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Abstract

Electrodeposition is a powerful and facile, yet sophisticated method for the
synthesis of nanostructured electrocatalysts. The electrodeposition of nickel-
platinum (Ni-Pt) thin films from aqueous media leads to the formation of
nanocrystalline, single-phase alloy films with homogeneous composition.
Remarkably, the composition is tuneable by simple variation of the potential
used in potentiostatic deposition, in a range between 99 at% and 58 at%
Ni, i.e. 1-42 at% Pt. With the addition of the amphiphilic block copolymer
Pluronic P-123 in the electrolyte, micelle-assisted electrodeposition yields
homogeneously mesoporous thin films with a uniform pore size of approx.
10 nm. With respect to dense films synthesised using the same parame-
ters, the mesoporous thin films show identical composition and crystallite
size. All electrodeposited Ni-Pt thin films exhibit stable performance during
200 cycles of hydrogen evolution reaction (HER) in 0.5 M H,SO,4, where
Nig4Pt1g showed the highest activity with an overpotential of -90 mV at
~10 mA/cm?.

24 h galvanostatic long-term measurements show that this overpotential
initially decreases over time before it stabilises. Furthermore, the applica-
tion of anodic potentials in 0.5 M H,SO4 provokes failure of the Ni-rich thin
films due to metal dissolution. Thus, reliable long-term application in acidic
media is only possible at cathodic potentials. In turn, the Ni-Pt alloy thin
films are stable over a wide potential range in 1 M NaOH, and keep their
catalytic activity below an irreversible passivation around 1.0 V vs Ag|AgCl.
In addition, the reversible redox reaction Ni(OH), <> NiOOH is observed at
lower anodic potentials. Notably, this reaction, which is of use in electro-
chemical supercapacitors, is enhanced by increasing the platinum content,
showing that the Pt in the alloy catalyses this redox reaction.

Another potential application of single-phase Ni-Pt alloy thin films are
magnetic nano- or microelectromechanical systems, where magnetic and
mechanical properties are important. Due to the single-phase nature of the
alloy films, saturation magnetisation and Curie temperature scale directly
with the Ni content. Interestingly, the same is true for the coercivity of the
mesoporous thin films, allowing thus to tune all of these parameters by the
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electrodeposition potential. A Curie temperature near room temperature is
found for NiggPty>.

For application at oxygen reduction reaction (ORR), Pt-Ni and Pt-Ni-Mo
nanoparticles are electrodeposited onto a gas diffusion layer for proton ex-
change membrane fuel cells (PEMFC), unifying synthesis and application of
the electrocatalyst onto the electrode in a single step. Particle sizes ranging
from 40 to 80 nm are obtained for particles with different compositions. The
pulse electrodeposition process accomplishes the deposition of nanoparticles
onto the most active sites of the substrate leading to very high mass activities
at ORR, the highest of which were observed for Ptg7Ni33 and PtggNiz>Mo,.
These compositions also showed the best durability in PEMFC.



Resum

Lelectrodeposicid és un métode potent i facil, encara que sofisticat, per a la
sintesi d’electrocatalitzadors nanoestructurats. Lelectrodeposicié de capes
fines de niquel-plati (Ni-Pt) a partir d'un medi aqués ddna lloc a la for-
macié de capes d’aliatge amb estructura nanocristal-lina, monofasica, i de
composicié homogénia. La composicié és ajustable tot variant el potencial
aplicat durant la deposicié potenciostatica, dins d’un rang d’entre el 99 at%
iel 58 at% en Ni, és a dir 1-42 at% en Pt. Amb I’addici6 del copolimer bloc
amfifilic Pluronic P-123 a I’electrolit, ’electrodeposicié assistida per micel-les
dona lloc a capes fines amb mesoporositat homogénia, amb una mida uni-
forma de porus de 10 nm aprox. En relacié a les capes denses sintetitzades
mitjancant parametres identics, aquestes mostren la mateixa composicio i
mida de cristall. Totes les capes fines de Ni-Pt obtingudes per electrodepo-
sicié presenten un rendiment estable durant 200 cicles envers a la reaccié
d’evolucié d’hidrogen (HER) en 0.5 M H,SOy4, essent la mostra Nig4Pty¢g la
que va mostrar I'activitat més elevada amb un sobrepotencial de —-90 mV a
—-10 mA/cm?.

En mesures galvanostatiques a llarg termini, de 24 h, es veu que el sobre-
potencial decreix inicialment amb el temps abans d’estabilitzar-se. A més
a més, l'aplicacié de potencials anodics en el medi 0.5 M H,SO,4 provoca
una pérdua d’activitat notoria de les capes riques en Ni a causa de la disso-
lucié d’aquest. Aixi doncs, I'aplicacid fiable d’aquestes capes en medi acid
a llarg termini queda restringida a potencials catodics. Per altra banda, les
capes fines d’aliatge Ni—Pt romanen estables en un rang ampli de potencials
en 1 M NaOH, en el qual mantenen llur activitat catalitica abans que tin-
gui lloc una passivacié irreversible al voltant d’1.0 V vs Ag|AgCl. A més, la
reacci6 redox reversible Ni(OH), < NiOOH s’observa a potencials anodics
més baixos. Convé remarcar que aquesta reaccio, que és util en supercon-
densadors electroquimics, millora en incrementar el contingut de plati, bo i
demostrant-se que el Pt de I'aliatge catalitza aquesta reaccio redox.

Una altra possible aplicacid de les capes fines de I'aliatge monofasic Ni-Pt
és en sistemes nano- o microelectromecanics magnetics, on les propietats
magnetiques i mecaniques soén rellevants. Gracies a la naturalesa monofa-
sica de les capes d’aliatge, la magnetitzacié de saturacid i la temperatura
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de Curie sén directament proporcionals al contingut de Ni. Aixi mateix, la
mateixa dependéncia s’observa amb la coercitivitat de les capes fines meso-
poroses, la qual cosa permet ajustar a voluntat tots aquests parametres amb
el potencial d’electrodeposicid. S’ha determinat que la temperatura de Curie
és propera a la temperatura ambient en capes de composicié NisgPty,.

Pel que fa la reaccié de reduccié d’oxigen (ORR), s’han electrodipositat
nanoparticules de Pt-Ni i Pt-Ni-Mo en una capa de difusi6 de gasos per a la
pila de combustible de membrana d’intercanvi de protons (PEMFC), tot uni-
ficant la sintesi i I'aplicacié de l'electrocatalitzador sobre I’eléctrode en un
Unic pas. Les mides de particula obtingudes per a particules amb composici-
ons diferents es troben entre els 40 i els 80 nm. El procés d’electrodeposicio
per polsos emprat permet la deposicié de nanoparticules en els punts més
actius del substrat, la qual cosa déna lloc a activitats de massa d’'ORR molt
elevades, essent les majors en nanoparticules de Ptg7Niz3 i PtggNizoMos.
Els electrodes amb nanoparticules d’aquestes composicions també van pre-
sentar una millor durabilitat en els estudis amb PEMFC.
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Preface

This thesis is structured into the following chapters:

1 Motivation A short introduction into the topic, showing the broa-
der perspective and motivation of the work.

2 Fundamentals A description of the fundamental principles and state-
of-the-art technology which make up the basis this
work adds on to. This includes the basic electrocat-
alytic reactions, the electrodeposition as a synthesis
method, nanoporosity, and the Ni-Pt system.

3 Objectives The main objectives this work is aimed to accom-
plish.
4 Experimental A detailed record of the electrochemical synthesis

and the electrochemical characterisation performed
within this work.

5 Results A compilation of the articles prepared as part of this
work.

6 General discussion A general, broader discussion of the results aimed
at aspects which were not discussed in the articles.

7 Conclusions The most important conclusions of this work, listed
in a point-by-point style.

8 Outlook A list of a number of aspects which can be tackled
in the future in continuation of this work.
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1 Motivation

With increasing national and international limitations on greenhouse gas
emissions and the global striving against the climate change, hydrogen en-
ergy is one of the few forms of energy that have the potential to becoming
established at large scale and supplying the majority of the global energy
demand [1, 2]. While greenhouse gas emissions of hydrogen energy sys-
tems are zero, further development is needed to reach sufficient sustaina-
bility in terms of service life and performance. In addition, a more rational
and efficient use of the precious metal platinum (Pt) is envisaged [3]. The
most important property, though, is that hydrogen is never consumed, nor
is it produced, even if we often commonly refer to “hydrogen production”.
In reality, in a “green” cycle, hydrogen is only converted between hydrogen
gas and water, and therefore classified as an energy vector. This energy cycle
is free of emissions and does not consume any resources [4, 5]. However,
there is no natural source of molecular hydrogen, which thus needs to be
extracted from water, hydrocarbons, or other molecules.

Consequently, the hydrogen energy cycle has two essential processes: the
conversion of water to gaseous hydrogen, which is done in an electrolyser,
and the conversion of hydrogen gas to water in a fuel cell, where an electric
current is generated. Many fuel cell systems are able to run in a reverse
mode, allowing to combine both functions in the same apparatus. Apart
from this ideal energy cycle, the majority of hydrogen gas is—to this date—
still won by reforming of fossil fuels [6].

Pt is one of the most crucial constituents in hydrogen energy systems: it is
almost indispensible as an electrocatalyst for the electrochemical reactions
in those systems. Alternatives to Pt exist, however, those alternatives lack in
either efficiency, durability, or limit their application to alkaline media with
less favourable performance [7]. Pollet et al. argued that it is not necessary
to establish a completely Pt-free infrastructure in order to satisfy the global
demand for fuel cell vehicles; an efficient use of Pt in fuel cells can actually
match the Pt usage of catalysts in combustion engine vehicles. The use of
Pt itself is therefore not a showstopper for green hydrogen technology, al-
though its usage should be effectively reduced [8]. Effort is therefore made



to decrease the use of Pt, and to (partially) replace it with more abundant
elements in hydrogen technology [9, 10].

This work aims to improve the efficiency of the catalytic processes needed
in the hydrogen energy cycle, using nanostructured electrocatalysts pro-
duced in a simple and cost-efficient synthesis route. To this end, nickel-
platinum (Ni-Pt) catalysts are synthesised by electrodeposition. The princi-
pal approaches followed in this work to maximise the efficiency of the cata-
lysts is by alloying Pt in order to optimise its electronic properties, and by
nanostructuring the catalyst to provide it with high surface-to-volume (S/V)
ratios (since catalysis is a surface process), such as mesoporous thin films,
or nanoparticles (NPs). Other than the efficiency of the catalysts, one of the
main foci is their corrosion resistance in the relevant environments, in order
to evaluate their sustainability.

Apart from the main focus on catalytic reactions, and due to the choice
of the ferromagnetic element Ni as alloying element for Pt, magnetic char-
acterisation of the synthesis products was exploited in order to determine
other possible areas of applications such as magnetically actuated microelec-
tromechanical systems (MEMS). Ferromagnetic mesoporous or, more gener-
ally, nanoporous alloys are also of interest for water remediation [11] as well
as magneto-electric effects and magneto-ionics in particular, mostly due to
their high surface area [12, 13].



2 Fundamentals

2.1 Electrocatalysis for hydrogen energy

Hydrogen can be seen as a chemical form of energy storage. The chemical
energy, stored in the bonds of hydrogen molecules, is much higher than the
one stored in water molecules. Thus, the difference in enthalpy between hy-
drogen and oxygen molecules on the one hand, and water molecules on the
other hand, can be transformed into an electric current. The standard en-
thalpy of formation of water, i.e. the chemical energy that becomes available
in the reaction, amounts to —-290 J/mol [14].

The two basic instruments of the hydrogen energy cycle, the electrolyser
and the fuel cell, rely on four essential catalytic reactions. In the electrolyser,
where hydrogen gas is generated from an aqueous electrolyte, the hydrogen
evolution reaction (HER) and the oxygen evolution reaction (OER) are tak-
ing place.

In a fuel cell, the corresponding catalytic reactions are the oxygen reduc-
tion reaction (ORR) and the hydrogen oxidation reaction (HOR). Both elec-
trolysis and fuel cell operation can be theoretically performed at any pH,
while most studies focus on either acidic or alkaline media. However, kinet-
ics are more favourable in acidic media, so that studies in alkaline media
are mostly done for electrocatalysts which are not stable under acidic con-
ditions [15].

In electrocatalysis in aqueous media, potentials are always referred to
the reversible hydrogen electrode (RHE). This electrode is pH-dependent,
in contrast to the standard hydrogen electrode (SHE), in which standard
potentials are given. Their relation is given by Equation 2.1.

ERHE = ESHE -0.059 pH (21)

An overview of all important parameters used in this work is given in
Table 2.1.



Table 2.1: Parameters and corresponding units used in this work.

