. More recently, in 2020, Chen et al. used graphene oxide (GO) obtained
according to a modified Hummer method as support for a Ru-hydrogel (Ru-gel) obtained
from a Ru-phen complex, which was freeze-dried overnight prior to a pyrolysis treatment,
resulting in a Ru-modified N-doped graphene aerogel (Ru-NGA) (3.5 nm) (Fig. 7e).13
The material showed a n10 =55 mV and a Tafel slope of 32 mV/dec in 0.5 M H2SOa.
Finally, Lau et al. developed Ru NPs (ca. 2.1 nm) embedded in N-doped carbon (NC),
which was synthesized via a thermolysis process using BusN[Ru(N)Cls] as the metal
precursor and ethylenediaminetetraacetic acid tetrasodium (NasEDTA) salt as the ligand
and carbon source (Fig. 7f).}* The authors also tested the effect of different Ru loadings
(9, 19, 22, 36w.% Ru), obtaining the best HER activity in 0.5 M H,SO4 with RuU@NC
(36wt Ru), achieving a n10=62 mV and a Tafel slope of ca. 40 mV/dec.
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Figure 7. Graphene-supported Ru-based HER systems in acidic media. Wan’s Ru/GLC (a),°
Tour’s Ru/NG (b),° Back’s Ru@GnP (c),** Wang’s Ru@CN (d),*2 Chen’s Ru-NGA (e)** and
Lau’s Ru@NC (f).** Adapted from refs. 9-14.

Despite some examples are found in the literature, HER on graphene-based
materials has not been highly studied and chemists are thus far to understand them. In
addition, the promotional effect of dopants has not been widely studied up to now. Thus,
in Chapter 4, Ru NPs supported on reduced graphene oxide (rGO) are proposed as
electrocatalysts for HER in acidic media. The organometallic approach has allowed to
obtain clean-surface Ru NPs deposited onto a pre-formed support by preventing potential
surface pollution coming from reducing agents or metal salts (not required in this
methodology). rGO was the chosen support instead of GO since the higher concentration
of oxygenated functional groups at the surface of GO could block the interaction between
the organometallic complex and the graphitic structure, preventing the formation of Ru
NPs. In this chapter, two different reduced graphene oxide supports will be used: rGO
obtained by a modified Hummers method (rGO) (Chapter 4A) and rGO prepared from
the pyrolysis of alginate (G) (Chapter 4B).
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Also, the influence of heteroatom-doping (N and P) in the carbon supports has
been studied both in terms of the stability of the NPs during the synthetic procedure and
the catalytic activity of the systems towards the HER.
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Chapter 4A. Ru nanoparticles supported on rGO (Hummers)
as HER catalysts

Three different cathodes for the hydrogen evolution reaction (HER) based on Ru NPs and reduced graphene
oxide (rGO) have been developed. Ru NPs have been synthesized in sifu in the presence of the carbon
support by means of the organometallic approach, being the rGO structure and heteroatom (N or P), when
present, the stabilizing agents of the NPs. The addition of heteroatoms into the graphitic structure (i.e. N or

P) plays a key role in the stability and activity of the hybrid electrodes.

This work has been performed in the frame of a collaboration with Dr. L.M. Martinez (Instituto de
Tecnologia Quimica (ITQ) - Universitat Politécnica de Valéncia (UPV)), who prepared and characterized
the Ru NPs supported on rGO. My contribution has consisted in performing all the electrocatalytic
experiments and some characterizations before and after catalysis to explore their catalytic behaviour and

understand the catalysts fate under turnover conditions.
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4A.1 INTRODUCTION

As explained in the the General Introduction section above, the metal-doping of
graphene materials leads to improved electrocatalytic HER activity. Among the different
metal atoms to be tested, Pt represents the state-of-the-art in HER electrocatalysis.®
However, its scarcity, high price and relatively fast corrosion under alkaline catalytic
conditions motivates the search for alternatives. In this regard, Ru has recently emerged
as an alternative metal, given its similar hydrogen absorption energy, higher stability
under basic conditions and relative lower price. Also, conductive graphene-structures are
known to enhance the electrocatalytic activity of transition-metal based nanomaterials by
restraining the aggregation of the nanocatalysts and improving the electron transfer from
the metal nanocatalysts to the electrode.?** In addition, they allow the possibility to use
reduced metal precursors, compared to non-supported metal NPs, improving the cost

efficiency.

In this Chapter 4A Hummers methodology was the chosen one to obtain GO prior
to applying a heating process to produce reduced graphene oxide (rGO), which will be
used as support for Ru NPs. W. S. Hummers et al. developed in 1958 a new methodology
to prepare graphene oxide.® Until this time, previous methodologies relied on the use of
strong oxidizing mixtures containing concentrated acids and oxidizing materials, making
this procedure hazardous. The new methodology allowed a faster and safer preparation
of GO, becoming a reliable method for producing high quantities of graphite oxide. This
methodology consists in the oxidation of powdered flake graphite with sodium nitrate,
sulfuric acid and potassium permanganate. Different heteroatoms (N or P) have been also
introduced into the carbon structure by using ammonia’ or triphenylphosphine,?®
respectively, following previous studies confirming the positive synergistic effect
between the heteroatoms and metal NPs to obtain improved HER activities. In contrast to
other methodologies used to obtain carbon-supported Ru NPs, in which the synthesis of
the rGO and the NPs is done simultaneously by chemical reduction, in this chapter Ru
NPs have been synthesized on-top of a pre-formed rGO. This methodology allows to tune
the functional groups and/or heteroatoms doping of the carbon structure prior to its use
as a support for the NPs. In addition, the organometallic approach allows to obtain NPs
with clean surface, which is normally polluted from the metal salts used in other synthetic

pathways.
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4A.2 SYNTHESIS AND CHARACTERIZATION

4A.2.1 Synthesis of Ru NPs supported onto rGO

Three different rGO supports were synthesized before their modification with Ru
NPs. The different rGOs differ in the heteroatom doping, namely the non-doped rGO,
rGO doped with N (NH2-rGO) and rGO doped with P (P-rGO). rGO was obtained from
GO, which in turn was prepared by a modified Hummers method.® Thus, GO was
introduced into a quartz reactor and then heated at 400 °C during 15 min in a N2
atmosphere (5 °C/min). After that, the reactor was cooled down to room temperature in a
N2 atmosphere for 1 h 30 min, obtaining rGO. NH2-rGO was obtained following a
modified synthetic method previously reported:’ 100 mg of GO (prepared by the modified
Hummers method) was dispersed in 40 mL of ethylene glycol with the help of an ultra-
sonicator (3 h). Then, 1 mL of ammonia water (25%) was added to the dark brown
dispersion, which was then transferred to a Teflon-lined autoclave and heated at 175 °C
for 16 h. Finally, the precipitate was filtered, washed with distilled water until pH 7 and
dried at 60 °C for 24 h. Finally, P-rGO was obtained following a synthetic method

previously reported by using triphenylphosphine (TPP) as phosphorous source.®®

Ru NPs were synthesized directly onto each of the three rGO supports following
the organometallic approach.'® Specifically, [Ru(COD)(COT)] was decomposed under
H, at room temperature in the presence of each corresponding rGO, previously
ultrasonicated in THF, to obtain the three different Ru supported samples, Ru@rGO,
Ru@NH;-rGO and Ru@P-rGO (Fig. 1).
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Figure 1. Scheme for the preparation of the Ru@rGO, Ru@NH,-rGO and Ru@P-rGO samples

following the organometallic approach.

4A.2.2 Transmission electron microscopy analysis (TEM)

After synthesis and after removing the remaining hydrogen from the Fischer-
Porter reactor under vacuum, each as-prepared sample was analyzed by TEM. A drop of
a solution of each of the three isolated Ru@rGO samples after dispersion in THF was
deposited onto a carbon-coated copper grid. TEM images revealed spherical and isolated
NPs on top of all the samples. NPs with similar size and dispersion were found for
Ru@NH;-rGO and Ru@P-rGO, being the mean diameters 1.5+ 0.2 nmand 1.5 £ 0.3
nm, respectively. In contrast, Ru NPs in the non-doped graphene present slightly bigger
size and wider size distribution, 2.0 £ 0.8 nm (Fig. 2). These results confirm the positive
role of the heteroatom doping in the stabilization of Ru(0) NPs during the synthetic
procedure, affecting the nucleation and growth kinetics of the NPs, resulting in smaller

mean size and more uniform dispersions.

Inductively coupled plasma atomic emission spectroscopy (ICP-AES) analyses
revealed metal contents of 2.4 wt% Ru, 2.5 wt% Ru and 3.1 wt% Ru in Ru@rGO,
Ru@NH;-rGO and Ru@P-rGO, respectively.
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Figure 2. TEM images and size distribution histogram of Ru@rGO (a-c), Ru@NH,-rGO (d-f)
and Ru@P-rGO (g-i).

4A.2.3 X-ray photoelectron spectroscopy (XPS)

In order to confirm the presence of P and N atoms on the doped graphene and
unravel their nature, XPS analysis have been performed. The high-resolution spectrum of
P 2p shows a broad peak which can be deconvoluted in two components, one peak centred
at 133.1 eV, corresponding to P atoms bonded to oxygen, and another one at 130.9 eV,
corresponding to P-C bonds (Fig. 3a).1* These peaks have been previously identified in
similar P-doped graphenes.!! In this case, the percentage of graphitic phosphorous atoms
seems higher than in Ru@P-G (from alginate, Chapter 4B, see below), where P is mainly
found in the phosphate form. Analysis of the P 2p signal also allowed to determine the P

content in the doped support, P-rGO, which appeared to be of 1.26 at.%.
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The high-resolution spectrum of N 1s shows a broad peak which can be also
deconvoluted in three components, being the most intense peak centred at ca. 399.7 eV
corresponding to —NH, and —NH groups. The peak at 398.6 is attributed to pyridinic N
atoms and the other one at 401.2 eV belongs to graphitic N atoms (Fig. 3b).’
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Figure 3. High-resolution P 2p XPS spectra of P-rGO (a) and high-resolution N 1s XPS spectra
of NHz-rGO (b).

The overlap of the Ru 3d signal with the C 1s peak makes the signal deconvolution
and interpretation difficult. Therefore, the different oxidation states of the Ru NPs have
been assessed upon analysing the Ru 3p region. Fig. 4 shows the Ru 3ps/2 signal of the as-
synthesized Ru@NH-rGO, which displays a binding energy of 462.4 eV. The
deconvolution of this peak presents two contributions, one at 463.4 eV that is attributed
to Ru(1V), characteristic of RuO», and another one at 461.9 eV, which belongs to Ru(0).
These results confirm the formation of a RuO2 passivation layer around the Ru(0) core
after air exposition. Ru 3p XPS analysis from Ru@rGO and Ru@P-rGO are currently
on-going. However, from the obtained results for Ru@NH:-rGO and previous
experience in the group with related Ru NPs,!? a mixture Ru/RuO: is expected in all

samples after air exposition.
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Figure 4. High-resolution Ru 3p XPS spectra of the as-synthesized Ru@NH,-rGO.

4A.24 N and *'P magic angle spinning solid state NMR spectroscopy
analysis (MAS-NMR)

The nature of the doping atoms in both NH2-rGO and P-rGO was examined from
analogous *'NH,-rGO and *'P-rGO materials by >N MAS-NMR and *'P MAS-NMR,
respectively. °N MAS-NMR spectrum from NH-rGO shows a broad band between
330-185 ppm, attributed to N atoms far away from H atoms (i.e. pyridinic and graphitic
N atoms far from H), and a sharper one around 150 ppm, attributed to N atoms near in
space or bonded to H atoms (-NH>, -NH and graphitic N atoms close to H) (Fig. 5a, blue).
'H-15N cross-polarization (CP) MAS NMR spectrum supports this assignment as the
intensity of the broad signal between 330-185 ppm decreases compared to the one at 150
ppm, meaning that these N groups are not affected by cross polarization from close H
atoms (Fig. 5a, khaki).

On the other hand, 3P MAS NMR spectrum of P-rGO displays a broad peak
centered at 0 ppm (ca. 25 ppm broad) (Fig. 5b). The width of this peak is attributed to a
wide array of sites with slightly different isotropic chemical shifts, reflecting the broad
array of environments expected to be found in the graphitic sheet, and represents
“graphitic” phosphorus or oxidized graphitic phosphorous, bonded to three sp?-

hybridized carbon atoms.
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Figure 5. ®N MAS (blue) and CP-MAS (khaki) NMR spectra of ""NH,-rGO (a) and *'P MAS
spectrum of *'P-rGO (b).

4A 3 ELECTROCATALYTIC PERFORMANCE

4A.3.1 Electrocatalytic HER studies in acidic media

The HER performance of Ru@rGO, Ru@NH;-rGO and Ru@P-rGO was
evaluated in 1 M H2SO4 aqueous solution (pH 0). The material was dispersed in THF (2
mg/mL) and drop-casted onto a glassy carbon rotating disk electrode (GC-RDE). A three-
electrode configuration was used to study the electrochemical behaviour of the materials,
using the drop-casted RDE as working electrode. SCE (Saturated calomel electrode, KCI
sat.) and a Pt wire were used as reference (RE) and counter electrodes (CE), respectively.
The polarization curves and corresponding Tafel plots of Ru@rGO, Ru@NH»-rGO and
Ru@P-rGO are shown in Fig. 6 (bold lines). A change in the current density is observed
when scanning into reductive potentials, confirming the catalytic reduction of protons

into Ho.
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Figure 6. Polarization curves of Ru@rGO (green line), Ru@NH,-rGO (red line) and Ru@P-
rGO (blue line) before (bold) and after (dashed) a reductive process at [j| = -10 mA/cm? in 1 M
H2SO4. rGO (grey line), NH>-rGO (black line) and P-rGO (wine line) blanks are also shown
(@). Tafel plots of Ru@rGO, Ru@rGO-r, Ru@NH,-rGO, Ru@NH,-rGO-r, Ru@P-rGO and

Ru@P-rGO-r in 1 M H,SO;4 (b). Same color code as in (a).

The catalytic performance of the systems can be significantly improved when
submitted to a current-controlled bulk electrolysis at j = -10 mA/cm?. As presented in Fig.
6, whereas Ru@rGO, Ru@NH;-rGO and Ru@P-rGO systems show a n1o of 331 mV,
274 mV and 268 mV, respectively, a shift on the polarization curves is observed after the
reductive process, decreasing the nio down to 71 mV, 30 mV and 2 mV, respectively.
This behaviour is attributed to a change in the oxidation state of surface Ru atoms on the
NPs. As shown in the XPS Section 4A.2.3 above and for related studies in our research
group,*? the Ru NPs surface gets partially oxidized (passivated) when exposed to air after
the synthetic procedure. When applying a reductive potential to this RuO; passivated
surface it is reduced back to metallic Ru (Fig. 7), and the catalytic current density of the
corresponding reduced species, from now on Ru@rGO-r, Ru@NH;-rGO-r and Ru@P-
rGO-r, radically increases in comparison with the passivated materials (i.e. Ru@rGO,
Ru@NH;-rGO and Ru@P-rGO, Fig. 6a). A deep study of this behaviour was performed
previously in our research group with 4PP stabilized Ru NPs (Ru/Ru0.),*? confirming a
total disappearance of the RuO. peak in the XPS, indicating the reduction of the

superficial Ru'Y to metallic Ru under reductive catalytic conditions.
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Figure 7. Schematic representation of the evolution of Ru species on the surface of NPs under
different conditions.

The different nature and catalytic performance of Ru@rGO/Ru@rGO-r,
Ru@NH;-rGO/Ru@NH2-rGO-r and Ru@P-rGO/Ru@P-rGO-r are -evidenced
through their corresponding Tafel plots as well (Fig. 6b). Ru@rGO-r shows a lower
Tafel slope of 65 mV/dec compared to 276 mV/dec for Ru@rGO. The same tendency is
observed with the heteroatom-doped systems, where Ru@NH;-rGO-r shows a lower
Tafel slope of 56 mV/dec compared to 396 mV/dec for Ru@NH,-rGO, and Ru@P-
rGO-r has a Tafel slope of 51 mV/dec compared to 141 mV/dec for Ru@P-rGO, as
expected for the presence of Ru(0) species in the activated forms after bulk electrolysis.
A positive effect of the nitrogen and phosphorous incorporated into the carbon support is
also observed in the HER catalytic activity. Both Ru@NH;-rGO and Ru@P-rGO
materials show better performance than their bare counterpart Ru@rGO, with lower
overpotentials and Tafel slopes, representing some of the best Ru-based HER
electrocatalysts reported so far in the literature (see Table Al in Annex). Among them,
the P-doped system shows the best catalytic activity, with particularly low nio (only 2
mV). The respective electron acceptor and electron donor ability of nitrogen and
phosphorous to adjacent carbons in the graphitic structure would affect the electronic
structure of the support, with a concomitant effect in the electronic structure of the Ru
NPs, improving in this case the synergistic effect between Ru and C, modulating the

adsorption of reaction intermediates to enhance the HER catalytic activity.

The Tafel slope (b) allows defining the rate determining step (rds) of the catalytic
reaction. Ru@rGO-r, Ru@NHz-rGO-r and Ru@P-rGO-r show Tafel slopes of 65, 56
and 51 mV/dec, respectively (Fig. 6b), suggesting that the HER follows the VVolmer-
Heyrovsky mechanism. This value reveals for all electrodes a situation in between the

Volmer and Heyrovsky steps as rds (the Heyrovsky step, Hz electrodesorption with a
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proton from the solution, presents values of b = 40 mV/dec). In contrast, Ru@P-rGO
shows a Tafel slope closer to 120 mV, being typically attributed to the Volmer step as rds
(adsorption of H* to form the M-H species on the NP, typically » ~ 120 mV/dec). In
addition, Ru@rGO and Ru@NH-rGO both show very high Tafel slopes (>150 mV),

suggesting that the H* adsorption is extremely slow.

4A.3.2 Fate of the catalyst under catalytic conditions

The fate of the heterogeneous systems after short term stability tests (2 h) was
assessed by TEM analysis. To do that, after 2 h under catalytic conditions (CP, j = -10
mA/cm?), the drop-casted materials were recovered from the RDE with THF and a bit of
sonication. Then, a drop of the THF suspension of the recovered material was deposited
onto a carbon-coated copper TEM grid. The mean size of the NPs clearly increased for
Ru@rGO, while the size was maintained for Ru@NH:-rGO and Ru@P-rGO (Fig. 8).
These results support the hypothesis that heteroatoms (i.e. N or P) stabilize Ru NPs from
aggregation/coalescence both during the synthetic process and under catalytic conditions.
In addition, fewer NPs are found in TEM images after the catalytic turnover, but due to
the difficulties to obtain enough material after catalysis and the heterogeneity of the

materials, no hasty conclusions will be taken.
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Figure 8. TEM images and corresponding histogram of Ru@rGO (a-c), Ru@NH,-rGO (d-f)
and Ru@P-rGO (g-i) after 2 h under catalytic conditions (j = -10 mA/cm?).

In addition, EDX analysis of Ru@P-rGO confirmed presence of Ru and P in the

sample after 2 h under catalytic conditions (Fig. 9).

Figure 9. TEM (inset) and EDX analysis of Ru@P-rGO after 2 h under catalytic conditions (j =
-10 mA/cm?).
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Long-term stability is also a key parameter for a catalyst to be potentially useful
in the HER. Thus, Ru@rGO-r, Ru@NH;-rGO-r and Ru@P-rGO-r electrodes were
held at a constant current density of j = -10 mA/cm? in a current controlled experiment
(i.e. chronopotentiometry) for 12 h, monitoring the change in the required overpotential
(Fig. 10). LSVs before and after the 12 h experiments are also shown in Fig. 10. The
Ru@NH:-rGO-r and Ru@P-rGO-r systems showed almost no change innzo and almost
identical LSV polarization curves before and after catalytic turnover (Fig. 10b and 10c).
For Ru@rGO-r, the stability is also confirmed, obtaining similar catalytic activity after
catalytic turnover. A little activation is observed after the 12 h experiment, probably
because this experiment started before the complete activation of the system by the
previous reductive process (Fig. 10a). Therefore, even though the catalysts suffer from
slight changes during the catalytic turnover, as shown in TEM images after 2 h (Fig. 8),

their HER activity is preserved for at least 12 h.
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Figure 10. LSV of Ru@rGO-r (a, green), Ru@NH,-rGO-r (b, red) and Ru@P-rGO (c, blue)
before (light color) and after (dark color) a 12-h chronopotentiometry experiment at a j= -10

mA/cm?.

4A.3.3 Faradaic efficiencies

Faradaic efficiencies of 96-98 % were determined by quantifying the amount of
H> generated by the systems during a 20-min chronoamperometry using a Ho-Clark
electrode, and comparing it with the maximum theoretical amount of H; calculated from
the total charge passed through the electrode (Fig. 11). This confirms the production of

H> as the sole reaction taking place.
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Figure 11. H,-monitored current-controlled bulk electrolysis of Ru@rGO (a), Ru@NH-rGO

(b) and Ru@P-rGO (c) in 1 M H,SO.. The production of Hz was detected in the gas phase by the
use of a Clark-type electrode.

4A.3.4 Electrocatalytic performance benchmarking

The electrocatalytic performance of all the systems was further compared by
following the benchmarking methodology reported by Jaramillo et al'®* Each
electrochemically active surface area (ECSA) was calculated from Cp., which was
estimated by successive scan-rate dependent CVs in a non-faradaic region (Fig. 12, Table
1). Inthis region no redox process take place and all the measured current is due to double-
layer charging. Thus, a plot of i as a function of » yields a straight line with a slope equal
to Co (EqQ. 1).

I=vCpL Eq.1

The ECSA was obtained by dividing the calculated capacitance by a tabulated

value (Cs = specific capacitance) that depends on the material used and solution (for C,
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in 1 M H2SO4 Cs=13-17 uF/cm?) (Eq. 2). The roughness factor (RF) was calculated by
dividing the ECSA by the geometrical surface area (S) (Eq. 3).
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Figure 12. Representative multi CV experiments at different scan rates for Cp. determination of
Ru@rGO (a), Ru@NH:-rGO (c) and Ru@P-rGO (e). Plot of current values at 0.25 V vs. SCE
for the different scan rates in 1 M H,SO. for Ru@rGO (b), Ru@NH,-rGO (d) and Ru@P-rGO

().
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The Cp. values are 0.07 = 0.03, 0.0595 and 0.04375 for Ru@rGO, Ru@NH:-
rGO and Ru@P-rGO, respectively. Having a look at the ECSA values listed in Table 1,
the values for Ru@rGO, Ru@NH;-rGO and Ru@P-rGO (entries 1, 3 and 5) are
comparable, confirming similar RF between supports even if heteroatoms are introduced
in the carbon structure, in contrast to results shown in Chapter 4B (see below), where the
addition of P into the carbon structure made the final material more exfoliated and less

rough.

Table 1. Summary of physico-chemical and HER electrocatalytic data for the systems studied in
this work (1 M H.SO, aqueous solution). Parameters: mean diameter (dmean), ONSet overpotential
at -10 mA/cm? (n10), Tafel slope (b), exchange current density (jo), ECSA, RF and specific current
density at n=100 mV (/ji/).

ljsl

Ent Svst dmean Ru N b j(] ECSA RF
ntry ystem (hm)  (Wt%) (mV) (mV/dec) (mAlcm?)  (cm?) (("mZ‘;‘(’:'r;V;)
20+ 59+ O3
1 Ru@rGO 24 3L 216 0.63 + 0.01
0.8 14
20.0
2 Ru@rGO-r - -7 65 085 91 1303  0.19
Ru@NH;- 15+
3 GO Ny 25 274 3% 206 40 567  0.05
g  Ru@NH: - - 30 56 101 128 1834  0.42
rGO-r
15
5  Ru@PrGO S 31 268 141 013 29 417 003
g ~ Ru@PTGO- - 2 51 1088 264 3769 045

r

The ECSA values allow calculating the specific current density (j;) of the
electrode, which represents the real electroactive area of the whole material at a given
overpotential. Thus, the current density, j;, normalized per ECSA at n= 100 mV has been
calculated for all the systems (Table 1) as follows:

l
. n .
. _Idn _ 5 l

e = Eq. 4
P T RF (g ECSA a

)

The same parameters have been calculated after the activation of the materials
(Fig. 13 and Table 1 entries 2, 4 and 6), obtaining higher ECSA, RF and j, values in all
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cases. As confirmed in Chapter 4B (see below), the increase in ECSA values after the
reductive process is attributed to changes in the carbon support and the reduction of RuO>
into Ru®, as observed in monodispersed RUNPs.'? In fact, as observed in Table 1, the
ECSA increase is emphasized in the doped materials compared to the bare one, following
this trend rGO < NHz-rGO < P-rGO. These differences will be studied in near-future
by characterizing, by means of XPS, solid NMR. etc. each support and hybrid material
after the reductive process, allowing to extract some insights about the evolution of each
system under reductive electrocatalytic conditions.
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Figure 13. Representative multi CV experiment at different scan rates for Cp. determination of
Ru@rGO-r (2), Ru@NH;-rGO-r (c) and Ru@P-rGO-r (e). Plot of current values at 0.25 (vs.
SCE) for the different scan rates in 1 M H;SO,4 for Ru@rGO-r (b), Ru@NH,-rGO-r (d) and
Ru@P-rGO-r (f).
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4A .4 CONCLUSIONS & PERSPECTIVES

Well dispersed Ru NPs supported onto three different rGO materials (i.e. non-
doped (rGO), N-doped (NH2-rGO) and P-doped (P-rGO) have been successfully
synthesized taking benefit of the organometallic approach, obtaining Ru NPs between 1-
3 nm in size. After partial surface oxidation by air exposition after the synthetic
procedure, the catalytic activities of the resulting Ru@rGO, Ru@NH-rGO and Ru@P-
rGO materials have been studied.

The activity of all materials in 1 M H2SO4 aqueous solution at pH 0 clearly
confirms the dependence of the HER catalytic activity on the oxidation state of the NPs
surface, being metallic Ru® sites more active than RuO-. This behaviour has been deduced
by comparing the electrocatalytic activity before and after applying reductive conditions
to the systems, obtaining better catalytic activities thereafter. All the activated Ru@rGO-
r, Ru@NH;-rGO-r and Ru@P-rGO-r materials work at low overpotentials (o~ 71
mV, 30 mV and 2 mV, respectively) and present a Tafel slope of 65, 56 and 51 mV/dec,
respectively. It is also noticed a positive effect of the heteroatom (i.e. N or P) incorporated
into the carbon support in the catalytic HER activity, especially for the P-doped case. This
behaviour can be explained by the respective electron acceptor and electron donor ability
of N and P atoms adjacent to C atoms in the graphitic structure, affecting the electronic
structure of the support, with a concomitant effect in the electronic structure of Ru NPs,
improving in this case the synergistic effect between Ru and C, modulating the adsorption
of reaction intermediates to enhance the HER activity. Thus, thanks to the high
conductivity of rGO, the extremely small Ru NPs size and the synergistic effect between
the Ru NPs and the support, high catalytic activities for HER are achieved, especially for
Ru@NH;-rGO and Ru@P-rGO, representing some of the best Ru-based HER

electrocatalysts reported so far in the literature (see Table Al in Annex).

Long-term stability studies (12 h) confirmed that all systems are capable to
produce a current density of j = -10 mA/cm? for at least 12 h without any sign of
deactivation. High faradaic efficiency values (i.e. 96-98 %) confirmed quantitative H>

production for all the studied systems.

Since the influence of the doping of different heteroatoms in carbon-supported Ru

NPs in their overall HER electrocatalytic activity has not been deeply studied so far,
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future DFT calculations by modelling these particular systems could allow to unravel the
favourable electronic effects of the different heteroatoms both in the carbon structure and
in the Ru catalysts by means of the so-called d-band center calculations.** In addition, as
a well-accepted HER descriptor in acidic media, the hydrogen adsorption Gibbs free
energy (AGn=) could be evaluated by means of DFT calculations, trying to correlate trends
between this parameter and the experimental performance (i.e. exchange current density
values) depending on the used heteroatom doping. In addition, the effect of different
doping percentages could be investigated in a future work, trying to find the optimal
doping to obtain the best catalytic system.
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4A.5 EXPERIMENTAL SECTION

Materials and methods

All procedures concerning the synthesis and preparation of samples were carried
out using standard Schlenk tubes, Fisher-Porter glassware and vacuum line techniques or
in a glove-box (MBraun) under argon atmosphere. Solvents (THF, hexane, from Sigma-
Aldrich) were purified by distillation under Ar atmosphere through filtration in the
column of a purification apparatus (MBraun). Solvents were degassed before use via a
multi-cycle freeze-pump-thaw process. [Ru(COD)(COT)] was purchased from
Nanomeps Toulouse.

Characterization techniques

Transmission electron microscopy (TEM). Ru-NPs were observed by TEM
after deposition of a drop of a solution of the isolated NPs after dispersion in THF on a
copper grid. TEM analyses were performed at the “Servicio de Microscopia Electronica”
of Universitat Politécnica de Valéncia (UPV) by using a JEOL JEM 1010 CX-T electron
microscope operating at 100 kV with a point resolution of 4.5 A. Some TEM images have
been performed at the “Servei de Microscopia” of the UAB using a JEOL JEM 1400
electron microscope working at 120 kV with a resolution point of 0.4 nm by re-dispersing
the material in THF and adding a drop onto a carbon-coated copper grid just before TEM
analysis. Size distributions were determined through manual analysis of enlarged

micrographs by measuring > 200 particles on a given grid.

Energy-dispersive X-ray spectroscopy (EDX): EDX analysis were performed
at “Servei de Microscopia de la UAB” using a JEOL JEM 2011 electron microscope to

analyze the chemical elemental composition of the samples.

Inductively coupled plasma atomic emission spectroscopy (ICP-AES): ICP-
AES analyses were performed by the ICP technical service of the Instituto de Tecnologia
Quimica (ITQ), using a Varian 715-ES ICP-Optical Emission Spectrometer. The samples
for ICP-AES were prepared following a modified digestion method reported.® In
particular, 30 mg of catalyst sample were suspended in 21 mL HCI-HNOs (6:1). The

solution was then sonicated for 90 minutes and the samples were digested at 180 °C for
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15 hours. After that, it was cooled down until room temperature (r.t.), diluted with 100
mL of water and analyzed by ICP-AES.

Solid-state MAS-NMR spectroscopy. ©°N and 3P MAS-NMR analyses were
performed at the ITQ on a Bruker Avance 400WB instrument equipped with a 4 mm
probe with the sample rotation frequency of 10 kHz. Measurements were carried out in a
4 mm ZrO; rotor. ®N MAS-NMR analyses have been performed with and without cross-

polarization (CP).

X-ray photoelectron spectroscopy (XPS): XPS analyses were performed using
a SPECS device equipped with a Phoibos 150-9MCD detector using Mg-Ka radiation
(hv=1235.6 e¢V) and Al-Ka radiation (hv= 1483.6 eV) from a dual source. The pressure
during the measurements was kept under 10 Torr. The quantification and titration of the
spectra was done with the help of the software CASA, referencing them in base of C1s =
284.5eV.

Synthetic procedures

Synthesis of rGO. It was obtained from thermal reduction/exfoliation at low
temperature of GO prepared by modified Hummers method.® GO was introduced into a
quartz reactor and then heated at 400 °C during 15 min in a N2 atmosphere (5 °C /min).
After that, the reactor was cooled down to room temperature in N2 atmosphere for 1h 30
min. Elemental analysis: C=83.6 %, H: 0,5 %, S: 0.14 %

Synthesis of NH:-rGO. Obtained following a modified synthetic method
previously reported elsewhere.” 100 mg of GO (prepared by modified Hummers method)®
was dispersed in 40 mL of ethylene glycol with the help of an ultra-sonicator (3h). After
that, 1 mL of ammonia water (25%) was added to the dispersion (dark brown), which was
then transferred to a Teflon-lined autoclave and heated at 175 °C for 16h. Finally, the
precipitate was filtered, washed with distilled water until pH 7 and dried at 60 °C for 24
h. Elemental analysis: N: 7.91 %, C=75.43 %, H: 1.69 %. XRD: Reduced graphene. IR:
(KBr pellet, cm™?), 1580cm™? (v N-H) and 1020 cm™ (v C-N).

Synthesis of P-rGO. P-rGO was obtained following a synthetic method

previously reported elsewhere.®®
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Synthesis of Ru@x-rGO (X= none, NH; or P). [Ru(COD)(COT)] (10 mg, 0.032
mmol) was introduced in a Schlenk flask and dissolved in 5 mL of THF. Then, the
solution was transferred to a Fischer-porter reactor charged with a suspension of x-rGO
(100 mg) in 50 mL of THF previously sonicated during 90 min. The Fischer-Porter reactor
was then pressurized with 3 bar of H. and stirred vigorously. The reaction was kept 20 h
at room temperature. After that, the remaining H pressure was released and the Ru@x-
rGO material was separated from the suspension by filtration through a polyamide
membrane (Whatman ® membrane filters, 47mm x 0.45 um) and washed with THF (150
mL). The resulting black precipitate was dried overnight at 60 °C. Ru@rGO: dmean = 2.0
+ 0.8 nm, ICP = 2.4%w Ru. Ru@NH;-rGO: dmean = 1.5 £ 0.2 nm, ICP = 2.5 %w Ru.
Ru@P-rGO: dmean = 1.5+ 0.3 nm, ICP = 3.1 %w: Ru.

Electrochemical set-up

Electrode Preparation. A 2 mg/mL dispersion was prepared by adding 1 mg of
hybrid material in 500 uL of THF. Sonication was tried to be avoid to prevent NPs
aggregation. Then, an aliquot of 5 uLL was drop-casted on the surface of the GC/RDE (S
= 0.07 cm?) and dried. This procedure was repeated three times. A 5 uL-drop of nafion
(0.02 %) was added for the rGO and Ru@rGO systems and dried prior to the

electrochemical measurements.