Parameter Symbol Unit
Catalyst loading mg/cm?
Double-layer capacitance Ca MF
Electric charge Q HC
Hydrogen adsorption charge for a monlayer gy, MC/cm?
Charge-transfer coefficient a

Current i mA
Geometric current density J mA/cm?
Exchange current density Jo mA/cm?
Diffusion-limited current density Jb mA/cm?
Kinetic current density Jx mA/cm?
Limiting current density Jiim mA/cm?
Electrochemically active surface area ECSA cm?2/mg
Mass activity MA mA/mg
Specific activity SA mA/cm?
Current efficiency n

Magnetic field strength H Oe
Magnetic coercivity H. Oe
Magnetisation M emu/g
Remanent magnetisation M, emu/g
Saturation magnetisation M emu/g
Molar mass M g/mol
Potential E \Y
Half-wave potential Eip \Y
Standard electrode potential Eq \Y
Equilibrium potential Eeq \Y
Overpotential n mV
Overpotential at 10 mA/cm? catalytic activity 1 mV
Roughness factor R¢

Tafel slope b mV
Temperature T K

Curie temperature Tc K

Time t S




2.1.1 Water electrolysis

While steam reforming from fossil fuels is the main route for hydrogen pro-
duction, there exist several other processes to isolate hydrogen from spe-
cific compounds [6]. Among the more environmentally friendly alterna-
tives, there is biomass gasification, methane pyrolysis, and water electro-
lysis, which is investigated here. Among the advantages of water electrolysis
over the other processes is the abundance of water and the fact that hydro-
gen is converted back to water when used in fuel cells, and the utilisation
of electric current which itself can be won by renewable energies. However,
in the case that the electric current employed in hydrogen production is not
won from renewable energies, the process cannot be considered as entirely
emission-free.

The generation of hydrogen gas in an electrolyser is done by water electro-
lysis. In acidic media, HER is described by the reduction of protons (Equa-
tion 2.2). By definition, the standard potential for this reaction is 0 V vs
RHE. The energy needed in order to generate hydrogen can be delivered by
electrical energy, but also by sunlight irradiation, referred to as photoelec-
trocatalysis [9, 16-18].

2H* + 2e~ — H, (2.2)

The reaction is therefore dependent on the concentration of protons in the
electrolyte (pH). In alkaline electrolytes, HER takes place under formation
of hydroxide anions from water (Equation 2.3).

2H,0 + 2e~ — H, + 20H~ (2.3)

While HER is the key reaction in studies on newly developed catalyst ma-
terials, OER is the complementary process, described by the formation of
oxygen gas and protons from water for the acidic case (Equation 2.4).

2H,0 — O, + 4H" + 4~ 2.4)

In alkaline media, gaseous oxygen is formed from hydroxide anions (Equa-
tion 2.5).

40H™ — 02 + 2H20 +4e” (25)

The mechanism of HER on a metal (Me) usually follows three principal
steps named after Volmer, Heyrovsky, and Tafel (Equation 2.6-2.8). These
reactions are responsible for the kinetics of the HER, and the rate-determining
step can be determined from experimentally obtained data (see section 2.1.3).



Volmer Me + H* + e — MeH,q, (2.6)
Heyrovsky MeH,4,+ H" +e~ — Me+H, 2.7)
Tafel 2MeH,ys — 2Me + H, (2.8)

2.1.2 The proton exchange membrane fuel cell

The proton exchange membrane fuel cell (PEMFC) is based on the conduc-
tion of protons through a membrane between the anode and the cathode.
The cathode reaction is the ORR, which exhibits less favourable kinetics than
the HOR (Equation 2.9) at the anode and is therefore at the core of investiga-
tions [7]. The environment in PEMFC is acidic, and the reduction of oxygen
takes place by recombination with protons through a four-electron pathway
(Equation 2.10). In acidic media, the potential of this reaction is 1.23 V
vs RHE [14]. An alternative, undesired reaction is the partial reduction of
oxygen to hydrogen peroxide instead of water.

H, — 2H*'+2e" (2.9)
O, +4H" +4e~ — 2H,0 (2.10)

The PEMFC has two sides, the cathode where the ORR takes place, and
the anode where the HOR takes place, separated by the name-giving pro-
ton exchange membrane (PEM) which is a proton conductive polymer film.
Cathode and anode side are assembled in identical ways, having the cata-
lyst layer, usually containing carbon-supported platinum (Pt/C) in contact
with the membrane, followed by the gas diffusion layer (GDL) made of car-
bon cloth. The cell is closed by thin metallic flow plates which dispose of
channels for the gas supply, and metallic bipolar plates, which are used for
electrical connection, and to establish a homogeneous distribution of pres-
sure and temperature over the fuel cell’s active area (Figure 2.1). Gaskets
are used to ensure leak tightness of the cell. The inner part of the cell lo-
cated in between the flow plates is also referred to as membrane electrode
assembly (MEA). The fuel cell is connected to a control module which regu-
lates the operating conditions (see section 4.4). While pure hydrogen gas is
required at the anode, the cathode side can work with the oxygen contained
in ambient air. However, higher power outputs are generated if pure oxygen
gas is used.

For optimal functioning, the PEMFC relies not only on a highly active elec-
trocatalyst, but also on a correct assembly and morphology of the catalyst in



order to maximise the number of triple phase boundaries (TPB). The TPBs
are those points where catalyst, PEM, and gas phase are in contact.

The principal unique characteristic of the PEMFC is its operating temper-
ature below 100 °C. In most applications, several fuel cells are assembled
into stacks in order to accumulate the required power for the respective ap-
plication. This approach, together with the possibility to freely scale the
fuel cell unit itself, allows the adaption to practically any kind of electronic
application. A number of commercial applications exist, most notably in
the automotive sector, such as in the Toyota Mirai motor vehicle [19], and
full fuel cell stacks in different dimensions are commercially available by
a number of companies. Technological development goals were set by the
U.S. Department of Energy (DoE) in 2015. As of then, the state of the art
in terms of power density was 640 W/1, with an ultimate target of 850 W/1.
Additionally, the peak energy efficiency (in the PEMFC, a certain amount of
energy is transformed into heat) was envisaged to be increased from 60 to
70 % [20].

Proton exchange membrane (PEM)
Gas diffusion layer (GDL)

Catalyst layer

Bipolar plate
W o
e’
1 —
5
& ~
T
+ -
+ |
- 4]
= -
# +
< +
= 5
-
o~
o
H2 — i — Hzo

Figure 2.1: Schematic representation of a PEMFC including anodic (left) and cath-
odic reactions (right). Courtesy of L. Mglmen [21].

Apart from decreasing the absolute amount of Pt used, the long-term per-
formance of commercial Pt-based electrocatalysts for ORR is one of the main
issues [7]. In their 2020 target, the DoE allows a performance loss of up to
40% after an accelerated degradation test (ADT) protocol. Hence, there still



remains a tremendous potential for improvement in this respect, and recent
works show that a quasi-elimination of this performance loss is experimen-
tally achievable using different approaches [22-24]. One of the main causes
for the performance loss, the growth of Pt NPs during operation, can be mit-
igated by the use of Pt alloy NPs, mostly using transition metals as alloying
elements [25, 26].

In addition, computational studies based on density functional theory
(DFT) allow to determine which elements, alloys, or other compounds are
potential candidates as electrocatalysts for ORR (and other electrocatalytic
reactions including HER) [27-29].

2.1.3 Electrocatalytic properties

One of the most significant problems for reporting the electrocatalytic activ-
ites is the translation of the measured currents into meaningful quantities,
i.e. their normalisation. The simplest method is the calculation of the geo-
metric current density j with respect to the two-dimensional surface of the
electrode. Naturally, this method only returns correct current densities for
perfectly plane electrodes. However, even continuous thin films produced
by electrodeposition or sputtering possess a certain roughness resulting in
an actual surface area which is significantly higher than their geometric sur-
face area. For electrode structures aiming for high S/V, different ways of
obtaining meaningful values of current density need to be employed. The
geometric current density does, however, allow the comparison in activity
among electrodes with similar or identical structures. It can also reveal the
superiority of a certain structure over another, e.g. a significantly higher
geometric current density measured on a porous electrode with respect to
a dense electrode of the same material does not indicate a higher actual
current density, but rather a higher absolute current due to a higher actual
surface area.

Another method is the normalisation of the current by absolute mass of
the electrode material. While this method does not take the actual surface
area of the electrode into account either, it can be used to determine how
efficiently the catalyst material is being used, such as to reduce the use of
expensive materials. In this way, an electrode with closed (inaccessible)
porosity would outperform a dense electrode with the same actual surface
area, simply due to its lower mass. The mass-specific activity, or mass activity
(MA) obtained in this way is mostly used for fuel cell catalysts, where it is
one of the commonly reported properties.



A common method for the determination of the absolute physical surface
area is the Brunauer-Emmett-Teller (BET) method, where the adsorption
of gas on the surface of the electrode is measured [30]. BET usually re-
quires a relatively large amount of material (in the milligram range) and
a free-standing (i.e. substrate-free) electrode or a powder. These require-
ments make it inapplicable to nanostructured lab-scale electrodes as those
investigated in this work.

Finally, one of the most important electrochemical properties of an elec-
trocatalyst is therefore its electrochemically active surface area (ECSA), rep-
resenting how active the catalyst’s surface is with respect to a monolayer [31].
This method is able to determine the absolute area of the electrocatalyst
which is actively contributing to electrochemical processes and discards in-
active sites of the surface. The most popular method for measuring ECSA
is by measuring the hydrogen underpotential deposition (Hy,q) on the cata-
lyst surface by cyclic voltammetry (CV) [30]. The adsorption and desorption
charges of H (H,4; and Hg.) on a Pt monolayer are taken as 210 UC/cm?.
Consequently, the relation of the integrated current measured on the H, 4
and Hy., peaks, and the standard monolayer charge returns the catalyst’s
roughness factor R¢, which represents the factor in surface area between
the electrocatalyst and the monolayer (Equation 2.11). Since the H, 4, peak
is often overlaid by HER current, the integration of Hy. is usually used to
determine ECSA. In addition, the effect of the double-layer capacitance Cy
is taken into account by assuming a straight line in the constant-current re-
gion of the CV, i.e. by subtracting the constant current density jg; originating
from the double-layer capacitance (Figure 2.2).

Finally, the normalisation of the current with respect to ECSA is done by
applying the roughness factor to the geometric current density, returning
the specific activity (SA, Equation 2.12). If the catalyst loading, i.e. the
mass of electrocatalyst, is known, the ECSA can be given in surface area
per gramme of catalyst material (Equation 2.13). This is usually done for
Pt-containing electrocatalysts, often disregarding the contribution of other
alloying elements by solely calculating ECSA using the monolayer charge of
Pt and the Pt loading. However, hydrogen adsorption charges may also be
determined for other electrodes such as Ni or Ni oxides [32].

It further follows that MA can be expressed as the product of SA and ECSA
(Equation 2.14). As mentioned above, this value is especially important for
fuel cells, where the MA of Pt is a direct indicator for cost efficiency. MA
should therefore scale directly with ECSA; a higher S/V should result in a
more efficient utilisation of the catalyst material, resulting in cost reduction.
Several approaches exist in order to maximise S/V, such as the synthesis of



porous materials, NPs, or thin films. Although NPs are able to reach signifi-
cantly higher ECSA, their MA is comparable to thin films or other structures
since NPs show considerably lower SA [33]. The choice of an electrocata-
lyst’s nanostructure is therefore rather dependent on its application, e.g. NPs
are usually used in PEMFC in order to comply with the triple phase boundary
requirement.

1 (tEY)

Rp = — g(t) - Jja) dt (2.11)
amL Y t(Ey)

sa = L 012)

R¢

R¢

ECSA = Catalyst loading (2.13)

_ J ~ .
MA = Catalyst loading = ECSA-SA (2.14)

where t is time, gy, is the theoretical hydrogen adsorption charge of
a monolayer of the same material; £E; and E, are the onset and end
potentials of the measured hydrogen desorption peak, respectively. It
is important to note that j refers to the geometric current density.

The electrocatalytic activities of HER and ORR can be recorded via CV
or linear sweep voltammetry (LSV). The kinetics of an electrocatalytic reac-
tion, which permits to draw conclusions on the reaction mechanism, can be
assessed by determination of the Tafel slope b in the low-current region of
the reaction. The Tafel slope corresponds to the slope of the linear part of
the curve in semi-logarithmic representation of the E—j curve (Figure 2.3),
its unit is millivolt. The lower the Tafel slope, the faster the kinetics of the
reaction. For HER, the value of b can reveal the rate-limiting reaction step;
at the most favourable value of 30 mV, the reaction is limited by the Tafel
step (Equation 2.8), 40 mV correspond to a limitation by the Heyrovsky
step (Equation 2.7) and 120 mV to the Volmer step as the rate-limiting step
(Equation 2.6) [34, 35]. While a Tafel slope of 30 mV is the theoretical
limit for HER, any higher value of b may be the result of other influencing
parameters.

Other electrocatalytic properties are dependent on the electrocatalytic re-
action of interest. For HER, one of the most commonly used parameters
is the overpotential n;g at which the geometric current density reaches
10 mA/cm? (cf. Figure 2.3). Note that for the case of HER, the overpoten-
tial—which is defined as the difference between the applied potential and
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Figure 2.2: CV of electrodeposited Pt-Ni catalyst on GDL showing the hydrogen
adsorption and desorption peaks for the determination of ECSA. The
arrows indicate the scan direction.
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Figure 2.3: LSV (left) and Tafel plot (right) of HER on Ni-Pt thin film in 0.5 M
H,S04.
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the reaction’s equilibrium potential—corresponds directly to the applied po-
tential since the equilibrium potential of HER is 0 V vs RHE. In ORR, the most
important parameter is the half-wave potential E,, the potential at which
half of the limiting current density jj;, is reached (Figure 2.4). Since the
ORR is eventually limited by mass transport, the Koutecky-Levich equation
can be used to determine whether the ORR follows the four-electron path-
way (Equation 2.10), or the two-electron pathway by reduction to hydrogen
peroxide [36, 37]. In ORR, the measured current can be decomposed into
mass-transport limited (i.e. diffusion-limited) current density jp and kinetic
current density ji following the Koutecky-Levich equation (Equation 2.15).

j (ma/em?)

0.5 0.6 0.7 0.8 0.9 1.0 11 1.2
E vs RHE (V)

Figure 2.4: Typical forward scan of a CV on Pt/C electrocatalyst in oxygen-saturated
acidic electrolyte.

1 1 1
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2.2 Electrodeposition of metals from aqueous solutions

Metal electrodeposition, also called electroplating or electrochemical dep-
osition, is a well-studied and widely employed synthesis technique, which
also finds application in a number of industries such as the automotive sector
or jewellery. Some purposes of electrodeposited coatings are therefore—de-
pending on the coating material—corrosion protection, diffusion barriers or
electrical contacts in electronics, as intermediate layers to provide good ad-
hesion for paint, or simply decorative [38]. It is also a facile method to create
patterned structures for microelectromechanical or magnetic devices [39].
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The main advantages of electrodeposition are the rather simple synthesis
from aqueous media, the ability to work in ambient conditions (in contrast
to vacuum deposition techniques), the homogeneity of the coatings, and the
ability to coat three-dimensional structures. On the other hand, the process
is limited to conductive substrates, and to a number of elements that can
be electrodeposited, the most common ones with application at industrial
scale being copper, chromium, and nickel [38]. Recently, the use of deep
eutectic solvents and ionic liquids (as opposed to aqueous solutions) have
allowed widening the range of plateable metals and alloys to aluminium,
cobalt-samarium, etc. [40]

The electrodeposition of metallic deposits from metal ions in an aqueous
solution onto a conductive substrate is done by applying an electric field
between the substrate and a counter electrode (CE), immersed in an elec-
trolyte containing metal ions. The CE is either an inert electrode (Pt or
graphite), or an electrode of the material to be plated, which keeps the
concentration of metal ions in solution constant throughout the process (or
multiple processes). A third electrode is usually employed as a reference
electrode (RE) in order to measure (or apply) absolute potentials instead of
potential differences. The deposition takes place by reduction of the metal
cation, which collects electrons at the cathode (the substrate) according to
its charge (Equation 2.16). While the described process is referred to as
cathodic electrodeposition, non-metallic deposits such as metal oxides may
also be deposited in anodic electrodeposition, using the substrate as an-
ode [41]. Another alternative, which is commonly used for noble metals
such as platinum, although also applicable to nickel, is electroless deposi-
tion, i.e. the spontaneous deposition of metal without an externally applied
potential [42, 43].

The Nernst equation returns the reaction’s equilibrium potential E., with
respect to its standard electrode potential Eg and the concentrations of both
ions and reduced species (Equation 2.17). In Equation 2.17, the concen-
trations of the metal species ([Me] and [Me™"]) can be exchanged for the
respective species in any redox reaction equivalent to Equation 2.16. If ap-
plied to catalytic reactions in aqueous media, such as Equation 2.2 for HER,
a logarithmic dependence on [H*] is obtained, and therefore the equilibri-
um potential is pH dependent. In electrodeposition, this equilibrium poten-
tial is also denoted reduction potential. Notably, this equilibrium potential
changes at the beginning of an electrodeposition process due to the creation
of the reduced species. On the other hand, if the metal ion concentration in
the solution is high, the changes in ion concentration due to the reduction
can be neglected. Applying a potential below the equilibrium potential, i.e.
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a more negative potential, enforces the reduction process, and the electro-
deposition takes place. The difference between the applied potential and
the equilibrium potential of a reaction, which shifts the reaction to one side
or another, is referred to as overpotential, its symbol is ) [44].

The kinetics of the reaction, i.e. the currents flowing in the redox reaction
as a function of overpotential, are described by the Butler-Volmer equation,
which is equally applicable to electrocatalytic redox reactions such as HER
or ORR (Equation 2.18). The Tafel slope described above can be derived
from the Butler-Volmer equation under the condition that the overpotential
is sufficiently high so that either the anodic or the cathodic current can be
disregarded. This leads to the Tafel equation as a simplification of the Butler-
Volmer equation (Equation 2.19). Since the Tafel slope b was originally
discovered experimentally, it is determined using the logarithm with base 10
(Figure 2.3), and obtains the physical term expressed in Equation 2.20 and
whose only variables are the charge transfer coefficient a, and temperature.

Me"" (aq)+ne~ < Me(s) (2.16)

where Me is a metal, and n is the oxidation state of the metal ion
determining the number of electrons exchanged in the reaction.

o D)

E. =F
«a = F0 T e M IMe™ ]

q

(2.17)

where kj is the Boltzmann constant, T the temperature, € the charge of
an electron, and [Me] and [Me™*] are the concentrations of the reduced
metal and the metal anion, respectively.

. a,ne a.ne 2.18)
= exp|—=n|—ex .
J =Jo(exp KkoT p kBT‘n
where jj is the exchange current density, @, and a. are the dimension-
less charge transfer coefficients of the anodic and cathodic current,

respectively.
_ keT m(_J—) (2.19)
ane  \Jo
b= @ n(10) (2.20)
ane

Electrodeposition can be performed in a variety of modes. The electric
field is applied by imposing either potential or electric current between sub-
strate and CE. The simplest and most common way is to either electrodeposit
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using a constant current (galvanostatic electrodeposition) or a constant po-
tential (potentiostatic electrodeposition), these are also referred to as direct
current (DC) methods. Potentiostatic deposition has the advantage that it
is independent of the substrate area, making it preferable especially when
using complex substrate geometries such as metallic foams. For galvano-
static electrodeposition, a current density must be determined prior to the
deposition in order to achieve reproducible results.

In principle any kind of waveform can be applied, though the most utilised
form apart from the galvano- and potentiostatic (DC) methods is pulse elec-
trodeposition [45, 46]. Likewise, this method can be run by applying either
current or potential, which are applied periodically in the form of pulses of
determined duration t,,. Between the pulses, during the relaxation time &,
the applied electric field may be either switched off, set to another (lower)
value, or reversed (Figure 2.5). The latter is referred to as pulse reverse
electrodeposition.

—ior-E
Amplitude

Y

—_—
t, ro if

on

Deposition Relaxation t

Figure 2.5: Typical periods for pulse electrodeposition: a) pulse deposition in
on/off mode, b) pulse reverse electrodeposition using reversed polar-
ity, ¢) pulse deposition with a fixed (non-zero) field during relaxation.

The variables for electrodeposition are therefore the amplitude of the elec-
tric field (in terms of current or potential) and the deposition time. The
integration of current over time returns the transferred charge Q (Equa-
tion 2.21). The assumption that the entire amount of charge was transferred
in the reduction process of the metal (Equation 2.16) is used to determine
the maximum amount of deposited metal according to Faraday’s law. If the
actual mass of electrodeposited material is determined (e.g. by chemical
analysis), the current efficiency of the electrodeposition process can be de-
termined, i.e. what percentage of the total current contributed to the reduc-
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tion of the metal (Equation 2.22). Besides the applied potential or current
density, other important process parameters for the electrodeposition from
aqueous electrolytes are the substrate material and its surface state, pH of
the electrolyte, temperature, and electrolyte flow (agitation) [47].

tend
- i(t) dt 2.21
Q fo i) 2.21)
. (2.22)
r] - exp Q_M .

where i is the measured (or applied) current, n is the current efficiency,
M.y, the experimentally determined mass of the electrodeposit, F the
Faraday constant, and M the molar mass of the deposited metal.

One of the competing reactions at the substrate, mostly in acidic media
and at high negative potentials, is the reduction of protons leading to hydro-
gen formation. This can lead to incorporation of hydrogen into the deposit
or to the evolution of hydrogen gas (Equation 2.2). In fact, hydrogen co-
evolution was long considered a detrimental issue in coatings since it lead
to unwanted porosity and embrittlement, but it has since been used inten-
tionally to incorporate macroporosity with high S/V [48-50].

2.2.1 Binary alloy electrodeposition

By using salts of different metals in the electrolyte, multi-phase materials
or alloys can be deposited. Each metal has its own reduction potential, i.e.
in order to achieve the co-electrodeposition of more than one element their
respective reduction potentials need to be sufficiently close together [51]. If
this is not the case, complexing agents may be used to complex a metal, re-
sulting in a complexed compound with a different reduction potential [52].
Another way to achieve closer proximity of the individual reduction poten-
tials is by varying the ion concentrations in the electrolyte according to Equa-
tion 2.17. In turn, if the reduction potentials of the different elements are
separated, it is possible to deposit those elements selectively and sequen-
tially from the same electrolyte [53].

For each species, the deposition divides into different ranges: Close to
the onset of the deposition, i.e. at low overpotential, the reduction current
increases drastically with the overpotential. This is called the activation-
controlled (or kinetic) regime. At larger overpotentials, the reduction cur-
rent becomes limited by diffusion and will stay constant with overpotential.
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This range is the mass-transfer or diffusion-controlled regime (Figure 2.6).
For binary alloy electrodeposition, this leads to different scenarios; at a de-
termined applied deposition potential, the reduction of both elements could
be activation-controlled, diffusion-controlled, or a mix of both with either
element reduced under activation control and the other under diffusion con-
trol.
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Figure 2.6: Cathodic current density as a function of overpotential showing
activation-controlled and diffusion-controlled regime in metal electro-
deposition.

Since under diffusion control there are no changes of the reduction current
(and therefore of the deposition rate) with overpotential, the composition
of the alloy will not change other than through the electrolyte composition.
In the other cases (mixed or activation control), the resulting composition
depends on the applied overpotential [54]. However, the different species
may interact and an exact prevision of the electrodeposit’s composition un-
der given electrodeposition parameters, especially for less frequently inves-
tigated compounds, is usually not possible and remains to be determined
experimentally and empirically.

Many different binary alloys have been successfully electrodeposited, most
notably alloys of Ni, Cr, Sn, Zn, Ag, Au, Pd, and Pt, however, not any com-
bination of those is feasible in electrodeposition [55]. Some elements, such
as Mo or W, can only be deposited in metallic form in a multiple-step mech-
anism and in the presence of another electrodepositable element which is
referred to as inductor metal [54].
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2.2.2 Aqueous electrolytes

In the simplest case, the aqueous electrolyte contains only the dissolved
metal salt in the form of Me™" and its respective anion. However, the use
of additives is inevitable in order to obtain reproducible results, a certain
surface quality, or the codeposition of specific elements, as explained in the
following [56]. However, in some cases—including micelle-assisted electro-
deposition—the properties of the electrolyte, and, in consequence, those of
the electrodeposit, do not depend exclusively on its composition but also on
its preparation and ageing [57].

Acids and bases In any electrochemical process in aqueous media, the pH
is one of the most important parameters which influences the species
in equilibrium in solution, and the reaction products. It is therefore
absolutely necessary to control the pH of an electrolyte, which can be
adjusted by addition of any common acid or base.

pH buffer When a potential difference is imposed, a gradient in pH is easily
established between the electrodes. Especially close to the substrate
for electrodeposition, local changes in pH can be very high and lead
to, for instance, the precipitation of metal hydroxides. The addition of
a pH buffer can mitigate this effect [58, 59].

Complexing agent Especially when co-depositing different elements, a com-
plexing agent may be needed to modify the deposition potential of
the individual element. The complexing agent will bind the metal
ions of a certain element and form a complexed ion, thus the depo-
sition potential for this element is modified [60]. In general, a good
co-deposition is achieved when the deposition potentials for both ele-
ments are identical. Some examples of common complexing agents
are citrates, cyanides, ammoniates, and other organic acids.

Brightener Especially for decorative purposes, effort is made to achieve bril-
liant deposits, to this purpose there exist many different additives such
as polymeric surfactants described below, and other organic and inor-
ganic compounds, e.g. coumarin. Their principal function is to achieve
that defects are preferentially filled during the deposition process, in
this way levelling the surface [47].