Electrochemical measurements. All the electrochemical experiments were
performed in a BioLogic SP-150 potentiostat with a rotating GC disk electrode (GC-
RDE) at 3000 rpm in order to ensure complete removal of in situ formed H, bubbles. The
solutions were degassed previous to the electrochemical analysis with a N2 flow. Ohmic
potential (IR) drop was automatically corrected at 85 % using the Biologic EC-Lab
software for cyclic voltammetry and chronoamperometry. For chronopotentiometry
experiments IR drop was manually corrected (Emod = Emeas + Eir, mod=modified and
meas=measured) at 85 % by adding the corresponding potential value Eir = iexp X (Rmes X
0.85), where iexp is the applied current in A and Rmes is the measured resistance in Q. 1 M
H2S04 solution was prepared by mixing 56.1 mL of 95-97 % H,SO4 in 1 L of Mili-Q
water. A glassy carbon rotating disk electrode (RDE, ¢» = 0.3 ¢cm, S = 0.07 cm?) was used

as working electrode. A Pt wire was used as counter electrode (CE) and a standard
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calomel electrode (SCE, Hg/Hg-Cl, KCl sat.) electrode was used as a reference electrode
(RE), and electrochemical data transformed to NHE by adding +0.244 V.

A 10 mL two-compartment cell with a proton exchange membrane between the
two compartments was used for faradaic efficiency calculation. The CE was placed in
one compartment and the WE and RE were placed in the other compartment together with
the Clark electrode. Both compartments were filled with 7 mL of 1 M H2SO4 solution and
both compartments were equipped with a stirring bar. Prior to each measurement, both
compartments were purged with N2. The Unisense H>-NP Clark electrode was used to
measure in the gas phase the hydrogen generated by the systems during a
chronopotentiometry. The Clark electrode was calibrated by adding different volumes of

99 % pure hydrogen at the end of the experiment.

Double-layer Capacitance (Cpr) and Electrochemically active Surface Area
(ECSA) determination: Cp_ was estimated by CV. A non-faradaic region was chosen
fromthe LSV (typically a 0.1 V window about OCP), where no redox process takes place
and all the measured current is due to double-layer charging. In this way, 8 different scan
rates were used (5, 10, 25, 50, 75, 100, 250 and 500 mV/s), holding the working electrode

at each potential vertex for 10 seconds prior to the next step.
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Chapter 4B. Ru nanoparticles supported on rGO (Alginate) as
HER catalysts

2 b il

Two different cathodes for the hydrogen evolution reaction (HER) based on Ru NPs and reduced graphene
oxide (G) have been developed. Ru NPs have been synthesized in sifu in the presence of the carbon support
by means of the organometallic approach, being the G structure and phosphorous, when present, the
stabilizing agents of the NPs. The addition of P into the graphitic structure plays a key role on the stability
and activity of the hybrid electrodes.

This work has been performed in the frame of a collaboration with Dr. L.M. Martinez (Instituto de
Tecnologia Quimica (ITQ) — Universitat Polintécnica de Valéncia (UPV), who prepared and characterized
the Ru NPs supported on G. My contribution has been the performance of all the electrocatalytic
experiments and some characterization before and after catalysis to explore their catalytic behaviour and

understand the catalyst fate under turnover conditions.
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4B.1 INTRODUCTION

The development of organic-inorganic hybrid materials for redox catalysis is key
for the development of new energy conversion schemes and the sustainable production
of H>. With far higher surface area and charge carrier mobility than related graphitic
materials, graphene has emerged in recent years as a paradigmatic 2D carbon-support in
electrocatalysis.®  However, practical application of graphene-based hybrid
electrocatalysts relies on the development of scalable and sustainable methods to produce
this carbon nanomaterial. In this regard, graphene production through biomass
carbonization, a waste-treatment technology, is an attractive valorisation strategy to
reduce electrode costs and increase the sustainability of electrode production.? In this
sense, in Chapter 4B, the graphene used as support for Ru NPs has been obtained from
pyrolysis of alginate (Fig. 1), refined from alginic acid, which is a widely available natural
polysaccharide consisting of unbranched chains extracted in enormous quantities from

crustacean skin and algae marine biomass.

OH
-0
0 0
HO L ou
0 ONa
Figure 1. Structure of alginate

4B.2 SYNTHESIS AND CHARACTERIZATION

4B.2.1 Synthesis of reduced graphene oxide supports

Preparation of graphene (G) and P-doped graphene (P-G) supports was
accomplished by pyrolysis of alginate according to literature.>* Briefly, G was
synthesized by alginic acid sodium salt brown algae pyrolysis in argon atmosphere. For
P-G, alginic acid sodium salt from brown algae was first dissolved in a sodium phosphate
dibasic monohydrate aqueous solution before performing the same pyrolysis process as
for G.
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4B.2.2 Synthesis of Ru NPs supported onto G

Ru NPs were synthesized from an organometallic Ru precursor in the presence of
the corresponding C support (G or P-G, obtained from pyrolysis of alginate). The
graphene-supported Ru NPs were obtained from [Ru(COD)(COT)], which was
decomposed by hydrogenation [room temperature (r.t.), 3 bar Hz, 20 h] in the presence of
the support, previously dispersed in THF by ultra-sonication (Fig. 2). All the samples
were exposed to air after drying them under vacuum in order to passivate the surface of
the NPs.

[Ru(COD)(COT)]
.)\Ru//
H\C
e [PO,4
3 barH,, rt. 20 h 5 \M] O_I; 9‘)3
,}J» e, i&ﬁ\ﬁ—i
- X j}:—: 9 H
[PO| - 1
(o]
Ru@P-G

Figure 2. Synthesis of Ru@G and Ru@P-G following the organometallic approach. Grey balls

represent Ru atoms forming NPs supported on the graphene.

4B.2.3 Transmission electron microscopy analysis (TEM)

Before the decoration of the C support with Ru NPs, the morphology of both
supports was assessed by transmission electron microscopy. Typical graphene
morphologies and absence of C particles from pyrolized alginate residues were observed
by TEM for both carbon supports (Fig. 3). Having a look on the TEM images, it is noticed
a different degree of exfoliation between G and P-G. The presence of phosphate and
sodium ions during the preparation of P-G seems to aid the separation of the C sheets,
yielding a more exfoliated C support. The lower roughness of the P-G material (vs. G)
was later corroborated by electrochemical measurements (ECSA and RF, see Table 2 in
Section 4B.3.2).
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—
100 nm. 3§

200 nm

Figure 3. TEM images of G (a-c) and P-G (d-f) supports.

In addition, each Ru-decorated material was analyzed by TEM, which was used
as a standard tool of analysis to study the morphology and assure the presence of NPs on-
top of the support. After the reaction time, each sample was taken for TEM analysis by
removing the remaining hydrogen from the reaction vessel and depositing a drop of
colloidal dispersion onto a holey carbon covered copper grid. TEM analysis for Ru@P-
G revealed spherical, well distributed and monodispersed NPs with a mean diameter of
1.5+ 0.3 nm (Fig. 4d-f). In contrast, the use of non-doped graphene (G) as a support (also
prepared by pyrolysis of alginate) yielded slightly bigger (1.9 £ 0.6 nm) and more
aggregated NPs (Fig. 4a-c). This difference in size and dispersion suggests that
heteroatoms present in the P-doped graphene assist the generation and the stabilization of

the Ru NPs during this synthetic approach.

Inductively-coupled plasma atomic emission spectroscopy (ICP-AES) confirmed
the presence of Ru in each sample, obtaining metal contents of 2.6 wt% and 3.3 wt% for
Ru@G and Ru@P-G, respectively.
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Figure 4. TEM images and size distribution histograms of Ru@G (a-c) and Ru@P-G (d-f).

High-resolution TEM (HRTEM) images confirmed the crystallinity of the NPs
present in both Ru@G and Ru@P-G (Fig. 5). Fourier analyses applied to these images
display reflections due to the (002), (200), (100) and (110) atomic planes of the hexagonal
compact crystalline (hcp) structure of bulk Ru, attributed to interplanar distances 0f0.214,
0.117, 0.234 and 0.135 nm, respectively.

(zooL
s M(110)

& (002)
[

Figure 5. HRTEM images, chosen expanded zone and the Fourier transform analysis with planar
reflections for Ru@G (a) and Ru@P-G (b).
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4B.2.4 Raman spectroscopy analysis

Raman spectroscopy is a well-known characterization technique to evaluate the
quality of graphene.® The Raman spectra of G and P-G display two major bands at 1358
cm? (D peak) and 1595 cm™ (G peak), together with the G’ peak at around 2680 cm
(Fig. 6a and 6c). These results confirm the graphitized nature of both supports, as the G
and G’ peaks are characteristic of sp? hybridized carbon-carbon bonds in graphene. In
addition, the high intensity of the D peak could confirm the high defect density of the
used supports. In addition, introduction of disorder breaks the crystal symmetry,
activating other vibrational modes, such as D’ band features (D’+G band at ca. 3190
cm?), and the appearance of a D+G mode (2930 cmt). These defect sites are exceptional
anchoring points for Ru NPs, enhancing the interaction graphene-Ru, which may improve
the stability and activity of the catalyst. The incorporation of Ru NPs on these materials

did not affect significantly the Raman spectra (Fig. 6b and 6d).

a) G b) Ru@G

H 1 r T T T T r T
200 700 1200 1700 2200 2700 3200 200 700 1200 1700 2200 2700 3200
Frequency (cm™) Frequency (cm™)
c) P-G d) Ru@P-G

G
D

D’+G

1
200 700 1200 1700 2200 2700 3200 200 700 1200 1700 2200 2700 3200
Frequency (cm) Frequency (cm™)

Figure 6. Raman spectra of G (a), Ru@G (b), P-G (c) and Ru@P-G (d).
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4B.2.5 X-ray photoelectron spectroscopy analysis (XPS)

XPS analyses were performed on the P-doped support, P-G, and both hybrid
nanomaterials (i.e. Ru@G and Ru@P-G) to determine the chemical composition and the

nature of the C, P and Ru species present.

The high-resolution C 1s XPS spectrum of P-G shows a relative broad band at a
binding energy (BE) of 284.8 eV, which can be deconvoluted into three components (Fig.
7a). The main peak at 284.8 eV (pink) is attributed to the C atoms of graphitic domains
(sp?). The peak at ca. 286.9 eV (blue) corresponds to C atoms of epoxides, tertiary
alcohols and C atoms connected to P. The third peak centred at ca. 289.2 eV (red) belongs
to carboxylic groups.® Comparable results have been observed at the C 1s region for
Ru@G (Fig. 7¢), confirming that the reductive conditions under H; pressure needed to

obtain Ru NPs is not affecting considerably the composition of the C support.

Similarly, the P 2p signal of P-G is the result of the deconvolution of two
components (Fig. 7b), a major peak at 133.1 eV attributed to P atoms bonded to oxygen
(pink curve), and a lower intensity one at 131.8 eV (blue curve), which corresponds to P-
C bonds. These results confirm the higher percentage of P-O bonds compared to graphitic
phosphorous, in contrast with Ru@P-rGO (from Hummers, Chapter 4A), where the
percentage of graphitic phosphorous atoms was found to be higher. These peaks have
been previously identified in similar P-doped graphenes® and fit well with results obtained
by FT-IR (Section 4B.2.6, see below). Analysis of the P 2p signal also allowed to
determine the P content in the doped support, P-G, which appeared to be of 1.15 at.%.
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Figure 7. High-resolution C 1s XPS spectra of P-G (a) and Ru@G (c), and high-resolution P 2p
XPS spectrum of P-G (b).

The overlap of the Ru 3d signal with the C 1s peak makes the signal deconvolution
and interpretation difficult. Therefore, the different oxidation states of the Ru NPs in
Ru@G and Ru@P-G were assessed upon analysing the Ru 3p region. Fig. 8a shows the
Ru 3par2 signal of the as-synthesized Ru@G, which displays a binding energy of 463.0
eV. The deconvolution of this peak presents two contributions, one at 464.5 eV, that is
attributed to Ru(1V), characteristic of RuO2, and another one at 462.8 eV, which belongs
to Ru(0). Specifically, the surface of the as-synthesized sample contains 64 % of Ru(1V)
and 36 % of Ru(0). Similarly, the Ru 3p signal of the as-synthesized Ru@P-G displays
a binding energy 0f 463.2 eV (Fig. 8b). This peak presents two contributions, one at 464.6,
that is attributed to Ru(IV), and another one at 462.5 eV, which belongs to Ru(0). The
surface of the as-synthesized Ru@P-G sample contains 68 % of Ru(lIV) and 32 % of
Ru(0).
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Figure 8. High-resolution Ru 3p XPS spectra of the as-synthesized Ru@G (2) and Ru@P-G (b).

4B.2.6 Fourier-transform infrared spectroscopy analysis (FT-IR)

In order to check any sign of interaction between the phosphorous and Ru NPs,
Fourier-transform infrared (FT-IR) spectra of P-G and Ru@P-G were recorded (Fig. 9).
This technique didn’t allow to observe any sign of the interaction Ru-phosphorous, as the
spectrum from Ru@P-G is identical to the one corresponding to the graphene-supported
Ru NPs (Ru@P-G). However, the characteristic stretching P-O/P=0O band can be
observed at ca. 1160-1252 cm, in agreement with the observed signal from P bonded to
oxygen in the C 1s XPS spectrum. In addition, the stretching vibration associated to

aromatic C=C bonds from the graphene sheet appears around 1600 cm™.

P-G

absorbance (u.a.)
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Figure 9. FT-IR spectra of P-G (black) and Ru@P-G (orange).
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4B.2.7 3P magic angle spinning solid state NMR spectroscopy analysis

Finally, 3'P magic angle spinning (MAS) solid state NMR was also employed to
double confirm the chemical nature and the presence of the dopant atoms in the graphene
materials. 3P MAS NMR spectra of both P-G and Ru@P-G display a broad peak
between 10 and -30 ppm, which may correspond to the overlapped signals of phosphonate
(7 to 10 ppm),’ phosphate (around 0 ppm),® methaphosphate (-3 to -7 ppm),’ elemental
phosphorous (-14 to -17 ppm)® and/or polyphosphate (-22 ppm)*° (Fig. 10). Elemental
phosphorous comes from the reduction of the phosphate by carbon at high temperature
during the pyrolysis of the P-doped graphene.” The presence of metaphosphate and
polyphosphate groups could be attributed to the condensation of H,PO,4 at 900 °C.” In
summary, we can confirm that the majority of P-O bonds observed by XPS are due to
phosphate-like structures, in contrast with P-rGO (Chapter 4A), in which a higher

percentage of graphitic phosphorous has been observed.
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Figure 10. 3P MAS NMR spectra of P-G (a) and Ru@P-G (b). Asterisks (*) mark the positions
of spinning side bands. The positions of phosphonate (7 ppm), phosphates (0 ppm),
metaphosphonates (-7 ppm), phosphorous (-14 ppm) and polyphosphate (-22 ppm) have been
highlighted.
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4B.3 ELECTROCATALYTIC PERFORMANCE

4B.3.1 Electrocatalytic HER studies in 1 M H2SO4

The HER performance of Ru@G and Ru@P-G was evaluated in 1 M H2SO4
aqueous solution (pH 0). The material was dispersed in THF (2 mg/mL) and drop-casted
onto a glassy carbon rotating disk electrode (GC-RDE). A three-electrode configuration
was used to study the electrochemical behaviour of the materials, using the drop-casted
GC-RDE as working electrode. SCE (saturated calomel electrode, KCl sat.) and a Pt wire

were used as reference (RE) and counter (CE) electrodes, respectively.

The polarization curves of Ru@G and Ru@P-G at t=0 s are shown in Fig. 11
(bold lines). A change in the current density is observed when scanning towards reductive

potentials, which is attributed to their catalytic activity when reducing protons to Ho.
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Figure 11. Polarization curves of Ru@G (purple line), Ru@P-G (orange line) before (bold) and
after (dashed) a reductive process at |j| = -10 mA/cm? in 1 M H,SO.. G (grey line) and P-G (black
line) blanks are also shown (a). Tafel plots of Ru@G, Ru@G-r, Ru@P-G and Ru@P-G-r in 1

M H,SO; (b). Same code as in (a).

The catalytic performance of the systems can be significantly improved after
submitting them to a current-controlled bulk electrolysis at j = -10 mA/cm? (Fig. 11a,
dashed lines). As presented in Fig. 11 and Table 1, whereas the Ru@G and Ru@P-G
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systems show a nio 0f 233 mV and 243 mV, respectively, a shift in the polarization curves
IS observed after the reductive process, improving the nio down to 29 mV and 15 mV,
respectively. This behaviour is attributed to a change in the oxidation state of surface Ru
atoms on the NPs. The partially oxidized surface of the as-synthesized NPs, confirmed
by XPS, gets reduced back to metallic Ru when submitted to this reductive treatment. The
obtained reduced species, Ru@G-r and Ru@P-G-r, are more active in HER than their
passivated counterparts, Ru@G and Ru@P-G, displaying higher current densities and
lower mi0. A deep study of the proposed RuO2/Ru interconversion was performed
previously in the group with 4PP stabilized NPs,'! confirming a total disappearance of
the RuO> peak in the XPS under reductive catalytic conditions, indicating the reduction
of superficial Ru(l1V) to metallic Ru.

Table 1. Summary of physico-chemical and HER electrocatalytic data (1 M H2SQOs) for the
systems studied in this work. Parameters: mean diameter (dmean), Onset overpotential at -10

mA/cm? (n10), Tafel slope (b) and exchange current density (jo).

dmean Ru Mo b j0

Entry — System o wt%)  (mV)  (mVidec)  (mAlem?)

1 G

2 Ru@G 1.9+0.6 2.6 233 146 0.25
3 Ru@G-r = = 29 48 2.50
4 P-G

5 P-G-r

6 Ru@P-G 15%03 3.3 243 128 0.13
7 Ru@P-G-r - - 15 49 4.97

The difference in nature and catalytic performance between each passivated
sample and its reduced analogous is evidenced through their corresponding Tafel plots
(Fig. 11b), obtaining improved overall kinetics with the reduced systems. The Tafel slope
(b) allows defining the rate determining step (rds) of the catalytic reaction. Both Ru@G
and Ru@P-G show a Tafel slope close to 120 mV, being typically attributed to the
Volmer step as rds (adsorption of H* to form the M-H species on the NP, typically b =
120 mV/dec). In contrast, Ru@G-r and Ru@P-G-r show a Tafel slope of 48 mV/dec
and 49 mV/dec, respectively, suggesting that the HER follows the VVolmer-Heyrovsky
mechanism, with the Heyrovsky step (H: electrodesorption with a proton from the

solution, b = 40 mV/dec) as the slowest path in the HER process.
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Long-term stability is, together with Kkinetics, a key parameter for a catalyst to be
potentially useful in the HER. Thus, both Ru@G-r and Ru@P-G-r electrodes were hold
at a constant current density of j = -10 mA/cm? in a current controlled experiment (i.e.
chronopotentiometry) for 12 h, monitoring the change in the required overpotential. LSVs
before and after the 12 h experiment are shown in Fig. 12. Both systems show almost no

change in nwo and almost identical LSV polarization curves before and after catalytic

turnover.
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Figure 12. LSV of Ru@G-r (a)and Ru@P-G-r (b) before (dashed lines) and after (solid dark

grey lines) a 12 h chronopotentiometry experiment at a j= -10 mA/cm?,

4B.3.2 Electrocatalytic performance benchmarking

The electrocatalytic performance of all the systems was further compared by
following the benchmarking methodology reported by Jaramillo e al.*? First, the double-
layer capacitance (Cp.) was estimated from the capacitive current in a non-faradaic region
by a multi CV experiment at different scan rates. A plot of i as a function of » yields a
straight line with a slope equal to Cp. (EQ. 1) (see Figs. 13 and 14 for results before and

after activation, respectively).

I= VCDL Eq. 1
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Then, the electrochemically active surface areas (ECSA) and roughness factor

(RF) of all electrodes and supports were calculated from the obtained Cp., according to

equations 2 and 3.

ECSA [cm?] =
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Figure 13. Representative multi CV experiment at different scan rates for Cp. determination of
Ru@G (a) and Ru@P-G (c). Plot of current values at 0.25 V (vs. SCE) for the different scan
rates in 1 M H,SO, for Ru@G (b) and Ru@P-G (d).
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Figure 14. Representative multi CV experiment at different scan rates for Cp. determination of
Ru@G-r (a) and Ru@P-G-r (c). Plot of current values at 0.30 V and 0.25 V (vs. SCE) for the
different scan rates in 1 M HSO4 for Ru@G-r (b) and Ru@P-G-r (d), respectively.

The ECSA value allows calculating the specific current density (js) of the
electrode, which is the current density per “real” electroactive area of each system at a
given overpotential. Thus, the current density, js, normalized per ECSA at n=-100 mV,
has been calculated for all the systems before and after the reductive treatment/activation
(Table 2).

In addition, ECSA analyses were also performed on the bare supports (i.e. G and
P-G) (Fig. 15). ECSA and RF data support the higher roughness of the non-doped support
G (RF of 279.4 for G vs. 51.8 for P-G), as otherwise observed by TEM (Fig. 3). The

obtained results are summarized in Table 2.
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Figure 15. Representative multi CV experiment at different scan rates for Cp. determination of
G (a) and P-G (c) Plot of current values at 0.25 V (vs. SCE) for the different scan rates in 1 M
H>SO4 for G (b) and P-G (d).

Table 2. Summary of physico-chemical and HER electrocatalytic data (1 M H2SO.) for the

systems studied in this work. Parameters: onset overpotential at -10 mA/cm? (n10), Tafel slope

(b), exchange current density (jo), ECSA, RF and specific current density at n=100 mV (/j/).

. lis
Entry System "ho b Jo ECSA RE (0 =100 mV)
(mV)  (mV/dec) (mA/cm?) (cm?) (mA/Cm?)

1 G 19.6 279.4

2 Ru@G 233 146 0.25 27.6 393.9 0.005

3 Ru@G-r 29 48 2.50 41.9 598.9 0.184

4 P-G 3.6 51.8

5 P-G-r 10.4 147.9

6 Ru@P-G 243 128 0.13 4.6 66.1 0.032

7 Ru@P-G-r 15 49 4.97 21.4 305.1 0.883

The introduction of Ru NPs onto the two carbon materials slightly increases the

RF values in both cases (Table 2, entries 2 and 6). Activation of the hybrid electrodes Ru-

G and Ru@P-G under reductive conditions (current-controlled bulk electrolysis at

j = -10 mA/cm? for several hours) substantially increases the ECSA and RF values of
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both electrodes (compare entries 2 vs. 3 and 6 vs. 7). This increment seems to be due to
surface changes in both the C supports (as confirmed by the increased RF for P-G-r vs.
P-G) and the Ru NPs (reduction process from Ru(1V) to Ru(0)). The activated P-doped
electrode Ru@P-G-r shows the highest HER activity among the tested electrodes, with
a very low m10 of 15 mV, the highest exchange current density (jo) and a specific current
density 5 times higher than that of its non-doped counterpart Ru@G-r. Taking into
account these results, Ru@P-G-r could be placed among the best Ru-based HER

electrocatalysts in acidic media (see Table Al in the Annex).

4B.3.3 Fate of the catalyst under catalytic conditions

In order to know if there is any aggregation or coalescence between individual Ru
NPs under catalytic conditions, TEM images were taken after performing a 2h-CP to each
system (j = -10 mA/cm?). Each material was recovered from the electrode by sonication
in THF and drop-casted onto a TEM grid. It is still visible the presence of small NPs onto
the support (Figs. 16 and 17). The reductive potential applied for 2 h seems not to change
in a significant way the size and morphology of the Ru NPs. However, some of the NPs

can be found outside the C support.

I
50 nm

| dmean= 1.6+ 0.4 nm |
30 =
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50 nm Size (nm)

Figure 16. TEM images and corresponding histogram of Ru@G after 2 h under catalytic
conditions (j = -10 mA/cm?).
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Figure 17. TEM images and corresponding histogram of Ru@P-G after 2 h under catalytic

conditions (j = -10 mA/cm?).

In order to verify the presence of Ru NPs on-top of the graphene and no other-
metal nano-structures, EDX analysis of Ru@P-G was performed after 2 h under catalytic
conditions. The results corroborate the presence of Ru in the sample, therefore confirming

the presence of supported Ru NPs after short-term catalytic turnover (Fig. 18).

Figure 18. TEM/EDX analysis of Ru@P-G after 2 h under catalytic conditions (j = -10 mA/cm?).
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4B.3.4 Faradaic efficiencies (¢) determination

Finally, a faradaic efficiency of 97-98 % was determined by quantifying the
amount of H, generated by the systems during a 20-min chronoamperometry using a Ho-
Clark electrode, and comparing it with the maximum theoretical amount of H, calculated
from the total charge passed through each respective electrode (Fig. 19). This confirms

the production of H: as the sole reaction taking place.
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Figure 19. Hx-monitored current-controlled bulk electrolysis of Ru@G and Ru@P-G in 1 M
H>SO4. The production of H, was detected in the gas phase by the use of a Clark-type electrode.

4B .4 CONCLUSIONS

Bare and P-doped graphene arising from the pyrolysis of biomass (alginate from
marine algae) have been used as a support for the growth and stabilization of ultra-small
Ru/RuO2 NPs though the organometallic synthesis. P-doped graphene allows obtaining
smaller and more dispersed NPs (1.5 + 0.3 for Ru@P-G nm vs. 1.9 + 0.3 nm in non-
doped Ru@G@G) in hybrid electrodes of lower roughness and electroactive surface area.
Electrochemical activation of the supported nanocatalysts by reduction of the passivating
RuO: layer generates excellent HER electrocatalysts under acidic conditions (nio of 29
mV and 15 mV for the bare and P-doped electrodes, respectively). P-doping, identified as
surface phosphates by 3P solid state NMR, induces a general improvement of all the
studied HER benchmarking parameters, including overpotential and exchange and
specific current densities. All studied systems show excellent long-term stability and
selectivity for hydrogen generation, with no sign of deactivation after 12 h under turnover

conditions and almost quantitative faradaic efficiencies (97-98 %).
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Bearing in mind all the results obtained in Chapter 4, graphene materials are
confirmed to be suitable supports to obtain small isolated and well-dispersed Ru NPs. In
addition, the results confirm the positive role of the heteroatom doping in the stability of
Ru NPs during the synthetic procedures, affecting both the nucleation and growth kinetics
of the NPs, resulting in smaller mean size and more uniform dispersions. Furthermore,
heteroatom doping induces a general improvement in the overall HER electrocatalytic
activity of the electrodes, probably due to the respective electron acceptor and electron
donor ability of the N and P atoms adjacent to C atoms in the graphitic structures,
affecting the electronic properties of the supports. Changes in the supports will be
transferred to the Ru NPs, improving in this case the synergistic effect between Ru and
C, modulating the adoption of reaction intermediates to enhance the HER electrocatalytic
activity. Furthermore, it has been demonstrated that a higher proportion of graphitic
phosphorous (i.e Ru@P-rGO) contributes more importantly to the enhancement of the
HER activity than phosphates (i.e. Ru@P-G).
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4B.5S EXPERIMENTAL PART

General considerations and starting materials

All chemical operations were carried out using standard Schlenk tubes, Fischer—
Porter bottle techniques or in a glove-box under argon atmosphere. Solvents (THF and
hexane, Sigma-Aldrich) were purified before use by distillation under argon atmosphere
through filtration in the column of a purification apparatus (MBraun). [Ru(COD)(COT)]
was purchased from Nanomeps Toulouse, alginic acid sodium salt and sodium phosphate
dibasic from Sigma Aldrich. All reagents were used without purification.

Characterization techniques

Transmission electron microscopy (TEM) and high resolution TEM
(HRTEM). Ru-NPs were observed by TEM and HRTEM after deposition of a drop of a
solution of the isolated NPs after dispersion in THF on a copper grid. TEM analyses were
performed at the “Servicio de Microscopia Electronica” of Universitat Politécnica de
Valencia (UPV) by using a JEOL JEM 1010 CX-T electron microscope operating at 100
kV with a point resolution of 4.5 A. Some TEM images have been performed at the
“Servei de Microscopia” of the UAB using a JEOL JEM 1400 electron microscope
working at 120 kV with a resolution point of 0.4 nm by re-dispersing the material in THF
and adding a drop onto a carbon-coated copper grid just before TEM analysis. Size
distributions were determined through manual analysis of enlarged micrographs by
measuring > 200 particles on a given grid. HRTEM observations were carried out with a
JEOL JEM 2010 electron microscope working at 200 kV with a resolution point of 2.35
A. FFT treatments have been carried out with Digital Micrograph Version 3.7.4.

Elemental analysis (EA). EA analyses were performed in Euro EA3000

elemental analyzer (EuroVector) employing sulfanilamide as reference.

Inductively coupled plasma atomic emission spectroscopy (ICP-AES): ICP-
AES analyses were performed by the ICP technical service of the Instituto de Tecnologia
Quimica (ITQ), using a Varian 715-ES ICP-Optical Emission Spectrometer. The samples
for ICP-AES were prepared following a modified digestion method reported.®® In

particular, 30 mg of catalyst sample were suspended in 21 mL HCI-HNOs (6:1). The
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solution was then sonicated for 90 minutes and the samples were digested at 180 °C for
15 hours. After that, it was cooled down until room temperature (r.t.), diluted with 100
mL of water and analyzed by ICP-AES.

Solid-state MAS-NMR spectroscopy. 3P analyses were performed at the ITQ
on a Bruker Avance 400WB instrument equipped with a 4 mm probe with the sample
rotation frequency of 10 kHz. Measurements were carried out in a 4 mm ZrO; rotor.

Raman spectrosocpy: Raman spectra were recorded using an excitation of 514
and 785 nm in a Renishaw inVia Raman spectrometer equipped with a Lyca microscopy.
The samples (powder) were deposited in an Al support, and measured in the region
between 0 and 3000 cm™ with a resolution of < 4 cm™,

X-ray photoelectron spectrocopy: XPS analyses were performed using a SPECS
device equipped with a Phoibos 150-9MCD detector using Mg-Ka radiation (hv=1235.6
eV) and Al-Ka radiation (hv= 1483.6 eV) from a dual source. The pressure during the
measurements was kept under 10° Torr. The quantification and titration of the spectra
was done with the help of the software CASA, referencing them in base of C 1s = 284.5
eVv.

Infrared spectroscopy (IR). FT-IR spectra were recorded on a Nicolet 8700

Thermo spectrometer in the range 4000-600 cm™ from samples prepared as KBr pellets.

X-ray powder diffraction (XRD). Powder samples were analyzed using a Cubix-
Pro PANalytical diffractometer equipped with a detector PANalytical X Celerator. An
X-Ray monochromatic radiation of CuKa (\=1.5406 A, A,=1.5444 A, 1,/1=0.5) was
employed

Synthetic procedures
G. G was synthesized by pyrolysis of alginate according to the literature.3*

P-G. P-G was synthesized by pyrolysis of alginate according to the literature, 341>
dissolving 0.5 g of alginic acid sodium salt in a sodium phosphate dibasic monohydrate
aqueous solution (1.6 g in 50 mL of water). Elemental analysis: C=73.54 %, H: 0.96 %,
S: 0.331 %, XPS: P=1.15 %, XRD: reduced graphene. IR: (KBr pellet, cm?), 1160 cm™
(v P=0).
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Ru@x-G (x = none or P): A Schlenk flask was charged with [Ru(COD)(COT)]
(20 mg, 0.032 mmol) and dissolved in 5 mL THF. After that the solution was added to a
100 mL Fischer—Porter bottle charged with a suspension of x-G (100 mg) in 50 mL of
THF previously sonicated during 90 min. The Fischer-Porter was then pressurized with 3
bar of Hy, and the dispersion was stirred vigorously. The stirring was continued for 20 h
at the room temperature. After that, the remaining H» pressure was released and Ru/P-G
was separated from the suspension by filtration through a polyamide membrane
(Whatman® membrane filters, 47mmx0.45 pm) and washed with THF (150 mL). The
resulting black precipitate was dried overnight at 60 °C. The size of the NPs was measured
by TEM on a sample of at least 100 nanoparticles. Ru@G: TEM, dmean= 1.9 + 0.6 nm.
ICP: 2.6 wt.% Ru. XPS: Ru/RuOz. Ru@P-G: TEM, dmean = 1.5 £ 0.3 nm. ICP: 3.3 wt.%
Ru. XPS: Ru/RuO-.

Electrochemical set-up

Electrochemical measurements: All the electrochemical experiments were
performed in a BioLogic SP-150 potentiostat. The solutions were degassed previous to
the electrochemical analysis with an Ar flow. Ohmic potential (IR) drop was
automatically corrected at 85 % using the Biologic EC-Lab software for linear sweep
voltammetry. 1 M H2SO4 solution was prepared by mixing 56.1 mL of 95-97 % H,SO4
in 1 liter of Milli-Q water. A glassy carbon rotating disk electrode (RDE, ¢ =0.3 cm, S
= 0.07 cm2) was used as working electrode. The RDE was rotated at 3000 rpm in order
to ensure complete removal of in-situ formed H. bubbles. A Pt wire was used as counter
electrode (CE) and a standard calomel electrode (SCE, Hg/Hg.Cl,, KClI sat.) was used as
a reference electrode (RE). The potentials reported versus normal hydrogen electrode

were transformed as follows (Enne = Esce + E%ce), where E%ce = 0.244 V.

A 10 mL two-compartment cell with a proton exchange membrane between the
two compartments was used for faradaic efficiencies calculation.
The CE was placed in one compartment and the WE and RE were placed in the other
compartment together with the Clark electrode. Both compartments were filled with c.a.
7 mL of 1 M H2SO4 solution and equipped with a stirring bar. Prior to each measurement,
both compartments were purged with Ar. The Unisense Ho-NP Clark electrode was used

to measure in the gas phase the hydrogen generated by the systems during a
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chronopotentiometry. The Clark electrode was calibrated by adding different volumes of
99 % pure hydrogen at the end of the experiment.

Electrode Preparation. A 2 mg/mL dispersion was prepared by adding 1 mg of
Ru material in 0.5 mL of THF. Long-time sonication was tried to be avoid to prevent NPs
aggregation over the C support. Then, an aliquot of 5 uLL was drop-casted on the surface
of the GC/RDE (S = 0.07 cm?), and dried. A 5 pL-drop of Nafion (0.02% w/w in water
and 1-metanol) was finally added and dried prior to the electrochemical measurements.

Double-layer capacitance (CpL) and electrochemically active surface area
(ECSA) determination: Cp. was estimated by performing CV measurements with
different scan rates. A non-faradaic region was chosen from the LSV (typically a 0.1 V
window about OCP), where no redox process takes place and all the measured current is
due to double-layer charging. Based on this assumption, the charging current (ic) can be
calculated as the product of the electrochemical double-layer capacitance (Cpr) and the
scan rate (v). Plotting ic as a function of v yields a straight line with slope equal to Cp.
In this way, 8 different scan rates were used (5, 10, 25, 50, 75, 100, 250 and 500 mV/s),
holding the working electrode at each potential vertex for 10 seconds prior to the next
step. The ECSA was obtained by dividing the calculated capacitance by a tabulated value
(Cs = specific capacitance) that depends on the material used and solution (for C, in 1 M
H2S04 Cs=13-17 uF/cm?). The Roughness Factor (RF) was calculated by dividing the
ECSA by the geometrical surface area (S) of the RDE.
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ANNEX Chapter 4

Table A1. Comparison of the most relevant graphene-derived and Ru/graphene-based HER
nanoelectrocatalysts under acidic conditions. Parameters: mean diameter (&), onset overpotential
(o, MV), overpotential at |j/ =10 mA-cm™ (n10, mV), Tafel slope (b, mV/dec), exchange current
density (|jo|, mA/cm?), specific current density (|js|, mA/cm?) and turnover frequency (TOF, s™).
Unless otherwise stated, electrolyte is 0.5 M H3SOa.

] 7o {7i) b Lol
Entry Catalyst (nm) | (mV) | (mV) | (mV/dec) (mA/cm?) Ref.

GCE-S-GNs- N 61 (Tafel) 0.541 L
! 1000-CB-Ru 30 | ~60 ) 80 71 (EIS) 0.431
2 Ru-GLC 2-5 3 35 46 - 2
3 Ru,P/RGO <7 ~0 22 29 2.2 3
4 Ru@GnP 2 =0 13 30 - 4
5 N-G - ~250 | 490 116 - 5
6 P-G - | =300 | 550 133 - 5
7 N,P-G - ~240 | 420 91 0.00024 5
8 N,B-CN - ~410 | 710 198 - 6
9 N-CN - | =400 | 620 159 - 6
10 N,P-CN - ~340 | 550 139 - 6
11 N,S-CN - | =100 | 290 77 - 6
12 N-G - 499 - 405 86 !
13 N,P-G - 399 - 565 265 !
14 P-G - 536 - 348 76 !
15 P,N-G - 247 380 126 21 !
16 VG - ~ 375 - 158 - 8
17 N-VG - | =200| 290 121 - 8
18 Ru/NG-750 3-7 | =0 53 44 - o
19 RU@CN 237 | =70 | 126 - - 10
20 Ru-NGA 35 | =15 55 32 - 1
21 Ru@NC 21 | =10 62 40 - 12

Legend: GCE-S-GNs-1000=glassy carbon modified sulfur-doped graphene nanosheets heat
treated at 1000 °C, GLC=graphene-layered carbon, RGO=reduced graphene oxide,
GnP=graphene nanoplatelets. N-G=N-doped graphene; P-G=P-doped graphene; N,P-G=N,P-
doped graphene; N,B-CN=N,B-doped carbon nanosheets, N-CN=N-doped carbon nanosheets,
N,P-CN=N,P-doped carbon nanosheets, N,s-CN=N,S-doped carbon nanosheets, P,N-G=P,N-
doped graphene, VG=vertical graphene, N-VG=N-doped vertical graphene, Ru/NG-750= Ru
nanoclusters on N-doped graphene prepared at 750 °C, Ru@CN=Ru NPs over N-doped carbon,
Ru-NGA= Ru-modified N-doped graphene aerogel, RU@NC= Ru NPs embedded in N-doped
carbon.

! R. K. Shervedani and A. Amini, Carbon 2015, 93, 762-773.
2 Z. Chen, J. Lu, Y. Ai, Y. Ji, T. Adschiri and L. Wan, ACS Appl. Mater. Interfaces 2016, 8,
35132-35137.
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Chapter 5. Metallic nanoparticles supported on carbon

microfibers as water splitting catalysts

Chapter 5 deals with the synthesis of metallic nanoparticles supported on carbon
microfibers by using the organometallic synthetic methodology. TEM, EDX, ICP and
XPS techniques have been used to get information about the structure and composition
of the carbon-supported materials. Two different metals, Ru and Co, have been chosen
for this study. Ru-based materials have been electrochemically tested in the HER

(Chapter 5A) and Co systems evaluated in the OER catalysis (Chapter 5B).
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5.1 GENERAL INTRODUCTION

Metal nanoparticles (NPs) stabilized by various molecules such as solvents,
ligands, polymers, dendrimers, ionic liquids or inorganic supports are the subject of
numerous catalytic studies, lying at the frontier between homogeneous and heterogeneous
catalysis. The use of inorganic supports allows to get supported nanoparticles, making
them easier to handle and more stable, as observed for other heterogeneous catalysts. The
deposition of metal NPs onto a support also allows to take benefit of synergetic effects
between the metallic species and the support. In this sense, if the electron transfer in NPs
is typically more difficult and slower than in molecular species, the association of
appropriate conductive supports with metal NPs is a key point to overcome these

limitations.

For example, carbon-based materials (i.e. carbon nanotubes (CNTSs), graphene,
etc.) are excellent supports for electrochemical catalytic applications due to their high
electrical conductivity, versatile morphology, surface chemistry and electronic structure®
and their high stability in both acidic and alkaline environments.? Additionally, the
integration of heteroatoms (i.e. N, P, S, O or B) into the carbon structure has been shown
to be a powerful strategy to tune their physicochemical properties, such as electrical
conductivity. In this way, doping the carbon skeleton with p-block elements can lead to
injection of extra p-electrons to the carbon conjugated systems and then induce electron-
donating/accepting sites, depending on the difference in electronegativity and affinity
between carbon and dopants, which can facilitate reactions to take place on them.>* As
reported for many catalytic processes, the increase of electrical conductivity with
modified carbon supports has positive effects on the activity and stability of their
corresponding  supported-nanocatalysts (due to reduced aggregation under
electrocatalytic conditions, obtaining a higher number of exposed active sites).>® The use
of low-dimensional carbon supports such as nanotubes or graphene gives major
advantages such as high surface areas and feasible tailoring of the electronic structures
through functionalization or quantum confinement effects.” However, their integration
into practical water splitting (WS) electrodes is complex, requiring efficient deposition
methods onto macroscopic electrodes (i.e. glassy carbon, FTO), which is still a challenge.
In this regard, an alternative consists in the use of high-surface area carbon microfibers

(CFs) produced by the pyrolysis of polyacrylonitrile (PAN).2 These CFs present a

137



Chapter 5

graphene-like structure, containing pyridyl moieties that can be easily oxidized by a
chemical method to generate carboxylic acid groups on the surface, generating nicotinic
fragments in their structure. In contrast to CNTs and graphene, CFs can be easily handled
and simply integrated in WS electrolysers, acting themselves as working electrodes for
electrocatalytic transformations.

In this chapter we will describe the use of carbon microfibers as supports for metal
nanoparticles in order to access hybrid nanomaterials for their investigation in the water
splitting catalysis (i.e. HER and OER). CFs-supported systems allowed to treat the overall
WS reaction by adapting the nature of the metallic supported NPs (i.e. ruthenium or
cobalt) for each half-reaction as reflected in the two following sections. Sub-chapter 5SA
reports the use of Ru/RuO. NPs supported onto carbon fibers as catalysts for the HER.
CFs-supported Co(OH)2 NPs and their catalytic study towards the OER are described in
sub-chapter 5B.

5.1.1 Synthesis and characterization of carbon microfibers (CFs) supports

The structure of carbon fibers is like that of graphite, which consists of an
arrangement of carbon atoms in a regular hexagonal pattern. The main difference between
CFs and graphite is how the subsequent carbon layers are disposed. Graphite is a
crystalline material in which the different layers are arranged in parallel within a regular
disposition.®® The intermolecular forces between them are weak (n-m stacking forces),
which makes the graphite easily to exfoliate. In CFs, XPS analysis proved that the
different carbon atom layers are set in a more irregular manner than the “highly oriented
pyrolytic graphite” reference material, leading to a structure with a large number of
defects, as described in a previous publication by R. Mas-Ballesté et al.®2 The main
characteristics of CFs are: high electrical and thermal conductivity, high surface area,
easy functionalization thanks to the presence of a high number of structural defects and
high N content in the carbon structure. These characteristics make CFs a markedly
different support compared to graphene or multi-walled carbon nanotubes (MWCNTS).
The electronic properties of the different groups present in CFs supports are expected to
influence the electronic structure of the active sites, and to have a potential impact on the

overpotential needed to achieve the desired redox process.
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Polyacrylonitrile-based carbon microfibers used in this work, were provided by
Dr. Rubén Més Ballesté (Inorganic Chemistry Department, Universidad Autonoma de
Madrid). They were obtained basically from the pyrolysis process of polyacrylonitrile
(PAN).1112 Conversion of PAN fibers into carbonized structures requires two heat

treatment processes, namely stabilization and carbonization (Fig. 1):

e The stabilization reaction consists of cyclization, dehydrogenation and oxidation
steps. Filaments of PAN are subjected to an applied tension to align each fiber prior
to their oxidation under air at temperatures between 200 °C-220 °C, with the filaments
still subjected to the tension. The PAN macromolecules undergo a transformation
from a linear polymer to arigid, thermally stable ladder structure.

e The carbonization reaction of the stabilized fibers occurs under very little tension at
elevated temperatures, typically between 1000-1500 °C, in an inert N2 environment.
During this heating treatment non-carbon elements are released (Fig. 1), thus
gradually increasing the carbon content of the material. Consequently, the conversion
of the stabilized ladder structure into a graphene-like structure, a more well-ordered

structure, occurs.
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Figure 1. Bare-carbon microfibers (CF) synthetic pathway and oxidation process to obtain CFs
containing carboxylic groups on the surface (ox-CF). The picture on the left corresponds to a

brush of carbon-microfibers obtained after this synthetic process. Adapted from ref. 12.

Before decoration of the CFs with metal NPs, the CFs filaments were joined in
~ 21000-fibers bunches and cut in 6-cm long electrodes, each weighting ~ 90 mg (see

Experimental Section in sections 5A.5 and 5B.5).

In this work, two different kinds of CFs were used: 1) as prepared carbon
microfibers resulting from the direct pyrolysis of polyacrylonitrile (named as CF) without
any other treatment and 2) functionalized carbon microfibers presenting carboxylic
groups on their surface (named as ox-CF). The latter material was obtained from the
former CFs, after a chemical oxidation process. This process consisted in immersing the

CFs brush in a 1:1 H>SO4:H>O> solution under constant stirring for 1 h at room
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temperature (last step in Fig. 1). After this process, the brushes were sonicated 3 times in
ethanol to remove the remaining acid. This process allowed to obtain carboxylic groups
on the pyridyl moieties under the form of nicotine-like species. XPS analysis showed that
approximately 5 % of the carbon atoms on the surface correspond to carboxylic groups.®
During this oxidative process the graphitic regions of the carbon microfibers were thus
not massively altered, preserving their original electrical conductivity. The surface of CF
and ox-CF supports were explored by TEM before any modification with metallic
nanoparticles (Fig. 2). For a more detailed characterization of the supports, the reader can
refer to ref. 8.

00 nm 2
Figure 2. TEM pictures of CF (a and b) and ox-CF (c and d).
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Chapter SA. Ruw/RuQO: nanoparticles supported on carbon

microfibers for the hydrogen evolution reaction

Four different cathodes for the HER based on Ru NPs and carbon microfibers (CFs) were developed. CFs-
supported Ru NPs were synthesized by two different methodologies based on the organometallic approach:
direct synthesis of Ru NPs onto the CFs surface (in situ) or impregnation of the CFs with a colloidal solution
of pre-synthesized Ru NPs stabilized with the 4-phenylpyridine ligand (RuPP NPs, ex situ). The
electrocatalytic results in acidic conditions showed that both the nature of the NPs and of the CFs play a

key role in the stability and activity of the hybrid electrodes towards the HER.

This work was done in close collaboration with Dr. J. Creus, a former PhD student in our groups. My

contribution concerned mainly in characterization and electrocatalytic studies.

143






Metallic nanoparticles supported on carbon microfibers as water splitting catalysts

SA.1 INTRODUCTION

As stated in the General Introduction above, hydrogen is exhaustively studied as
an efficient energy carrier® due to the cleanness of its consumption, obtaining only water
as by-product. Pt-based catalysts are considered the state-of-the art catalysts for the
reduction of protons (4 H* + 4 e - 2 Hy, 0 Vnre at pH 0) because the Pt-H bond is strong
enough to be stable but also weak enough to be easily broken and then facilitate H»
release.2* However, as Pt is a scarce and expensive metal, the scientific community
looks for alternative metals. In acidic media, first row transition metals normally show
low stability due to corrosion, whereas their activity under alkaline conditions is far away
to be competitive with Pt. In contrast, Ru, the chosen metal in this sub-chapter, is a good
candidate to replace Pt thanks to its lower price and high stability both in acidic and
alkaline conditions as well. Thereby, bare CFs (CF) and oxidized CFs (ox-CFs) were
decorated with Ru/RuO, NPs following the organometallic approach, yielding four
different HER working electrodes.

SA.2 SYNTHESIS AND CHARACTERIZATION

The incorporation of metallic Ru NPs onto CF and ox-CF materials was performed
following two different methodologies. The 1% methodology is an in situ synthesis, in
which Ru NPs were prepared by decomposing 10 mg of [Ru(COD)(COT)] (cod: 1,5-
cyclooctadiene; cot: 1,3,5-cyclooctatriene) in the presence of CFs (90 mg) in THF, at r.t.
and under 3 bar of H, (Fig. 1a, top path). By this method, naked metal atoms released
from the decomposition of the Ru precursor nucleated directly onto the CFs. The
stabilization of the obtained Ru NPs derives from the different NP-CF (surface C)
possible interactions, the surface carboxylic groups (i.e. 0x-CF) and the presence of
solvent molecules (THF). The 2™ methodology is an ex situ approach. In this case,
colloidal Ru nanoparticles (Ru-4PP NPs) were pre-synthesized by decomposing
[Ru(COD)(COT)] at r.t., under Hz, in THF and in the presence of 0.2 eq. of 4-
phenylpyridine ligand (4PP) as stabilizer, as previously reported,®> and then these NPs
were used to impregnate the CFs (Fig. 1a, bottom path). These two methodologies thus
differed in the presence of 4-phenylpyridine at the NPs surface when deposited on the CF

supports.
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In addition, the use of two types of CFs (Fig. 1b) allowed obtaining four different
hybrid materials, namely Ru@CF, Ru@ox-CF, RuPP@CF and RuPP@ox-CF (Fig.
1), which were exposed to air before being characterized by TEM, XPS and ICP. Thus,
the combination of these two synthetic methods together with the use of two types of CFs
allowed studying the influence of both the presence of a stabilizing agent (i.e. 4PP ligand)
and the nature of the CFs supports (i.e. presence of COOH) in the morphology of the NPs
and the catalytic properties of the hybrid materials obtained.

a) b) N M N N 8

Ru® NPs 4

\\\\\
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i \/ \,t THF, PP ligand
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. H>S04/H>05»

rt. 16 h PP RuPP NPs N"°N
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Br PP N @ RuPP@ox-CF

RUPP NPs CFiox-CF CF/ox-CF

Figure 1. Experimental procedure for the preparation of the hybrid RUNPs@CFs materials (a).

Schematic representation of the surface chemical composition of CF and ox-CF (b).

TEM proved the successful preparation of supported Ru NPs onto the carbon
microfibers, showing the presence of a thin layer of ultra-small Ru NPs onto the surface
of CFs both in the in situ and ex situ systems (Fig. 2 and 3, respectively). In the case of
the use of 4PP ligand, a TEM image of Ru-4PP NPs in the absence of support is also
given (Fig. 3a) for comparison purpose. These results confirmed that the defects on the C
structure, the presence of N atoms (i.e. breaking the periodicity and homogeneity of the
graphite-like carbon structure) and the addition of carboxylic groups and 4PP ligands,
when present, promoted the nucleation and stabilization of Ru atoms to obtain NPs with

a narrow size distribution (Table 1).
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Figure 2. Representative TEM images and corresponding size distribution histograms for
Ru@CF (a) and Ru@ox-CF (b).
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Figure 3. Representative TEM image and corresponding size distribution of colloidal Ru NPs
stabilized with 4-phenylpyridine (Ru-4PP NPs) (a), RuPP@CF (b) and RuPP@0ox-CF (c).
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Table 1. Main physicochemical data for bare RuPP NPs and all the in situ and ex situ synthesized
hybrid systems (mean size of the NPs (dmean) and state of the NPs layer, Ru content (wt%) by ICP
and Ru composition by XPS).

Entry System mean (NM) NPs layer ICP Ru (Wt%) XPS
1 RuPP NPs 15+0.3 - 85 Ru/RuO>
2 Ru@CF 1.4+04 Homogeneous 0.57 Ru/Ru0O,
3 Ru@ox-CF 1.0+0.2 Heterogeneous 0.65 Ru/RuO,
4 RuPP@CF 1.8+£0.3 Homogeneous 0.47 Ru/RuO,
5 RuPP@ox-CF 15+0.7 Homogeneous 1.10 Ru/RuO,

X-ray photoelectron spectroscopy (XPS) allowed discerning the surrounding
chemical environment and oxidation state of Ru in the NPs (Fig. 4). The high-resolution
XPS spectra of the Ru 3d region showed a main broad peak, which could be deconvoluted
in two different peaks. The one at 280.8 eV is attributed to Ru(1V), characteristic of RuO>
species, while the other one at 279.8 eV belongs to Ru(0).® Thus, XPS analysis confirmed
that the Ru NPs in the hybrid systems contain two phases, metallic Ru and RuO, that can
be explained by a partial oxidation of the outer shell of the NPs when exposed to air after

the synthetic procedure.
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Figure 4. High-resolution XPS analysis in the Ru 3d region of Ru@CF (a, blue), Ru@ox-CF (b,
red), RuPP@CF (c, green) and RuPP@ox-CF (d, orange). Metallic-Ru component (Ru 3ds.
279.8 eV, dashed black), RuO.-comopnent (Ru 3ds2280.8 eV, dotted-black) and envelope (bold).

SAS ELECTROCATALYTIC PERFORMANCE

The catalytic activity and stability of the obtained hybrid systems towards the
HER was studied by means of linear sweep voltammetry (LSV) and chronoamperometry
(CA). The electrodes were built with only 1 mg of each hybrid material to avoid
reproducibility issues caused by self-attaching of the microfibers when introduced in the
catalytic liquid media, as well as to minimize the accumulation of Hz bubbles, since the
formation of big bubbles could block the electrode surface and diminish its
electrochemical response (see the Experimental Section for further details on the
electrode preparation). The electrodes were tested under reductive potentials in a two-

compartment electrochemical cell containing 1 M H2SO4 (pH 0).
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As shown in Fig. 5a, a fast change on the current intensity was observed at
potentials below 0 V vs. RHE, which is the thermodynamic potential for the HER (Etherm).
In order to benchmark the catalytic activity of the four studied electrodes, the intensity of
the HER electrocatalytic current observed in the LSVs displayed in Fig. 5a was
normalized by the Ru wt% in each case and labelled as iz, = [MA/ugRry], thus allowing a
fair comparison of the electroactivity between samples holding different Ru loadings.
Furthermore, stability studies were carried out by the LSV monitoring of ica after 2 h
under chronoamperometric conditions (for the in sifu and ex situ-systems an Eapp 0f -250
mV and -150 mV vs. RHE was applied, respectively). Table 2 summarizes the
electrochemical performance of the four different systems displayed in Fig. 5.
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04 02 0 0.2 04 0.6 0 0.5 1 1.5 2
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Figure 5. Polarization curves of Ru@CF (blue), Ru@ox-CF (red), RuPP@CF (green) and
RuPP@ox-CF (orange) normalized by mg of material and pig of Ru in 1 M H2SO4(a). A Pt mesh
and Ag/AgCl (KCI sat.) electrodes were used as counter (CE) and reference electrodes (RE),
respectively. The three-electrode configuration was polarized from 0.6 V to -0.25 V (vs. RHE) at
a scan rate of 10 mV/s. Tafel plot of Ru@CF (blue), Ru@ox-CF (red), RuPP@CF (green) and
RuPP@ox-CF (orange) in 1 M HzSO4 (b).
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Table 2. Physico-chemical and OER electrocatalytic data for the anodes studied in this work (1
M H,SO. aqueous solution, pH 0).

dmean Ru 0@ 0™ Tafel slope % icat'®
Entry Sample (nm) (Wt%) (an) 1(]mV) (mV/decI)) (%)
1 RuPP NPs’ 15+0.3 85 0 20 29 99
2 Ru@CF 14+04 057 70 265 83 34
3 Ru@ox-CF  1.0+02 065 30 235 125 16
4 RuPP@CF  18+03 047 5 225 212 95
5  RuPP@ox-CF 15+07 110 0 180 158 40

2o is calculated as o= Eagagci + 0.20 V — (0 -0.059-0), where (0 - 0.059-0) is the theoretical thermodynamic potential
at which protons are reduced at pH 0 and Eagiageiis the experimental potential at which an abrupt increase of the current
intensity starts in the LSV. P no is the overpotential at /ica/ = 10 MA/Mg. © % ica is the percentage of current intensity
at n = 200 mV after a 2 h electrolysis. ¢ Data for RuPP is taken from ref. 5 for |jj= 10 mA/cm? instead Of |ica|= 10
mA/mg.

The electrochemical studies confirmed that the nature of the CFs (bare or
carboxylic acid-functionalized) and the nature of the Ru NPs (in situ or ex situ) are key
factors affecting the activity and stability of each of the four cathodes for the HER at
acidic pH. More specifically, both RuPP@xCF electrodes show 1o overpotentials close
to 0 mV, similar to no for Ru-4PP NPs deposited onto a glassy carbon electrode. In this
case, the outstanding catalytic performance of the Ru-4PP NPs makes the nature of the
carbon microfibers (i.e CF or ox-CF) irrelevant in the electrocatalytic performance. On
the other hand, the nature of the CFs becomes more important in Ru@xCF hybrid
systems: Ru@ox-CF has a lower no overpotential (30 mV) than Ru@CF (70 mV), being
both values comparable to C-supported Ru NPs in the literature.”#9101112 This indicates
that in Ru@ox-CF some degree of synergy exists between the Ru NPs and the nicotinic
moieties, which were recently suggested to be putative catalytic centers in non-decorated
0x-CFs.® Furthermore, mechanistic information was obtained from the Tafel plots, where
Tafel slopes range in between 83-212 mV/dec, evidencing that the VVolmer step is the rds
of the HER process (Fig. 5b).

The percentage of current intensity at n = 200 mV remaining after a 2 h
electrolysis (Table 2) is a quantitative method to compare the stability of the four systems.
From these data one can clearly see that the %i.. values for the ex siru systems
(RuPP@CF and RuPP@ox-CF) is higher than for the in siru ones (Ru@CF and
Ru@ox-CF). Thus, ex situ cathodes are more stable than in siru cathodes. These results
confirmed the positive effect of the 4PP capping ligand to the Ru NPs, as previously

demonstrated,® not only acting as a stabilizing agent for the NPs themselves, but also
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allowing a potential n-n interaction between the pyridilic rings of the ligand and the
carbon structure of the CFs, conferring robustness to the hybrid cathode. Thus, the highest
intensity observed for RuPP@CF (95 %) arises from the formation of n-n interactions
between the surface carbon structure on the CF and the PP ligand on top of the RuPP NPs.
This phenomenon could improve the electronic communication between catalyst and
support, thus increasing the catalytic intensity throughout the system. Also, the lower
intensity observed for RuPP@ox-CF (40 %) makes evident that this stabilizing effect
becomes more relevant when no carboxylic groups are present, as these interactions could
be hampered by the presence of the -COOH moieties, which could potentially destabilize
the resulting electrode through steric interactions with the PP ligands, thus avoiding the
optimum 7-7 interactions between catalyst and support. Further, this destabilizing effect
of -COOH moieties was also observed for the in situ-systems, where %i... decreased from
Ru@CF (34 %) to Ru@ox-CF (16 %).

The same trend in stabilities of the four systems was also revealed by TEM images
of the materials after 2 h-CA experiments (Table 3). The in situ systems suffered
significant leaching during the catalytic process, observing cleaner surfaces of the CFs
both for Ru@CF and Ru@ox-CF. In addition, some agglomerates were found over the
surface of the CFs, which were formed during the catalytic reaction, decreasing the
number of exposed active sites. This trend was confirmed by the EDX analysis of the
surface of Ru@CF and Ru@ox-CF, showing almost no presence of Ru. In contrast, the
two RuPP-based systems (RuPP@CF and RuPP@ox-CF) presented higher loadings of
Ru NPs on the surface of the microfibers after catalysis, with very small NPs along the
CFs surface and almost no agglomerates found. EDX analyses confirmed, in this case,
the presence of Ru along all the surfaces. In a previous publication of our groups,® Ru-
4PP NPs deposited onto a GC electrode with no gluing agent added were shown to present
no deactivation signs for 12 h under a current-controlled experiment in the same acidic
conditions as in the present work (1 M H2SO.). Thus, taking into consideration that Ru-
4PP NPs are stable under the applied catalytic conditions, the deactivation observed for
RuPP@ox-CF was mostly attributed to a mechanical leaching of the NPs, as confirmed
by ICP, observing an unneglectable Ru content (0.41-5.2 ug) in the catalytic media after
the 2-h CA. In fact, this hypothesis supported the fact that the formation of n-n

interactions between the surface carbon structure on the CFs and the PP ligands on top of
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Ru NPs could be hampered when carboxylic groups are added on top of the CFs (0x-CF),
leading to more pronounced NPs leaching and deactivation of the systems.

Table 3. Representative TEM images of Ru@CF (a), Ru@ox-CF (b), RuPP@CF (c) and
RuPP@ox-CF (d) after 2 h of chronoamperometry at Eay, -250 mV for Ru@ CF/Ru@ox-CF and
-150 mV for RuPP@CF/RuPP@0x-CF.

t=0s t = 2 h under catalytic reductive conditions (pH 0)

Z0inm
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Finally, faradaic efficiencies in all cases were above 90 % (Fig. 6), confirming
that almost all electrons were devoted to proton reduction and not to other side reactions.

Ru@ox-CF
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Figure 6. Hx-monitored chronoamperometry experiments for faradaic efficiency determination
for Ru@CF (a), Ru@ox-CF (b), RuPP@CF (c) and RuPP@ox-CF (d). An Egp of -250 and -
150 mV were respectively applied for Ru@CF/Ru@ox-CF and RuPP@CF/RuPP@ox-CF.

SA.4 CONCLUSIONS

The organometallic approach allowed to prepare Ru-decorated high surface area
carbon electrodes with a low metal content (< 1.1 wt%). The used carbon-based supports
constitute a macroscopic cheap substrate, allowing thus to build a step further towards a
massive and economic production of hydrogen under benign conditions. The importance

of the nature of the support and of the ligand used to stabilize the NPs was also assessed.

An increased catalytic intensity was found for the ex situ systems where the Ru

NPs were first stabilized with 4-phenylpryridine (4PP) ligands and then deposited onto
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the CF supports, confirming the importance of a proper electronic interaction between the
NPs and the support, in this case achieved by potential n-r interactions between the
pyridilic rings of the 4PP ligand and the carbon structure of the support. The importance
of these interactions was also confirmed in stability experiments, where ex sifu cathodes
(RuPP@CF and RuPP@ox-CF) presented much higher stabilities than those obtained
with Ru NPs synthesized in situ (Ru@CF and Ru@ox-CF). In addition, a synergistic
effect between —COOH moieties and Ru NPs was observed in the in situ systems, where
no decreased for Ru@ox-CF in comparison to Ru@CF. Finally, even if some of the
materials were partially deactivated during the catalytic experiments, almost quantitative
faradaic efficiencies were achieved, confirming hydrogen evolution as the only redox

reaction occurring at their surface.

This work has been published in European Journal of Inorganic Chemistry in 2019
(Ruthenium nanoparticles supported on carbon microfibers for hydrogen evolution
electrocatalysis. J. Creus, L. Mallon, N. Romero, R. Bofill, A. Moya, J.L.G. Fierro, R.
Mds-Ballesté, X. Sala, K. Philippot, J. Garcia-Anton, Eur. J. Inorg. Chem. 2019, 2071—
2077).
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SA.S EXPERIMENTAL SECTION

Materials and methods

All operations for the synthesis of the CF-supported Ru NPs were carried out
using standard Schlenk tubes, Fisher-Porter reactor techniques or in a glove-box
(MBraun) under argon atmosphere. Solvents (THF and pentane) were purified before use
by filtration through adequate columns in a purification apparatus (MBraun) and handled
under argon atmosphere. Solvents were degassed before use according to a freeze-pump-
thaw process. The ruthenium precursor, [Ru(COD)(COT)], was purchased from
Nanomeps-Toulouse. Hydrogen gas (Alphagaz) was purchased from Air Liquide. 4-
Phenylpyridine used as stabilizer was purchased from Sigma-Aldrich and used as
received. High purity deionized water was obtained by passing distilled water through a
nanopore Milli-Q water purification system. Pristine carbon microfibers were purchased

from ClipCarbono.

Synthetic procedures

Ru@CF and Ru@ox-CF: 2 cm of CFs were soaked ina 10 mL of THF solution
containing [Ru(COD)(COT)] (10 mg, 0.026 mmol) inside a Fisher-Porter reactor. 3 bar
of Hz were introduced and the reaction mixture was stirred at r.t. overnight. After
depressurization, the hydrogen was evacuated under vacuum and the solvent was
removed through a cannula. The resulting CF materials were rinsed with pentane and
dried under vacuum. Ru@CF. TEM: dmean = 1.4 £0.4 nm. ICP (Ru %) = 0.57 %. Ru@ox-
CF. TEM: dmean = 1.0 £ 0.2 nm. ICP (Ru %) = 0.65%.

RuPP@CF and RuPP@ox-CF: 2 cm of CFs electrodes were soaked overnight
in a THF (10 mL) crude dispersion of Ru-4PP NPs® inside a Fisher-Porter reactor. Then,
the supernatant was removed through cannula and the resulting CF materials were rinsed
with pentane (3 x 10 mL) and dried under vacuum. RuPP@CF. TEM: dmean = 1.8 £ 0.3
nm. ICP (Ru %): 0.47%. RuPP@ox-CF. TEM: dmean = 1.5+ 0.7 nm. ICP (Ru %): 1.10%.

156



Metallic nanoparticles supported on carbon microfibers as water splitting catalysts

Characterization techniques

Transmission electron microscopy (TEM) and high-resolution electron
microscopy (HREM): TEM and HREM observations were performed at the “Centre de
Microcaractérisation Raymond Castaing” in Toulouse (UMS-CNRS 3623) and at the
“Servei de Microscopia Electronica” of the UAB. Samples for TEM and HREM analyses
were prepared by deposition of several CFs onto a holey carbon covered copper grid.
TEM and HREM analyses were performed on a MET JEOL JEM 1011 microscope
operating at 100 kV with a resolution point of 0.45 nm and a JEOL JEM-ARM 200F
microscope working at 200 kV with a resolution point lower of 0.19 nm, respectively.
TEM allowed the evaluation of the particle size, size distribution and morphology.
Enlarged micrographs were used for treatment with ImageJ software to obtain a statistical
size distribution and the NP mean diameter. The analyses were done by assuming that the
NPs were spherical. NP sizes are quoted as the mean diameter + the standard deviation.

Inductive-coupled plasma optical emission spectroscopy (ICP-OES): ICP-
OES measurements were performed at the “Servei d'Analisi Quimica” (SAQ) in the UAB,
on an Optima 4300DV Perkin-Elmer system. Solid samples were prepared by digesting
1 mg of the hybrid CFs with aqua regia under microwave conditions followed by a
dilution of the mixture with HCI 1% (v/v). Liquid samples were directly diluted with HCI
1% (vIv).

X-ray photoelectron spectroscopy (XPS): Measurements were performed at the
Catalan Institute of Nanoscience and Nanotechnology (ICN2) in Barcelona with a
Phoibos 150 analyzer (SPECS GmbH, Berlin, Germany) in ultra-high vacuum conditions
(base pressure 5 x 10-10 mbar) with a monochromatic aluminium Kalpha X-ray source
(1486.74 eV). The energy resolution was measured by the FWHM of the Ag 3d5/2 peak

which for a sputtered silver foil was 0.62 eV.

Electrochemical set-up

CF electrode preparation: CFs electrodes were prepared as stated in ref. 13. For
a more detailed preparation of the electrodes, see the Experimental Part of sub-chapter
5B.

157



Chapter 5A

Electrochemical measurements: All the electrochemical experiments were
performed using a BioLogic SP-150 potentiostat. Solutions were degassed before the
electrochemical analysis with a N2 flow. IR drop was automatically corrected at 85%
using the Biologic EC-Lab software for cyclic voltammetry and chronoamperometry. 1
M H,SO4 solution was prepared by mixing 56.1 mL of 95-97% H2SO4 in 1 L of Milli-Q
water. A Pt grid was used as a counter electrode (CE) and an Ag/AgCI (KCl sat.) electrode
was used as a reference electrode (RE).

All data were transformed to RHE by adding +0.20 V. A 10 mL two-compartment
cell with a separation membrane between the two compartments was used. Both
compartments were filled with 8 mL of 1 M H.SOj4 solution and were equipped with a
stirring bar. Prior to each measurement, they were purged with N2 for 15 min. For Ho-
monitored bulk electrolysis an Unisense H>-NP Clark electrode was used to measure
hydrogen evolution in the gas phase and to calculate the faradaic efficiency. The Clark
electrode was calibrated by adding different volumes of 99 % pure hydrogen at the end
of the experiment. The CE was placed in one compartment and the other was provided
with the WE, the RE and the Clark electrode.

Linear sweep voltammetry (LSV): The system was scanned from E; = 0.6 V to

Ef =-0.4 V at 10 mV/s scan rate unless otherwise stated.