Other additives Other additives of any kind depend very much on the ma-
terial to be deposited and the issue to be targeted. There are strength-
eners, which increase yield strength at the expense of ductility, such
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as saccharin for Ni-deposits, where the yield strength is increased via
grain refinement [61]. Sulphur-containing species can lower internal
stresses of Ni deposits [38].

Surfactant A polymeric additive that can be used to lower the interfacial
tension between electrolyte and electrodeposit, resulting in lower sur-
face roughness and thus a better apparent finishing and higher bright-
ness [62, 63]. Surfactants can also influence the structure of the e-
lectrodeposits, influence their grain size, and reduce their internal
stress [61].

2.2.3 Physical properties of electrodeposited metals

As for most coating techniques, electrodeposition leads to the incorporation
of internal stresses in the films. As a result of accumulating internal stress,
cracking and delamination occur when the deposit thickness becomes too
high [38]. Naturally, the critical thickness depends mostly on the deposit
material, though, as mentioned above, certain additives can be used to re-
duce internal stress. For electrochemical applications, high coating thickness
is only favourable if the deposit exhibits open porosity, otherwise an increase
in thickness would not increase the accessible surface area.

One of the major properties of any kind of coatings is adhesion. The ad-
hesion of a coating on a substrate mainly depends on the coating and sub-
strate material and the kind of interface they establish. Coatings with good
adhesion are usually established by diffusion, chemical binding, or mechan-
ical interlock. Good adhesion depends on proper substrate preparation; if
substrate and coating material are mutually soluble the creation of defects
on the substrate, e.g. by etching, can enhance the diffusion [64]. In many
electrodeposited films, the internal stress is elevated close to the interface,
compromising their adhesion. In electrocatalytic applications, no mechan-
ical loads are applied and thus there is no specific requirement for adhesion.

Metallic electrodeposits often exhibit low grain sizes in the nanometre
range [65, 66]. This leads to a usually high yield strength of electrodeposited
films according to the Hall-Petch relation, indicated by high hardness values
due to dislocation pile-up at the grain boundaries [67]. However, there is
an inversion of the Hall-Petch relation below a critical grain size of typically
very few nanometres depending on the material, when deformation occurs
by grain boundary sliding rather than dislocation motion [68, 69].

In the electrodeposition process, hydrogen can be easily incorporated into
the deposits, which can be detrimental to materials susceptible to hydrogen
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embrittlement, such as nickel, and even to steel substrates [38, 70]. For
nickel, hydrogen also adds to the internal stress [47]. Post-deposition heat
treatments can be used to remove hydrogen [56].

Since the ferromagnetic elements Fe, Co, and Ni are all electrodeposit-
able, electrodeposits with different magnetic behaviour can be obtained, in-
cluding ferromagnetic alloys. Ferromagnetic properties are most commonly
evaluated by magnetic hysteresis loops, where the response of the material
(magnetisation, M) to an externally applied magnetic field (H) is measured.
The magnetisation can be seen as the sum of individual magnetic moments
in a sample [71]. A means of normalisation is thus necessary for compa-
rability, which is usually done by either volume or mass of the sample. In
this work, the magnetisation is normalised by mass, taking into account that
the determination of the volume is not straightforward for porous materials.
Further, the magnetisation of a ferromagnet is not directly related to the ex-
ternal field but depends on the previous state of the material, leading to the
well-known hysteresis. The most important magnetic properties obtained
from a hysteresis loop are as follows (Figure 2.7).

Saturation magnetisation (M) The maximum magnetisation of the mate-
rial when all magnetic moments are aligned in the direction of the
applied field.

Remanent magnetisation (M,) The retained magnetisation of a material at
zero field, after being magnetised.

Coercive field or coercivity (H.) The magnetic field strength required to re-
verse the orientation of the magnetisation of a material after being
magnetised. Soft magnetic materials are characterised by a low H,
as opposed to hard magnetic materials with high H.. Soft magnetic
materials require considerably less energy for reversal of magnetisa-
tion. For magnetic storage media, semi-hard magnetic materials are
used in order to guarantee sufficient stability with respect to external
magnetic thields or thermal effects.

Another major property of a ferromagnet is the temperature above which
the ferromagnetic behaviour is lost and turns paramagnetic, its Curie tem-
perature (Tc). This property can be measured at a fixed external field at
which the material is saturated, by recording the temperature dependence of
the magnetisation. Since there is no sharp transition between the ferromag-
netic and paramagnetic state, there are different methods for the determi-
nation of T¢ [72]. For example, T can be determined at the intersection of
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Figure 2.7: Magnetic hysteresis loop (left) and determination of Curie temperature
from M-T curve using two-tangent method (right) of electrodeposited
Ni-Pt thin film.

two tangents applied at the magnetic transition (Figure 2.7). This measure-
ment is also useful to reveal if more than one ferromagnetic phase is present,
this case would result in a multi-step transition between ferromagnetic and
paramagnetic behaviour instead of a single step for a single ferromagnetic
phase. Though multiple phases may also be revealed in a hysteresis loop,
its interpretation is more complex.

In a three-dimensional ferromagnetic specimen, there are magnetic do-
mains which are regions in which the individual magnetic moments are
aligned in the same direction. In a demagnetised state, all domains are ran-
domly aligned and the net magnetisation is 0. At saturation magnetisation,
all magnetic moments align and a single domain is formed throughout the
sample. When the external field is removed, the direction of magnetisation
will change in those regions where another magnetisation direction is ener-
getically more favourable while other regions will keep their previous state,
and the net magnetisation reduces to remanence. Changes in the magnet-
isation are usually described by domain wall movement, i.e. the growth and
shrinkage of domains, and the rotation of magnetisation which occurs close
to saturation (Figure 2.8).

In electrodeposited materials, the ferromagnetic behaviour can be influ-
enced by different factors. Fine-grained materials have a large amount of
grain boundaries which can hinder domain wall movement and rotation of
domains, resulting in a harder magnetic behaviour. Internal stress and dislo-
cations can further hinder domain wall motion. Electrodeposited thin films
will also show shape anisotropy: the magnetisation out of the plane, i.e. nor-
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Figure 2.8: The magnetisation behaviour of an initially demagnetised ferromag-
netic material as a function of magnetic field strength, described by
domain growth and rotation [73]. Republished with permission of John
Wiley & Sons, from Materials Science and Engineering, W. D. Callister
Jr. and D. G. Rethwisch, 2011.

mal to the surface, requires much more energy (higher external field) than
in-plane. This is due to the fact that an orientation of a magnetic domain is
energetically more favourable if aligned parallel to the sample’s surface [74].

2.2.4 Metal nanoparticle electrodeposition

Apart from nanoporous materials, which are discussed below, NP synthesis is
another solution to obtain high S/V materials. One method for the synthesis
of metallic NPs is by electrodeposition.

The metal electrodeposition process starts by nucleation and is then fol-
lowed by growth of the nuclei (Figure 2.9) which eventually connect to form
a metallic film [55]. As a consequence, NP deposition can be achieved by in-
terrupting the electrodeposition process during the particle growth just after
nucleation. The amount of NPs obtained is thus dependent on the number
of nucleation sites. However, the exact process of NP formation by electro-
deposition is still under discussion [75].
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Figure 2.9: Nucleation and growth of Au NPs during electrodeposition on a dia-
mond substrate [76]. Reprinted with permission from ACS Nano 2018,
12, 7388. Copyright 2018 American Chemical Society.

Since acidic fuel cells are one of the main applications of metallic NPs,
research on metal NP electrodeposition focusses mostly on Pt and Pt alloy
NPs. Electrodeposition often yields relatively large NPs, whereas small NPs
of few nanometres are considered favourable for PEMFC. Hussein et al. em-
ployed pulsed laser heating in combination with potentiostatic deposition
for 5 s and achieved smaller NPs with a porous structure in contrast to lar-
ger, dense NPs after room temperature (RT) electrodeposition [77]. Liu et al.
proposed a synthesis route for Pt NPs via potentiodynamic electrodeposition
onto WC substrates, resulting in well-dispersed NPs with average diameter
below 10 nm [78].

Pulse electrodeposition is a method to achieve a high number of particle
nucleation using short, high-current pulses. Ideally, each deposition pulse
will generate additional nucleation instead of promoting particle growth.
Egetenmeyer et al. studied the pulse electrodeposition of Pt, Pt-Ni and Pt—
Cu NPs onto the GDL of a PEMFC, and the effects of the most important
parameters such as eletrolyte composition, current amplitude (between 0.1
and 4 A/cm?), t,, (between 1 and 100 ms), £ (between 95 and 995 ms),
and temperature [79]. The authors also studied an activation treatment of
the GDL by Ar/O, plasma, increasing the wettability of the hydrophobic
polytetrafluoroethylene (PTFE) containing surface prior to electrodeposi-
tion [80]. Huang et al. propose the seeding of a very low amount of Pt NPs
onto the carbon substrate and a subsequent pulse electrodeposition process
of Pt NPs [81].

Oshchepkov et al. electrodeposited Ni NPs using long (15-20 s) poten-
tiostatic deposition pulses onto carbon substrates [82]. The group later ad-
apted the process to openly porous Ni foam substrate material, where both
the Ni NPs and the substrate contributed to the resulting catalytic proper-
ties [83]. An et al. synthesised Sn NPs using potentiostatic pulses where the
system is at open circuit potential (OCP) during . [84].
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Alternatively, additives such as polymeric surfactants can be used to sta-
bilise nanoparticles, i.e. to physically hinder agglomeration of NPs and film
formation. The successful formation of Ag NPs has been achieved using
polyethylene glycol (PEG) as an additive, whose concentration may be used
to control the NP size distribution. A very long deposition time of 30 min
was used in this case [85].

2.3 Nanoporous materials

Materials with a pore diameter between 0.1 nm and 100 nm are considered
nanoporous. According to IUPAC, nanoporosity itself divides into macropo-
rosity (above 50 nm), mesoporosity (between 2 nm and 50 nm), and micro-
porosity (below 2 nm) [86]. In general, porous materials find applications
in biomedical and energy applications [87-89]. Mesoporous materials are
of particular interest for catalytic applications, batteries, supercapacitors,
hydrogen storage, electrochemical sensors, water remediation, and drug de-
livery [90-971].

The strategies to synthesise porous materials by electrodeposition include
micelle-assisted deposition, the deposition using solid templates [98-100],
the controlled evolution of hydrogen during the deposition process [48-50],
selective (electro)chemical etching [101, 102], and the use of metallic foam
substrates [103-105] (Figure 2.10). Different methods may be combined to
achieve hierarchically porous structures [106].

Hard templating refers to any kind of solid template which can later be
selectively dissolved from the metal. Hard templates need to be deposited
onto a conductive substrate or metallised on one side prior to electrodeposi-
tion. One of the typically used hard templates is anodically oxidised alumina
(AAO) [107, 108]. A subdivision of hard templating is colloidal templat-
ing, where the template consists of spherical particles, which are usually
deposited onto a substrate by electrophoresis prior to film deposition [109].
Common substrates for colloidal templating are polystyrene (PS) or silica
spheres [110-114]. Hard templates are not only used for introduction of po-
rosity, but also in order to achieve defined nanostructures such as nanowires
or nanotubes [115, 116].

On the other hand, micelle-assisted electrodeposition is classified as a soft
templating method, where the template is dissolved in the solution and de-
posited on the substrate simultaneously with the metallic deposit. It is based
on the formation of micelles which can be formed in aqueous solutions by a
number of amphiphilic polymers which are mostly block copolymers [117,
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Figure 2.10: Pore size ranges in correlation with sample dimensions obtained by
different strategies [98]. Reproduced from J. Mater. Res. 2018, 33, 1.
Copyright 2017 Materials Research Society under CC BY 4.0.

118]. Above the critical micelle concentration (cmc), those micelles are
formed spontaneously in aqueous solution [119]. At high concentrations,
ordered lyotropic liquid crystal (LLC) phases can be formed [120, 121]. Am-
phiphilic polymers can usually form a number of different crystalline phases
(Figure 2.11).

Micelle-assisted electrodeposition is often performed using commercial-
ly available amphiphilic polymers, such as Pluronic P-123, F-127, or Brij 58.
These polymers contain hydrophobic parts such as polypropylene glycol (PPG)
and hydrophilic parts such as PEG. In the literature, PPG and PEG are used
equally to polypropylene oxide (PPO) and polyethylene oxide (PEO), re-
spectively. Due to their amphiphilic nature, when in contact with water their
hydrophobic parts minimise their energy by turning towards each other, and
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in this way form the core of the micelles whereas the hydrophilic chains are
oriented towards the aqueous media. In an electrolyte for electrodeposition,
the metal ions will interact and coordinate with the hydrophilic surface of
the micelles, which will be electrodeposited together with the metal(s) [90]
(Figure 2.12). After electrodeposition, the soft template is usually removed
by dissolution in an organic solvent to retain the porous deposit.