Chronoamperometry: Controlled potential chronoamperometric experiments
were performed at Eapp = —0.25 V and —0.15 V for in situ (Ru@CF and Ru@o0x-CF) and
ex situ (RuPP@CF and RuPP@ox-CF) based systems, respectively.
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Chapter 5B. Oxygen evolution anodes based on Co(OH):

nanoparticles supported on carbon microfibers

The performance of OER anodes based on supported nanocatalysts is highly dependent on the interactions
taking place at the interface between the nanocatalyst and the employed conductive support. A set of OER
working electrodes based on Co(OH). NPs and carbon microfibers (CFs) have been prepared. The so-
obtained systems differ in either the stabilizer present at the surface of the NPs (THF or 1-heptanol), the
surface functionalization of the used CFs (bare CFs or oxidized-CFs) or the growth of the NPs in the
presence (in situ) or the absence (ex situ) of the carbonaceous support. Correlation of a detailed structural
and compositional analysis with the electroactivity of the tested nanomaterials allowed extracting valuable

insights about the influence of the metal-support interface on the OER performance of the studied anodes.
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SB.1 INTRODUCTION

As stated in the General Introduction, the OER (2 H,O - O, +4 H* + 4 ¢, 1.23
Vnwe at pH 0) is particularly demanding from both the thermodynamic and kinetic points
of view. Consequently, the development of efficient, robust and easy to engineer
electrodes based on earth-abundant metals for this reaction is a key challenge. Currently,
highly active but scarce noble-metal based electrocatalysts (typically IrOx and RuO,) are
still the state-of-the-art anodic materials in commercial devices, which hampers the
upgrading of the WS technology to practical large-scale applications. As a result, first-
row transition metal based oxides and hydroxides have been the target materials in the
last decade.! Among them, Co-containing nanocatalysts and their corresponding
composite materials arise as promising alternatives to noble-metal based OER anodes
owing to their good balance between intrinsic activity, stability against corrosion and
suitable morphology-tailoring through well-stablished synthetic methodologies.? In this
regard, our research group reported in 2018 the preparation of ligand/photoabsorber-
capped Co304 nanoparticles (NPs) through the so-called organometallic approach
followed by air oxidation and their successful application as catalysts for the OER.®
However, non-supported cobalt oxide/hydroxide nanocatalysts normally suffer from low
conductivity (typically in the 102-10° S/m range)* and fast agglomeration under OER
turnover conditions.®® Therefore, the use of appropriate conductive supports (i.e. carbon

microfibers) is critical to overcome these weaknesses.

The study of the interactions taking place at the metal-support interface is a
doorway to understand the catalytic performance and long-term stability of OER electro-
anodes made of supported-nanocatalysts,®”® but in-depth studies covering the effect of
systematic variations on the surface characteristics of both nanocatalysts and supports are
scarce.® This part of my PhD work arises in this direction. Similarly to sub-chapter 5A
for Ru systems, the modularity of the organometallic approach for the synthesis of metal-
based NPs was also exploited in order to prepare a set of OER working electrodes based
on Co(OH)2 NPs and CFs for comparative purposes. The prepared electro-anodes differed
in either the stabilizer present at the surface of the NPs (THF or 1-heptanol), the use of
bare or functionalized CFs as a support (CF or ox-CF) and the growth of the NPs in the

presence (in situ) or the absence (ex situ) of the carbonaceous support.
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Correlation between detailed structural and compositional analyses with the
observed electroactivity of the tested nanomaterials allowed extracting helpful insights
about the influence of the metal-support interface on the OER performance of the studied
anodes.

SB.2 SYNTHESIS AND CHARACTERIZATION

5B.2.1 Synthesis of Co NPs supported onto carbon microfibers

Supported Co(0) NPs were synthesized following the organometallic approach
(Fig. 1a).1° The incorporation of metallic Co NPs onto the CF and ox-CF supports was
performed by two different methods (in situ and ex situ). The in situ method consists in
the direct growth of the metallic Co NPs onto the CF surface through the reductive
decomposition of 10 mg of the (cyclooctadienyl)(1,5-cyclooctadiene)cobalt(l) complex,
[Co(COD)(COE)], acting as a metal precursor, either in THF (10 mL) or 1-heptanol (10
mL), under 3 bar of H, at r.t. (Fig. 1a, top and middle for THF and 1-heptanol,
respectively). Both CF and ox-CF (= 90 mg each) were simultaneously placed in the
reaction vessel to ensure the same reaction conditions for the two different CF-supported
materials, with a Co/CFs ratio of = 1.2 wt%. The initial yellow solution due to the cobalt
precursor turned into an almost transparent solution after the reaction time, indicating the
precursor was decomposed to form Co(0) NPs onto the CFs surface (Fig. 2a). By this
method, the internal carbon structure of the CFs, the surface carboxylic groups when
present (i.e. ox-CF, Fig. 1b) and the solvent (i.e. THF or 1-heptanol) can all contribute to

the stabilization of the metallic Co NPs due to their direct growth onto the CF surface.

The ex situ method required two steps. First, the pre-synthesis of Co NPs was
performed, and then the obtained colloidal suspension was used to impregnate the CFs.
As THF is not able to stabilize Co NPs by itself, only 1-heptanol was used as solvent in
this case. Co™P" NPs® were thus first obtained by decomposing 10 mg of
[Co(COD)(COE)] at r.t. under 3 bar of Hz in 10 mL of 1-heptanol for 24 h. The yellow
color solution of [Co(COD)(COE)] turned into a dark brown-black solution, indicating
the formation of NPs (Fig. 2b). Then, CFs (either CF or ox-CF) were immersed in the
obtained colloidal suspension of metallic Co NPs for the impregnation step (vigorous

stirring under inert conditions, 24h, r.t.) (Fig. 1a, bottom), leading to the attachment of
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the NPs onto the CFs surface. This method allowed studying the influence of the presence
of both a previous stabilizing agent (i.e. 1-heptanol) and the nature of the CFs supports
(i.e. presence of COOH) on the morphology of the NPs and the catalytic properties of the
hybrid materials.
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Figure 1. Experimental procedure for the preparation of the hybrid anodes described in this work

(a). Schematic representation of the surface chemical composition of CF and ox-CF (b).

Finally, all systems were washed with pentane and dried under vacuum before
being exposed to air to achieve the oxidation of the metal before their characterization
and their use in electrocatalysis. Thus, the combination of two synthetic methods, two
types of CFs and two solvents allowed to obtain six different electrodes, that will be

hereafter labelled as indicated in Fig. 1a.
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[Co(COD)(COE)]
1-heptanol
H, (3 bar),20h
—

[Co(COD)(COE)]
THF
H, (3 bar),24 h

Figure 2. Pictures of the reaction medium before (left) and after (right) the hydrogenation of
[Co(COD)(COE)] during the in situ synthesis of CF-supported Co NPs in THF (a). Pictures of
the starting reaction medium before hydrogenation (left) and crude colloidal suspension of
Co™POH NPs after the hydrogenation reaction (right), and set-up for the impregnation process of
CFs with Co™°" NPs (ex situ synthesis) (bottom) (b).

5B.2.2 Transmission electron microscopy analysis

After the reaction time, each as-prepared sample was analyzed by transmission
electron microscopy (TEM). For this purpose, the remaining hydrogen was removed from
the Fisher-porter reactor under vacuum before cleaning and drying the CFs brushes. A
very small amount of CFs was deposited onto a carbon covered copper grid under air.
Size distributions were determined through manual analysis of enlarged micrographs with
ImageJ software to obtain statistical size distribution and a mean diameter. For each
system, the mean size was calculated by assuming a spherical form. Size distributions are
quoted as the mean diameter + the standard deviation. In all size distributions over than

200 particles were counted.

5B.2.2.1 In situ systems

For the in situ systems, TEM images evidenced the presence of a thin
homogeneous layer of small NPs over the surface of the CFs (Fig. 3). The precise mean

size of the Co NPs was difficult to determine due to their ultra-small nature (= 2 nm) and
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their location at the surface of the bulky CFs (= 8 um of diameter), which made highly
challenging to get well-focused TEM images. However, the NPs diameter were found to
be ca. 26 + 0.7 nm, 1.8 + 0.4, 28 + 0.6 nm and 2.1 + 0.4 nm for Coin""*@CF,
Coin™¥@0x-CF, Coin"P'®"@CF, Coin"P*°"@ox-CFs, respectively.
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Figure 3. Representative TEM images and corresponding size distribution of in siru supported
CoNPs: Coin™ @CF (a), Coin"™ @0x-CF (b), Coi"""°"@CF (c) and Coin"""*" @ox-CF (d).
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5B.2.2.2 EX situ systems

TEM analysis from the Co"P®"NPs crude colloidal suspension was performed

after depositing a drop onto a carbon covered copper grid. It revealed the presence of

isolated small and spherical NPs, with an average diameter of 3.0 + 0.4 nm (Fig. 4).
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Figure 4. TEM images of Co NPs synthesized in 1-heptanol (Co™**°"NPs) and corresponding

size distribution.

After the impregnation of CF and ox-CF with the suspension of pre-synthesized

Co NPs, TEM images were recorded. A homogeneous layer of small NPs over the surface

of CFs was observed in both ex situ systems in the presence of 1-heptanol,
Coex"P'OINPs@CF and Coex"PIO"NPs@ox-CF (Fig. 5). The obtained Co NPs had a

mean diameter of ca. 2.0 £ 0.5 nm and 2.3 + 0.5 nm, respectively.
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Figure 5. Representative TEM images and corresponding size distribution histogram of ex situ
supported CONPs: Coe""* " @CF (a) and Coex"** " @0x-CF (b).
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Thus, TEM proved the successful synthesis of supported Co NPs onto carbon
microfibers, showing the presence of a thin layer of small Co NPs onto the surface of CFs
in all systems (in situ and ex situ). This confirmed that the defects on the C structure, the
presence of N atoms (i.e. breaking the periodicity and homogeneity of the graphite-like
carbon structure) and the addition of carboxylic groups, if applicable, promote the
nucleation and stabilization of Co atoms to obtain NPs with a narrow size distribution
(Table 3). Though some aggregates can be observed in some regions, in general the NPs
are homogeneously distributed onto the CFs surface, where they form a continuous layer.
However, for the Coin™F@CF and Coul*P'°"@CF systems (Fig. 3a and 5a,
respectively), more agglomerates together with more naked zones (i.e. without NPs) were
repeatedly observed, indicating a more heterogeneous distribution of the Co nanocatalyst
in these cases. This characteristic could be key regarding their electrocatalytic
performance towards the OER.

The comparison of the four in situ systems (Table 1) shows that the use of CFs
with surface carboxylic groups (ox-CF systems) led to smaller NPs than the bare support
(CF systems), which can be explained by a better stabilization of Co NPs by the -COOH
functionality. In addition, the synthesis solvent (i.e. THF or 1-heptanol) did not seem to
play a key role in the Co NP stabilization during the synthetic process, as comparable
NPs sizes and morphologies were observed between analogous in situ Systems
(Coin™¥@CF/Coin™P " @CF and Coin™Ff@0x-CF/ Coin™P'°"@0x-CF).

For the impregnated systems (ex situ systems), a tendency towards a decrease in
the NPs mean size was observed from the ca. 3 nm pre-synthesized Co™P©°" NPs,
Different reasons could explain this behaviour: i) smaller NPs have better interaction with
the CFs surface, being the only ones that remained attached to the support; ii) as the
impregnation process was performed in solution under stirring conditions, when adding
the CFs, the environment for Co atoms may have changed, yielding for instance to a

reorganization of Co atoms to reach a new energy minimum, obtaining smaller NPs.
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Table 1. Mean size of the NPs (dmean) and homogeneity of the NPs layer determined from the
TEM analysis for all synthesized Co@CF systems (in situ and ex situ).

Entry System Umean (NM) NPs layer

1 Co"” " NPs 3.0+£04 -

2 Coin " @CF 2.6+0.7  Heterogeneous
3 Coin"™ @ox-CF 1.8+0.4  Homogeneous
4 Coin"""@CF 2.8+0.6  Homogeneous
5 Coi""*M@ox-CF  2.1+0.4  Homogeneous
6 Coe""""@CF 2.0+0.5  Heterogeneous
7 CooP"@ox-CF  2.3+0.5  Homogeneous

5B.2.3 Inductively coupled plasma-optical emission spectroscopy

To determine the Co content of all hybrid systems, inductively coupled plasma-
optical emission spectrometry (ICP-OES) analyses were performed after digestion of the
solid samples in a HNO3s/HCI concentrated mixture. The analyses revealed Co contents <
0.23 wt% for all six hybrid samples (vs. 1.2 % expected to the synthetic conditions) (Table
2).

Table 2. Wt% of Co determined by ICP-OES in CFs hybrid systems

Entry System Co (wt.%)
1 Co"P°" NPs 30.7
2 Coin " @CF 0.13
3 Coin"™" @ox-CF 0.23
4 Coin**°"@CF 0.14
5 Coin"""°"@0x-CF 0.13
6 Coex™P" " @CF 0.039
7 Coe" """ @0x-CF 0.055

Data in Table 2 reveal that the in situ systems (entries 2-5) display higher Co
loadings than their ex siru counterparts (entries 6-7). This observation points to the
detrimental effect of the ex situ synthetic method, where 1-heptanol acted as Co NPs
stabilizer that could limit the deposition of the Co NPs during the impregnation step. This
can be the result of steric effects between heptanol carbon chains or weak interactions of

the latter with the carbon structure of the CFs.
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5B.2.4 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) allows identifying elements and
discerning their surrounding chemical environment and oxidation state. The complete
XPS survey spectra of all the as-synthesized hybrid nanomaterials is displayed in Fig. 6.
The main peaks observed can be clearly indexed to O 1s, N 1sand C 1s regions, indicating
that no other metallic or inorganic contaminants are present. Slightly significant signals

are found also at the Co region.
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Figure 6. XPS data of all the synthesized hybrid materials, Coin"* @CF (), Coin " @0x-CF
(b), Coin™P*CHECF (C), Coip™ P OHE*CF (), Coe™PM@CF (e) and Coe """ @0x-CF (f). The
main peaks are indexed to O 1s, N 1s and C 1s regions (O KLL represents the energy of the
electrons ejected from the atoms due to the filling of the O 1s state (K shell) by an electron from

the L shell coupled with the ejection of an electron from an L shell).
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The high-resolution XPS spectra of Co 2p, performed at r.t. in ultra-high vacuum
conditions using a monochromatic aluminum Ko x-ray source (1486.74 eV) as the
excitation X-ray source, are compared in Fig. 7 and a summary of the most relevant data
is presented in Table 3. All the spectra were referenced to the aliphatic carbon at a binding
energy (BE) of 284.8 eVV. The XPS Co 2p spectra show two main peaks at a binding
energy of = 781-782 eV and ~ 796-797.5 eV, corresponding to the Co 2ps2 and 2p
levels, respectively. Besides the normal core photoelectron lines, strong satellite peaks at
c.a. 3.9-7.4 eV higher energy than the main peaks are also observed. These additional
spectral lines were related either to a coupling between unpaired electrons in the atom
(multiplet splitting) or to a multiple electron excitation (shake-up). It is well-known that
high spin cobalt(1l) compounds have intense satellite bands, while satellite lines for the
low spin cobalt(I11) compounds are either weak or missing.'? The peaks observed in the
Co 2p region thus indicate the presence of high spin cobalt(l1) species in the six prepared

materials.

Table 3. Binding energies (eV) of core electrons and satellites of CFs-supported Co-based NPs.

Entry Sample Co 2p32  Satellites Co 2pi12  Satellites
1 Coin " @CF 781.4eV  7854¢eV  797.3eV  800.8 eV
Coin™@ox-CF  781.5eV  785.4eV  797.3eV  802.9eV
Coi™""@CF  781.7eV  785.6eV  797.4eV  803.0eV
Coi™™"@ox-CF 781.6eV  786.9eV  796.9eV 804.3eV
Coo"PH@CF  781.2eV 7859V  797.4eV  804.2eV
Coo""@ox-CF 781.0eV  7855eV  797.1eV  803.1eV

o Ol WWDN
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Figure 7. High-resolution XPS analysis in the Co 2p region of Coin™* @CF (a), Coin " @0x-CF
(b), Coin™P*°"@CF (c), Coin""* " @0x-CF (d), Coex" """ @CF (e) and Coex""**" @0x-CF (f).

Moreover, the O 1s spectra reported in Fig. 8 show strong peaks at relatively high
BE (531-533 eV) for all samples. According to literature data,*>*®* O from hydroxides
appears on the higher BE side of the spectrum (531 - 533 eV), whereas O from oxides
appears at lower BE (529 - 530 eV). Thus, our results indicate the presence of -OH
moieties bonded to Co(ll). Taken all together, XPS data evidenced the presence of
supported Co(OH). NPs in all the prepared systems.
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The low oxidation state of Co here found for Coex™P'®"@CF and Coex"P"*H@o0x-
CF contrasts with that recently reported by our research group for the corresponding non-
supported Co NPs prepared under similar reaction conditions, where a mixed Co'"Co'"';04
(Co0304) species was detected. This fact highlights the reductive nature of the
carbonaceous support here employed and its decisive role in the final oxidation state of

the Co nanocatalysts when oxidized from metallic Co on its surface.
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Figure 8. XPS high-resolution spectra in the O 1s region of Coin,""* @CF (a), Coin """ @0x-CF
(b), Coin™P*°"@CF (c), Coin""" " @0x-CF (d), Coex" """ @CF (e) and Coex""**" @0x-CF (f).

In addition, an XPS analysis of ox-CF after the in siru formation of Co NPs onto
the surface was performed to assure that no changes in the oxidized C structure had
occurred during its exposure to reductive conditions under Hz. Thus, the high resolution
XPS of the C 1s region for Coi"?**"@0ox-CF is shown in Fig. 9.
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According to the literature,** it can be clearly seen that all the initial C 1s signals
present in the as-synthesized ox-CF (C-C signal (284-285 eV), C-O signal (286.2 eV),
C=0 signal (287.7 eV) and highly oxidized carbon atoms (O-C=0) signal at 289.1 eV)
are still visible in the XPS spectrum of ox-CF treated under reductive conditions for
obtaining the Co NPs, thus confirming the robustness of ox-CF during the whole

synthetic procedure.
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Figure 9. High-resolution XPS analysis in the C 1s region of Coi,"**°" @ox-CF after submission

to the reductive synthetic conditions for the synthesis of Co NPs.

SBI ELECTROCATALYTIC PERFORMANCE

5B.3.1 Electrocatalytic performance towards the OER

To study the catalytic activity and stability of the obtained systems towards the
OER, cyclic voltammetry (CVs) and chronoamperometry (CA) experiments were
performed, respectively. CVs were performed from Ej = -0.25 V to Ef= 1.25 V (E vs.
NHE) at pH 13 (0.1 M NaOH) and a potential of 1.00 V vs. NHE was fixed for CA
experiments. In order to solve electrochemical irreproducibility issues caused by
microfibers self-attaching when introduced in the reaction media, working electrodes for
electrocatalytic evaluation were built using a small amount of each hybrid material (i.e.

1-mg CFs electrode, see the Experimental Section for further details).
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As shown in Fig. 10a and 10b, when scanned anodically up to 1.25 V vs. NHE all
electrodes showed two anodic peaks in the oxidative forward scan prior to a sharp current
increase assigned to the electrocatalytic oxidation of water to dioxygen. According to
literature data,*>*® the first faradaic process observed in the voltammogram (Ez,=0.36 V
vs. NHE) could be attributed to the oxidation of Co(ll) to Co(lll). The second one,
appearing at a higher anodic potential (Eap = 0.76 V vs NHE) and partially masked with
the OER electrocatalytic current, is characteristic of the subsequent oxidation of Co(lll)
to Co(1V). Interestingly, the Co(IV) species is usually proposed as the active species
towards the OER in related Co-based systems.}”181° The two cathodic waves in the

backward scan correspond to the complementary reduction processes.

The intensity of the OER electrocatalytic current observed in the CVs displayed
in Fig. 10a was normalized by the Co wt% in each case and labelled as ico=[MA/ugco],
thus allowing a fair comparison of the electroactivity between samples holding different
Co loadings. A summary of the most relevant figures of merit defining the electrocatalytic
activity of the studied anodes for the OER is given in Table 4.
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Figure 10. Cyclic voltammetries in a 0.1 M NaOH aqueous solution of 1 mg CFs brush of

Coin™ @CF (pink), Coin™* @ox-CF (purple), Coi""*°"@CF (blue), Coin"***" @ox-CF (red),

Coex"""°"@CF (orange) and Coex"""*"@0x-CF (green); ox-CF (black) and CF (grey) blanks are

also shown (a). Zoom in the potential range at which the Co(I1l/11) and Co(IV/111) redox events

occur (b). Tafel plots of all materials studied in this work (c) (same color code as in (a)).
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Table 4. Physico-chemical and OER electrocatalytic data for the anodes studied in this work (0.1
M NaOH aqueous solution, pH 13).

dmean Co 0@ Tafel slope
Entry Sample (m)  (wio) (?nV) (mV/decI;
1 Coin™*@CF 26+0.7 0.13 342 171
2 Con™@ox-CF 1.8+04  0.23 327 127
3 Coin""°"@CF 28+06 014 307 137
4 Coi™H@ox-CF 2.1+04  0.13 307 110
5 Coo™M@CF  2.0+05 0039 322 176
6 Coe™M@ox-CF  2.3+0.5 0055 312 110

2 1o is calculated as no= EHgHg2s04, k2soa(satd) + 0.65 V — (1.23 -0.059-13), where (1.23 - 0.059 x 13) is the theoretical
thermodynamic potential at which water is oxidized at pH 13 and EngHg2sos, k2sodgsatd) iS the experimental potential at
which an abrupt increase of the current intensity starts in the CV.

The recorded onset overpotentials (no, 307-342 mV range) and Tafel slopes (110-
176 mV/dec, Fig. 10c) are comparable to those reported for related carbon-supported Co-
based OER electrocatalysts under alkaline conditions (see Table Al in Annex). However,
a deep examination of all the data summarized in Table 4 allowed extracting valuable
information about how the different catalyst-support interfaces influence the resulting
OER performances. The presence of carboxylic acid groups at the surface of the CFs (i.e.
ox-CF) has a remarkable positive effect in the electrocatalytic performance of the studied
systems, promoting higher normalized current intensities, lower Tafel slopes (i.e. more
favourable reaction Kinetics) and slightly lower onset overpotentials (Table 4). Even if
this trend appeared general for all the CF/ox-CF pairs studied, CF surface oxidation
presented maximum benefits in the THF stabilized (entries 1 and 2) and the ex situ (entries
5 and 6) systems, where normalized current intensities increased by a factor of 4 and Tafel
slopes (Table 4) decrease nearly 35 % in both cases. This improved behaviour in ox-CF
electrodes could arise from potential coordinative or/and H-bond interaction between the
surface carboxylate groups of the support and the Co(OH)2 NPs, improving the electronic
communication between catalyst and support and easing the attainment of high oxidation

states through the anionic nature of the -COO" scaffolds.

The tendency to obtain slightly smaller NPs with ox-CF material (entry 1 vs. 2
and entry 3 vs. 4 in Table 4) also supports the stabilizing role of surface carboxylates and
thus their interaction with the Co-based species. The higher surface/volume ratio in the
smaller in size Co(OH)2 NPs present in ox-CF-based systems can also contribute to the

observed enhanced OER activity for these electrodes due to higher number of active sites.
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Additionally, as recently described for molecular complexes,?® the potential role
of dangling carboxylates from the ox-CF support as proton acceptor moieties (internal
bases) lowering the activation free energies that lead to O-O bond formation during the
OER, cannot be discarded. Furthermore, the absence of stabilizing groups at the surface
of bare CF electrodes leads to Co(OH)2 NPs less dispersed on the support, which probably
reduces the number of exposed active sites (i.e. some of the active centres are blocked
due to agglomerates) and contributes to the lower intensities found for these electrodes.
Thus, it is confirmed that an homogeneous dispersion of NPs onto the surface of the CFs

is a key point for a good electrocatalytic activity.

In contrast, the less amount of Co in the ex siru materials could help to obtain a
thinner and more homogeneous film of Co(OH)2 NPs, thus obtaining a material with
higher exposed active sites. This fact also leads to a better interaction between the
Co(OH). nanoparticulated catalyst and the support C surface, obtaining higher catalytic
activities per pg of Co (ico, Fig. 103, i.e. higher intensities).

In addition, stability studies were carried out by the CV monitoring of ic, after
different exposure times of the samples to chronoamperometric conditions (1 V vs. NHE
at pH 13, n =537 mV, Fig. 11). The evolution of the normalized electrocatalytic current
intensities (ic,) measured by CV after a certain time (0, 10, 30, 60 and 120 min) under
chronoamperometric OER conditions reveal again a distinct behaviour between CF and
ox-CF electrodes. As can be observed in Fig. 11 and Table 5, while the ic, of ox-CF
electrodes progressively decreases with time (ico =0 > ico-0), in all cases (entries 2, 4 and
6 in Table 5) due to deactivation pathways (see below for more details), CF anodes firstly
activate (ico t=0 < ico =10, €ntries 1, 3 and 5 in Table 5) prior to progressively deactivate
after longer time under turnover conditions. Again, this behaviour could be explained by
the different catalyst-support interactions inherent to each case. Therefore, the electronic
communication between the bare CF electrodes and Co(OH). NPs seems to be initially
weak and its improvement (and concomitant activation) under OER conditions could be
related to the partial removal of the stabilizer. Contrarily, the electronic communication
(through coordinative COO-Co(OH). bonds and/or H-bonds) seems optimum in the ox-

CF anodes, where no activation is observed.
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Figure 11. Cyclic voltammetries in a 0.1 M NaOH aqueous solution (pH 13) of Coin™ @CF,
Coin™ @0x-CF, Coii™""°"@CF, Coi"""*"@0x-CF, Coex™""*@CF and Coex™""*"@0x-CF.
CF blanks in grey, ox-CF blanks in black, CV at t=0 s in red, CV after 10 min CA in green, CV

after 30 min CA in purple, CV after 1 h CA in pink and CV after 2 h CA in blue.

Table 5. Main data of the progressive deactivation of the systems when successive CAs at a fixed

potential of 1 V vs. NHE at pH 13 are applied to each system.

Ico

Ico

Ico

Ico

Ico

Ico

Ico

Entry System t=0's =l0min  t=3min  t=1h  =2h  t=2n*"  REM
(mA/pugco) (%)

1 Coin " @CF 7.2 282 252 144 88 8.9 32
2 Coin"""@ox-CF 28.3 201 133 103 82 141 50
3 Coin"""@CF 32.9 39.3 307 236 168 25 64
4 Coi"""@ox-CF  42.3 346 238 185 154 262 62
5 Co""""@CF 19.2  46.15 410 333 256 256 55
6 Coo""@0ox-CF 855 564 382 364 291 37.0 43

® jc, t=2 h* measured after removing all the bubbles formed and performing an IR drop correction at 85% again. ® %
ico rem Calculated by dividing ico t=2 h by ico t=0s 8 short-term stability data for ox-CF systems and by dividing ico t=2n
by ico t=10min (value after activation) as short-term stability data for CF systems.
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Irrespective of the presence or not of an initial activation process, the ic, values
progressively decreased in all systems and only a percentage of the initial electrocatalytic
current was maintained after 2 h under chronoamperometric OER conditions (ic, rem in
Table 5 and Fig. 12). Comparing the systems synthesized in 1-heptanol, irrespective of
the CF/ox-CF nature of the support, when ic, rem is compared for in situ and ex situ
systems, the former tends to be slightly more robust than the latter. This observation
highlights the stronger catalyst-support interaction attained when the NPs are directly
grown onto the supports.

Among the in situ electrodes, the surface functionalization of the support (ox-CF)
is only beneficial when THF, a weak stabilizer, is used as solvent for the electrode
synthetic process (compare icorem in THF, entries 1 and 2 in Table 5, vs. icorem In entries
3 and 4, where 1-heptanol is used). Therefore, when the support becomes the main
stabilizing agent for Co(OH)2 NPs, the role of surface carboxylic acid groups in ox-CF is
clearly emphasized. Contrarily, when comparing the stability of the two ex situ anodes
(icoremin entries 5 and 6, Table 5), it appears that the presence of carboxylic acid groups
in the support (ox-CF) is not beneficial but even detrimental. Therefore, the presence of
surface carboxylate groups in ox-CF seems to destabilize the resulting electrodes,
potentially through steric interactions of the carboxylate moieties with the 1-heptanol

molecules stabilizing the preformed NPs.
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Figure 12. Cyclic voltammetries for Coin"""@CF (pink), Coin""*@ox-CF (purple),
Coi™™"°"@CF (blue), Coin™***" @0x-CF (red), CoeP*°" @CF (orange) and Coe*'°" @ 0x-CF
(green) recorded before (at t=0 for the ox-CF systems and at t=10 min for the CF systems, when
the ic, is maximum) and after a 2 h CA experiment in a 0.1 M NaOH aqueous solution (pH 13).
ico t=2h was measured after removing all the bubbles formed on the system and performing an IR
drop correction at 85% again. Ox-CF (black) and CF (grey) blanks are also displayed. CAs were
performed at a fixed potential of 1 V vs NHE at pH 13 (n =537 mV) for 2 h.

In order to study the deactivation pathways occurring in the prepared anodes under
OER conditions, a set of complementary analyses were carried out after catalytic
experiments. TEM images together with EDX analysis (Table 6 and Fig. A1-A6) of the
full set of working electrodes were recorded after a 2 h chronoamperometric experiment
(1 V vs. NHE, 0.1 M NaOH). Post-catalysis TEM images revealed a more heterogeneous
distribution of the Co NPs onto the surface of the CFs, showing regions with big

aggregates together with naked areas in the supports (Table 6).
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Table 6. Representative TEM images of Coin " @CF (@), Coin"™* @0x-CF (b), Coi"""*"@CF
(€), Coin"P* " @0x-CF (d), Coex™'*M@CF (&) and Coe """ @0x-CF (f) at t=0 s (left column)
and after 2 h of CA (right column) at 1 V vs. NHE (i.e.n =537 mV) in 0.1 M NaOH.

t = 2 h under catalytic oxidative conditions (NaOH pH 13)

100 nm

100 nm

100 nm 100 nm

100 nm
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Together with their aggregation under turnover conditions, which decreases the
number of exposed active sites, the mechanical leaching of the NPs and/or the evolution
of Co(OH)2 to other phases presenting reduced OER activity could also be at the origin
of the observed decrease in activity over time. Thus, selecting Coin™P'®"@ox-CF as a
representative anode, XPS and ICP-OES analyses were carried out after 2 h under
electrocatalytic conditions. The complete XPS survey spectra in Fig. 13a shows, as before
catalysis, O 1s, C 1s and N 1s as main peaks. In addition of a slightly significant signal
for Co, some other peaks are found, such as sodium, attributable to physisorbed sodium
cations coming from the NaOH used as catalytic alkaline media (Na 1s = 1071 ¢V, Na
KLL =~ 497 eV). Some other impurities can be attributed to CaCO3z species from the
degradation of the glass of the catalytic cell (Ca 2ps2 = 347 eV). XPS analysis revealed
comparable Co 2p and O 1s binding energies before and after catalysis (Fig. 13b, 13c and
Table 7), thus confirming Co(OH): as the Co species present at the electrode surface after
catalytic turnover. Additionally, ICP data indicated both a clear decrease in the Co content
at the electrode surface (from 0.13 wt% to 0.05 wt%) and the presence of Co in the
resulting 0.1 M NaOH solution (0.4 mg/L). Thus, both the aggregation and partial
leaching of the Co(OH)2 NPs under OER electrocatalytic conditions seem to be at the

origin of the observed deactivation.
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Figure 13. XPS survey of Coin""**"@ox-CF after a 2 h CA (1V vs. NHE, 0.1 M NaOH) (a). The
main peaks can be clearly indexed to O 1s, N 1s and C 1s regions (O KLL represents the energy
of the electrons ejected from the atoms due to the filling of the O 1s state (K shell) by an electron
from the L shell coupled with the ejection of an electron from an L shell. Comparison of high-
resolution XPS analysis in the Co 2p region for Coin"**°"@ox-CF before (black line) and after
(blue line) a 2-h CA (b). O 1s XPS high-resolution spectra for Coin"**°"@ox-CF after a 2-h CA

(©).

Table 7. High-resolution XPS analysis in the Co 2p region of Coin"?*°" @ox-CF after a 2 h CA.

Sample Co 2p32  Satellites Co 2p12  Satellites
Coi™P " @ox-CFs after catalysis 780.9eV  786.2¢V  796.4eV  802.6 eV
Coin"" " @0ox-CF 781.6eV  786.9eV  796.9eV  804.3eV
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5B.3.2 Faradaic efficiencies determination

The faradaic efficiency (€, %) of all hybrid materials was evaluated by a 20-
minute Oz-monitored CA at a fixed potential of 1 V vs. NHE at pH 13. These experiments
were carried out in a two-compartment cell by placing the counter electrode in the
cathodic part and the reference and working electrodes (i.e. 1-mg CFs brush) in the anodic
part (Fig. 14). These experiments were carried out in conjunction with a O>-Clark-type
electrode able to in situ detect and measure the O, generated by the system in the gas
phase of the anodic compartment. The charge passed through the system was transformed
first into moles of electrons by using the Faradaic constant (96485 C/mol e) and then into
theoretical O, moles considering that the formation of each oxygen molecule requires
four electrons (2H.0 = O2 + 4H" + 4¢). All the experimental data were extracted from
the Clark sensor and the obtained values (mV) were transformed to oxygen moles by
calibrating the electrochemical signal with different amounts of 99 % pure O, and
extrapolating the obtained data. The faradaic efficiency was obtained by dividing the
sensor-coming data (experimental umol O2) by the charge-coming data (theoretical pmol

O>) at the end of the experiment.

Clark electrode

gas exit N, flux gas exit

N, flux

/\/ ;tirring

exchange membrane

Figure 14. Two-compartment cell set-up for oxygen detection experiments. The counter electrode
is placed in the cathodic part of the cell and the reference electrode and the working electrodes in
the anodic part. The O,-Clark electrode is placed also in the anodic part of the cell to detect the

generated oxygen in the gas phase.
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As shown in Fig. 15, the observed O- signal has some delay after initiation of CA
as some time is needed to saturate first the solution with O before starting to fill the
headspace with O> gas, which will be detected by the Clark sensor. Oxygen level
continues rising after the CA is off as a lot of Oz bubbles are still trapped in the CFs
surface, which are slowly released with the continuous magnetic stirring. The faradaic
efficiency was calculated when the O level was stabilized, obtaining € > 90% in all cases.
Thus, even if partial deactivation due to aggregation and leaching may take place under
the applied OER conditions, the high faradaic efficiency confirms oxygen evolution as

the sole reaction happening in the studied anodes.
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Figure 15. Oy-monitored CA experiments for faradaic efficiency determination for all 6
synthesized anodic systems. A fixed potential of 1 VV vs NHE (pH 13) was applied for 20 min in

the CA experiments.
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5B.3.3 Effect of pH in the OER activity

The OER reaction is obviously favored under alkaline conditions due to the first-
row transition metal oxides susceptibility to corrosion in acidic environments. Protons
produced by the OER can dramatically lower the pH near the working electrode, and at
some critical pH, HzO" could protonate the oxidic framework of the metal oxide, making
the metal-oxygen bonds weaker, leading to dissolution of metal ions. In addition, from an
engineering point of view, the presence of hydroxide anions (OH") helps to increase the
conductivity of the solution, lowering ohmic losses that become larger when operating at

higher current densities.

However, a neutral pH offers non-corrosive and technologically friendly
environment for stable and safe devices (e.g. popular photovoltaic materials such as
silicon degrade quickly as passivated silicon dioxide in alkaline conditions).?
Furthermore, one major class of electrolyzers, based on a proton exchange membrane
(PEM) as a key element, operate at high current and power densities and achieve low gas

crossover in comparison with alkaline electrolyzers.??

In view of this, Co(OH).@CFs systems were tested at different pHs to study the
effect of this parameter in their catalytic performance (Fig. 16). Polarization curves at pH
0, 7, 9 and 13 for Con™@ox-CF (as a model system) show that current densities
decrease in medium-range pHs, with the worst results displayed at pH 0. The highest
intensity is achieved at pH 13, in agreement with the fact that the basic environment aids
in “accepting” the protons generated during the OER and thus avoiding catalyst corrosion
(Fig. 16a). This corrosion effect was confirmed by performing CVs at pH 13 before and
after performing CVsat pH 7, 9 and 0. It can be noticed in Fig. 16b that the activity at pH
13 was preserved after catalytic experiments at medium-range pH (i.e. pH 7 and 9).
However, at pH 0, an oxidation wave was observed in the first scan, followed by a second
scan showing no activity (Fig. 16c inset). The following CV at pH 13 showed a
deactivation of the system, as seen in Fig. 16¢, confirming the corrosive and irreversible

action of acidic media onto the metal catalyst.
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Figure 16. Cyclic voltammetries of Coin™" @ox-CFs at different pH conditions: 1 M H,SO4 pH
0 (blue), PBS pH 7 (black), BBS pH 9 (green) and 0.1 M NaOH pH 13 (red) (a). Comparison of
the OER activity at pH 13 before and after CVs at pH 7 and 9 (b). Comparison of OER activity
at pH 13 before and after CVs at pH 0. Inset: CVs at pH 0, 1% CV (dotted blue) and 2" CV (blue)
(©).

SB.4 CONCLUSIONS

This work highlights the applicability of the organometallic approach for the
synthesis of nanostructures to systematically tailor the interface between nanocatalysts
and carbon-based supports in OER electro-anodes. Hence, the use of bare (CF) and
surface-functionalized (ox-CF) carbon microfibers as cheap, easy to engineer and high-
surface area supports combined with the versatility of the synthetic method, which allows
adding different NP stabilizers and perform the synthesis both in the presence -in situ- or
absence -ex situ- of the carbonaceous support, permitted obtaining a set of six

Co(OH).@CF/ox-CF electrodes presenting different interfacial nature.
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Several meaningful conclusions about the role of the catalyst-support interactions
in the electrocatalytic performances were extracted from the morphological (TEM) and
compositional (XPS, ICP-OES, EDX) characterization of the series of prepared
electrodes together with their evaluation as OER electrocatalysts under alkaline
conditions. First, the presence of carboxylic groups at the surface of the CFs support (ox-
CF electrodes) showed to play an important role in both the morphology, by
systematically reducing the NPs size and increasing their dispersion at the electrode
surface, and the OER performance, by improving the activity and stability of the prepared
electrodes during the OER, particularly when the weak stabilizer THF is employed. These
observations point to the likely formation of COO-Co(OH). coordinative bonds and/or
H-bonds improving both the electronic communication between catalyst and support, and
the dispersibility and stability of the former on top of the latter. Second, the formation of
stronger catalyst-support interactions happened when the nanocatalysts were directly
grown at the surface of the CFs, as evidenced by observing higher Co loadings and higher
stabilities under electrocatalytic OER conditions in in situ systems compared to their
corresponding counterparts prepared ex situ by an impregnation step, thus evidencing the
formation of stronger catalyst-support interactions when the nanocatalysts are directly

grown at the surface of the CFs.

It was also confirmed that the anodes maintain Co(OH). as the catalytic species
after 2 h of electrocatalytic turnover and, even if partially deactivated due to both
aggregation and leaching of the NPs from the electrode surface, almost quantitative
faradaic efficiencies show oxygen evolution as the only redox reaction occurring at their

surface.

All in all, the results reported in this sub-chapter evidence how subtle surface
modifications of either the catalyst or the support in OER anodes can lead to significantly
different catalytic outputs, and thus highlight the importance of new research focused on

exploring the nature of catalyst-support interfaces.

Putting altogether the results obtained both in Chapter 5A and Chapter 5B, it can
be concluded that a proper interaction between the NPs and the support surface is a key
factor for an improved catalytic activity of the hybrid systems, confirmed by means of
potential -7 interactions between Ru4PP NPs/carbon structures or by coordinative H-

bonds between Co(OH). and COOH moieties in the microfibers. In addition, it is also
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important to avoid steric hindrance between moieties, which could lead to a bad

stabilization of the systems.

This work has been published in Catalysis Science & Technology in 2020 (The role of
catalyst-support interactions in oxygen evolution anodes based on Co(OH)2
nanoparticles and carbon microfibers. L. Mallon, N. Romero, A. Jiménez, E. Martin
Morales, J. Alemdn, R. Mds-Ballesté, R. Bofill, K. Philippot, J. Garcia-Anton, X. Sala,
Catal. Sci. Technol. 2020, 10,4513).

191



Chapter 5B

SB.S EXPERIMENTAL SECTION

Materials and methods

All procedures concerning the synthesis and preparation of samples were carried
out using standard Schlenk tubes, Fisher-Porter glassware and vacuum line techniques or
in a glove-box (MBraun) under argon atmosphere. Solvents (THF, pentane) were purified
before use by filtration on adequate alumina columns in a purification apparatus
(MBraun) and handled under argon atmosphere. Reagents and solvents were degassed
before use via a multi-cycle freeze-pump-thaw process. The (cyclooctadienyl)(1,5-
cyclooctadiene)cobalt(l) complex, [Co'(n3-CsHis)(n*-CsH12)], was purchased from
Nanomeps-Toulouse. Dihydrogen and argon were purchased from Alphagaz. 1-Heptanol
was acquired from Sigma-Aldrich and dried over activated molecular sieves (4A) prior
to use. Other reagents were employed as received unless otherwise specified. Carbon
microfibers (CFs) (Twill 2x2 3K weight 200 g/m? width 1200 mm, Model HA2301) were

purchased from ClipCarbono.

Synthetic procedures

Synthesis of Coin™M*@CF and Coin™F@ox-CF. Under argon atmosphere, one
brush of each type of CFs (~90 mg) was introduced into a Fisher-Porter reactor containing
10 mL of THF and [Co'(n3-CsH13)(n*-CsH12)] (10 mg, 0.036 mmol), leading the two ends
of each brush to be soaked in the reaction media. The Fischer-Porter was then pressurized
with 3 bar of dihydrogen and the reaction mixture kept at r. t. under vigorous stirring for
24 h. After the reaction time, the remaining Hz was removed under vacuum. The obtained
materials were washed by soaking them in degassed anhydrous pentane (x3) and dried
under vacuum. Both CFs brushes were exposed to air to achieve the oxidation of the as-
synthesized metallic Co NPs. Coin™*@CF: TEM: dmean = 2.6 = 0.7 nm, ICP(Co Wt%):
0.13%, XPS: Co(OH), 2ps;2 (781.4 eV) satellites (785.4 eV) 2pi (797.3 eV) satellites
(800.8 eV). Coin™F@0x-CF: TEM: dmean =1.8 = 0.4 nm, ICP-OES (Co wt%): 0.23%,
XPS: Co(OH)2 2ps12 (781.5 eV) satellites (785.4 eV) 2p112(797.3 eV) satellites (802.9 eV).
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Synthesis of Coin™P"*®"@CF and Coin"P**"@ox-CF. Under argon atmosphere,
one brush of each type of CFs (~90 mg) was introduced into a Fisher-Porter reactor
containing 10 mL of 1-heptanol and [Co'(n®-CsHi3)(*-CsH12)] (10 mg, 0.036 mmol),
leading the two ends of each brush to be soaked in the reaction media. The Fischer-Porter
was then pressurized with 3 bar of dihydrogen and the reaction mixture kept at r. t. under
vigorous stirring for 20 h. After the reaction time, the remaining H2 was removed under
vacuum. The obtained materials were washed by soaking them in degassed anhydrous
pentane (x3) and dried under vacuum. Both CFs brushes were exposed to air to achieve
the oxidation of the as-synthesized metallic Co NPs. Coin™P*®"@CF: TEM: dmean = 2.8
+ 0.6 nm, ICP-OES (Co wt%): 0.14%, XPS: Co(OH)2 2ps3»2 (781.7 eV) satellites (785.6
eV) 2p12 (797.4 eV) satellites (803.0 eV). CoinP"H@0ox-CF: TEM: dmean =2.1 + 0.4 nm,
ICP-OES (Co wt%): 0.13%, XPS: Co(OH)2 2ps2 (781.6 eV) satellites (786.9 eV) 2p1.
(796.9 eV) satellites (804.3 eV).

Synthesis of Coe™P'°"@CF and Coe*P'®"@ox-CF. Under Ar atmosphere,
[Co'(m3-CsH13)(m*-CsH12)] (10 mg, 0.036 mmol) was introduced into a Fischer-Porter
reactor. Next, anhydrous 1-heptanol (10 mL) was transferred to the reactor vessel via
cannulae. The Fischer-Porter was then pressurized with dihydrogen (3 bar) and the
reaction mixture kept at r. t. under vigorous stirring for 20 h. After the reaction time, the
remaining Hz was removed under vacuum and one brush (~90 mg) of each type of CFs
(CF/ox-CF) were introduced into the reactor leading the two ends of each brush soaked
in the reaction media. They were left impregnating for 24 h under Ar atmosphere, at r. t.
and under vigorous stirring. Finally, both brushes were washed by soaking them in
degassed anhydrous pentane (x3) and dried under vacuum. Both CFs brushes were finally
exposed to air to achieve the oxidation of the as-synthesized metallic Co NPs.
Coex"PPH@CF: TEM: dmean = 2.0 = 0.5 nm, ICP-OES (Co wt%): 0.039%, XPS: Co(OH).
2p32 (781.2 eV) satellites (785.9 eV) 2piz (797.4 eV) satellites (804.2 eV).
Coex"POPH@0x-CF: TEM: dmean =2.3 + 0.5 nm, ICP-OES (Co wt%): 0.055%, XPS:
Co(OH)2 2ps12 (781.0 eV) satellites (785.5 eV) 2p12 (797.1 eV) satellites (803.1 eV).
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Characterization techniques

Transmission electron microscopy (TEM): Observations for the colloidal
system were performed at the “UMS 3623 — Centre de microcaractérisation Raimond
Castaing” using a MET JEOL JEM 1011 electron microscope operating at 100 kV with
resolution point of 4.5 A. TEM grids were prepared by drop-casting of the crude 1-
heptanol NPs colloidal solution into a carbon-coated copper grid. Pumping with a Gatan
turbo pumping station model 655 was carried out before analysis in the TEM. Supported
systems were analyzed at the “Servei de Microscopia” of the UAB using a using a JEOL
JEM 1400 electron microscope working at 120 kV with a resolution point of 0.4 nm by
depositing a small amount of CFs onto a carbon-coated copper grid just before TEM
analysis. Size distributions were determined through manual analysis of enlarger
micrographs with ImageJ software to obtain statistical size distribution and a mean
diameter. For each system, the mean size was calculated by assuming spherical form. In
all size distributions, over than 200 particles were counted. Size distributions are quoted

as the mean diameter * the standard deviation (o).

Energy-dispersive X-ray spectroscopy (EDX): EDX analysis were performed
at “Servei de Microscopia de la UAB” using a JEOL JEM 2011 electron microscope to

analyze the chemical elemental composition of the samples.

X-ray photoelectron spectroscopy (XPS): Measurements were performed by Dr.
Guillaume Sauthier at the Catalan Institute of Nanoscience and Nanotechnology (ICN2)
using a Phoibos 150 analyzer (SPECS GmbH, Berlin, Germany) in ultra-high vacuum
conditions (base pressure 5-10-10 mbar) with a monochromatic aluminium Ka x-ray
source (1486.74 eV). The energy resolution was measured by the Full Width at Half
Maximum (FWHM) of the Ag 3ds/. peak for a sputtered silver foil which was 0.62 eV

and all data were corrected using the C1s peak at 284.8 eV as an internal standard.

Inductively coupled plasma optic emission spectroscopy (ICP-OES): Analysis
were performed at “Servei d’Analisi Quimic” (SAQ) in the UAB, on a Perkin Elmer
Optima 4300 DV system. Solid samples were prepared by wheightening 1 mg with an
analytic balance XPE205DR (Mettler Toledo) and digested in a Milestone UltraWave in

a mixture of concentrate HNOz and HCI (Merck) prior to the analysis (two replicates were
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performed for each sample). For liquid samples, 1 mL was digested following the same

procedure as for solid samples.

Electrochemical set-up

CFs electrode preparation: CFs electrodes were prepared as stated in ref. 14.
Commercial carbon microfibers consist of bundles of around 3000 filaments of 5-8 pm
of diameter. The CFs electrodes contain 7 bundles of 3000 filaments (21000 filaments)
making a 6 cm long brunch of fibers (1). Then, this 6 cm long brunch was folded in half
(2), obtaining electrodes (= 90 mg) containing the double of filaments (42000) but only
with 2 cm exposed for NPs synthesis and electrode usage (3) (Fig. 17). The ready-made
electrodes (CF) were treated 30 minutes into commercial sulfuric acid (98%) at r.t. with
stirring and later introduced into a 1:1 H2SO4/H20> mixture for 1 h to obtain the oxidized
CFs (ox-CF). The H20> should be fresh and the mixture with H.SO4 must be prepared
few minutes before use. Later, the electrodes were washed and sonicated in distilled water
to remove all the acid traces among microfibers. It required several washing cycles until
the pH of the water kept almost constant. The electrodes were sonicated 10-15 minutes

in isopropanol or ethanol and then dried with a heat gun.

7 bundles of
3000 fibers each

2cm

21000 fibers (7x3000)
each side

42000 fibers
(8um of diamter)

Figure 17. Steps to prepare CFs brush. Figure adapted from ref. 14 (R. Mas-Ballesté ez al.).

After the synthesis of the NPs onto CFs electrodes and before the catalytic
evaluation, these brushes were cut in 3-cm-long filaments (half fiber). 1 mg of those
filaments was attached to a Cu tape together with a Cu-wire and everything was tight with

a Teflon tape, still ensuring 2 cm length for the catalytic experiments.
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Electrochemical measurements: Electrocatalytic OER experiments were
performed in a 10 mL two-compartment cell with a proton exchange membrane between
them, at room temperature in a three-electrode configuration using Hg/Hg2SO4, k2so4sat'd)
and Pt as reference and counter electrode, respectively. Working electrodes (WE) were
hand-made prepared using a short copper wire, 1-mg CFs brush and some Teflon tape to
tight everything together. Both compartments were filled with 6 mL of 0.1 M NaOH
aqueous solution and equipped with a stirring bar, being the CE placed in one
compartment and the WE and RE in the other one. The potential was controlled using a
BioLogic SP-150 potentiostat using the EC-Lab software for data acquisition and data
handling. IR drop was automatically corrected at 85% for cyclic voltammetry and
chronoamperometry. All catalytic experiments were measured with a sweep rate of 100
mV-s. Potentials are reported vs NHE (adding +0.65 V) and overpotentials are
calculated as o= EngmHgzsos, kasoa(satd) + 0.65 V — (1.23 -0.059 x pH).

A Clark type electrode (Unisense OX-NP needle microsensor) was used to
measure the produced oxygen in the gas phase during the chronoamperometry experiment
by placing it together with the WE and RE in the same compartment.

Prior to Faradaic Efficiencies experiments, both cell compartments were purged with Ar.
The instrument was kept polarizing at -800 mV overnight before use. The sensor was
calibrated by adding different known volumes of 99 % pure oxygen at the end of the

experiment.

Cyclic Voltammetry (CV): The system was scanned from Ej = -0.25 V to Ef=
1.25V vs. NHE at 100 mV/s.

Chronoamperometry (CA). Controlled potential chronoamperometric

experiments were performed at Eapp= 1 V vs. NHE.
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SB.7 ANNEX

Table Al. Summary of electrocatalytic data for relevant carbon-supported Co-based OER

electrocatalysts in alkaline media.

Entry Catalyst O (nm) Mo (mV) | Tafel slope (mV-dec™)
Co0304/BCNO 295 57.58
1t Co304 + BCNO 20 390 93.91
C0304 380 98.81
22 Co@C 100-400 295P 58
- CoP NP/C 25 320° 99
CoP NR/C 270° 71
Amorphous Co(OH), Nanosheet - 320° 68
44 Crystalline Co(OH); 330° 102
C0304 400° 84
" C0304-NC/Gr-12h 50-80+ 3 220P 95
C0304-NC/NGr-12h 50+3 200P 69
& CG-Co0O 10-30 320P 75
N-CG-CoO 10-30 270P 71
295¢
- C0304/N-rmGO 4-8 2705 67"
C0304/rmGO 12-25 270" 68
g CoP NPs 1.5-2 350¢ 80
CoP-CNT 290¢ 50
o Co(TCNQ)./CFs 295P 188
Co(OH),-TCNQ/CFs 280P 101
C0304/N-p-MCNTs 1 295¢ 98
1010 Co0304/N-p-MCNTSs 2 <10 245° 78
Co0304/p-MCNTSs 370° 114
1t Yolk-Shell Co-CoO/BC 7 280P 73.3
Solid Co-CoO/BC 380° 93.1
Co@NC-G-500 390P 125.6
112 Co@NC-G-600 340P 116.4
Co@NC-G-700 270P 73.7
Co@NC-G-800 290P 82.5
1312 Co@GDY/Co <10 300° 148
Co@GDY 400° 222

Electrolyte: (%) 0.1 M potassium phosphate pH 7, (°) 1 M KOH pH 14, (°) 0.1 M KOH pH 13 and () 0.1 M NaOH pH
13.
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LLM_s16_after

Coin™M*@CF

LLM_s16_after outside

Figure A1. TEM/EDX analysis of Coin™* @CF after a 2 h chronoamperometry at 1 V vs. NHE
(i.e.n=537mV) in 0.1 M NaOH (pH 13). EDX analysis a) over the CF and b) outside the CF.
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LLM_sE_after

Coin™*@0ox-CF

LLM_s6_after outside

Figure A2. TEM/EDX analysis of Coin""" @ox-CF after a 2 h chronoamperometry at 1 V vs.
NHE (i.e. 1 =537 mV) in 0.1 M NaOH (pH 13). EDX analysis a) over the CF and b) outside the
CF.
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LLM34b_after

Coin"P**H@CF

Figure A3. TEM/EDX analysis of Coin™™*®"@CF after a 2 h chronoamperometry at 1 V vs. NHE
(i.e.n=537mV) in 0.1 M NaOH (pH 13). EDX analysis a) over the CF and b) outside the CF.
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LLM34c_after bis

Coin"P*H @ ox-CF

Figure A4. TEM/EDX analysis of Coin™"*°"@ox-CF after a 2 h chronoamperometry at 1 V vs.
NHE (i.e. 1 =537 mV) in 0.1 M NaOH (pH 13). EDX analysis a) over the CF and b) outside the
CF.
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LLM_33h_after

COexheptOH@ CF

Figure A5. TEM/EDX analysis of Coe""*°"@CF after a 2 h chronoamperometry at 1V vs. NHE
(i.e.n=537mV) in 0.1 M NaOH (pH 13). EDX analysis a) over the CF and b) outside the CF.
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LLM

Coex"POH @ ox-CF

200 nm

Figure A6. TEM/EDX analysis of Coe""*°"@ox-CF after a 2 h chronoamperometry at 1 V vs.
NHE (i.e. 1 =537 mV) in 0.1 M NaOH (pH 13). EDX analysis a) over the CF and b) outside the
CF.
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Chapter 6. Bimetallic nanomaterials for electrocatalytic water

splitting

Chapter 6 deals with the electrocatalytic activity of bimetallic nanomaterials in
water-splitting. As for the previous monometallic counterparts, these nanomaterials have
been prepared by the organometallic approach and characterized by TEM, SEM, XRD,
EDX, ICP and XPS techniques to determine their structure and composition. Two
different types of bimetallic systems have been studied. In a first part, the results obtained
when Ru@Ni-foam materials are tested as electrocatalysts for the OER (and HER to a
minor extent) will be described (Chapter 6A). The second part will report the synthesis
of ligand-capped RuCo NPs (Chapter 6B).
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Chapter 6A. Ru@Ni-foam samples for electrocatalytic water

splitting

Production of oxygen via WS using cost-effective metal-based heterogeneous catalysts is highly attractive.
In this chapter the organometallic synthesis of a pure Ni-based foam-like nanomaterial and Ru-doped
counterparts with different Ru loadings will be reported. The effect of the Ru-doping has been mostly
studied in electrocatalytic OER but some insights into the HER will be also assessed. A detailed structural
and compositional analysis of these nanomaterials allow to draw a correlation with their OER
electrocatalytic activity and thus to extract valuable information about the influence of the metal-metal

interface interactions in bimetallic systems.

This work was done in collaboration with Dr. L. Peres (Postdoctoral researcher, LCC-CNRS), who
synthesized and characterized the Ni-foam based nanomaterials. My contribution has consisted in their

electrocatalytic assessment by carrying out electrochemical and spectroelectrochemical studies.
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6A.1 INTRODUCTION

The OER is a kinetically unfavorable process as 4H" and 4e™ have to be extracted
from two water molecules in addition to the formation of an oxygen-oxygen double bond.
Highly active and efficient electrocatalysts are thus needed. Ru and Ir oxides are the state-
of-the-art OER electrocatalysts in acid media,»2 but their scarcity and high cost prevent
their use in practical large-scale H, production devices based on WS. First row transition
metal Ni and its oxides have been used alternatively as active electrocatalysts towards
OER in alkaline media, increasing the cost-effectivity of the H> production due to their

high abundance on Earth and lower price.

The high electrocatalytic activity of Ni-based anodes has been attributed to Fe
incorporation into the Ni structure. The close position of Ni and Fe in the periodic table
makes easy the formation of NiFe alloys. The role of Fe incorporation has been widely
studied during last decades. Corrigan et al. first studied the effect towards the OER of
intentional incorporation of Fe into thin nickel oxide film electrodes in KOH electrolytes
(Fig. 1a).2 Even 1 ppm iron caused an increase in the oxygen evolution current of the
nickel electrodes. In addition, the effect of the presence of iron in the electrolyte was
evidenced by a decrease in the oxygen evolution overpotential during successive potential
cycling (Fig. 1b). The incorporation of iron onto the Ni thin film was revealed by atomic
adsorption spectrometry. In contrast, in the absence of iron in the electrolyte, the
overpotential increased during the process (Fig. 1b). The same authors also confirmed a
higher effect of iron in thinner films, in which the fraction of incorporated Fe with respect
to the Ni content was higher, obtaining in this case a decrease in the overpotential over
100 mV. It appears that the key variable is the fraction of iron in the active material. Two
different hypotheses were given: Fe could provide more favorable sites for the adsorption
of intermediate species or Fe could improve the conductivity of the semiconducting

oxide.
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Figure 1. CVs of the effect of iron in the electrolyte onto a Ni electrode (a), effect of iron in the
electrolyte on the OER overpotential of Ni oxide electrodes (b) and effect of iron in the electrolyte
on the Tafel plots for OER in Ni oxide thin films (c). Extracted from ref. 3.

In that direction, several studies on the effect of Fe into Ni-based thin films have
been reported. In 2010, D. Pletcher and co-workers tested the catalytic activity of different
mixed electrodeposited films of Ni hydroxide with other transition metals, observing that
the OER activity increases with the series Cu(ll) < Mn(ll) < Cr(1l) < Co(ll) < Fe(ll),
therefore with the NiFe(OH), material showing the best performance.* Also, Boettcher et
al. reported a Nio.gFeo.1Ox thin film, which was found to be the most active WO catalyst
in basic media among NiOx, CoOx, NiyC02.yOx, IrOx, MnOxand FeOx, yielding nio = 336
mV and a Tafel slope of 30 mV/dec.® However, some studies revealed that while a small
amount of Fe on the Ni oxide enhanced the OER activity, larger additions reduced the
activity, obtaining lower activities for those systems containing mostly Fe than those

containing Ni alone, confirming the detrimental role of Fe in large quantities (Fig. 2).*®
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Figure 2. Specific current density at 300 mV overpotential and overpotential at 10 mA/cm?
towards the OER in 0.1 M KOH as a function of composition of the Ni-Fe films. Extracted from
ref. 6.

In addition to mixed Ni-Fe nanocatalysts to obtain improved OER, S. H. Boettcher
et al. presented also a layered Ni(OH). film deposited on a GC-RDE that showed also
increasing activities with each CV cycle (Fig. 3a),” confirming by XPS the Fe
incorporation from the electrolyte into the Ni(OH). film after only 5 CV cycles (Fig. 3b,
purple line). In this work it was proved that Fe incorporation also takes place in the
absence of applied potential, even if to a lower extent (Fig. 3b, blue line). In contrast,
after 300 CV cycles in Fe-free electrolyte, the film shows no detectable Fe 2p XPS peak

(Fig. 3b, green line) and even decreased OER activity.
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Figure 3. Successive cyclic voltammogram of Ni(OH): film deposited on a GC-RDE (a). XPS
Fe 2p spectra for Ni(OH)2/NiOOH thin films after 5 CV cycles in non-purified KOH (purple), 12
min in non-purified KOH (i.e. containing traces of iron) without applied potential (blue), and 300
CV cycles in purified KOH (green), and a film containing no Fe (black) and a film with 25 % co-

deposited Fe (red) are used as references (b). Extracted from ref. 7.
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Supporting the hypothesis from Corrigan et al., T. Bell and co-workers supported
experimental results on electrodeposited NiFe oxyhydroxides (Ni:-xFexOOH) by DFT+U
calculations, obtaining that Fe(lll) in y-Nii—xFexOOH exhibits a significantly lower
overpotential than Ni** cations in either y-Ni1-xFexOOH or y-NiOOH, confirming that Fe
rather than Ni constitutes the active site for OER in mixed Fe-Ni oxhydroxides.®

In addition to increasing OER intensities with Fe incorporation, iron could also
change the Ni environment.” The usually observed redox waves before the onset of the
OER in Ni-based catalysts are attributed to the oxidation from Ni(OH)> to NiOOH, being
well accepted that NIOOH is the active species towards OER. Differences in the
Ni(OH)2/NiOOH redox potentials are also observed with different Fe content, observing
a shift to higher potentials as more Fe is incorporated, following a linear correlation.® This
means that a higher potential is needed to form the NiOOH active species, being the
electrochemical oxidation of Ni(OH)> difficulted by the presence of Fe (Fig. 4). A similar
behaviour was found by X. Duan et al. in a 3D film of vertically aligned NiFe-layered
double hydroxide (NiFe-LDH) NPs loaded on Ni-foam synthesized by a hydrothermal

method using Ni and Fe nitrates as metal sources and urea as precipitant.®

3

N
T

-
T

o

current, | (mA)

0
-

0% Fe \

25% Fe

2 : H N :
02 03 04 05 06 07
Vvs. Hg/HgO

Figure 4. CV scans of Ni-Fe(OH)./Ni-FeOOH films with different Ni-Fe composition deposited

on IDA (interdigitated arrays) electrodes. Extracted from ref. 7.

The catalytic behaviour of Ni-based films can also depend on the presence of
different Ni-phases. T. Bell et al. studied the aging of Ni electrodes in alkaline electrolytes
(i.e. electrode soaked into the electrolyte without an applied potential), observing also an

anodic shift in the Ni(11)/Ni(I11) redox wave and an increase in the OER activity (Fig. 5).°
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Contrary to Boettcher at al.,” T. Bell and co-workers attributed these changes to
the transformation of the a-Ni(OH)2/y-NiOOH couple to the ordered and compact B-
Ni(OH)2/B-NiOOH pair, as they obtained comparable Fe concentrations in freshly and
aged Ni films.® They confirmed that although Fe incorporation cannot be disregarded, the
dramatic change in CV parameters during aging cannot be due only to a change in Fe
content. In fact, Raman spectroscopy confirmed a change from y-NiOOH to f-NiOOH as
a consequence of Fe incorporation, being the f-phase the preferred one for the OER
catalysis. In contrast to these results, Y. Yan et al. demonstrated the utilization of highly
nanostructured o-Ni(OH)2 hollow spheres with better OER performance than f-
Ni(OH),.10

aged Ni film
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Figure 5. Comparison of CVs for as-deposited and aged Ni films in 0.1 M KOH attributed to Ni

phase changes. Extracted from ref. 6.

On the other hand, some studies on the changes in conductivity of Ni-based thin
films due to Fe incorporation have been performed. Conductivity experiments done by
Boettcher and co-workers’ confirmed the hypothesis of Corrigan et al.,® obtaining
improved conductivity upon Fe incorporation (Fig. 6). Low conductivities for reduced
films were found, independently of Fe concentration, which increased upon Ni oxidation.
NiOOH under Fe-free has ¢ = 0.1-0.2 mS/cm, whereas samples with 5%-25% Fe have
more than one order of magnitude higher conductivity, ¢ =~ 3.5-6.5 mS/cm. Fe

incorporation at normal impurity level in KOH leads to ¢ = 2.5 mS/cm (Fig. 6).’
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Figure 6. Conductivity experiments for NiixFex(OH)2/NiixFexOOH films with different Fe
contents. Extracted from ref. 7.

As described above, most of the studies on the effect of the activation of Ni-based
electrocatalysts have been performed using thin films. More recently, Ni-based NPs have
also been explored. Given their high surface area and number of available active sites
some highly active OER electrocatalysts have also been reported. In 2019, A. J. Wang et
al. synthesized mesoporous spinel NiFe oxide cubes (60 nm) following the
coprecipitation methodology followed by a pyrolysis treatment from NiHCF at different
temperatures (Fig. 7a and 7b).!* The optimum pyrolysis temperature for obtaining the
NiFeO NCs in air was 400 °C, obtaining the lowest 10 0f 240 mV in 1 M KOH, compared
to other pyrolysis temperatures, NiO and FesOs NPs (See table in Fig 7c). The Tafel
slopes follow a decreasing order as follows: NiO > FezOs > NiFeO-300 > NiFeO-500 >
NiFeO-400 (Fig. 7c), confirming the improved Kkinetics for NiFeO-400.

c)
sanpe. | 051 | Tt Sere
NiFe0-300 | 320 145
NiFe0-400 | 240 41
NiFe0-500 | 260 48
NiO 460 388
Fe;0,NPs 680 242

Figure 7. TEM (a) and SEM (b) images of NiFeO-400. Electrochemical data of different NiFe
NC in 1.0 M KOH (c). Extracted from ref. 11.
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J. Chen and co-workers reported the synthesis of different 3D Ni-Fe based
nanocatalysts from thermal decomposition of organometallic complexes, namely NiOx-
NiOx/FeOy core-mixed shell NPs (16.8 + 2.0 nm) (Fig. 8a), NiOx/FeOx alloy NPs (9.4 =
1.7 nm) (Fig. 8b) and FeOx-NiOy core-shell NPs (9.8 + 1.6 nm) (Fig. 8c).? The NiOx-
NiOx/FeOy core-mixed shell NPs exhibited the best performance with n10 =320 mV. The
Ni redox peaks also differ from one sample to another, obtaining the oxidation wave of
Ni(OH). to NiOOH at the lowest potential for NiOx NPs, whereas NiOx-NiOx/FeOx core-
mixed shell NPs show the highest potential to achieve this conversion, in agreement with
previous studies stating that incorporation of Fe into NiOx thin films hampers the
transformation of Ni(OH). to NiOOH (Fig. 8d).

T

——NiO_-NiO /FeO,

[ ——NiO/FeO,
——Fe0 -NiO,

FeO,

[ —nNio,
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Figure 8. TEM image and EELS (electron energy loss spectrometry) mapping of NiOx-
NiOx/FeOx core-mixed shell NPs (a), NiOx-/FeOx alloy NPs (b) and FeOx-NiOx core-shell NPs
(c). CV profiles of the different catalysts in 1 M KOH at a scan rate of 10 mV/s (d). Extracted
from ref. 12.

Despite all the efforts described above, highly active Ni(Fe)-based OER
electrocatalysts presenting higher current densities, lower overpotentials and stability in
neutral/acid mediums are still missing. One strategy could be to introduce other elements
into the Ni(Fe) materials. Having in mind that and the fact that Ru is, together with Ir, the
state-of-the-art OER catalyst, Ru-doping onto Ni(Fe) materials with the purpose of
enhancing their OER activity has emerged in recent years. The addition of low amounts
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of Ru into these materials would allow obtaining more economic materials than the
existing pure RuO: ones. Several studies confirmed the improvement of the

electrocatalytic activity of Ni-based nanomaterials by Ru-doping.

The high OER and HER activities have been widely attributed to synergistic
effects between Ru and Ni. For alkaline OER, Qiao er al.™® attributed this improvement
due to the coupling between NiOOH, which favours the dissociation of water molecules,**
and RuOg, which can dissociate OH due to the strong affinity of the bridging oxygen for
H and of the neighbouring coordinative unsaturated Ru for 0. Thus, in a
RuO2/NiOOH interface, dissociation of H2O (Fig. 9a, i) and dissociation of OH" (Fig. 9a,
ii) can be coupled to produce the OOH" intermediate, which can be further deprotonated
to release molecular O (Fig. 9a, iii). In addition, X. Lu and co-workers hypothesized that
Ru can transfer electrons between the substrate and the intermediate species and facilitate
the O-O bond formation in OER at basic pH.