The first report of a metal electrodeposited using soft templating was
presented by Attard et al. in 1997, who prepared mesoporous Pt films from
an LLC phase containing hexachloroplatinic acid [123]. The approach was
then adopted to Pd [124], Ni [125] and a number of other metals and binary
alloys [126]. Zhang et al. combined electrodeposition (and electroless dep-
osition) of Pt from LLC with hard templating in order achieve hierarchically
nanoporous structures [127].

Later, Wang et al. showed that mesoporous Pt films could be obtained
at much lower surfactant concentrations, as long as the concentrations was
above the cmc. They compared the micelle-forming surfactants Pluronic
F-127, Brij 58, and another PEG-PPG-PEG block copolymer with higher mo-
lecular weight. The different surfactants led to different, yet homogeneous
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Figure 2.12: Scheme of micelle-assisted electrodeposition using Pluronic P-123,
showing the coordination of Pt ions at the micelle surface (1), inter-
action of the micelles with different metal ion species (2), reduction
of the metal species and simultaneous deposition of the micelles on a
substrate (3), and the retention of a porous deposit after removal of
the soft template (4). Courtesy of C. Navarro.

pore sizes between 5 and 20 nm, increasing with the molecular weight of the
polymer. The authors also demonstrated increased catalytic activity at meth-
anol oxidation due to the higher surface area [128]. The micelle-assisted
synthesis was then also reported for a number of Pt alloys in large composi-
tional ranges using Brij 58, such as Pt-Au [129], Pt—Cu [130], Pt-Pd [131],
or Pt-Ru [132].

Up to present, the process has since been adopted to a number of dif-
ferent (electrodepositable) elements and alloys. For example, mesoporous
Pd was synthesised using cetyltrimethylammonium chloride as surfactant,
resulting in a very low pore size of 2 nm [133]. Mesoporous Ni and Ni—Cu
alloys were electrodeposited using Pluronic P-123 from an acidic electrolyte,
yielding films with a pore size of 5-30 nm [117]. P-123 was also used for
electrodeposition of Fe-Pt with Fe ranging from 2 to 55 at% and pore size
below 12 nm [134].

While most commercial block copolymers can form micelles spontaneously
in aqueous solutions, they yield rather small pores at the lower end of the
mesoporous range with pore sizes of 5-10 nm. In order to obtain larger
pores which could be advantageous for electrolyte penetration in catalyt-
ic processes, more long-chained polymers can be used, however, those do
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not form micelles spontaneously. They need to be assembled in a solvent
replacement method using an organic solvent (most commonly tetrahydro-
furane) and water [135, 136]. In this way, mesoporous Ni and Cu films with
a pore size of 50 nm have been prepared using high molecular mass PS-b-
PEO block copolymer [137, 138]. A pore size of 20-35 nm was obtained us-
ing the same PS-b-PEO block copolymer in electrodeposition of Ni-Pt alloy
films [139]. This however does not necessarily imply that the resulting pore
size is dependent on the metal species, since the micelle diameter of a poly-
mer in water is also directly influenced by pH and temperature [140]. The
direct effect of polymer chain length on the resulting pore size was shown
for mesoporous Cu films [141].

Naturally, micelle-templated electrodeposition and NP deposition can be
combined. Liang et al. electrodeposited mesoporous Pt—-Ru NPs from an LLC
phase of Brij 56 [142].

The magnetic behaviour of ferromagnetic materials is largely dependent
on their morphology when it comes to nanostructures. Changes in the mag-
netic behaviour with respect to bulk materials, such as the transition from
ferromagnetic to superparamagnetic behaviour, can be observed in ultrathin
films or nanoparticles, where the particle size is too small to retain a large
anisotropy energy compared to the thermal energy. The magnetic behaviour
of such structures may also be manipulable by electric fields [143-145]. For
mesoporous structures, those effects could be expected even to a larger ex-
tent if the wall thickness between the pores is in the same size range. Elec-
trostatic charges accumulated at the surface of the pore walls can induce
changes in the electronic band structure, especially in the 3d electron cloud
of transition metals, and, consequently, in the magnetic anisotropy energy
(thus resulting in changes in H,).

This was shown in 2017 by Quintana et al., who studied the effect of
voltage on NiggCusq alloy films synthesised by micelle-assisted electrodepo-
sition. The authors found that, indeed, the ultrathin pore walls of 600 nm
thick mesoporous films contributed to voltage-induced changes in the mag-
netic anisotropy, resulting in a change of coercivity [146]. Later, they also
showed tuneability of the saturation magnetisation through a reversible elec-
trochemical redox process [147].
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2.4 Ni- and Pt-based alloys

2.4.1 Ni-Pt alloys

Since both Ni and Pt crystallise in face-centred cubic (fcc) structure with sim-
ilar lattice parameters and atomic radii, they are completely miscible, while
certain ordered phases may be formed [148]. Attention should be given to
the magnetic transition which occurs at the Curie temperature T and which
shows a linear decrease with atomic percentage of Pt [149] (Figure 2.13).
Due to the alloy’s full miscibility, T can therefore be tuned by the Ni/Pt
ratio.
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Figure 2.13: The Ni-Pt equilibrium phase diagramme [149]. Reprinted by permis-
sion from Springer Nature, Bull. Alloy Phase Diagr. 1989, 10, 258,
Copyright 1989.

The electrodeposition of Ni has been widely studied, including the effect
of different additives in the electrolyte on electrodeposited Ni [59, 150], and
the magnetic behaviour of Ni and Ni-Fe nanostructures [151]. It dates back
to the formulation of the Watt’s bath in 1916 [152]. The electrodeposition
of Pt is mostly done via hexachloroplatinates [153-155]. Furthermore, Pt
may also be deposited by electroless deposition, where the metal reduces
spontaneously on the substrate with the concurrent incorporation of phos-
phorous.

29



Yamauchi et al. synthesised mesoporous Pt-rich Pt-Ni electrodeposits by
chemical redution from Brij-type LLC using nickel chloride, hexachloropla-
tinic acid, and sodium borohydride as reducing agent [156].

A process for electrodeposition of a dense, single-phase Ni-Pt alloy with
tunable composition was demonstrated by Liu et al. from an acidic electro-
lyte containing potassium tetrachloroplatinate, nickel chloride and sodium
chloride. By potentiostatic deposition in a potential window between —0.1
and -0.9 V vs saturated calomel electrode (SCE), covering the full composi-
tional range. The authors showed that any of the alloy compositions outper-
formed a pure Pt electrode at ORR in acidic media; the best performance was
reached with an alloy composition close to NisPt [157]. Mesoporous Pt-Ni
was electrodeposited from hexachloroplatinic acid, nickel chloride, and LLC
of Brij C10 surfactant, however, catalytic activity at ORR was unsatisfactory
and the authors judged that the synthesis process was not optimal [158].
Remarkably, all synthesis routes of Ni-Pt electrodeposition imply the use
of nickel chloride, although Ni can be deposited easily from both chloride,
sulfate, or a mix of both. Since Pt salts or acids for electrodeposition are
usually chloride-containing, it seems natural to use nickel chloride in the
codeposition. However, there is no obvious limitation of Ni-Pt codeposition
to the use of nickel chloride exclusively.

In contrast to the aforementioned synthesis routes via LLC, the combina-
tion of an electrodeposition process for Ni-Pt with micelle-assisted electro-
deposition had not been documented before. The micelle-assisted electro-
deposition provides a simpler, highly controllable and reproducible process
for the synthesis of the mesoporous alloy.

Pt-Ni and its ternary alloys are being investigated for applications in PEM-
FC[159-161], HER [162, 163], and other electrochemical applications [139,
164].

While Pt is the most efficient pure electrocatalyst for almost any catalytic
reaction in acidic media [27, 29], Ni and its alloys are mainly applicable for
HER in alkaline media, one of the most common alloys being Raney Ni (Ni-
Al) [165]. Different Ni alloys have been investigated for HER in alkaline
media, among them Ni-Mo-Al, Ni-W, Ni—Cu, but also Ni oxides, hydroxides
and phosphides [166-172]. In fact, hydroxides are easily formed on Ni or Ni
alloy surfaces in alkaline media [173], it is therefore probable that they are
present on most Ni alloys used for HER in alkaline media. Other promising
applications of Ni-based alloys are hydrogen storage and electrochemical
supercapacitors [174].
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2.4.2 Ni-Pt-Mo alloys

Molybdenum (Mo) may be used to improve the corrosion resistance of Ni-
based alloys, especially in chloridic environments [175]. While up to 17 at%
Mo can be dissolved into the Ni fcc phase, its solubility limit in Pt is approx-
imately 20 at% (Figure 2.14). However, electrodeposition does not neces-
sarily lead to the formation of the stable phases predicted by the phase dia-
gramme, especially since both Ni-Mo and Mo-Pt phase diagrammes show a
number of intermetallic and high-temperature phases which might be formed
and stabilised by electrodeposition. The electrodeposition of Ni-Mo alloys
is feasible from sodium molybdate with the use of a complexing agent such
as sodium citrate [176, 177]. This electrodeposition is characterised by in-
duced deposition, meaning that Mo requires the presence of an inductor
metal in solution to secure full discharge of Mo(IV) to Mo(0) However, Mo
may also be deposited in form of oxides [178-180]. The suitability of Ni-Mo
for HER has been demonstrated [181-183]. Recently, it was further demon-
strated that Mo oxide, in a compound with Ni, can enhance the kinetics of
HER [184]. Pt containing Mo or Mo oxide may also improve ORR perfor-
mance [185].

The direct synthesis of ternary Ni-Pt-Mo alloys is rarely reported. Mao
et al. documented the synthesis of Pt-Mo-Ni alloy nanowires by thermal
decomposition [188], but a syhthesis route via electrodeposition is lacking.
Huang et al. investigated Mo doping of Pt-Ni NPs for ORR, which led to
superior durability with respect to Pt—-Ni NPs [189, 190].
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3 Objectives

This work is focussed mainly on the synthesis of nanostructured nickel-
platinum based electrodeposits, and shall furthermore highlight their ap-
plicability in electrocatalysis and other potential applications. To this end,
the following objectives are defined.

* Mesoporous Ni-Pt films

* The successful synthesis by micelle-assisted electrodeposition of
mesoporous Ni-Pt films through determination of the suitable
electrolyte constituents (type of metal salts, type of micelle-form-
ing surfactant, and other additives), optimisation of their concen-
trations, and determination of suitable parameters for electrode-
position.

* The characterisation of the electrodeposited films in order to re-
veal the most important properties that can influence catalyt-
ic performance and durability: size and distribution of porosity,
phase distribution, crystallite size, texture. Naturally, due to the
targeted application in electrocatalysis, specific focus shall be laid
on surface properties, such as nature (metallic or oxidic) of the
surface and ECSA.

* The demonstration of efficient performance at HER, including the
relation of the observed catalytic activites with composition and
the aforementioned properties, including evaluation of durability
and degradation in acidic and alkaline media.

* Exploitation of magnetic (vibrating sample magnetometry, VSM)
and mechanical (nanoindentation) characterisation methods. Tar-
geting the electrosynthesis of a series of Ni-Pt alloys with tunea-
ble magnetic properties, in particular with variable T.

e Pt—Ni and Pt—Ni-Mo NPs

* Elaboration of a pulse electrodeposition process to achieve the
deposition of Pt—Ni NPs onto the GDL of a PEMFC and subsequent
adaption to Pt-Ni-Mo.
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 Structural and surface analysis with special focus to the effects
and nature of Mo, and demonstration of ORR activity at electro-
chemical cell level. Relation of activity with NP composition and
other properties.

* Implementation into PEMFC prototype, demonstration of func-
tioning, and durability testing. Relation of durability with NP
composition and other properties.



4 Experimental

The experimental techniques used for characterising the material are com-
mon, well known techniques which are described elsewhere. Instead, this
chapter focuses on the material synthesis as one of the major foci of the
thesis. Additionally, the electrochemical characterisation techniques and the
PEMEFC testing is described.

4.1 The electrochemical cell

The electrodeposition set-up is comprised of a three-electrode electrochem-
ical cell with a thermalisation jacket in order to control the temperature,
and an inlet for gas supply. The three electrodes are a counter electrode,
the substrate, which serves as the working electrode, and a reference elec-
trode. While a two-electrode set-up would only allow to measure potential
differences, the RE allows to determine the absolute electrochemical poten-
tial with respect to the equilibrium potential of a redox reaction taking place
inside of it. Here, the redox reaction between Ag and AgCl is employed in
an Ag|AgCl electrode with an inner solution of 3 M KCl (Figure 4.1a). A
potentiostat/galvanostat connected to the electrodes applies the deposition
conditions.

4.1.1 The electrochemical microcell

The electrochemical microcell is a miniaturised version of an electrochemical
cell, designed to study electrochemical properties such as corrosion behav-
iour on a sub-micrometre scale. In this way, the electrochemical microcell
technique (EMT) can be used to study the corrosion behaviour of individual
phases, inclusions, or grains in an alloy [191].

The electrochemical microcell has a reduced volume, where CE and RE
are immersed. The WE is connected to the electrolyte via a microcapillary
with a tip diameter of 50-200 pm, thus confining the area on the WE which
is exposed to the electrolyte (Figure 4.1b). The electrochemical microcell
is mounted on an optical microscope for selection of the zone to be studied
(similar to a microindentation system).
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Figure 4.1: Electrochemical cell (a, courtesy of S. Pané) and electrochemical micro-
cell (b) in comparison.

All electrochemical tests using EMT were performed at AGH University of
Science and Technology, Krakéw, at the Faculty of Foundry Engineering.

4.2 Synthesis by electrodeposition

4.2.1 Thin film synthesis

The micelle-assisted electrodeposition is performed in an electrochemical
cell. The electrolyte for electrodeposition of mesoporous Ni-rich Ni—Pt films
was developed empirically by changing electrolyte formulations, perform-
ing electrodeposition, and observing the electrodeposits by scanning elec-
tron microscopy (SEM) until satisfactory results were obtained. The condi-
tions for those satisfactory results were high mesoporosity, continuous and
defect-free morphology, the ability to electrodeposit over an ample potential
range, the stability of the electrolyte, and the reproducibility of the results.
The final electrolyte contained the salts of Ni and Pt, boric acid, ammonium
chloride, and the block copolymer Pluronic P-123 (Table 4.1). This polymer
has the structure PEG-PPG-PEG (Figure 4.2).

All other electrolyte formulations used were based on modification of this
electrolyte, such as the removal of P-123 to synthesise dense thin films, the
addition of sodium molybdate and citric acid for ternary Ni-Pt—-Mo deposits,
and the incrementation of Pt salt content for Pt-rich NPs. In all cases, HCl
or NaOH were used for adjustment of the pH to 2.7.
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Figure 4.2: Chemical representation of Pluronic P-123.

Ternary Ni-Mo-Pt thin films were synthesised in an intermediate stage be-
fore starting with the more complex preparation of ternary Pt-Ni—-Mo NPs.
Aim of the Ni-Pt-Mo thin film electrodeposition was to determine if codepo-
sition of Mo together with Ni and Pt is successful, to check if phase separation
occurs, and to study the effect of deposition potential on the content of each
element. For thin films, all of these aspects are easily controlled by SEM us-
ing energy-dispersive X-ray spectroscopy (EDX) but are not straightforward
for NPs where the amount of electrodeposited material is much lower and
often falls below the limit of detection. In addition, the ternary Ni-Mo-Pt
thin films may be used for different studies such as HER.

Table 4.1: Electrolyte compositions for the deposition of thin films and nano-
particles presented in this work.

Thin films Nanoparticles

Ni-Pt Ni-Pt-Mo Pt-Ni Pt-Ni—-Mo
NiCl, 200mM 200mM 200 mM 200 mM 200 mM
Na,PtClg-6 H,O 3 mM 3 mM 3 mM 5 mM 5 mM
H3BO;3 200mM 200 mM 200 mM 200 mM 200 mM
NH4Cl 25mM 25 mM 25mM 25 mM 25 mM
P-123 10 g/1 — — — —
Na2M004-2 Hzo — —_— 50 mM —_— 50 mM
citric acid — — 100 mM — 100 mM

All thin film electrodeposition was performed potentiostatically onto flat
substrates. Those consisted of Si wafer metallised by sputter deposition of
an intermediate Ti layer of approx. 10 nm and a Cu layer of approx. 200 nm
in thickness as substrate for the electrodeposition. Preliminary experiments
were also performed on Au and Ni surfaces instead of Cu.
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4.2.2 Nanoparticle synthesis

The electrodeposition of NPs was performed in an electrochemical cell using
pulse electrodeposition. Deposition parameters and galvanostatic control
was chosen based on recent studies on Pt and Pt alloy NP electrodeposition
for PEMFC [79-81]. In analogy to the tuneability of composition of Ni-Pt
thin films, the electrodeposition current amplitude was varied in order to
obtain NPs of different composition. At the same time, the number of cycles
was adjusted in order to obtain identical deposition charges and therefore
similar metal loadings. In between the cathodic pulses, no current was ap-
plied.

Since the GDL material which served as a substrate for electrodeposition
has limited conductivity, the substrates were backed with a Cu sheet so that a
homogeneous charge distribution over the entire substrate surface was guar-
anteed. However, exposition of the Cu sheet to the electrolyte was avoided
by isolation with polyimide tape (Figure 4.3).

Figure 4.3: GDL as working electrode for nanoparticle electrodeposition backed by
Cu sheet

In view of the acidic conditions of the PEMFC as targeted application and
the oxidising conditions during ORR at the fuel cell cathode, it is clear that
only electrocatalyst NPs with sufficient amount of noble metal qualify for
adequate long-term durability. Therefore, during the preliminary studies
consisting of optimising pulse electrodeposition parameters and electrolyte
composition, NPs with 50 at% in Pt or higher were targeted. In parallel with
the composition, NP particle size and catalyst loading were optimised. While
at first small particle sizes were targeted, it should be noted that higher
amounts of deposited material led to larger particle sizes and vice versa, so
that a compromise between both parameters had to be found. This resulted
in particle sizes of approx. 50 nm in diameter and catalyst loadings around
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4 pg/cm?. With respect to the deposition of Ni-Pt thin films, the amount of
Pt salt in the electrolyte was increased (cf. Table 4.1).

Although feasible, the addition of a micelle-forming surfactant such as
Pluronic P-123, which would allow the production of mesoporous particles,
was discarded due to the objective of creating high amounts of TPB. Meso-
porous NPs would theoretically show increased ECSA and therefore higher
ORR activity in an electrochemical cell, but the density of TPB which would
actually improve fuel cell performance should have a much higher depend-
ency on particle size.

4.3 Electrochemical characterisation

4.3.1 Cyclic voltammetry

CV is used in order to determine the electrochemical processes of a given
system within a chosen potential window. Similar to the electrodeposition
process, potential range, scanning speed, agitation, and electrode materi-
als influence the results of a CV. Thus, all of these parameters need to be
controlled to ensure both reproducibility and comparability of the results.

In this work, CV is used for a number of purposes, the first of which is the
characterisation of the electrodeposition electrolyte. Here, a vitreous car-
bon rod was employed as an inert WE, so that all observed currents could
be related to metal reduction or oxidation of material deposited on the WE,
without any contribution of the WE itself to oxidation and reduction cur-
rents. In this case, a scanning speed of 50 mV/s under static conditions was
employed with the CV starting near OCP towards cathodic potentials.

CV was further used to study the oxidation and reduction behaviour of
electrodeposited Ni-Pt thin films, focussing on the redox reaction between
Ni(OH), and NiOOH in alkaline media, a reaction exploited in electrochem-
ical supercapacitors [192]. Both a conventional electrochemical cell and an
electrochemical microcell were used, studying the effects of scanning speed
and potential range in both 1 M NaOH and 0.5 M H5SOy4,.

4.3.1.1 ECSA

ECSA of both thin films and NPs were studied by hydrogen adsorption and
desorption from CV as described in the previous chapter. The ECSA for Ni-
rich Ni-Pt thin films was studied in 0.5 M NaOH alkaline solution according
to Machado and Avaca by holding the potential at -1.35 V for 5 min and
a subsequent CV starting from —1.05 V with an upper limit of —-0.43 V vs
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Ag|AgCl, and using 514 pC and 210 UC as the respective monolayer charge
densities for Ni and Pt [173]. In contrast, the ECSA of Pt—Ni and Pt-Ni-Mo
NPs was studied in 0.5 M H,SO, after initial CVs to activate the electrocata-
lyst, in accordance with the method described by Wei et al. by performing
CV between -0.2 V and -1.1 V vs Ag|AgCl, determining ECSA with respect
to the Pt content using its corresponding monolayer charge of 210 pC [30].
In both cases, the scanning speed was 50 mV/s.

In case of the NPs, the double-layer capacitance needed for the determi-
nation of ECSA was determined by electrochemical impedance spectroscopy
(EIS).

4.3.1.2 ORR

The determination of ORR behaviour is commonly performed by rotating
disk electrode (RDE) measurements in order to eliminate mass-transport
limitations [36]. Here, the ORR of carbon-supported NPs was measured in
stagnant conditions. At first, a CV is recorded in N, saturated 0.1 M HCIO4
at 10 mV/s in the range of the ORR between O and 1.1 V vs RHE. Then,
the electrolyte was saturated with O, for at least 30 min before conducting
another CV in the same potential range. Due to the high ORR currents and
limited conductivity of the carbon substrates, the curves were corrected for
Ohmic drop [30]. The instrumentation resistance for this /R correction was
determined by EIS. The final ORR curves are produced by subtraction of the
CV recorded in Ny-saturated electrolyte.

4.3.2 EIS

EIS is a method to study an electrochemical system as a type of unknown cir-
cuit and to determine ohmic, capacitive, and inductive behaviour. In EIS, a
small amplitude of either potential or current is applied as a sinusoidal wave-
form around a fixed potential or current, for example during HER. Here, all
EIS measurements were performed at OCP after determining the OCP for
10 min. During the measurement, the frequency is varied from 100 kHz to
3 mHz, and the real and imaginary parts of the impedance are measured.
Nyquist and Bode plots are used for graphic representation of the results.
Using previously established models, such as the Randles circuit, an equi-
valent electrical circuit can be obtained for the electrochemical system. The
components of the equivalent circuit correspond to electrochemical proper-
ties such as solution resistance, charge-transfer resistance, and double-layer
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capacitance. Here, the fitting of the circuits for determination of the electro-
chemical properties was performed using Dellis’ Matlab function Zfit [193].

4.3.3 HER

While a Pt wire is employed as CE for all above-mentioned electrochemical
experiments, a graphite rod is used as a CE in HER measurements. This is
due to the fact that, when the WE is at high cathodic potentials, the CE is at
high oxidising potentials where Pt, even if only in low amounts, can dissolve
and redeposit on the WE [194]. Especially in long-term experiments, this
can lead to noticeable improvement in performance at HER. The HER was
studied by performing 200 cathodic-going LSVs at 50 mV/s from —0.15 to
-0.5 V vs Ag|AgCl. Additional long-term experiments were performed by
applying ~10 mA/cm? for 24 h while monitoring the potential.

4.4 PEMFC testing

The electrodeposited Pt-Ni and Pt-Ni-Mo NPs supported on GDL substrates
were hot-pressed with a Nafion 212 PEM and a commercial gas diffusion
electrode (GDE) with a Pt loading of 0.3 mg/cm? serving as anode. Hot-
pressing conditions were 0.5 MPa at 110 °C for 3 min.

The fuel cell testing was performed in a Greenlight G20 fuel cell test stand
at the Research Institutes of Sweden (RISE), Boras, at the Department of
Electrification and Reliability. The obtained MEA was mounted in a single
cell fuel cell tester using (from the inside towards the outside) the MEA,
a polymer sheet to avoid any electrical contact or short-circuiting outside
of the active area, polymer gaskets, coated stainless steel flow plates, and
bipolar plates. Uniform pressure was applied to the cell using four screws
located at the corners and fixed with a torque of 0.5 Nm each. Electrical
contacts for controlling the voltage were connected to the flow plates, and
the contacts for applying the load were connected to the centre of the bipolar
plates. A temperature sensor reads the temperature at the bipolar plates,
and the gas inlets and outlets go through the bipolar planes to the MEA
(Figure 4.4).

The fuel cell’s active area was 2.9 cm?. During the testing, the cell tem-
perature was 80 °C. H, and air were used at anode and cathode with flows
of 0.042 and 0.10 1/min, respectively.

An activation programme was run prior to testing, consisting of cycling
between 0.9 V and 0.6 V for 2000 cycles. After the activation, polarisa-

41



Figure 4.4: Assembled PEMFC for testing (left) and open cell showing the MEA
during assembly (right).

tion curves were recorded by taking points in steps of 0.05 V, first going to-
wards lower voltages, and then up to open circuit voltage (OCV). ADT was
performed by 20 000 cycles in the same range as the activation treatment,
between 0.9 V and 0.6 V. Polarisation curves were obtained after 10000
cycles and at the end of test.
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5 Results

The results are structured as a compilation of articles, presenting the pub-
lished research works in chronological order, in addition to a manuscript
prepared for publication. An additional work, which is not based on origi-
nal research but on literature research, can be found in the Annex.

5.1 Mesoporous Ni-rich Ni—Pt thin films: Electrodeposition, char-
acterization and performance toward hydrogen evolution re-

actionin acidicmedia . . . ... ... ... L., 53
5.2 Tailoring magnetic and mechanical properties of mesoporous
single-phase Ni-Pt films by electrodeposition . ... ... .. 67

5.3 Electrochemical characterisation of multifunctional electro-
catalytic mesoporous Ni-Pt thin films in alkaline and acidic

media . . . ... e e 79
5.4 Oxygen reduction reaction and PEM fuel cell performance of
pulse electrodeposited Pt-Ni and Pt-Ni-Mo nanoparticles . . 91
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5.1 Mesoporous Ni-rich Ni-Pt thin films:
Electrodeposition, characterization and
performance toward hydrogen evolution reaction
in acidic media
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2Departament de Fisica, Universitat Autonoma de Barcelona, 08193 Bellaterra, Spain
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The first published and initial work focusses on both the electrodeposition
of mesoporous Ni-rich Ni-Pt thin films as well as their performance at HER.
Therefore its main topics are the synthesis by electrodeposition including
characterisation of the electrolyte, an initial compositional, structural and
surface analysis, and an evaluation of the catalytic activity at HER in acidic
media.