For HER in alkaline conditions, Qiao et al.'® proposed the formation of an in situ
Ru/NiO interface considering RuO: reduction under reductive conditions. Due to the
strong affinity of OH for the NiO surface,** NiO can promote the dissociation of water
into OH and H, being the latest rapidly adsorbed by nearby Ru atoms and recombined
into Hz (Fig. 9b). This synergistic mechanism was also supported by X. Lu and co-

workers.’

RuO,/NiOOH interface
Under OER potentials

Ru/NiO interface
NiO Under HER potentials

Figure 9. Schematic illustration of potential-induced synergy between RuO, and NiO for

enhanced OER (a) and HER (b) in alkaline conditions. Extracted from ref. 13.
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Finally, Z. Tang et all® and Lu et all’ attributed the improved HER
electrocatalytic activity of mixed Ru/Ni nanoparticulate systems to the chemical coupling
of Ru with Ni, resulting in a down-shift of the d-band center, leading to a lowered
adsorption energy of the reaction substrates and/or intermediates. These studies were
supported by a previous work from Liu er al. in which they discovered that a Ru
modulation can facilitate the desorption of H: to achieve a moderate hydrogen adoption
energy (AGw-+), boosting HER.®

All the studies presented above agree with the fact that the Ru-doping of Ni-based
nanocatalysts lead to lower charge-transfer resistance than their monometallic
counterparts, obtaining faster electron transfer processes in bimetallic systems. In
addition, higher ECSA values are also observed for Ru-Ni systems, confirming the
increased intrinsic activity of these nanomaterials. These results are also supported by L.
Feng et al.?® and Y. Gong et al.?* A summary table containing the most relevant HER and
OER electrocatalytic activity data for these systems is presented below (Table 1).
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Table 1. Summary of HER and OER electrocatalytic performance of different Ni-Ru based

catalysts.
- HER 50 HER Tafel OER 110 OER Tafel
ef. Catalyst (mv) slope (mv) slope
(mV/dec) (mV/dec)
RuO,/NiO/NF 22 31.7 250 50.5
RuO2/NF 43 55.4 283 53.4
130 IrO2/NF - - 311 55.6
NiO/NF 189 82.8 333 61
Bare NF 281 103.2 384 65.5
PtC/NF - 30.1 - -
Ru;Ni;-NCNF 35%23° 30%29° 290° -
RuiNi;-NCNF-700 48° 307 406° -
Ru1Ni;-NCNF-800 - - -
RuiNi;-NCNF-900 83? - 327° -
17 RuzNii-NCNF 492 - 380° -
Ni>Ru;-NCNF 1862 - 320° -
Ru-NCNF 45%/50P 35%41° -
Ni-NCNF 233%/389° 79%/175° 340° -
Pt/C 37917° 30%/28° - -
Ni/CNS 204.2 114.2 451 166.8
Ni@Ru/CNS-5% 65 107.2 391 155.6
18° Ni@Ru/CNS-10% 20.1 87.3 356 89.6
Ni@Ru/CNS-15% 23.5 93.8 365 123.5
RuO; - - 316 78.9
Pt/C 13.3 75.8 - -
Ru/NisN-Ni 53 32.4 200 56.4
20¢ NizN/Ni 180 178 330 70.4
RuO; 110 88.1 315 68.2
Ru 96 717 364 76.5
Ru-NiFe-MOF/NF - - 205 50
91a NiFe-MOF/NF - - 232 61
Ru-NiiFes-MOF/NF - - 217 55
Ru-NisFei-MOF/NF - - 209 54

Electrolyte: 2 1.0 M KOH, ? 0.5 M H,SO4 and 9 non-specified alkaline electrolyte.

In summary, the real role of Fe in Ni-based OER catalysts is still a matter of
controversy. Also, most of the Fe incorporation studies have been performed on thin films
and not on Ni-based NPs. In addition, studies on bimetallic Ni-Ru nanocatalysts for WS
are still scarce. Thus, in Chapter 6A we propose the synthesis of Ru NPs onto a Ni-foam-
like structure. The effect of different percentages of Ru-doping onto their HER and OER

electrocatalytic activity will be analysed.
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6A.2 SYNTHESIS AND CHARACTERIZATION

6A.2.1 Synthesis of Ni foam-based nanomaterials

The Ru-doped Ni-based nanomaterials were synthesized by the organometallic
approach?? following a two-step procedure. First, a Ni foam was produced by
hydrogenation of the [Ni(COD)] complex (COD = 1,5-cyclooctadiene), in ethanol/THF
(10 % v/v), under 3 bar of H at 70 °C.2% Second, Ru NPs were grown on-top of the pre-
synthesized Ni foam by reduction of the [Ru(Me-allyl)2(COD)] (Me-allyl = 2-
methylallyl, COD = 1,5-cyclooctadiene) complex as a Ru source. First, the Ni foam was
mixed with a THF solution of the Ru precursor for 3 days at room temperature under
stirring. Then, the growth of the metallic Ru NPs directly onto the surface of the Ni foam
was induced by the reductive decomposition of the impregnated Ru precursor under 3 bar
of H2 at 50 °C (Fig. 11). For comparative purposes, this second step was performed at
different Ru loadings (1, 5 and 10 wt%, theoretical values) in order to get a series of
samples of different composition, named as Ni-foam, Rul@Ni-foam, Ru5@Ni-foam

and Rul0@Ni-foam, respectively.

\ Ethanol/THF (10% viv) A3
i\N./E/ 3 bar Hy, 70°C, 20 h (4 ; s
S 'y HiC % o O
Dy R | ch !
[Ni(COD),] O N fc \|/\ z L
i foam )\/ \ Ru@Ni-foam

[Ru (Me-allyl),(COD)]

Impregnation in THF
3 days, r.t., stlmng 3 bar Hz 50°C

Figure 11. Organometallic synthesis of the Ru@Ni-foam nanomaterials.

The materials were passivated under air exposure before the electrocatalytic tests.
A detailed structural (TEM, SEM) and compositional (XRD, ICP, XPS) analysis allowed
to draw a correlation with the observed electrocatalytic activity and
spectroelectrochemical data of the tested nanomaterials, and then to extract valuable
insights about the influence of the Ru loading on the electrocatalytic activity towards the
HER/OER.
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6A.2.2 Transmission electron microscopy (TEM), scanning electron

microscopy (SEM) and energy-dispersive X-ray (XRD) analysis

The as-prepared nanomaterials were dispersed in isopropyl alcohol before
deposition onto a carbon-covered copper TEM grid. TEM and SEM images of Ni-foam
revealed the presence of particles of ca. 100 nm of thickness that result from the alignment
of smaller particles (Fig. 12a and 12b). These images also show the foam-like character
of this nanomaterial, indicating it is porous, which is of interest for catalysis due to higher
surface area. In the Ru-doped Ni-foam samples, the presence of worm-like
superstructures made of smaller particles was also assessed by TEM and SEM analysis.
In these cases, the Ni-foam nanomaterial serves as support for the Ru NPs. In the TEM
images recorded for Rul @Ni-foam, if we can suspect the presence of a few ones, there
is no clear evidence of the deposition of Ru NPs over the Ni-foam probably as the result
of their ultra-small size due to the very low Ru loading in this case (Fig. 2c, red arrows).
However, EDX analysis (Fig. 12e) confirmed the presence of both Ni and Ru in the
nanomaterial, attesting that the Ru deposition happened well onto the Ni-foam. If NPs are
present, they are probably too small (<1 nm) to be visible in the TEM images. Another
explanation could be that the Ru is present under the form of small Ru islands or as a thin
layer over the Ni foam. In contrast, TEM images of RuS@Ni-foam and Rul0@Ni-foam
samples reveal the presence of sponge-like nanostructures that can be explained by the
aggregation of small Ru NPs onto the Ni foam (Fig. 12f and 12i, red arrows). This was
confirmed by EDX mapping that shows for both samples the presence of well-dispersed
Ru over the Ni foam surface (Fig. 12h and 12k).
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Figure 12. From top to bottom: Ni-foam characterization by TEM (a) and SEM (b); Rul @Ni-
foam characterization by TEM (c), SEM (d) and EDX analysis (e); Ru5S@Ni-foam
characterization by TEM (f), SEM (g) and EDX mapping of Ni Kal (red) and Ru Lal (green)
(h); Rul0@Ni-foam characterization by TEM (i), SEM (j) and EDX mapping of Ni Kal (red)

and Ru Lal (green) (K). The arrows show the presence of small Ru NPs.
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6A.2.3 X-ray diffraction (XRD) analysis

The crystallinity and phase purity of the nanomaterials were examined by XRD
for all samples (Fig. 13). XRD patterns indicated the presence of Ni(111), Ni(002) and
Ni(022) peaks, attributed to the Ni fcc structure (Ni-ICDD: 96-901-2978), thus
confirming the presence of metallic Ni in all samples. The size of individual Ni crystallites
was determined by using the Scherrer equation and was found to be ca. 22.4 nm, 28.6
nm, 20.2 nm and 19.3 nm for Ni-foam, Rul @Ni-foam, Ru5@Ni-foam and Rul0@Ni-
foam, respectively. XRD patterns of Rul@Ni-foam and RulO0@Ni-foam samples
revealed the presence of only very broad shoulders that can be attributed to Ru under the
form of a poorly crystallized or even amorphous phase (Fig. 13b and 13d). The XRD
pattern of RuS@Ni-foam revealed the presence of better-defined peaks corresponding to
the Ru(010), Ru(002), Ru(012), Ru(110), Ru(013) and Ru(112) peaks of Ru hcp structure
(Ru-1CDD-96-900-8514) (Fig. 13c). In addition, the size of individual Ru crystallites in
this sample was calculated (Scherrer equation) as ca. 7.6 nm.
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Figure 13. XRD patterns for Ni-foam (2), Rul @Ni-foam (b), RuS@Ni-foam (c) and Rul0@Ni-
foam (d).

6A.2.4 Inductively-coupled plasma (ICP) analysis

ICP analyses provided a Ni content of 96.7 wt% and 95.0 wt% for the fresh and
air passivated Ni-foam, respectively. For the air passivated Rul @Ni-foam, Ru5@Ni-
foam and Rul0@Ni-foam, ICP revealed Ni contents of 95.6 wt%, 91.5 wt% and 88.7
wt%, respectively. The Ru content was also determined by ICP, with 0.43 wt%, 3.2 wt%
and 6.4 wt% values for Rul@Ni-foam, Ru5@Ni-foam and Rul0@Ni-foam,
respectively. For an easier comparison, all these experimental data are reported in Table
2.
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Table 2. ICP results for Ni-foam, Rul @Ni-foam, Ru5 @Ni-foam and Rul0@Ni-foam samples.

Entry System Ni (Wt%) Ru (Wt%)
Fresh/passivated
1 Ni-foam 96.7/95.0 -
2 Rul @Ni-foam /95.6 0.43
3 Ru5@Ni-foam /91.5 3.20
4 Rul0@Ni-foam /88.7 6.40

6A.2.5 X-ray photoelectron spectroscopy (XPS) analysis

XPS analysis allowed discerning the surrounding chemical environment and
oxidation state of the different elements present in the samples. The XPS spectrum of the
Ni-foam revealed two distinguishable regions in the Ni 2p part, namely the Ni 2pz/. (850-
650 eV) and Ni 2p1. (650- 880 eV) regions (Fig. 14a, khaki trace). Focusing on the Ni
2p3/2 region, two sharp peaks are observed at 852.6 eV and 855.6 eV, attributed to metallic
Ni and Ni(OH)2, respectively. These results indicate the co-presence of metallic and
hydroxide nickel species in the nanomaterial.>*? Given these results, the Ni-foam can be
described as a layered structure where a metallic Ni phase is surrounded by a Ni(OH):
shell. The absence of any Ni(OH). fingerprint in the XRD pattern in Fig. 13a can be
explained by the fineness/thinness/lightness (< 1 nm) and/or amorphousness of this outer
shell. As expected after air passivation, the XPS spectrum of the passivated Ni foam
shows a decreased Ni(0) peak but an increased Ni(OH). component (Fig. 13a, light blue
trace). An additional small peak is also visible at 853.7 eV that can be attributed to NiO.

The XPS spectra for Rul@Ni-foam (Fig. 14b, blue) and Rul0@Ni-foam (Fig.
14c, blue trace) revealed two sharp peaks in the Ni 2pz/. region. The one centered at 852.6
eV is attributed to Ni(0) and the other peak could be deconvoluted in two peaks centered
at 855.6 eV and ~ 856 eV, attributed to Ni(OH), and NiOOH, respectively.?*” As it can
be expected due to reaction with air in passivated samples, the Ni(0) contribution is
reduced and part of the Ni(OH)2 shell seems to have been partially converted to oxo-
hydroxo nickel species (NiOOH) (Fig. 14b and 14c, khaki traces). Given that no NiOOH
signal was visible in the XPS spectrum of the passivated Ni foam sample, its appearance
in the Ru@Ni foam nanomaterials can arise from the presence of Ru that may help the

stabilization of higher oxidation states of Ni (i.e. NiIOOH) in the passivated samples.
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The Ni XPS data of the RuS@Ni-foam sample are not available yet, but due to
the similarities observed between the other Ru-containing samples, the same Ni

composition can be assumed.
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Figure 14. Ni 2p XPS spectra for Ni-foam (a), Rul @Ni-foam (b) and Rul0@Ni-foam (c).

XPS analysis in the Ru 3ds/, region allowed to confirm the presence of Ru(0) as
the main Ru species in the fresh Rul @Ni-foam and Rul0@Ni-foam samples (Fig. 15a
and 15c). After air passivation, XPS analysis in the same region indicated that Ru is
present in two different phases, namely metallic Ru and RuO.. Indeed, the intense peak
can be deconvoluted in one component centred between 279.7 - 280.3 eV (metallic Ru)
and another one at 280.8 eV (RuQ2) (Fig. 15b and 15d).?8 In fact, and as expected after
air exposure, the RuO> contribution increase can be attributed to the formation of a RuO-
layer over the Ru(0) NPs. This possibly leads to a Ru@RuO; core@shell type structure,
at least for the RUNP region in contact with air. In this regard, the Ru/RuO- ratio was

found to be 1.4 and 2.3 for Rul@Ni-foam and Ru@Ni-foam, respectively.
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These results are in agreement with the fact that, hypothesised by TEM images,
more dispersed and smaller NPs are present in the Rul@Ni-foam sample (i.e. easier
oxidation). Again, the Ru XPS data for RuS@Ni-foam is not available yet, but a mixture
of Ru/RuO: is also expected to be present after exposure under air.
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Figure 15. Ru 3ds» XPS spectra for fresh Rul @Ni-foam (a2), passivated Rul @Ni-foam (b),
fresh Rul0@Ni-foam (c) and passivated Rul0@Ni-foam (d). Metallic-Ru component (Ru 3ds:

279.7 - 280.3 eV, dashed black), RuO2;-component (Ru 3ds. 280.8 eV, dotted black), envelope
(bold black).

The characterization data of the foam-like Ni nanomaterial (Ni-foam) and the Ru-
doped derived nanomaterials with different Ru loadings (Rul @Ni-foam, RuS@Ni-foam
and Rul0@Ni-foam) are summarized in Table 3. In the Ru@Ni foam nanomaterials, the
Ni foam served as a support for the growth of Ru NPs in the absence of any other

stabilizer, leading to Ru/Ni bimetallic nanomaterials.
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Table 3. Summary of the characterization data of all the Ni foam-based samples

RuS@Ni-
Ni-foam Rul @Ni-foam EAN 1 Rul0@Ni-foam
foam
Worm-like Ni(0) crystallites .
superstructures . Ni(0)
(ca. 28.6 nm) with ) . .
(ca. 100 nm of oo crystallites (ca. | Ni(0) crystallites
. possibly: small Ru . .
thickness) 20.2 nm) with | (ca. 19.3 nm) with
XRD NPs (<1 nm) or
composed of . aggregates of aggregates of Ru
o . small Ru islands or
individual Ni(0) . Ru NPs (ca. NPs
. thin Ru layer over
crystallites (ca. the Ni foam 7.6 nm)
22.4 nm)
ICP - 0.4 wt% Ru 3.2 wt%. Ru 6.4 wt% Ru
_Fres_h: Mainly Fresh: Mainly Ni° Fresh: Mainly
Ni(0) and .
Ni(OH) and Ni(0) and
? Ni(OH)2/Ni(OOH) Ni(OH)2/NiOOH
XPS Ni Passivated: )
Mainlv Ni (OH) Passivated: More Passivated: More
Aty Tz Ni(oH)./NiooH Ni(OH)2/NiOOH
Ni(0) and a bit of . .
. + less Ni(0) + less Ni(0)
NiO
Fresh: Mainly Fresh: Mainly
Ru(0) Ru(0)
XPS i )
Ru Passivated: Passivated:
Ru/RuO; mixture Ru/RuO; mixture
(ratio 1.4) (ratio 2.3)

6A3 ELECTROCATALYTIC PERFORMANCE

6A.3.1 Electrocatalytic performance towards the HER in acidic media

Ni-based materials are usually studied at basic pH due to their instability under

acidic conditions. However, given Ru NPs are more active at acidic pH, the HER

performance of the Ni-foam and Ru@Ni-foam nanomaterials were first studied in acidic

conditions, namely in 1 M H2SO. aqueous solution (pH 0). Each sample was dispersed in

THF (2 mg/mL) and drop-casted onto a glassy carbon rotating disk electrode (GC-RDE).
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The electrochemical performance was determined using a three-electrode
configuration with the GC-RDE being the working electrode and a SCE (KCl sat’d) and
a Pt wire as reference (RE) and counter (CE) electrodes, respectively. A change in the
current density, compared to the signal from RDE blank, was observed when scanning
into reductive potentials for all the samples, thus confirming a catalytic activity towards
the reduction of protons to Ho. From the TEM analysis, two different sample sets can be
considered versus the Ru doping: in the one hand the Ni-foam (no Ru deposition) and
Rul@Ni-foam (no visible RUNPs on TEM images); and in the second hand Ru5@Ni-
foam and Rul0@Ni-foam (both displaying visible RUNPS).

From the polarization curves (Fig. 16), it can be noticed that higher catalytic
current densities are observed with the samples containing a higher amount of Ru (5 wt%
Ru and 10 wt% Ru vs. 1 wt% Ru). However, the best catalytic activity was obtained with
Ru5@Ni-foam. This result can derive from a higher degree of crystallinity?® of the Ru
NPs in this sample since a well-defined XRD pattern was obtained in this case (Fig. 13c),
contrarily to the other systems. Another hypothesis can be that a different Ru/RuO ratio
or even an optimum Ru-doping content is present for the 5 wt% Ru sample, providing a
good interface between the Ni/Ni(OH)..NiOOH and the Ru dopant. Even though the
obtained n1o values (>195 mV, Table 4) are far from state-of-the-art literature data, these
results allow to study the influence of Ru-doping onto a noble-metal free electrode for the
HER electrocatalysis. The Tafel slope of RuS@Ni-foam is around 78 mV/dec (Fig. 16b
and Table 4), confirming a catalytic behavior in between the Volmer and Heyrovsky steps
as rds (Heyrovskky: H> electrodesorption with a proton from the solution, » =~ 40 mV/dec,
and Volmer: adsorption of H* to form the M-H species on the NP, typically » = 120
mV/dec). This is in contrast with the catalytic behavior of the Ni-foam alone, where a
Tafel slope >150 mV/dec suggests an extremely slow H* adsorption (Fig. 16b and Table
4). This evidences the positive role of Ru-doping in changing the HER mechanism,

enhancing the adsorption of H* and thus facilitating the HER.
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Figure 16. Polarization curves of Ni-foam (red), Rul @Ni-foam (blue), RuS@Ni-foam (green)
and Rul0@Ni-foam (orange) in 1 M H,SO.. Blank LSV from bare RDE is also shown (black)

(@). Corresponding Tafel plots (b).

Table 4. Summary of the HER electrocatalytic data for the four samples studied (1 M H2SO.).

Parameters: onset overpotential at -10 mA/cm? (n10), Tafel slope () and exchange current density

(jo)-
10 Tafel Slope (b) jo
Entry System (r?N) (mV/dIe)c) (mAJ/cmZ)
1 Ni-foam - 169 0.035
2 Rul @Ni-foam - 177 0.079
3 Ru5@Ni-foam 195 78 0.033
4 Rul0@Ni-foam 221 103 0.073

Finally, a stability study was performed with the most active catalyst, Ru5@Ni-

foam (Fig. 17). The progressive decrease in intensity observed along the consecutive LSV

curves evidences the poor stability of the system. This behavior could be explained by

the corrosion of Ni in acid media.®°
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Figure 17. Stability study towards HER at pH 0O after registering consecutive LSV curves for

Ru5@Ni-foam.

6A.3.2 Electrocatalytic performance towards the HER in alkaline media

A fast screening of the activity of the Ni-foam and Ru@Ni-foam materials
towards the HER was performed at pH ~14 (1 M NaOH) (Fig. 18). In all cases the activity

was found to be very low, obtaining high nio values (Table 5). However, interestingly,

again the best performances were observed for RuS@Ni-foam and Rul0@Ni-foam

compared to Ni-foam, showing lower nio and Tafel slopes and confirming their improved

kinetics.
a) -
——RDE blank
-104 — Ni-foam
Ru1@Ni-foam
Ru5@Ni-foam
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£
L
<
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~
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Figure 18. Polarization curves of Ni-foam (red), Rul @Ni-foam (blue), Ru5@Ni-foam (green)
and Rul0@Ni-foam (orange) in 1 M NaOH. Blank LSV from bare RDE is also shown (black)

(a). Corresponding Tafel plots (b).
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Table 5. Summary of HER electrocatalytic data for the four samples studied (1 M NaOH).
Parameters: onset overpotential at -10 mA/cm? (n10), Tafel slope () and exchange current density

(jo)-

Mo Tafel Slope (b) jo
Entry System MV)  (mVidec)  (mA/cm?)
1 Ni-foam 442 404 0.83
2 Rul @Ni-foam 527 292 0.16
3 RuS5@Ni-foam 259 226 0.72
4 Rul0@Ni-foam 310 161 0.12

Consecutive LSVs were performed with the most active material, RuS@Ni-foam,
to study its stability (Fig. 19). This study shows again a decrease in intensity along the
CVs, although to a lower extent than under acidic conditions. This difference could be

attributed to a better stability of Ni-based materials under basic conditions, as already
reported in the literature.*

01 o
-10 4
Nt‘\
= -20-
(&}
g
< -30-
"~
Ru5@Ni-foam LSV1
-40 I Ru5@Ni-foam LSV10

-04 -0.3 . -OI.Z . -OI.1 . 0.0 0.1
E (V) vs. RHE

Figure 19. Stability study towards HER at pH ~14 after registering consecutive LSVs for
RuS@Ni-foam.

6A.3.3 Electrocatalytic performance towards the OER in alkaline media

To study the catalytic activity of the obtained systems towards the OER, cyclic
voltammetries (CVs) have been performed. CVs were conducted from Ei = 1.05 V to Et
=1.75 V (E vs. SCE) at pH ~14 (1 M NaOH).
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As shown in Fig. 20, when scanned anodically up to 1.75 V vs. RHE, all electrodes
showed one anodic peak in the oxidative forward scan prior to a sharp current increase
assigned to the electrocatalytic oxidation of water to dioxygen. According to literature
data,%3! the first faradaic process observed in the voltammogram (Ezp= ca. 1.5 V vs. RHE)
could be attributed to the oxidation of Ni(ll) to Ni(lll), following Eqg. 1. Interestingly, the
NiOOH species is usually proposed as the active species towards the OER in related Ni-
based systems.® The cathodic wave in the backward scan corresponds to the respective
inverse reduction process of this Ni species.

Ni(OH): + OH" < NiOOH+H:0+e¢  Eq.1

It is well known that the catalytic intensity and the potentials of the redox couples
depend on the sample deposition on the electrode. They can also depend on the Ni/Ru
environment, which is very heterogeneous in the samples here studied. Thus, correlation
of any differences in the aforementioned parameters between samples, with the Ru
loading, has been infeasible due to intrinsic internal differences between the electrodes
prepared from the same sample. In addition, an increase in j after 10 progressive CVs is
observed in all samples, which could be attributed to Fe incorporation into the Ni
structure, a common process observed in Ni-based electrocatalysts under OER conditions
in alkaline media, or due to hydration of the sample.3? Due to this activation process, only
the 1o value has been considered in the 10" CV, being the obtained values 334 mV, 310
mV, 330 mV and 335 mV for Ni-foam, Rul @Ni-foam, Ru5@Ni-foam and Rul0@Ni-

foam, respectively.
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Figure 20. 10 progressive CVs studies of OER catalytic activity in non-purified NaOH aqueous
solution for Ni-foam (a), Rul @Ni-foam (b), RuS@Ni-foam (¢) and Rul0@Ni-foam (d).

6A.3.3.1 Fe-incorporation studies

As explained in the Introduction, and observed in the previous section, the
incorporation of Fe traces/impurities from commonly used alkaline solutions and/or
hydration of the sample can strongly improve the OER activity of Ni-based
electrocatalysts. In this way, catalytic studies performed in Fe-free alkaline solutions are
critical to understand the effect of Fe incorporation in the Ni-foam nanomaterials studied
in this work. Furthermore, Ru-doping could have also an influence on the OER
performance and/or in Fe incorporation. Given that Ni(OH)2 readily absorbs Fe without
applying any potential, suspended high purity Ni(OH)2 powder prepared by precipitation
in the alkaline electrolyte was used to absorb all Fe impurities from the commercial base

used (NaOH) prior to electrochemical testing.®
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All the Ni foam nanomaterials have been electrocatalytically tested in Fe-free
alkaline solutions, observing lower activities and lower activation processes compared to
the studies performed in non-purified alkaline solutions. As the CV intensity is dependent
on the amount of material deposited onto the electrode and also on the way the material
is distributed on it, the same prepared electrodes have been used both in Fe-free and non-
purified alkaline solutions. Each sample was first tested in a Fe-free solution by
performing 10 consecutive CVs, and then the same electrode was tested in a non-purified
solution performing other 10 CVs. In all cases an increase in activity was observed when
the electrode was submerged in the non-purified electrolyte. Furthermore, the OER
current further increased progressively in subsequent CV cycles due to Fe incorporation
(Fig. 21). However, in order to check that this increase in intensity is due to Fe
incorporation and not due to other changes in the alkaline solution during the purification
procedure, the same electrode was tested again in the Fe-free electrolyte. This led to an
increased activity compared with that obtained in the Fe-free solution before exposing the
electrode to Fe-containing electrolyte (Fig. 21). These results confirm that incorporation
of Fe into the Ni structure has a crucial influence on the OER catalytic activity of these
materials, which is maintained when introduced again in Fe-free solutions. Interestingly,
when the materials were introduced in the Fe-free solution after the experiments in the
non-purified medium, the intensity of CVs progressively decreased (Fig. 21). This
process could be explained as no more Fe can be incorporated and some incorporated Fe
could get free from the Ni structure. All the Ni-based materials presented the same
catalytic behavior except Rul@Ni-foam, in which a progressive activation (i.e.
progressive intensity increase) was also observed in Fe-free electrolyte (Fig. 21b). In
addition, the intensities obtained with this catalyst are higher both in Fe-free and non-
purified electrolyte compared with the other ones. It seems that a low Ru loading can
contribute to a higher Fe incorporation into the Ni structure and also to a better hydration

of the sample,® as confirmed by the activation process in Fe-free electrolyte.
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Figure 21. Comparative studies of the OER catalytic activity in Fe-free, non-purified NaOH
aqueous solution after Fe-free and Fe-free solution after non-purified solution for Ni-foam (a),
Rul @Ni-foam (b), Ru5@Ni-foam (c) and Rul0@Ni-foam (d).

6A.3.4 Electrocatalytic performance towards the OER in neutral/near-

neutral media

Looking to a future implementation of Ni-based catalysts with semiconductors in
photochemical WS devices, the development of active and stable materials in
neutral/near-neutral conditions would offer more technological flexibility as
semiconductors are more stable in neutral electrolyte.® In this regard, Nocera and co-
workers reported high activities of Ni-(oxy)hydroxide/borate (NiOx—B;) catalysts at near-
neutral pH of ~ 9, which they attributed to changes in Ni oxidation state and film

structure,3%36:37
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However, Kinetic studies demonstrated the antagonistic effects of borate in OER
activity: an inhibitor effect due to its ability to adsorb/coordinate onto oxide surfaces in
aqueous media and a favoring effect for proton transfer, thus improving the OER
kinetics.3” The effect of pH and the role of borate on the OER activity of Fe-containing
Ni-based catalysts has also been studied by W. A. Smith et al.3® At similar Fe content,
this work shows that the measured catalytic activity at pH 9.2 is approximately half than
that at pH 13, demonstrating the role of borate to hinder the catalytic activity of Ni-Fe
systems below pH 10. Considering the existing literature and the interest in developing
catalytic systems able to work under near-neutral conditions, the OER performance of the

four Ni-based nanomaterials studied in this chapter was assessed at pH 7 and pH 9.

The series of Ni-foam materials was thus first studied at pH 7 phosphate buffer (1
M ionic strength). The effect of Ru incorporation on the catalytic performance at this pH
has not yet been reported. CVs were performed from Ej = 0.86 V to Ef= 1.96 V (E vs.
RHE). All the catalysts showed a low activity together with moderate deactivation (Fig.
22, pink curves). In addition, only a slight increase of the current intensity was observed
for the Ru-containing samples compared to the Ni-foam. In comparison with the results
obtained in alkaline conditions, the Ni*®/Ni*2 redox waves are not observed with the Ni-
foam and only slightly observed in the Ru-doped samples (Fig. 22, blue arrows in pink

curves).
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Figure 22. OER Polarization curves measured in phosphate buffer (pH 7, pink curves) and borate

buffer (pH 9, black curves) for Ni-foam (a), Rul @Ni-foam (b), RuS@Ni-foam (c) and
Rul0@Ni-foam (d).

OER studies were also carried out in a pH 9 borate buffer to determine any positive
effect of the Ru-loadings over the Ni-foam structure at this pH. CVs were performed from
Ei =0.88 V to Fr= 1.88 V (E vs. RHE). The obtained results evidenced a shift of the
potential of the Ni(OH)./NiOOH oxidation to higher potentials compared to the ones
observed in NaOH solution (Table 6 and Fig. 22, black curves).

Table 6. Potentials for the Ni*? > Ni*® oxidation wave from CV at pH 9 and pH ~14.

Sample E pH 9 (VRHE) E pH ~14 (VRHE) AE (\/)

Ni-foam 1.67 1.49 0.18
Rul @Ni-foam 1.60 1.47 0.13
RuS@Ni-foam 1.60 151 0.09
Rul0@Ni-foam 1.57 1.49 0.08
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From these results, a plausible conclusion is that the formation of “active oxygen”
species (i.e NiOO"),%® which provides a more favorable pathway for efficient water
oxidation (i.e. lower overpotentials), occurs only in strong alkaline media, pointing to a
clear structure/functionality relationship between the catalyst and the electrolyte in which
it is tested (i.e. importance of catalyst-electrolyte coupling). Thus, the low activity
observed at pH 9 compared to pH ~14 under similar Fe content in solution points that
catalyst deprotonation toward formation of activated oxygen species has a real effect on
the overall catalytic activity, which in turn is not related to Fe impurities in the electrolyte.

In addition, the activity towards the OER was seriously inhibited when compared
with the activity observed in a NaOH solution, under comparable content of Fe in solution
(Fig. 22, black curves). Since the isoelectric point of Ni(OH)2 lies in between pH 10-11,
the active species formed before the OER (i.e. NiIOOH) should be negatively charged at
pH ~14, but cannot be deprotonated at pH 9, thus observing the Ni*?/Ni*® process but a
decreased OER activity at pH 9 (Fig. 22, black curves).

6A.3.5 Spectroelectrochemistry

In situ UV-vis spectroelectrochemistry has been used to track the metal oxidation
states along different potentials of the studied Ni-based materials.3°*° These experiments
have been performed with the Rul @Ni-foam and Ru5@Ni-foam samples towards OER
at pH ~14. The results have been compared with Ni-foam with the aim to extract valuable
insights about the influence of Ru-doping. The samples were deposited onto the
transparent FTO conductive electrode in order to enable their transmittance in UV-Vis

Spectroscopic measurements.

As explained in Section 6A.3.3, all the Ni-foam based samples show a progressive
activation (i.e. increase of j) when successive CVs on the sample deposited on a RDE are
performed in non-purified 1 M NaOH. This activation is attributed to Fe incorporation
into the Ni-foam structure. In fact, an activation is also observed when the sample drop-
casted onto FTO is kept soaking overnight inside the electrolyte without any applied
potential (Fig. 23).