A tuneability of the composition is achieved by simple variation of the
electrodeposition potential. Changes in morphology as a function of deposi-
tion potential are observed, while the porosity is homogeneously distributed
in all three dimensions with identical, narrow size distribution irrespective
of composition. The thin films, exhibiting a thickness around 200-300 nm,
are of metallic nature and nanocrystalline. Hydroxide species are present on
the surface, and are partially reduced during HER. Activity at HER is demon-
strated to be more efficient for mesoporous thin films with respect to dense
thin films, while the maximum electrocatalytic activity is found for Nig4Pt¢.
Above 8% of Pt content, excellent stability and reproducibility during 200
cathodic sweeps (LSV) is observed.
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Homogeneously mesoporous Ni-Pt thin films have been successfully synthesized by potentiostatic electro-
deposition from an aqueous solution. The films are single-phase nanocrystalline Ni-Pt fcc solid solution and their
composition can be adjusted with the deposition potential to a Ni content within 60-100 at%. The mesoporosity
is constantly present, independent of the composition or microstructure, homogeneously distributed in all di-
mensions of the films with a pore diameter in the order of 10 nm. Film thickness is uniform and in the range of
200-300 nm. The films show improved performance over an electrodeposited Pt film at hydrogen evolution

reaction (HER) and excellent stability in H,SO4 during 200 cycles. For the composition 84 at% Ni and 16 at% Pt,
the overpotential required to reach a HER activity of —10 mA/cm? is as low as —0.09 V vs. RHE. Meanwhile, the
mesoporous alloy film with 95 at% Ni exhibits the highest activity with regard to the electrochemical surface

area (ECSA).

1. Introduction

In order to move away from fossil fuels as a main energy source,
renewable energies have to be made more accessible and affordable.
Using hydrogen as an energy vector in fuel cell technology is entirely
emission-free and due to the conversion cycle between water and hy-
drogen, a closed cycle of energy resource, this energy can theoretically
be reused without compromising any resources [1]. Electrocatalysis is
used to produce hydrogen gas directly from water. This catalysis is most
efficient when performed in acidic media where H* concentration is
high, this however usually requires the use of precious noble metals,
commonly Pt [2]. In order to increase the affordability and accessibility
of the technology, the material and component manufacturing cost
needs to be minimized. Another crucial point for the success of fuel cell
technology is the longevity of the components, related to their corro-
sion resistance.

For electrocatalytic processes used for water splitting, such as the
hydrogen evolution reaction (HER), the surface-to-volume ratio of the
catalyst is one of the most important factors. A highly porous material
possesses an increased surface-to-volume ratio with respect to a dense
material and thus the active surface available for the reaction is in-
creased [3]. At the same time, an induced porosity reduces the amount
of material needed, making it more cost-effective. The improvement of
the HER activity on a porous structure has been shown, for example, on

* Corresponding author.

MoS, [4]. Additionally, porous materials are of general interest in
several fields such as in biomedical applications, sensors, water re-
mediation, and many others [5].

By partially substituting platinum as one of the most active mate-
rials for HER with another more abundant, yet electrocatalytically ac-
tive material, the cost-effectiveness may be further increased. Nickel
has been chosen for this purpose due to its high abundancy, well-
documented electrodeposition process [6,7] and its reliable HER per-
formance in alkaline solution [8,9]. Among the iron group metals, it is
the most active material toward HER [10]. Many Ni alloys have been
studied extensively as potential catalysts for HER [2,11], though only
few studies on Ni-Pt are reported. So far, HER of Ni-Pt materials has
been studied for nanostructures such as nanowires [12] and more so-
phisticated architectures like nano-multipods [13], however those
works are generally focused on HER in alkaline media.

The alloying of Ni with the noble metal Pt may allow to perform
HER in acidic media, making the reaction more efficient due to a high
concentration of H*. Co-electrodeposition, both in general and of Ni
alloys in particular, as well as the mechanism of micelle-assisted elec-
trodeposition, has been well documented [14-16]. This method makes
use of a polymeric surfactant forming spherical micelles in the elec-
trolyte and being deposited together with the metals, leaving a meso-
porous structure when the polymer is dissolved. Furthermore, Ni and Pt
are fully miscible under equilibrium conditions, where ordered fcc
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phases are possible for certain compositions [17].

Ni-Pt is therefore a promising material for different catalytic pro-
cesses and has been synthesized through wet chemistry by various
means involving multiple steps, creating different architectures such as
thin films, nanoparticles, nanowires and foam structures. One way is
the spontaneous deposition of Pt onto previously electrodeposited
porous Ni or onto Ni foam to maximize the surface area, and leading to
Pt enrichment only at the surface, where it is needed [18]. The sub-
sequent deposition of Ni and Pt may also be used for producing nano-
particles to obtain a high surface-to-volume ratio [19].

Another method is the direct reduction from solution containing a
reducing agent, creating Ni-Pt nanoparticles [20-22]. Ni-Pt may also
be produced via lyotropic liquid crystal media formed by high con-
centrations of a surfactant, which is able to induce mesoporosity
[23,24].

Finally, a one-step method is available to produce homogeneous
single-phase Ni-Pt, as has been shown for a dense film [25]. In this
work, that procedure is combined with the use of an amphiphilic sur-
factant in order to induce mesoporosity, which has not been docu-
mented for Ni-rich alloy electrodeposits so far. Advantages of this
method are the one-step co-deposition of the alloy, where only the re-
moval of the surfactant is necessary after the deposition.

2. Experimental

The electrodeposition was carried out using an aqueous solution
with the following contents:

e 200 mM NiCl,

o 3mM Na,PtClg'6 H,O

e 200 mM H3BO3

e 25 mM NH,Cl

e 10 g/1 Pluronic P-123 with an average molecular weight M,, of 5800.

All chemicals were of analytical grade and used as-received without
purification. Additionally, HCl was added to adjust the pH to 2.7. This
pH had been determined as stable; it was experienced that when using
the electrolyte at a higher pH, the pH dropped during usage.

In the aqueous solution, the triblock copolymer Pluronic P-123
forms micelles above its critical micelle concentration [26], which—-
together with the metal cations—migrate toward the cathode and ac-
count for the mesoporosity. Boric acid serves as a pH buffer, i.e. to
prevent the local rise of pH at the cathode during electrodeposition
[27]. Ammonium chloride also buffers the pH and the ammonium ion
complexes both Ni [28] and Pt [29], which is intended to provide a
better co-deposition of Pt and Ni.

A three-electrode set-up was used, with an Ag|AgCl 3M KCl re-
ference electrode and a platinum wire as counter electrode. The three
electrodes were connected to an Autolab 302N potentiostat/galvano-
stat. A jacketed cell was used to keep the solution at 30 °C during de-
position and the solution was de-aerated with nitrogen gas before each
deposition. A volume of 50 ml of solution was used for deposition.

For characterization of the electrolyte, vitreous carbon was used as
the working electrode and cyclic voltammetries (CVs) were conducted
with a lower limit between —0.9 and —1.3V and an upper limit of
1.3V vs. Ag|AgCl at a scan rate of 50 mV/s. Vitreous carbon is com-
monly chosen because it does not undergo any oxidation or reduction
within the applied potential range. The CVs were recorded for a series
of different concentrations of NiCl, in the electrolyte, namely 0, 50,
100, 150 and 200 mM. The potential was scanned from —0.2V vs.
Ag|AgCl toward the negative cathodic limits and afterwards reversed
toward the positive direction.

For deposition of the thin films, the substrate functioning as
working electrode was a Cu-coated Si wafer with a Ti adhesion layer,
both grown by sputter deposition, with a working area of 0.2 cm?. Layer
thicknesses were about 10 nm for Ti and 200 nm for Cu. The deposition
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was carried out potentiostatically while stirring the solution at 200 rpm,
applying a potential in a range between —1.3 and —0.6V, with de-
position times ranging from 30s (—1.3V) to 180s (—0.6 V). Since the
current density decreased when moving toward less negative deposition
potentials, the deposition time was scaled up in order to obtain similar
deposition charges and therefore similar film thicknesses for all sam-
ples. After the deposition, the remaining polymer was removed from
the deposited film by ultrasonic cleaning in ethanol for 10 min. The
films were then rinsed with acetone, ethanol, and water.

Since the deposition was easily performed, replicas were fabricated
whenever needed for a specific analysis, so that effects of aging due to
oxidation could be minimized.

In order to study the effects of the porosity, dense Ni-Pt films were
electrodeposited by preparing the identical electrolyte with the excep-
tion of the P-123 triblock copolymer. Films were deposited under
identical conditions at deposition potentials of —1.2V (30s), —1.0V
(30s), —0.9V (605s) and —0.7 V vs. Ag|AgCl (120 s). During ultrasonic
cleaning in ethanol after the electrodeposition, it was witnessed that,
unlike the porous films, the dense films detached from the substrate in
many cases. Since in this case it was not necessary to dissolve any
polymer, the ultrasonic cleaning was omitted for the dense films which
were only rinsed in ethanol.

Dense and mesoporous pure Pt films were electrodeposited to
compare their HER activity with that of the Ni-Pt films. The electrolyte
for the deposition of dense Pt contained 3 mM Na,PtClg:6H,0, 200 mM
H3BO3; and 200 mM NacCl, with a pH of 3.4. The same contents were
used for the deposition of mesoporous Pt, adding 10 g/1 of Pluronic P-
123, and the pH was 2.8 in this case. As for all other deposits, the
electrodeposition was done at 30 °C while stirring. Dense Pt films were
deposited at —0.7 V vs. Ag|AgCl for 600 s whereas mesoporous Pt films
were grown at —0.6 V vs. Ag|AgCl for 2400s.

HER characterization was conducted in the same set-up, using 0.5 M
H,S04 as electrolyte, an Ag|AgCl reference electrode filled with 3M
Na,S0, in the outer jacket and a graphite rod as counter electrode. The
temperature was adjusted to 25°C and the solution was de-aerated
before each HER process. This process was set to 200 cycles from —0.15
to —0.5V vs. Ag|AgCl with a scan rate of 50 mV/s for a series of Ni-Pt
samples with different Ni to Pt ratios, the pure Pt films, and a bare
substrate (with the Cu seed layer). In the case of the Cu layer, only 50
sweeps were performed.

The measured potentials vs. Ag|AgCl were converted to RHE scale
according to the following equation (Eq. (1)):

Erue = Eagiaga + 0.059pH + ERg\AgCl 1)

where Eryg is the converted potential vs. RHE, Eﬁg‘ Agal 18 0.210V at
25 °C, and Eag|aga is the experimentally measured potential against the
Ag|AgCl reference electrode.

For determination of the electrochemical surface area (ECSA), pre-
liminary measurements performed in 0.5M H,SO, have provoked the
oxidation and dissolution of the Cu seed layer, and thus did not lead to
meaningful results. In order to avoid this problem, the measurements
were performed in 0.5M NaOH. Since the mechanism of hydrogen
adsorption on Ni-Pt in alkaline media might be different from that in
acidic media, the results have to be treated with caution, however the
general trend should persist for alkaline as for acidic media. The ECSA
of the samples subjected to HER was determined by cycling the po-
tential between —1.05 to —0.43V vs. Ag|AgCl in 0.5M NaOH starting
in positive direction after polarization for 5 min at —1.35V, integrating
the positive current density related to the adsorption of hydrogen [9].
The charge densities of a monolayer related to hydrogen were taken as
514uC/cm? for Ni and 210 uC/cm? for Pt. The charge density of a
monolayer was therefore calculated for each Ni/Pt ratio by multiplying
the atomic fraction of each element with their corresponding charge
density.

The thin films were analyzed as-deposited and after HER by scan-
ning electron microscopy (SEM) coupled with energy-dispersive X-ray



K. Eiler, et al.

spectroscopy (EDX) on a Zeiss Merlin electron microscope to prove
mesoporosity and to obtain the Ni to Pt ratio of the films, as well as to
observe potential surface modification due to HER testing. Imaging was
performed using the InLens detector with an acceleration voltage of
1-2kV, while an acceleration voltage of 20 kV was used for EDX, where
two different areas of roughly 300 um by 200 um (at a magnification of
1000) per sample were analyzed.

Cross-sections for transmission electron microscopy (TEM) were
prepared by mechanical grinding, polishing, and subsequent ion pol-
ishing with a 5keV Ar ion beam for a total of 5 h. Analysis of the cross
sections was performed on a JEOL JEM-2011 TEM using an acceleration
voltage of 200kV in both bright field and diffraction mode.