242



Bimetallic nanomaterials for electrocatalytic water splitting

For Ni-foam, the oxidation and reduction waves for the Ni species after the
soaking are clearly displaced to more anodic potentials compared to the initial CV. This
displacement is normally observed when Fe incorporation is taking place in the sample.®?
Thus, we state that Fe incorporation difficult the oxidation of the Ni centers (i.e.
stabilising the Ni(Il) species), shifting the onset of Ni*2> Ni** closer to the OER onset
potential (Fig. 23a). In contrast, for Rul @Ni-foam and Ru5@Ni-foam, this shift is not
clearly observed (Fig. 23b and 23c). In addition, the Ni*?=> Ni** oxidation wave is wider
than in the case of Ni-foam and the Ni*® = Ni*? reduction wave is clearly split into two
waves in Rul@Ni-foam (Fig. 23b, inset). This behaviour could be attributed to the Ru-
doping, masking the Ni oxidation/reduction processes by changing the Ni environment
(making it more locally complex), obtaining wider and split waves.
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Figure 23. CV at t=0s and CV after overnight soaking for Ni-foam (light and dark red) (a),
Rul @Ni-foam (light and dark blue) (b) and RuS@Ni-foam (light and dark green) (c).
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Once the samples have been activated, in situ UV-vis spectroelectrochemistry was
used to track the metal oxidation process from Ni(OH). to NiOOH taking place under
potential stress. Chronoamperometries at different potentials (before and after the Ni*? >
Ni*® oxidation wave) were performed and, after stabilization of the current, a UV-vis
spectrum was recorded. When a potential after the 1% oxidative redox wave is applied an
absorbance increase was observed in all samples. The difference in absorbance when
applying a potential before and after the oxidative Ni wave is shown in Figs. 24b, 24d
and 24f. As can be observed, the obtained spectra show two different shapes. In the Ni-
foam and Ru5@Ni-foam samples, the resulting spectra are similar to those previously
reported in the literature and assigned to the NiOOH species with a characteristic broad
band centred at 450 nm (Fig. 24b and 24f).*° On the other hand, the sample Rul @Ni-
foam presents a very different shape with an increasing absorption towards the NIR
peaking at 650 nm (Fig. 24d). This observation suggests that the low Ru incorporation
changes the NiIOOH species, supporting the different behaviour found for this system
towards the OER in section 6A.3.3.1, compared to Ni-foam, Ru5@Ni-foam and
Rul(0@Ni-foam.
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Figure 24. Initial CV and UV-vis spectrum during CA at a potential before the redox oxidative
wave (light colour) and UV-vis spectrum during CA at a potential after the redox oxidative wave
(dark colour) for Ni-foam (a), Rul@Ni-foam (c) and RuS@Ni-foam (e). Subtraction of the
spectrum of CAE after ox. —CAE before ox. fOr Ni-foam (b), Rul @Ni-foam (d) and Ru5@Ni-foam (f).

Considering the observed increase in absorbance in all the studied samples around
350-700 nm, 500 nm was chosen as the wavelength to follow the evolution of the formed
species along a CV at 1 mV/s scan rate.

245



Chapter 6A

Potential cycling reveals that the absorption band of the Ni catalyst rises right after
the onset of the Ni(OH)> - NIOOH redox wave, and finishes before the catalytic OER
starts (Fig. 25). The NiOOH species can be considered as the preferential oxidation state
previous the OER, facilitating a more favourable (i.e. with lower overpotential) pathway
for OER. According to these results, once the NiOOH species is formed on the sample,
even though the applied potential increases, and also the current density, the signal from
this species seems not to scale with potential. This observation confirms that the
formation of the NiOOH species occurs entirely during the Ni oxidation reaction,
suggesting that it is not the species accumulated during the catalysis. Therefore, in

agreement with the literature, NiOOH needs to be further oxidized to be able to oxidize

water.°
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Figure 25. In situ UV—vis spectra monitored at AbSsoo (Aseonm) during potential cycling of Ni-
foam (2), Rul @Ni-foam (b) and RuS@Ni-foam (c). The black solid line shows the faradaic
current (CV), light colour lines show the absorption at the oxidative scan and dark colour lines

the absorption at the reductive scan.

246



Bimetallic nanomaterials for electrocatalytic water splitting

After all the spectroelectrochemical studies, the stability of Rul @Ni-foam has
been checked by performing successive CVs. It is observed in Fig. 26 that the current
density decreases progressively as more cycles are performed. In addition, the redox wave
of Ni(OH). oxidation to NiOOH is shifted to higher potentials after each CV, which can
be attributed to more Fe incorporation. At CV > 500, the oxidation peak is shifted to
potentials at which OER takes place, being masked with the rapid increase due to the
OER catalysis. An hypothesis of the progressive decrease in j could be the high Fe
incorporation, suppressing the OER, as demonstrated in other reported studies.*®

4.0 | Ru1@Ni-foam CV1
3.5 Ru1@Ni-foam CV250
o Ru1@Ni-foam CV500

30- p 0Ru1@Ni-foam CV750
2.5

o 1.~ 0.5

2 1.5 E O.ORE/

E 0]

- 1 823 1 s
0.5 E (V) vs. RHE
-0.5 — L

11 12 13 14 15 16 1.7
E (V) vs. RHE
Figure 26. Stability study of Rul@Ni-foam by 750 successive CVs in 1 M NaOH electrolyte.

Dashed grey lines indicate CVs each 25 cycles until CV500. Intermediate CVs between CV500-
CV750 are not shown.

247



Chapter 6A

6A .4 CONCLUSIONS

In collaboration with Dr. L. Peres (LCC-CNRS, Toulouse), pure Ni-based Ni-
foam nanomaterials and their corresponding Ru-doped counterparts with different Ru
loadings have been successfully synthesized following the organometallic approach in a
two-step procedure. First, a foam-like Ni structure has been obtained composed of
particles of ca. 100 nm of thickness that result from the alignment of smaller particles.
Ru NPs have been synthesized on-top of the Ni nanomaterial, obtaining three different
Ru loadings (0.43 wt% in Rul @Ni-foam, 3.2 wt% in RuS@Ni-foam and 6.4 wt% in
Rul0@Ni-foam). While the samples with higher Ru content show aggregated Ru NPs,
no clear definition of the morphology of the one containing less Ru have been achieved
yet. Passivation of the materials under air exposition allowed to obtain a Ni(0)/Ni(OH).-
NiOOH core@shell Ni-based structure with supported Ru/RuO: (core/shell) NPs.

HER electrocatalytic studies in acidic media showed higher catalytic current
densities with the samples containing a higher amount of Ru. However, the best catalytic
activity was achieved for RuS@Ni-foam, which can derive from its higher degree of
crystallinity, as observed in the corresponding XRD pattern, or even from its different
Ru/RuO: ratio or its optimum Ru-doping content, providing a good interface between the
Ni/Ni(OH)2-NiOOH species and the Ru dopant. HER electrocatalytic studies in alkaline

media have shown again the same tendencies as in acidic media.

Anodic scanning under alkaline OER conditions has confirmed the appearance of
one anodic peak in the oxidative forward scan prior to a sharp current increase, assigned
to the electrocatalytic oxidation of water to dioxygen. This redox wave has been attributed
to the oxidation of Ni(Il) to Ni(lll), confirming NiOOH species as the real active species
towards the OER. The electrocatalytic studies in Fe-free solutions point to lower activities
and activations than in non-purified alkaline solutions, confirming the crucial role of Fe
incorporation in the overall OER catalytic activity of Ni-based materials. The reduced
OER catalytic performances at pH 7 and pH 9 compared to pH ~14 allow to conclude that
even though the presence of iron is crucial for an efficient catalysis, the deprotonating
effect of hydroxyl anions under strong alkaline conditions also plays a key role assisting

the formation of the active oxygen species (NiOO").
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Finally, in sitru UV-vis spectroelectrochemistry was used to track the metal
oxidation process from Ni(OH). to NiIOOH taking place under potential stress. When a
potential after the 1% oxidative redox wave is applied, an absorbance increase was
observed in all samples. The difference in absorbance when applying a potential before
and after the oxidative Ni wave revealed two different spectrum shapes. In the Ni-foam
and RuS@Ni-foam samples, the resulting spectra are similar to those previously reported
in the literature and assigned to the NiOOH species with a characteristic broad band
centered at 450 nm. On the other hand, the sample Rul@Ni-foam presents a very
different shape, with an increasing absorption towards the NIR peaking at 650 nm,
suggesting that the low Ru incorporation changes the NiOOH species, supporting the
different behaviour found for this system towards the OER, compared to Ni-foam,
RuS@Ni-foam and Rul0@Ni-foam. The formed species and their evolution were
followed along a potential cycling, revealing that the absorption band ( A=500 nm) of the
Ni catalyst was rising right after the onset of the Ni(OH). - NiOOH redox wave, and
finished before the catalytic OER starts. The later confirms NiOOH species as the
preferential oxidation state previous the OER, facilitating a more favourable (i.e. with
lower overpotential) pathway for the OER. These results suggest that the formation of
NiOOH species occurs entirely during the Ni oxidation reaction, so it is not directly the
species accumulated during catalysis, as a further oxidation of the species is needed to

oxidize water.
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6A.5 EXPERIMENTAL SECTION

Materials and methods

All procedures concerning the synthesis and preparation of samples were carried
out using standard Schlenk tubes, Fisher-Porter glassware and vacuum line techniques or
in a glove-box (MBraun) under argon atmosphere. Tetrahydrofuran (THF) was obtained
from CarloErba, purified using a purification MBraun SPS-800 equipment and degassed
with three freeze—pump-thaw cycles before use. Absolute anhydrous ethanol (CarloErba,
ACS reagent) was dried over molecular sieve and degassed by Ar bubbling before use.
Bis(1,5-cyclooctadiene)nickel(0) [Ni(COD)2] (>98%, Strem Chemicals) was stored
under argon inside the glovebox (MBraun). [Ru(Me-allyl)2(COD)] was purchased from
Sigma-Aldrich. Deionized water was obtained from Millipore (MilliQ, 18.2 MQ/cm;
Millipore, Bedford, MA). Ar and Hx were purchased from Air Liquide (Alphagaz).

Synthetic procedures

Synthesis of Ni foam. Under argon atmosphere, [Ni(COD)] (4.0 mmol, 1.1 g)
was added into a Fischer-Porter and solubilized in THF (180 mL). Then, outside the
glovebox, ethanol (20 mL, 10% v/v) was added with a syringe under Ar. The Fischer-
Porter was then pressurized with 3 bar of dihydrogen and the reaction mixture kept at 70
°C under vigorous stirring for 20 h. After the reaction time, excess H, was evacuated and
the solvent evaporated under vacuum. The product was collected inside the glovebox

using a magnet and scraping with a spatula and stored under inert atmosphere.

Synthesis of x wt% Ru over Ni foam. Under argon atmosphere, [Ru(Me-
allyl)2(COD)] was added to a Fischer-Porter containing a dispersion of the pre-
synthesized Ni foam in THF and kept impregnating for 3 days at room temperature under

agitation. Next, the reaction vessel was pressurized with 3 bar of H at 50 °C for 18 h.
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Characterization techniques

All the analyses on the samples before catalysis have been conducted under inert

gas except for XPS.

Transmission electron microscopy (TEM) and high resolution transmission
electron microscopy (HRTEM) analyses were performed at the “Centre de
microcaracterisation Raimond Castaing, UMS 3623, Toulouse” by using a JEOL JEM
1400 operating at 120 kV with a point resolution of 2.0 A. High resolution analyses were
conducted using a JEOL JEM 2100F equipped with a Field Emission Gun (FEG)
operating at 200 kV with a point resolution of 2.3 A and a JEOL JEM-ARM200F Cold
FEG (cold field emission gun) operating at 200 kV with a point resolution of >1.9 A and
coupled to an EDX spectrometer and an energy loss spectrometer (EELS).

Scanning electron microscopy (SEM): SEM observations were conducted on a
JEOL 6700F microscope.

X-ray photoelectron spectroscopy (XPS). The XPS spectra were collected by a
Thermo Scientific K-Alpha system via using a monochromatised Al Kalpha (hv = 1486.6
eV) source. The size of the X-ray Spot was about 400 pum. The Pass energy was
respectively fixed at 30 eV for core levels (step 0.1 eV) and 160 eV for surveys (step
1eV). The Au 47,2(83.9 £ 0.1 eV) and Cu 2p32(932.8 £ 0.1 eV) photoelectron lines were
used to calibrate the spectrometer energy. All the XPS spectra were collected in direct
mode N (Ec), coupling with subtraction of background signal via Shirley method. The

charge effect was neutralized by using flood Gun on the top surface.

X-ray diffraction (XRD). The crystallinity and phase purity were investigated by
XRD on a Panalytical MPDPro diffractometer using Cu Ko radiation (A = 1.5418 A).

Inductively coupled plasma optic emission spectroscopy (ICP-OES). Ru
contents were determined by ICP-OES using a PerkinElmer, Optima 2100 DV instrument
at LCC-CNRS Toulouse.
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Electrochemical measurements. Electrocatalytic experiments were performed at
room temperature in a three-electrode configuration using Saturated Calomel Electrode
(SCE, KClI sat’d) and Pt as reference and counter electrodes, respectively. RDE (&= 0.3
cm, S=0.07 cm?) was used as working electrode (WE) after drop-casting each sample
from a THF suspension (2 mg/mL). The potential was controlled using a BioLogic SP-
150 potentiostat using the EC-Lab software for data acquisition and data handling. IR
drop was automatically corrected at 85% for cyclic voltammetry and
chronoamperometry. All catalytic experiments were measured with a sweep rate of 10
mV-s. Potentials are reported vs. RHE (Erne= Esce + 0.244 V + (0.059 x pH)) and
overpotentials are calculated as mo= Esce + 0.244 V - (1.23 - 0.059 x pH) or no= Esce +
0.244 V - (0 - 0.059 x pH) for OER and HER, respectively.

Purified electrolyte (i.e. Fe-free) was prepared following a procedure reported by
Trotochaud et al >

In situ UV-vis Spectroelectrochemistry. UV—vis spectra were collected using a
Cary 60 UV-vis spectrometer (Agilent Technologies). Spectra were collected between
290 and 900 nm with a medium scan rate. Electrochemical experiments were carried out
using a PalmSens4 potentiostat and a typical three-electrode configuration by using
Ag/AgCl (KCl sat’d) and a Pt mesh as reference and counter electrodes, respectively. WE
were prepared by drop-casting 2 drops of 25 uL of a suspension of the material in THF
(2 mg/mL) onto a FTO electrode. All potentials are reported versus the reversible
hydrogen electrode (Erre = Eagagel + E%agagei+ 0.059 V x pH), where E%gagci = 0.199
V. Fluorine doped tin oxide (FTO) electrodes (Xop Fisica) (S= 1 cm?) were used as
working electrodes. The electrodes were cleaned prior to the measurements in high purity
ethanol and afterward rinsed with Milli-Q water using sonication. A 1 M NaOH aqueous

solution (pH ~14) was used as the electrolyte in all this experiments, unless stated.
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Chapter 6B. Ligand-capped RuCo bimetallic nanoparticles

WS catalysis using cost-effective metal-based heterogeneous catalysts is highly attractive for economical
and sustainable concerns. In this chapter the organometallic synthesis of bimetallic RuCo NPs will be
reported. The effect of different stabilizing agents and of the Ru/Co ratio on the morphology of the obtained
NPs has been assessed by TEM and STEM-HAADF. Other techniques such as EDX and WAXS have

allowed to extract more information about the structure of the obtained materials.
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6B.1 INTRODUCTION

As stated in the introduction of Section 6.A.1, a well-known strategy to improve
the catalytic activity of monometallic nanomaterials relies on the incorporation of a
second metal in order to modulate the electronic properties of the final material. The
synergistic effect between metal atoms, which modulates the electronic properties of the
final material and, consequently, the adsorption energy of reaction intermediates, may
end up improving the catalytic activity. In addition to synergistic effects, several works
have shown that alloyed materials (i.e. RuCo systems related to those developed in this
work) present much higher ECSA and lower charge-transfer resistance (i.e. improved
kinetics) than the corresponding monometallic counterparts, boosting both the HER and
OER catalytic activities.}>%4%

Accordingly, the improvement of the catalytic activity of monometallic Ru and
Co nanomaterials by combining both metals in bimetallic systems has been reported in
the literature. For instance, DFT studies from J. Rossmeisl and co-workers indicated that
the outstanding OER activity of RuCo systems may result from the activation of the
proton donor-acceptor functionality on the conventionally inactive bridge Ru surface
sites, when Co is incorporated into Ru-based materials.® In addition, some studies
reported the positive effect of Co addition to obtain higher oxidation state Ru species,
which are more prone to catalyze the OER. In this regard, S. Kang and collaborators
demonstrated that in CoRu-MoS; systems, Co-doping favors the oxidation of Ru into
RuO>, which is a well-known active OER catalyst due to its adsorption affinity for OH"
and OOH intermediates.! This was confirmed by the poor activity towards OER obtained
with Ru-MoSz (1o = 800 mV vs. nio = 308 mV for Ru-MoS; and Co/Ru-MoSz,
respectively), where negligible oxidation to RuO, was observed. Also, F. Yang and
collaborators evidenced a correlation between the obtained lower overpotential towards
OER (110 =240 mV for Ru1Co2 vs. n10 = 301 mV for RuO3) and the increased content of
Ru™ in the catalyst, confirming that the Ru** species are the predominant active species
favoring OH- adsorption.? In fact, the addition of Co into the Ru-based nanomaterial
allowed to shift the Ru 3d XPS peak to higher binding energies, indicating that Co
regulates the electronic structure of Ru, favoring the formation of Ru**, and thus

improving its OER catalytic activity.
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Furthermore, C. Wang and L. Qi reported an inter-doped bimetallic
heterostructure ((Ru-Co)Oy) formed by Co-doped RuO- (Co-RuO>) nanocrystals and Ru-
doped Cos04 (Ru-Co304) nanocrystals.> They attributed the observed increased catalytic
activity for the bimetallic system to the transformation, under OER conditions, of Ru-
Co0304 to Ru-CoOOH species which, jointly with the Co sites in the as-synthesized Co-
RuO; species, could improve the oxygen binding energy of the Ru sites, leading to
improved OER performance (nio = 171.2 mV for (Ru-Co)Ox vs. no = 333.6 and 311.4
mV for Coz04 and RuOy, respectively).

Regarding HER, L. Qi and co-workers attributed the increase in HER activity of
bimetallic Co-RuO/Ru-Co0304 nanocrystals to the formation of Co(OH)2 species and the
reduction of RuO2 to Ru(0) under alkaline reductive conditions.® In addition, synergistic
effects between the Co sites in the as-synthesized Ru-CosO4 nanocrystals and the
generated Co(OH). species could improve water dissociation on the Ru(0) sites during
HER catalysis (n10 = 44.1 mV for (RuCo)Ox vs. 1o = 268.6 and 87.7 mV for Co304 and
RuO>, respectively). Finally, F. Yang and co-workers found a correlation between the
HER activity and the content of Co(0) species in the catalyst, related to the fact that
metallic Co possesses an adsorption energy of H close to that of Pt and thus promotes
rapid H adsorption and recombination to form H. molecules.? XPS analysis confirmed
that the simultaneous presence of Ru and Co modulates the electronic structure of the
material, shifting the Co 2p peak to lower energies, thus indicating that Co is reduced and
prone to be in the metallic state, which leads to improved HER catalytic activity (nwo =
188 mV for Ru:1Coy).

A summary of the most relevant electrocatalytic HER and OER parameters for the

catalytic systems reported above can be found in Table 1.
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Table 1. Summary of the electrocatalytic parameters towards HER and OER from Co/Ru
bimetallic nanocatalytic systems.

HER OER
Reference Catalyst Tafel slope Tafel slope
o (MV) (mVidec) | (mv) (MV/dec)

Co/Ru-MoS; 52 55 308 50

1 Co-MoS; 139 89 353 74

Ru-MoS; 90 58 800 61

MoS; 287 74 - -

Ru:Co; 188 66.5 240 54.4
Ru:Coos 329 - 308 70.1
2 Ru;Co; 295 - 278 59.7
Ru;Cos 229 - 283 63.3
RuO; - - 301 66.4
(Ru-C0)Ox 44.1 235 171.2 60.8
3 C0304 268.6 124.4 333.6 61.6
RuO; 87.5 59.6 3114 78.7

Used electrolyte: 1 M KOH, G = graphene, NG=nitrogen doped graphene.

In view of the interest in combining Ru and Co to develop cost-efficient catalysts
for electrocatalytic WS, the organometallic synthesis of new bimetallic RuCo NPs will
be described in the following subsections. Special emphasis will be put in extracting
valuable insights on the influence of the nature of the stabilizing ligands and of the metal
molar ratio on the morphology of the obtained NPs. Unfortunately, due to lack of time

electrocatalytic WS tests will be performed in a future work.
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6B.2 SYNTHESIS AND CHARACTERIZATION OF RuCo NPs

6B.2.1 Synthesis of RuCo bimetallic NPs

Bimetallic RuCo NPs were synthesized following the organometallic approach,’
taking inspiration from a previous work in our group where alloyed RuCo NPs of low
size (< 2 nm) embedded in a polymeric matrix (polyvinylpyrrolidone) were easily
prepared.® These synthesis protocol is based on the simultaneous hydrogenation (3 bar
Hz; r.t., THF) of the [Co'(n3-CsHi3)(n*-CsHi12)] and [Ru(n*-CsH12)(nt-CsHio)] (also
named [Co(COD)(COE)]) [Ru(COD)(COT)], respectively) complexes. Given the similar
kinetics of decomposition of these two precursors, these synthesis conditions tend to favor

the formation of alloyed NPs.

As previously explained in the Introduction part, the nature of the stabilizer can
influence the NPs properties, i.e. mean size, shape, dispersion, solubility, stability, etc. In
the present study, three different stabilizing agents, namely 4-phenylpyridine (4PP), 4’-
(4-methylphenyl)-2,2":6°,2”-terpyridine (tpy), and 1-heptanol (heptOH) were used to
synthesize RuCo NPs, the last one being as well the synthetic reaction solvent (Fig. 1).
The effect of this parameter on the characteristics of the NPs was followed by
transmission electron microscopy (TEM). Monometallic Ru and Co NPs were also

synthesized for comparison purposes by following previously reported procedures.®%!

HO. _~_ -~
i =
N/
4PP tpy heptOH

Figure 1. Stabilizing agents used in the synthesis of RuCo NPs: 4-Phenylpyridine (4PP), 4’-(4-
methylphenyl)-2,2’:6”,2”-terpyridine (tpy) and 1-heptanol (heptOH).

The RuCo NPs were prepared following a one-step procedure under typical
decomposition reaction conditions (3 bar of Ho, r.t., 24 h) using [Ru(COD)(COT)] and
[Co(COD)(COE)] as metal sources (Fig. 2). For each stabilizer, the synthesis was
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performed with different RuCo molar ratios, [Ru:Co, 1:1, 2:1 and 1:2], in order to have
different RuCo compositions and study the influence of the metal ratio. Concerning the
ligand concentration, 0.2 molar eqg. of 4PP or tpy ligands with respect to the total metal
content were used. A solution of each ligand in THF (or a volume of pure 1-heptanol for
the heptOH-stabilized NPs) was added into the Fisher-Porter reactor that contained the
two organometallic precursors. The reactor was maintained at low temperature to prevent
any intermediate complex formation, followed by pressurizing the reactor with 3 bar of
H> before leaving the reaction under constant stirring at r.t. for 24 h (or 18 h for the
heptOH systems) (Fig. 2). A fast change of color from brown to dark black indicated the
NPs formation (Fig. 3). After removing the excess H», the formed RuCo NPs were isolated
either by magnetic precipitation when applying a magnet onto the reactor walls (4PP
systems), through addition of pentane after reducing the solution volume under vacuum
(tpy systems) or by evaporation under vacuum at 70 °C (heptOH systems). Three
washings were then performed with pentane under Ar in order to eliminate any rest of
free ligand/cyclooctane and get a purified black solid. All RuCo NPs could be obtained

as a solid powder after drying under vacuum.

Co(n--CgH -CgH
[Co(n*-CgH13)(n*CgH12)] L = 4PP, tpy or heptOH

L
L
Ligand, 3 bar Hs

stirring, r.t. L

RuCo bimetallic NPs
[Ru(CODYCOT)]

Figure 2. Schematic synthesis of bimetallic RuCo NPs stabilized with 4PP, tpy or heptOH ligands
(L).

3 bar H,, r.t.,
24 h

>

Figure 3. Picture of the starting reaction medium before hydrogenation (left) and crude colloidal

suspension of bimetallic RuCo NPs obtained after hydrogenation (right).
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6B.2.2 TEM, STEM-HAADF and EDX analysis
6B.2.2.1 Pyridine-based ligands as stabilizers

Monometallic Ru and Co NPs stabilized with the 4-phenylpyridine ligand, Ru-
4PP and Co-4PP, have been prepared for comparative purposes with the bimetallic
systems. For Ru-4PP NPs (0.2 eq. 4PP), a previously reported procedure was followed,’
that allows to access elongated and well-dispersed NPs (1.5 + 0.3 nm), thus indicating
that 4PP is a good stabilizer for Ru NPs even at a low quantity (Fig. 4). In contrast, when
applying a similar procedure to synthesize Co NPs, heterogenous samples have been
obtained for all Co-4PP NPs prepared using different quantities of 4PP ligand (Table 2),
presenting large nanostructures that look like agglomerates of small individual NPs. The
addition of a very high quantity of ligand (i.e. 10 and 20 eq.) allowed to obtain some
isolated and well dispersed NPs, although a lot of agglomerates are still found. The use
of toluene as a solvent instead of THF seemed to provide a less heterogeneous system,
but with only one result in this solvent it is not possible to conclude on the real role of the
solvent. Altogether, the TEM results indicate that 4PP ligand does not allow to access
well dispersed NPs contrarily to what is obtained with ruthenium. This difference would
merit to be studied in depth in the future, for example by comparing the coordination

mode of the ligand at the metal surface and its strength through DFT calculations.

50 dmean= 1.5+ 0.3 nm

# nanoparticles

00 05 1.0 15 20 25 30
Size (nm)

Figure 4. TEM image and corresponding size histogram for Ru-4PP (0.2 eq. 4PP).
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Table 2. Summary of the evolution of synthesis colour, TEM images and visual observations for
Co-4PP NPs obtained with different 4PP ligand quantities. Solvent used was THF unless

otherwise stated.
Reaction
Sample TEM images Observations
colours
Bright
brown/orange
-> translucent Agglomerates of
Co-4PP ]
brown with small NPs
0.2 eq. .
black solid (=1.5-2.0nm)
attached to
stirring bar
Bright Some
brown/orange agglomerated
-> dark brown NPs (1.5-3.0
Co-4PP . .
clouds with nm) with large
0.5 eq. .
black solid nanostructures.
attached to Heterogeneous
stirring bar e sample.
V80 i
Bright
brown/orange Agglomerated
-> brown NPs (1.0-5.0
Co-4PP ) )
solution with nm).
2 eq. )
black solid Heterogeneous
attached to sample.
stirring bar -
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) Agglomeration of
Bright .
NPs with two
Co-4PP | Dbrown/orange ] )
different sizes
5eq. - dark
(1.0-2.0nmand
brown/black
3.0-4.0nm)
Some isolated
NPs together with
large
Bright J
Co-4PP agglomerates.
brown/orange
10 eq. NPs around 2.0 -
- black
3.0 nm.
Heterogeneous
sample.
Agglomerated
NPs (2.0-3.0 nm)
Bright with large
Co-4PP
brown/orange nanostructures.
20 eq.
-> dark brown Less
heterogeneous
200 nm Sample'
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Bright Isolated NPs (2.0-
brown/orange 4.0 nm) with
Co-4PP
—> dark brown large
10 eq.
) (NPs attached nanostructures.
m
to magnet, Less
toluene . .
solution with a heterogeneous
lot of colour) sample.

Despite the poor ability of the 4PP ligand to provide well-dispersed Co NPs,
bimetallic, RuCo NPs have been synthesized with this ligand, expecting that the presence
of formed Ru clusters may favor Co stabilization to obtain bimetallic NPs. TEM analysis
from the crude colloidal solution was performed after depositing a drop onto a carbon
covered copper grid. It revealed the presence of isolated, small and spherical NPs together
with some aggregates made of individual small NPs for RuiCo1-4PP and Ru2Co;-4PP.
In contrast, for Ru;Co2-4PP small and spherical aggregated NPs were observed but no
isolated NPs. The average diameter of these bimetallic NPs was found to be 2.0 £ 0.3 nm,
19 + 0.3 nm and 1.8 + 0.3 nm for Ru;Co01-4PP, RuzCo:-4PP and Ru;Co.-4PP,
respectively (Figs. 5, 6 and 7, respectively).

Even though no significant effect is observed on the size of the obtained NPs
depending on the Ru:Co ratio employed, this parameter has a clear effect on NPs
dispersion. This result can be explained by the fact that upon increasing Co content, the
stabilization ability of the 4PP ligand decreases, leading to less stable NPs. They may
thus tend to agglomerate in order to minimize their surface energy, as already observed
for monometallic Co systems. However, the formation of agglomerates of NPs may also

result from n-x interactions between the aromatic rings of the ligands in adjacent NPs.
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Concerning the presence of isolated NPs in samples Ru;Co:-4PP and RuzCo;-
4PP it can result from the high ability of the ligand to stabilize Ru, capping more the NPs
when they are more Ru-rich and avoiding their agglomeration. Finally, the formation of
Ru clusters may have facilitated the nucleation of Co atoms to form the bimetallic

systems, even though the 4PP ligand is not a good stabilizer for Co.
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Figure 5. TEM images (a-b), size distribution histogram (c), STEM-HAADF image (d) and EDX
analysis of a single NP (e) of Ru1Co1-4PP.
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Figure 6. TEM images (a-b) and size distribution histogram (c) of Ru2Co1-4PP.
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Figure 7. TEM images (a-b) and size distribution histogram (c) of RuiCo,-4PP.

STEM-HAADF images for RuiCoi-4PP showed well crystallized NPs (Fig. 5d),
and EDX analysis revealed the presence of both Ru and Co in a single NP, confirming
their bimetallic nature (Fig. 5e). The Ru%a/Co%a: ratio found by quantitative EDX
considering the average results from different isolated NPs is 88%Rua/12%Coat.
However, when analyzing a set of agglomerated NPs, the Co content increases, obtaining
a 56%Rua/44%Co4 ratio which is in good accordance with the theoretical ratio. In Fig. 8
we can see the evolution of Ru and Co composition along a zone of agglomerated NPs,
indicating an increase of Co within the interior of these agglomerates while the content
of Ru seems similar along the agglomerate. These results indicate a certain
inhomogeneity in the agglomerates that can be explained by the poorer affinity of 4PP
ligand for Co compared to Ru, being Co more prone to be placed in the internal part of

the agglomerates.

a)

RulL

Intensity

CoK

e hbosa A N A Bl
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Figure 8. STEM-HAADF image of an agglomerated zone from Ru;Co:-4PP (2) and evolution

of the Ru and Co composition vs. the distance from the surface (b).
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The 4’-(4-methylphenyl)-2,2°:6,2”-terpyridine (tpy) ligand has been used as
another stabilizing agent. Previous work in the group on the synthesis of Ru NPs in the
presence of tpy ligand provided ultrasmall and well dispersed NPs with a mean size
depending on the metal/ligand ratio as follows: 1.4 + 0.2 nm (0.05 eq. tpy), 1.1 £ 0.2 nm
(0.1 eqg. tpy), 0.8 £ 0.3 nm (0.2 eq. tpy) and 0.6 + 0.3 nm (0.5 eq. tpy).12 On the basis of
the very NP small sizes observed even at very low ligand content, tpy is considered as a
very efficient stabilizing agent for Ru NPs. This can be explained by a strong coordination
of the tpy at the NPs surface due to the hard Lewis acid nature of Ru and the hard Lewis
base nature of N as well as the chelating nature of this ligand. Before preparing RuCo
NPs using trpy as stabilizer, Co-tpy NPs were synthesized in the presence of three
different amounts of ligand (Table 3). First, when using 1 eq., a network of agglomerated
small NPs (2.2 + 0.4 nm) was observed by TEM together with a high quantity of organic
matter surrounding them. In addition, the obtained colloidal solution was dark purple but
became green after air exposition. This could be explained by the formation of an air-
sensitive complex between the organometallic precursor and the ligand under excessive
ligand content. Then, we decided to add lower amounts of the tpy ligand (0.2 eq.). In this
case, after 24 h, the solution became dark brown although a purple colour was also
observed at some point of the reaction. Small NPs with a mean size of 2.3 £ 0.3 nm were

obtained. If these NPs were also agglomerated, no organic matter was visible mean time.

When adding 0.1 eq., the colloidal suspension was still a bit purple after 24 h of
reaction, indicating again the possible formation of a complex between the ligand and the
organometallic precursor. Therefore, the reaction was pursued up to 52 h, obtaining
finally a dark brown solution. TEM images of this sample showed again agglomerated
NPs but also some isolated and well-dispersed NPs (2.2 + 0.4 nm) (Table 3, top row).
From these results, tpy appears to be a better ligand than 4PP, providing better dispersed
CoNPs than 4PP. As discussed above for 4PP, the agglomeration of the NPs can be
favored by 7m-7 interactions between the aromatic rings of the surface-coordinated tpy

ligands of adjacent NPs, obtaining a network-like structure.
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Table 3. Summary of the evolution of synthesis colour, TEM images and visual observations for

Co-tpy NPs obtained with different ligand equivalents.

Reaction
Sample TEM images Observations
colours
. Isolated and well-
Bright

dispersed NPs
(2.2 £ 0.4 nm)
and some

Co-tpy brown/orange
0.1 eq. -> dark purple

-> dark brown
agglomerates.

Agglomerated
NPs (2.3+0.3

nm). No organic

Bright

Co-tpy brown/orange
0.2 eq. -> dark purple
—> dark brown

matter

observable.

Agglomerated
small NPs (2.2 +
0.4 nm). Organic

Bright

Co-tpy brown/orange
1 eq. -> black/dark

purple

matter

observable.
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Thereafter, bimetallic RuCo-tpy NPs (0.2 eq. tpy) have been synthesized using
three different Ru:Co molar ratios as previously with 4PP ligand, samples named as
Ru;Coi-tpy, Ru2Coi-tpy and RuiCoz-tpy. Very small, isolated and well-dispersed NPs
have been observed on TEM images for all the samples, even if some aggregates are also
present. The average diameter of these NPs was found to be 1.3 £ 0.2 nm, 1.3 £ 0.2 nm
and 1.5 £ 0.3 nm for Ru;Coi-tpy, Ru:Cor-tpy and Ru;Co:-tpy, respectively (Figs. 9, 10
and 11, respectively). These results confirm the higher stabilization ability of tpy towards
RuCo NPs compared to 4PP, obtaining smaller and better dispersed NPs with tpy than
with 4PP for all Ru:Co molar ratios. These results also agree with those obtained for

monometallic Ru and Co NPs where tpy allowed to get better controlled NPs than 4PP.
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Figure 9. TEM images (a-b), size distribution histogram (c), STEM-HAADF image (d) and EDX
analysis of a single NP (e) of Ru;Co;-tpy.
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Figure 11. TEM images (a-b) and size distribution histogram (c) of Ru;Co-tpy.

STEM-HAADF images for Ru;Cos-tpy indicated the presence of well
crystallized NPs (Fig. 9d), and EDX analysis revealed the presence of both Ru and Co in
a single NP, confirming their bimetallic nature (Fig. 9e). The Ru%./Co%.: ratio found by
quantitative EDX considering the average results from different isolated NPs is
77%Rua/23%Coat. Again, when analyzing a set of agglomerated NPs, we observed a Co
content increase, but to a lower extent than for Ru;Co1-4PP, obtaining 65%Rua/35%C0at.
This lower difference in Co content between single NPs and agglomerated NPs points

again to the better stabilization of the Co NPs with the tpy ligand compared to 4PP.

6B.2.2.2 1-heptanol as stabilizer

For comparison purpose with RuCo NPs systems, both monometallic Ru and Co
NPs were first prepared in heptanol, namely Ru-heptOH and Co-heptOH, following
previously reported procedures.'®!* Spherical and well-dispersed NPs have been obtained
in both cases, presenting a mean size of 2.5 + 0.4 nm for Ru-heptOH *° (Fig. 12a) and of
3.0 £ 0.4 nm for Co-heptOH (Fig. 12b).** These results confirm the dual stabilization
ability of 1-heptanol towards both Ru and Co NPs.
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Figure 12. TEM images and corresponding histograms of monometallic Ru-heptOH NPs (a) and
Co-heptOH NPs (b).

Then, RuCo NPs were synthesized at three different metal ratios as for the
previous series of bimetallic NPs ([Ru:Co] : 1:1, 2:1 and 1:2). TEM analysis from the
crude colloidal solutions after depositing a drop onto a carbon covered copper grid
revealed the presence of isolated, small and spherical NPs for all the systems prepared
with 1-heptanol, namely RuiCoi-heptOH, RuzCoi-heptOH and RuiCoz-heptOH. The
average diameter of these NPs is smaller than for their monometallic counterparts, being
now 1.1 £ 0.2 nm, 1.3 £ 0.3 nm and 1.1 = 0.2 nm, respectively (Figs. 13, 14 and 15,
respectively). The small and similar sizes obtained for the three Ru:Co ratios can be
explained by the good stabilizing properties of 1-heptanol towards both Ru and Co. Also,
as heptanol is not prone to induce n-n interactions between adjacent NPs, well dispersed

NPs are produced.
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Figure 13. TEM images (a-b), size distribution histogram (c), STEM-HAADF image (d) and
EDX analysis of a single NP () of Ru;Coi-heptOH.
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Figure 14. TEM images (a-b), size distribution histogram (c), STEM-HAADF image (d) and
EDX analysis of a single NP () of Ru2Coi-heptOH.
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Figure 15. TEM images (a-b), size distribution histogram (c), STEM-HAADF image (d) and
EDX analysis of a single NP () of Ru;Co-heptOH.

STEM-HAADF images revealed the presence of well crystallized NPs in all
samples (Figs. 13d, 14d and 15d), and EDX analyses revealed both Ru and Co in a single
NP, confirming their bimetallic nature in all cases (Figs. 13e, 14e and 15e). The
Ru%./C0%.: ratios found by quantitative EDX considering the average results from
different isolated NPs are 70%Rua/30%Co0a, 77%RuUa/23%C0at and 56%Rua/44%Coat
for RuiCor-heptOH, Ru2Co;-heptOH and Ru;Coz-heptOH, respectively.

From the results above, it can be concluded that the three used stabilizing agents
allow to obtain homogeneous and well-dispersed Ru NPs. In the case of Co NPs, the
stabilizing effect is lower for tpy and 4PP ligands than for Ru and the stabilization abilities
of the three ligands towards follows the order: heptOH > tpy > 4PP. This tendency is
confirmed by the attainment of well dispersed Co NPs in the presence of heptOH and the
higher amount of 4PP ligand required to access well dispersed Co-4PP NPs (i.e. 10 or 20
eq.) compared to the 0.1 eq. needed when using the tpy ligand. These differences could
be explained by the differential Lewis acid-base interactions in each case. The
intermediate Lewis acid nature of Co and the hard Lewis base nature of N makes more
difficult the stabilization of the NPs, in contrast to Ru NPs, where its hard Lewis acid

nature yields stronger interactions between the pyridine-based ligands and the Ru NPs
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surfaces. Also, the higher N content of tpy compared to 4PP (3 vs. 1) as well as the
chelating nature of the former can account for the improved stability of the Co-tpy NPs
compared to the Co-4PP NPs. With respect to the results obtained with the RuCo NPs
series, their mean size follows the order RuCo-4PP > RuCo-tpy =~ RuCo-heptOH. The
poorer stabilization abilities of 4PP and tpy (vs. heptOH) towards Co leads to some
isolated and well dispersed NPs but also to the formation of agglomerates. In addition,
the better stabilization effect of tpy compared to 4PP for both metals may have induced
the slightly smaller size observed for the RuCo-tpy NPs. Also, heptOH allowed to obtain
well dispersed RuCo bimetallic NPs owning to its dual ability to stabilize well both Ru
NPs and Co NPs. Comparison of the %Rua/%Coa ratios obtained from EDX analysis
using RuCo [1:1] ratios for RuCo-4PP  (88%Rua/12%Coa), RuCo-tpy
(77%Rua/23%Co4) and RuCo-heptOH (70%Rua/30%Coa) also confirms the tendency
in stabilization of each compound towards Co, obtaining higher Co content in a single
NP in the heptOH system, coinciding with the fact that this is the best stabilizing agent
for Co.

6B.2.3 Wide angle X-ray spectroscopy (WAXS)

Although pending questions remain, WAXS analysis allowed to have an insight
on the structure of the obtained bimetallic NPs. As expected, the obtained WAXS spectra
don’t match either with the monometallic Ru nor Co NPs, thus confirming the formation
of bimetallic systems (Table 4). Interestingly, coherence lengths obtained by WAXS

analysis agree with the NPs sizes measured from the TEM images.
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Table 4. Summary of information extracted from WAXS analysis and comparison with average

NPs sizes obtained from the TEM images.

WAXS
Sample TEM Coherence
Structure
length
hcp structure but neither pure Ru
nor Co. Ru hcp contracted 3-4%/
R -4PP 2.0+£0.3nm 2.2nm
wCor Mn beta + octahedral peak alloy
dilated 4% respect Co-Co
Mn beta & non-compact. Mn beta
+ octahedral peak alloy dillated
- 19+0. 1. .
Ru;Co,-4PF 9£0.3nm 6 nm 5% respect Co-Co. Evolving to
hcp
M .M lloy dil -
RuiCo-4PP 1.8+ 0.3 nm 1.5-1.6 nm N beta. Mn beta alloy dilated 3
4% respect Co-Co
Less crystallized and disordered
Ru; Cos-tpy 1.3+0.2nm 1.5nm (glassy). Mn beta alloy dilated 5%
respect Co-Co
More amorphous. Mn beta alloy
- 1.3+0. 1. .
Ru:Cox-tpy 3+0.3nm 3nm dilated 6% respect Co-Co
Mn beta alloy dilated 5% respect
- + -
Ru; Co-tpy 1.5+0.2nm Co-Co
Non-pure but closer to Mn beta.
- + -
Ru;Coi-heptOH 1.1+0.2nm 1.5-1.6 nm Mn beta alloy 6% respect Co-Co
Non-compact structure/more
Ru;Coi-heptOH 1.3+0.3nm 1.7 nm amorphous. Mn beta alloy 6%
respect Co-Co. Evolving to hcp
Mn beta alloy, bond length dilated
RuiCos-heptOH | 1.1+0.2nm 1.5 nm y g

5% respect pure Co-Co

In general terms, all WAXS spectra have been difficult to interpret, therefore

making it difficult to extract final conclusions about the effect of the different ligands and

Ru:Co ratios in the composition and structure of the different obtained bimetallic NPs.

However, the following general tendencies could be proposed from WAXS analysis:

e The Co-rich samples possess an invariant dilated Mn beta structure with a bond length

dilated between 3-5% respect the pure Co-Co, attributed to a RuCo alloy with a fixed

core composition and maybe the rest of Ru in an invisible shell.

e The binding distance doesn’t change for intermediate samples (i.e. similar Ru/Co

content) but Mn beta signature becomes blurred.

e The Ru-rich samples are closer to compact structures (hcp).

276




Bimetallic nanomaterials for electrocatalytic water splitting

All these data suggest a structure dominated by a Co-rich core with invariant
organization and probably composition, with the excess of Ru situated in a shell, almost
invisible except for a large proportion of Ru, whose hcp signature is beginning to appear.

6B.3 CONCLUSIONS & PERSPECTIVES

The successful synthesis of RuCo bimetallic NPs by the simultaneous
hydrogenation of Ru and Co organometallic precursors has been confirmed by EDX and
WAXS analysis. WAXS analysis has allowed to propose a general trend on the structure,
with a dilated Mn beta structure for the Co-rich samples and an evolution towards hcp in
Ru-rich samples. In addition, special emphasis has been put in extracting valuable insights
on the influence of the nature of the stabilizing ligands (4PP, tpy and heptOH) and of the
metal molar ratio (Ru:Co, 1:1, 2:1 and 1:2) on the morphology of the obtained NPs.
Monometallic NPs have been also synthesized for comparison purposes. TEM images
indicate that the 4PP ligand does not allow to obtain well dispersed Co NPs, contrarily to
what is observed with Ru. Regarding the RuCo-4PP samples, even though no significant
effect is observed on the size (ca. 2 nm) of the obtained NPs depending on the Ru:Co
ratio employed, this parameter has a clear effect on the NPs dispersion. This result can be
explained by the fact that upon increasing the Co content, the stabilization ability of the
4PP ligand decreases, leading to less stable NPs. They may thus tend to agglomerate in

order to minimize their surface energy, as already observed for monometallic Co systems.

However, the formation of agglomerates of NPs may also result, to a minor extent,
from m-m interactions between the aromatic rings of the ligands in adjacent NPs. In
contrast, the high ability of the ligand to stabilize Ru allowed a more intense capping of

the NPs when they are more Ru-rich, avoiding their agglomeration.

Furthermore, the tpy ligand has been found to be a very efficient stabilizing agent
for the Ru NPs due to the strong coordination of tpy to the NPs surface due to the hard
Lewis acid nature of Ru and the hard Lewis base nature of N, as well as the chelating
nature of this ligand. In this sense, the higher N content of tpy compared to 4PP (3 vs. 1)
as well as the chelating nature of the former can account for the improved stability of the
Co-tpy NPs compared to the Co-4PP NPs. TEM images for the RuCo-tpy samples,

obtained under the different Ru:Co proportions assayed, reveal a more intense stabilizing
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ability of tpy towards both metals than 4PP, obtaining smaller NPs (ca. 1.5 nm) for the

former.

Finally, isolated, small (ca. 1 nm), spherical and well-dispersed RuCo NPs have
been obtained when 1-heptanol is used as stabilizing agent, owning to its dual ability to
stabilize well both Ru and Co NPs. In conclusion, the mean size of the RuCo NPs series
follows the order RuCo-4PP > RuCo-tpy =~ RuCo-heptOH, being the stabilizing ability of
each ligand inversely proportional to the size of the obtained NPs.

The effect of the ligand and the RuCo ratio in the overall WS electrocatalytic
activity will be assessed in the future.
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6B.4 EXPERIMENTAL PART

Materials and methods

All operations were carried out using Standard Schlenk tubes, Fisher-Porter
reactors and vacuum lines techniques or in a glove box (Mbraun) under argon atmosphere.
Metal precursors, [Co'(n3-CsHi3)(n*CsH12)] (also named [Co(COD)(COE)]) and [Ru
(n*-CsH12)(n®-CsH1o) ) (also named [Ru(COD)(COT)]), were purchased from NanoMePS
(NanoMatériaux et Poudres et Solutions, Toulouse). Hydrogen gas (Alphagaz) was
purchased from Air Liquide. 4-Phenylpyridine (4PP), 4’-(4-methylphenyl)-2,2":6°,2”-
terpyridine (tpy) ligands and 1-heptanol were purchased from Sigma-Aldrich. 1-heptanol
was dried over activated molecular sieves (4 A) prior to use and other chemicals were
employed as received unless otherwise specified. Solvents (THF, pentane) were purified
before use through filtration on a column in a purification apparatus (Braun) and degassed

before use by a freeze-pump process (x3).

Synthetic protocols

Synthesis of Ru-4PP and Ru-tpy NPs (0.2 eq.). 120 mg of [Ru(COD)(COT)]
(0.38 mmol) were introduced under argon atmosphere in a Fischer-Porter reactor. 12 mg
(0.2 eq., 0.08 mmol) of 4-phenylpyridine or 26 mg of 4’-(4-methylphenyl)-2,2’:6,2”-
terpyridine (0.2 eq., 0.08 mmol) were dissolved in 120 mL of anhydrous THF in a schlenk
tube and the obtained THF solution was cooled down to 193 K with an ethanol/liquid N2
bath. Thereafter, outside the glovebox, the ligand solution was transferred to the Fischer-
porter via cannulae. Finally, the Fischer porter was pressurized with dihydrogen (3 bar)
and the reaction mixture was left at r.t. under vigorous stirring for 16 h (Ru-4PP) or 24 h
(Ru-tpy). The solution colour turned from yellow (Ru-4PP) or dark purple (Ru-tpy) to
homogeneous black (Ru-4PP) or dark brown (Ru-tpy). The remaining Hz was removed
under vacuum and the THF evaporated one half before adding pentane to precipitate the
NPs. A black powder was obtained after evaporation to dryness under vacuum. Ru-4PP
(0.2 eq.): TEM: dmean = 1.5 £ 0.3 nm NPs; Ru-tpy: TEM: dmean = 1.4 £ 0.2 nm NPs (0.05
eq.), 1.1 £ 0.2 nm NPs (0.1 eq.), 0.8 £ 0.3 nm NPs (0.2 eq.) and 0.6 + 0.3 nm NPs (0.5

eq.).
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Synthesis of Co-4PP (10 eq.) and Co-tpy (0.1 eq) NPs. 10 mg of
[Co(COD)(COE)] (0.036 mmol) were introduced under argon atmosphere in a Fischer-
Porter reactor. 56.23 mg (0.36 mmol) of 4-phenylpyridine or 1.17 mg (3.6 pmol) of 4°-
(4-methylphenyl)-2,2°:6°,2”-terpyridine were dissolved in 10 mL of anhydrous THF in a
schlenk tube and the THF solution was cooled down to 193 K with an ethanol/liquid N2
bath. Thereafter, outside the glovebox, the ligand solution was transferred to the Fischer-
porter via cannulae. Finally, the Fischer porter was pressurized with dihydrogen (3 bar)
and the reaction mixture was left at r.t. under vigorous stirring for 24 h. The solution
colour turned from bright brown/orange to black. The remaining H> was removed under
vacuum, and NPs were recovered from the THF colloidal solution by application of a
magnet on the reactor walls (magnetic filtration) and removing the supernatant via
cannulae (C0-4PP) or by evaporating one half of the THF before adding pentane to
precipitate the NPs (Co-tpy). A black powder was obtained after evaporation to dryness
under vacuum. The obtained black powder was washed with THF (3x10 mL) and pentane
(3x10 mL) and dried under vacuum before collecting it in a vial. Co-4PP: TEM: dmean =
1.5-2.0nmNPs (0.2eq.),~1.5-3.0nm NPs (0.5eq.),~ 1.0-5.0nm NPs (2 eq.), = 1.0
-2.0nmand = 3.0 — 4.0 NPs (5 eq.), = 2.0 - 3.0 nm NPs (10 eq.), dmean = 2.0 - 3.0 nm
NPs (20 eg.) and = 2.0 - 4.0 nm NPs (10 eq. in toluene.). Co-tpy: TEM: dmean =2.2 £0.4
nm NPs (0.1 eq.), 2.3 £ 0.3 nm NPs (0.2 eg.) and 2.2 £ 0.4 nm NPs (1 eq.).

Synthesis of RuCo NPs stabilized with 4PP (RuCo-4PP) and tpy (RuCo-tpy).
Detailed synthesis for [1:1],[1:2] and [2:1] RuCo NPs. The synthesis of bimetallic NPs
was performed in one pot conditions with a similar procedure as for the monometallic
NPs, by introducing simultaneously the two metal precursors into the Fisher-Porter
reactor. Under Ar atmosphere, anhydrous THF (90 mL) was introduced in a pre-dried
Fisher-Porter reactor containing a stirring bar. Next, [Ru(COD)(COT)] (100.0 mg, 0.32
mmol, 66.7 mg, 0.21 mmol, or 133.3 mg, 0.43 mmol) and [Co'(n*-CsH13)(n*-CsH12)]
(87.6 mg, 0.32 mmol, 116.8 mg, 0.43 mmol, or 58.4 mg, 0. 21 mmol) were also introduced
into the reactor for obtaining the [1:1], [1:2] and [2:1] RuCo NPs, respectively. The metal
precursor solution was cooled down to 193 K with an ethanol/liquid nitrogen bath before
transferring the ligand solution (10 mL THF + 19.87 mg 4PP, 0.12 mmol, for RuCo-4PP
or 10 mL THF + 41.39 mg tpy, 0.128 mmol, for RuCo-tpy) into the Fisher-Porter reactor
with a syringe. Finally, the Fisher-Porter was pressurized with dihydrogen (3 bar) and let

it warm until r.t. under vigorous stirring. The reaction mixture was left at r.t. under
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vigorous stirring for 24 h. After this reaction time, a homogeneous black colloidal
solution was obtained. The remaining H> was removed under vacuum and the application
of a magnet on the reactor walls allowed to separate a black powder that was washed with
THF (x3) and pentane (x3). The resulting black powder was dried under vacuum and
collected in a vial. RuiCo1-4PP: TEM: dmean = 2.0 £ 0.3 nm, Ruz2Co1-4PP: TEM: dmean
=1.9£0.3 nm, RuiCo2-4PP: TEM: dmean = 1.8 £ 0.3 nm, RuiCos-tpy: TEM: dmean = 1.3
+ 0.2 nm, Ruz2Cos-tpy: TEM: dmean = 1.3 £ 0.2 nm. RujCor-tpy: TEM: dmean = 1.5 £ 0.3

nm.

Synthesis of Ru-heptOH NPs: 77 mg of [Ru(COD)(COT)] (0.245 mmol) were
introduced under argon atmosphere in a Fischer-Porter reactor. Thereafter, outside the
glovebox, 30 mL of 1-heptanol were added to the reactor with a cannulae. Finally, the
reactor was pressurized with dihydrogen (3 bar) and the reaction mixture was left at r.t.
under vigorous stirring for 18 h. The solution colour turned from yellow to homogeneous
black. The remaining Hz was removed under vacuum. The nanoparticles were
precipitated by methanol addition and centrifugation at 2500 rpm for 30 min. The
obtained solid was washed with pentane and transferred into a vial prior to be dried until
obtaining a dry black powder. Ru-heptOH: TEM: dmean = 2.5 £ 0.4 nm.

Synthesis of Co-heptOH NPs: 300 mg of Co(COD)(COE) (1.09 mmol) were
introduced under argon atmosphere in a Fischer-Porter reactor. Thereafter, outside the
glovebox, 50 mL of 1-heptanol were added to the reactor with a cannulae. Finally, the
reactor was pressurized with dihydrogen (3 bar) and the reaction mixture was left at r.t.
under vigorous stirring for 20 h. The reaction medium turned from a brownish to a dark-
brown/black colloidal solution. The remaining H2 was removed under vacuum. NPs were
recovered from the 1-heptanol colloidal solution by application of a magnet on the reactor
walls (magnetic filtration) and removing the supernatant via cannulae. The obtained black
powder was washed with pentane (5 x 20 mL) and dried under vacuum before collecting
it in a vial. Co-heptOH: TEM: dmean = 3.0 £ 0.4 nm.

Synthesis of RuCo NPs stabilized in 1-heptanol (RuCo-heptOH). Detailed
synthesis for [1:1] , [1:2] and [2:1] RuCo NPs. Under Ar atmosphere, anhydrous 1-
heptanol (50 mL) was introduced in a pre-dried Fisher-Porter reactor containing a stirring
bar. Next, [Ru(COD)(COT)] (100.0 mg, 0.32 mmol, 66.7 mg, 0.21 mmol, or 133.3 mg,
0.43 mmol) and [Co'(n3-CsHi3)(n*-CsH12)] (87.6 mg, 0.32 mmol, 116.8 mg, 0.43 mmol,

281



Chapter 6B

or 58.4 mg, 0. 21 mmol) were added into the reactor for obtaining the [1:1], [1:2] and
[2:1] RuCo NPs, respectively. Thereafter, the Fisher-Porter was pressurized with
dihydrogen (3 bar) and left under vigorous stirring at r. t. for 24 h. After this reaction
time, a homogeneous black colloidal solution was obtained. After releasing H> pressure,
the as-synthesized NPs were isolated by 1-heptanol evaporation under vacuum at 70 °C.
Finally, the obtained black material was washed with pentane and finally dried under
vacuum to get a black powder that was collected in a vial. RuiCoi-heptOH: TEM: dmean
=1.1 £ 0.2 nm, Ru2Cor-heptOH: TEM: dmean = 1.3 £ 0.3 nm. Ru;Coz-heptOH: TEM:
Omean = 1.1 £ 0.2 nm.

Characterization Techniques

Transmission Electron Microscopy (TEM) analyses were performed at “Servei
de Microscopia de la UAB” using a JEOL JEM 2011 electron microscope working at 200
kV with a resolution point of 0.18 nm and at the “UMS 3623 — Centre de
microcaractérisation Raimond Castaing” using a MET JEOL JEM 1011 electron
microscope operating at 100 kV with resolution point of 4.5 A or a MET JEOL JEM-
ARM?200F operating at 200 kV with a resolution point of 1.9 A. TEM images were taken
after the deposition of 1 drop of each crude colloidal suspension onto a carbon covered
copper grid. Size distributions of bimetallic NPs were determined through manual
analysis of enlarged micrographs with ImageJ software to obtain statistical size
distributions and mean diameters. For each system of nanoparticles, the mean size was
calculated by assuming spherical forms. Size distributions are quoted as the mean

diameter =+ the standard deviation (o) by counting over than 200 particles.

Scanning transmission electron microscopy coupled with high angle annular
dark field detector (STEM-HAADF) analyses were performed at the “UMS 3623 —
Centre de microcaractérisation Raimond Castaing” using a MET JEOL JEM-ARM200F
electron microscope operating at 200 kV with resolution point of 0.78 A coupled to a
HAADF detector. Samples for STEM-HAADF have been prepared as for TEM analysis.
Energy dispersive X-ray spectroscopy (EDX) is typically integrated into electron
microscopy instruments. EDX analyses were performed at the “UMS 3623 — Centre de
microcaractérisation Raimond Castaing” with a using a MET JEOL JEM-ARM200F

electron microscope operating at 200 kV with resolution point of 0.78 A. The electron
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microscope is equipped with a EDX SDD CENTURIO-X detector, allowing the analysis

of the chemical elemental composition of the samples.

Wide-angle X-ray scattering (WAXS) measurements were performed at
CEMES-CNRS in Toulouse. Samples were measured in 1.0 mm diameter Lindemann
glass capillaries. The samples were irradiated with graphite monochromatized
molybdenum Ka (0.071069 nm) radiation and the X-ray scattering intensity
measurements were performed using a dedicated two-axis diffractometer. Radial
distribution functions (RDF) were obtained after Fourier transformation of the corrected

and reduced data.
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Chapter 7. General conclusions

As a final overview, Chapter 7 will list the main results and conclusions obtained
from the synthesis, characterization and catalytic performance of all nanoparticulate

systems studied along this PhD thesis.
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7. CONCLUSIONS

In this PhD thesis, the design of new metal-based nanomaterials as electrocatalysts
for both the HER and the OER has been accomplished. (HR)TEM, SEM, STEM-
HAADF, WAXS, XRD, MAS NMR and ICP-AES/OES, XPS, FT-IR and Raman
spectroscopies have allowed to extract valuable insights correlating structure with
catalytic activity. To obtain improved nanocatalysts, the following strategies have been

employed:

e Chapter 3—The use of DFT calculations as a tool to explain trends in the experimental
HER performances observed for a series of ligand-capped NPs in acidic media.

e Chapter 4 — The use of graphene-like conductive supports to improve the performance
and stability of NPs in the HER electrocatalysis and unravel the effect of support P/N-
doping in the final catalytic output.

e Chapter 5 — The use of a conductive, cheap and easy to handle macroscopic carbon
support to improve the conductivity and stability of NPs.

e Chapter 6 — The combination of two different metals in bimetallic systems.

The main conclusions of each chapter will be overviewed thereafter:

In Chapter 3, DFT calculations have allowed to discern the most favourable
coordination modes of two different ligands, tpy and 2PP, on the surface of a Ru NP. In
general, m-coordination is more stable than the ¢ one. Thus, final models have been
chosen taking into account the Eags values obtained from the different ligand coordination
modes onto the surface of the Ru NP, choosing the most stable configuration but also
putting in balance possible steric effects and hydride push out effects due to high surface

coverage with hydrogen atoms.

The experimentally lower HER electrocatalytic activity of Ru-tpy compared to
Ru-4PP has been also demonstrated by the obtained AGn=Vvalues, lying for Ru-tpy on the
branches of the volcano plot, in contrast to Ru-4PP, placed near the top. Although this
study should be completed with other adsorption energy calculations considering those H
that are closer to the tpy ligands in order to check any possible influence of the & density
of the ligands in AGn~, it provides up to now interesting trends which are in good

agreement with our experimental results.
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Bearing in mind all the results obtained in Chapter 4, graphene materials are
confirmed to be suitable supports to obtain small isolated and well-dispersed Ru NPs. In
chapter 4A, rGO obtained from the Hummers method has been used as the carbon support
for Ru/RuO2 NPs. In addition, N and P heteroatoms have been introduced into the carbon
structure, allowing to obtain smaller and well dispersed NPs, presenting a mean size of
1.5 + 0.2/0.3 nm. Contrastingly, the use of the non-doped graphene leads to bigger NPs,
with a more heterogeneous size distribution. These results confirm the positive role of the
heteroatom doping in the stabilization of the Ru(0) NPs during the synthetic procedure,
affecting their nucleation and growth kinetics. Similar results have been obtained in
Chapter 4B when using rGO from the pyrolysis of alginate, generating small and well-
dispersed NPs with a mean size of 1.9 £ 0.6 nm and 1.5 £ 0.3 nm when using the bare

and the P-doped rGO, respectively.

After partial surface oxidation by air exposition, the catalytic activities of the as-
synthesized materials have been studied. The activity of all materials in 1 M H>SO4
aqueous solution clearly confirms the dependence of the HER catalytic activity on the
oxidation state of the NPs surface, being metallic Ru® sites more active than RuO,, as
confirmed by the improved HER activity after submitting the systems to reductive

treatment.

Furthermore, heteroatom doping induces a general improvement of the overall
HER activity, especially for the P-doped cases. This improvement could be probably
attributed to the respective electron acceptor and electron donor ability of the adjacent N
and P atoms to C atoms in the graphitic structure, affecting the electronic properties of
the support. Changes in the support will be transferred to the Ru NPs, improving in this
case the synergistic effects between Ru and C, modulating the adoption of reaction
intermediates to enhance its HER catalytic activity. Furthermore, it has been also
demonstrated that a higher proportion of graphitic phosphorous (i.e. Ru@P-rGO)
contributes more importantly to the enhancement of the HER activity than phosphates
(i.e. Ru@P-G). In this sense, Ru@P-rGO has been found to be the best electrocatalyst,

showing a m10 as low as 2 mV and a Tafel slope of 49 mV/dec.
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Chapter 5 highlights the applicability of the organometallic approach for the
synthesis of nanostructures to systematically tailor the interface between nanocatalysts
and carbon-based supports in HER and OER electrodes. The use of two different carbon
microfibers, bare (CF) and carboxylic-group containing (ox-CF) fibers as cheap, easy to
engineer and high surface area supports, combined with the versatility of the synthetic
method, which allows adding different NP stabilizers and perform the synthesis both in
the presence -in situ- or absence -ex situ- of the carbonaceous support, has permitted

obtaining different electrodes with diverse interfacial nature.

In Chapter 5A, we obtained small Ru NPs (ca. 1-1.8 nm) supported on CFs.
Increased HER catalytic intensities and decreased overpotentials were found for the ex
situ systems, where the Ru NPs were first stabilized with 4-phenylpryridine (4PP) ligands
and then deposited onto the CF supports, confirming the importance of a proper electronic
interaction between the NPs and the support, in this case achieved by potential n-n
interactions between the pyridylic rings of 4PP and the carbon structure. In addition, a
synergistic effect between the -COOH moieties and Ru NPs has been observed in the in
situ systems, where 1o decreases for Ru@ox-CF (30 mV) in comparison to Ru@CF (70
mV).

In addition, in Chapter 5B, Co(OH)2 NPs have been also successfully synthesized
on-top of CFs, observing a positive role of the carboxylic groups at the surface of the CFs
by the systematic reduction of the size of the NPs and increase of their dispersion at the
electrode surface during the in situ syntheses. In addition, this functional group has also
improved the activity and stability of the systems during the OER, particularly when the
weak stabilizer THF is employed. These observations point to the likely formation of
COO-Co(OH)2 coordinative bonds and/or H-bonds, both improving the electronic
communication between the catalyst and the support as well as the dispersibility and
stability of the former on top of the latter. Furthermore, the potential role of dangling
carboxylates from the ox-CF support as proton acceptor moieties (internal bases)
lowering the activation free energies that lead to O-O bond formation during the OER

cannot be discarded.
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Putting altogether the results obtained in Chapter 5, it can be concluded that a
proper interaction between the NPs and the support surface is crucial for an improved
catalytic activity of the hybrid systems, as hypothesized by means of potential n-nt
interactions between the Ru4PP NPs and the carbon structures or by coordinative H-
bonds between the Co(OH)2 NPs and the COOH moieties in the microfibers. In addition,
it is also important to avoid steric hindrance between moieties, which could lead to a bad
stabilization of the systems.

Chapter 6 expands the scope of this PhD thesis to bimetallic systems, and
highlights the usefulness of the employed synthetic methodology also in this regard. In
Chapter 6A, in collaboration with Dr. L. Peres (LCC-CNRS, Toulouse), Ni-foam
nanomaterials and their corresponding Ru-doped counterparts with different Ru loadings
(i.e. 1, 5 and 10 wt.% Ru) have been successfully synthesized following a two-step
procedure. Interestingly, XPS has revealed that the NiOOH species is only present in the
Ru-containing samples (vs. Ni(OH)2 in the Ni-foam), suggesting that Ru may help the

stabilization of higher oxidation states of Ni in the passivated samples.

The different Ru deposition in Rul@Ni-foam compared to RuS@Ni-foam and
RulO0@Ni-foam (thin layer of small clusters <1 nm or single atoms vs. sponge-like
nanostructures of small aggregated NPs) was translated in a slightly different behaviour
of this sample towards the OER in complementary studies performed in non-purified and
Fe-free alkaline electrolyte. In contrast with the other samples, a progressive activation
of Rul@Ni-foam has been also observed in a Fe-free electrolyte, jointly with a higher
activation in a non-purified electrolyte, pointing to the fact that a low Ru doping can
contribute to a higher Fe incorporation or to a better hydration of the sample. Despite
these differences, it was generally confirmed that Fe-incorporation and/or, to a minor
extent, hydration of the samples is a key point to achieve high electrocatalytic OER
performances in Ni-based nanomaterials. In addition, reduced OER catalytic
performances in phosphate and borate buffers confirmed that even though the presence
of iron is crucial for an efficient catalysis, the deprotonating effect of hydroxyl anions
under strong alkaline conditions plays a prominent role, aiding the formation of the active

oxygen species (NiOO").

Finally, in situ UV-vis spectroelectrochemistry allowed to track the Ni(ll) =

Ni(lll) oxidation process prior to the sharp current increase assigned to the
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electrocatalytic OER. The results suggested that the low Ru doping in Rul @Ni-foam
could lead to changes in the NiOOH species, which is in agreement with the different Ru-
deposition observed and different behaviour of this sample under alkaline OER
conditions. In addition, it was confirmed that the formation of the NiOOH species occurs
entirely during the Ni oxidation reaction, suggesting that it is not the species accumulated
during the catalysis. Therefore, in agreement with the literature, NIOOH needs to be
further oxidized to be able to oxidize water.

Polarization curves of all the samples towards the HER in acidic media have
revealed higher catalytic current densities in those samples containing a higher amount
of Ru. However, the best catalytic activity has been achieved by Ru5@Ni-foam, which
could be driven by a higher degree of crystallinity, as confirmed by XRD, or even from
its different Ru/RuO: ratio or its optimum Ru-doping content, providing in this sample a
good interface between the Ni/Ni(OH)2-NiOOH species and the Ru dopant. A similar

tendency has been observed for HER in alkaline media, along with better stabilities.

In Chapter 6B, the successful synthesis of RuCo bimetallic NPs by the
simultaneous hydrogenation of Ru and Co organometallic precursors has been confirmed
by EDX and WAXS analysis by using three different ligands (4PP, tpy and heptOH) and
three Ru:Co ratios (1:1, 2:1 and 1:2). The mean size of the RuCo NPs series follows the
order RuCo-4PP > RuCo-tpy =~ RuCo-heptOH, being the stabilization ability of each
ligand inversely proportional to the size of the obtained NPs. The hard Lewis base nature
of N and the hard Lewis acid nature of Ru, compared to the intermediate Lewis acid
nature of Co could explain the obtained differences in affinity (i.e. stabilization) towards
both metals, translated in more agglomerated NPs in high Co-content samples. In
addition, the improved stability achieved with tpy ligand could be attributed to its
chelating nature, in contrast to 4PP. Finally, the dual ability of heptOH to stabilize both
Ru NPs and Co NPs contributed to the attainment of well-dispersed RuCo NPs.

All in all, this PhD work has aimed to enlarge the limited understanding about the
key factors that control the performance of WS (OER and HER) electrocatalysts at the
nanoparticle scale. Therefore, with the flexible organometallic approach as synthetic ally,
this work has explored a wide range of strategies to fine-tune and rationalize the activity
and stability of metal-based NPs, including the ligand-capping, the

doping/functionalization of carbon-based conducting supports and the combination of
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two different metals in different proportions and dispositions. With the conclusions
exposed above, this work opens new doors in the rational design of new highly active and

efficient WS nanoelectrocatalysts.
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