As-deposited thin films were dissolved in aqua regia consisting of
HNO;3; (100%, v/v) and HCIl (37%, v/v) in a ratio of 1:3 in volume and
subsequently analyzed by inductively coupled plasma optical emission
spectroscopy (ICP-OES) to determine the absolute mass of both Ni and
Pt in the films, disregarding other elements such as oxygen. The
equipment used was a Perkin-Elmer model Optima 4300DV. A blank of
the solution, as well as the solution where an uncoated substrate had
been immersed in, were added to the ICP-OES analyses. In addition, an
aliquot of the sulfuric acid solution used in HER experiments was
analyzed for one of the thin films to determine whether Ni or Pt are
dissolved after cathodic polarization.

Grazing incidence X-ray diffraction (GIXRD) was conducted for
phase analysis of the films in a 26 range from 38° to 62° on a Malvern-
PANalytical X’pert Pro MRD diffractometer. A Rietveld refinement was
performed using the software MAUD for phase determination [30].

X-ray photoelectron spectroscopy (XPS) was performed on a PHI
5500 spectrometer on samples with three different Ni to Pt ratios (Ni
contents of 98, 84, and 61 at%) as well as on a sample after HER, in-
itially containing 84 at% Ni. The measurements were performed
without any surface preparation and after Ar ion sputtering for 30 s. For
each measurement, a survey spectrum was recorded as well as the detail
spectra for the line positions of Cls, Ols, Ni2p and Pt4f. The energy
calibration was done by setting the binding energy of the Pt4f;, line to
71.3 eV. Monochromated Al-K, radiation with an incident angle of 45°
was used as source. The fitting was done using the software XPSPEAK,
applying a Shirley background and a Lorentzian-Gaussian ratio of 30%
in all cases.

Contact angle measurements were performed in a Femtobiomed
Smartdrop surface analyzer using the sessile drop method on all me-
soporous samples previously subjected to HER. Droplets of ultrapure
water of 3l each were used.

3. Results and discussion
3.1. Characterization of the electrolyte

All CVs were scanned at first toward negative potential to reduce
metal ions in solution at the working electrode and then toward positive
potential to oxidize the deposit. Effects of the NiCl, concentration in the
electrolyte are investigated while all other concentrations are kept
constant (Fig. 1).

For the deposition of the coatings, the zone of reduction is im-
portant for defining the range of deposition potentials. When com-
paring the CVs for the solutions containing Ni(II) and Pt(IV) to the one
containing only Pt(IV), the large reduction peak at negative potential
can be attributed to Ni(II) discharge. With increasing Ni(II) con-
centration, the reduction current density increases and the deposition
onset for Ni-Pt (i.e. simultaneous reduction of Pt and Ni ions) shifts
toward more positive values. At a NiCl, concentration of 200 mM, the
cathodic current seems to be split into three cathodic waves. The ex-
istence of multiple peaks for each element may be caused by Pt and Ni
reducing to different oxidation states, e.g. metallic Pt and Ni as well as
oxides or hydroxides which are detected in XPS (as shown later).
Additionally, the evolution of hydrogen contributes to the cathodic
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Fig. 1. CV of the electrolyte on a vitreous carbon electrode as a function of
NiCl, concentration under stagnant conditions. Electrolyte contains
(0-200) mM NiCl,, 3mM Na,PtClg'6H,0, 200 mM H3BO3, 25 mM NH,CI, and
10 g/1 Pluronic P-123. The initial sweep toward negative potential is displayed
by continuous lines while the subsequent sweep toward positive potential is
displayed by dashed lines. Insets show the regions of initial (upper left) and
ongoing reduction (lower right).

current.

If the CV of the Ni-free solution is zoomed in the region of the onset
of deposition, two reduction peaks are observed, located between —0.3
and —0.4V as well as around —0.8 V vs. Ag|AgCl (Fig. 1, upper inset).
These peaks can be attributed to Pt deposition and the reduction of
protons on deposited Pt, respectively [31]. The potentials for deposition
were therefore chosen in the range where the reduction takes place,
roughly between —1.3 and —0.6V vs. Ag|AgCl. Due to the agitation
during deposition, reduction starts at slightly more positive potentials
than in the CV which was recorded under stationary conditions. More
negative potentials were excluded due to disturbance by intense hy-
drogen co-evolution.

In the zone of oxidation toward positive potentials, three separate
oxidation peaks are observed for the Ni-containing solutions (Fig. 1).
Oxidation currents at negative potential are assigned to the formation
of Ni(OH), [32]. The peak at 0V vs. Ag|AgCl is attributed to hydrogen
adsorption [33]. At 0.4V vs. Ag|AgCl, Ni(OH), is oxidized to NiOOH
[32]. The oxidation at 0.8 V vs. Ag|AgCl may be attributed to the su-
perficial oxidation of Pt [34]. The absence of oxidation peaks in the CV
of the Ni-free electrolyte may be related to its significantly lower con-
ductivity. For a NiCl, concentration of 200 mM, a detachment of the
deposited film at the working electrode was observed by the naked eye
at around 0.8 V vs. Ag|AgCl, resulting in an abrupt decrease of oxida-
tion current density at this potential, otherwise the oxidation peak
should reach at least the charge of the one for 100 mM NiCl,.

Except for the CV with lower limit at —0.9V showing only an
oxidation peak around OV vs. Ag|AgCl, all other CVs show a combi-
nation of at least three oxidation peaks, with slightly varying position
(Fig. 2). Assuming that—despite the shift in position—the oxidation
peaks belong to identical oxidation processes, there are no new phases
created from —1.05 to —1.3V vs. Ag|AgCl. The shifts in position and
differences in oxidation charge may be the result of varying composi-
tion of a Ni-Pt phase. The presence of multiple peaks may be due to
oxidation to hydroxides or oxides with different oxidation levels of the
metal. At positive potentials, Pt can oxidize to PtOH and PtO around
0.8V and more positive [34], while Ni already oxidizes to Ni(OH), at
negative potentials and further to NiOOH at a potential of 0.4V [32].

Preliminarily, the constituents and concentrations of the electrolyte
had been changed until the quality of the deposited thin films had been
satisfactory from which point the composition had not been altered

57



K. Eiler, et al.

100 N
R
80 o LA
——-1.05V i
60 - —-11V e
—-12V i 4
— 4 / '
T 7 —aav F 48
!
S 201 @ dnn %,
N
£ ] S
-20 4
-40 4
-60 4
-80 T T T T 1
-1.0 -0.5 0.0 0.5 1.0

E vs Ag/AgCl (V)

Fig. 2. CV of the electrolyte on a vitreous carbon electrode as a function of the
applied cathodic limit for the electrolyte used for electrodeposition containing
200 mM NiCl,. The initial sweep toward negative potential is displayed by
continuous lines while the subsequent sweep toward positive potential is dis-
played by dashed lines.

further.

The CV of the electrolyte used for deposition of dense Ni-Pt films,
where the triblock copolymer Pluronic P-123 was omitted from the
bath, shows only little difference to that of the electrolyte used for
preparation of the porous films (Fig. 3). The only significant difference
is the onset of reduction—apparent as a shoulder—which occurs at a
more positive potential when the triblock copolymer is not present.
Here, the surfactant may hinder the reduction initially, causing the
observed shift.

3.2. Deposition of mesoporous Ni-Pt films

During electrodeposition, the current density was recorded over
time. Since higher negative potential produced higher current densities
(j, Fig. 4) and therefore higher deposition charges, the deposition times
were adjusted accordingly to prepare thin films with comparable
thickness which resulted around 200-300 nm. Current efficiencies were
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Fig. 3. CV of the electrolytes with Pluronic P-123 for preparation of porous
films and without the triblock copolymer for preparation of dense films, on a
vitreous carbon electrode. The initial sweep toward negative potential is dis-
played by continuous lines while the subsequent sweep toward positive po-
tential is displayed by dashed lines.
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Fig. 4. Current densities recorded at different deposition potentials during
potentiostatic electrodeposition of mesoporous Ni-Pt films on Si/Ti/Cu sub-
strates from the optimized electrolyte under stirring conditions.

determined by comparing the theoretical mass of the deposits according
to Faraday's laws of electrolysis, using the deposition charge (integrated
current), with the mass determined by ICP-OES. The average current
efficiency was 70 + 5% while showing no dependence on the applied
deposition potential, inferring that hydrogen co-evolution was kept low
during the deposition. Between the deposition potentials of —1.1 and
—0.9V, the current density changes significantly, attributed to the high
slope in the CV between these potentials (cf. Fig. 2).

3.3. Chemical composition of the Ni-Pt films

By changing the deposition potential, the Ni/Pt ratio in the films can
be adjusted. The more negative the deposition potential, the more Ni-
rich is the resulting thin film, indicating that Ni discharge proceeds
under charge-transfer control (Fig. 5). Dense and mesoporous films
deposited under identical conditions lead to comparable Ni/Pt ratios.
The atomic percentages of Ni and Pt were calculated from their masses
obtained by ICP, disregarding any other possible contents such as O or
H. The level of oxygen was monitored by EDX; it is observed that the
content of oxygen is slightly higher for films deposited at less negative
potentials. In any case, the overall oxygen level is generally low (Fig. 5).
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Fig. 5. Variation of Ni and O content with deposition potential in dense and
mesoporous Ni-Pt films as determined by ICP (Ni) and EDX (O). Deposition
times were 30's for deposition potentials between —1.3 and —1.0V, 60s for
—0.9 and —0.8V, and 120s for —0.7 and —0.6 V vs. Ag|AgCl. The effect of a
reduced deposition time of 15 s is shown for the deposition potential of —0.9 V.
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Fig. 6. EDX spectrum for mesoporous Ni-Pt film deposited at —0.6V vs.
Ag|AgCl on Si/Ti/Cu substrate.

The chemical composition is not exclusively a result of the deposi-
tion potential but also the deposition time. For a deposition potential of
—0.9V vs. Ag|AgCl, the Pt content was 14 at% after 15s and 8 at%
after 60 s of deposition time. Thus lower deposition times lead to higher
fractions of Pt in the films, indicating that the fraction of Pt in the alloy
is higher close to the substrate, i.e. a gradient of composition is estab-
lished throughout the thickness of the coating. However, this effect has
only been observed for deposition potentials of —0.9V and more po-
sitive.

The oxygen content measured by EDX is not limited to the film due
to the low film thickness and the high information volume of char-
acteristic X-rays. The overall oxygen content reaches from 1 at% for Ni-
rich films up to ca 10% for the films with lower Ni content. In EDX, all
elements of the substrate (Si, Ti and Cu) are detected as well as C, O,
and Cl in low quantities (Fig. 6).

3.4. Morphology

The observable morphology of the mesoporous Ni-Pt films changes
with the deposition potential; therefore the deposition potential de-
termines not only the composition but also the morphology of the films.
A homogeneously distributed mesoporosity with globular pores in the
order of 10 nm is clearly observable for all applied deposition potentials
(Fig. 7).

The films deposited between —1.3 and —1.2V vs. Ag|AgCl feature
polyhedral grains, leading to higher surface roughness. In addition, the
micrographs of the rougher films give an idea of the grain size, which is
of the order of 50-100 nm. At —1.1 V the polyhedral grain morphology
tends to vanish and for deposition potentials from —1.0V and less
negative, the grain size cannot be resolved and the surface roughness is
very low.

The dense Ni-Pt films show homogeneous microstructures. Those
deposited at more negative potential exhibit coarser grains and thus a
higher roughness (Fig. 8). Therefore it is clear that the change from
coarse, polyhedral grains to fine grains observed on the mesoporous
Ni-Pt films is related to the applied potential rather than an effect
imposed by the P-123 block copolymer.

From the TEM cross-section, the homogeneously porous character
throughout the thickness of the thin film is observed (Fig. 9a). Toward
the interface of the film with the substrate, the contrast decreases due to
increasing thickness of the cross-section. By SEM, the layered structure
with the Si substrate, the Cu layer and the Ni-Pt film is observed, to-
gether with the uniform film thickness which was determined as
280 = 8nm (Fig. 9b).

3.5. Phase analysis

The XRD patterns show the {111} and {200} reflections for a single
fcc phase, along with the reflections of the fcc-Cu seed layer (Fig. 10a).
The formation of a single phase for Ni-Pt can be understood on the
basis of its negative heat of mixing [35]. With increasing Pt content, the
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Fig. 7. SEM micrographs of mesoporous Ni-Pt thin films deposited at (a)
-1.3V, (b) —1.2V, (¢) —1.1V, (d) —-1.0V, (e) —0.9V, (f) —0.8V, (g)
—0.7V, (h) —0.6V vs. Ag|AgCL

peaks shift toward lower angles, i.e. higher cell parameter, due to the
higher cell parameter of Pt with respect to Ni. At a Ni content around
80 at%, the peaks of the Ni-Pt phase are superposed on those of the Cu
seed layer.

The existence of a single phase should be beneficial for HER,
especially when intended for use in acidic media. A two-phase alloy
would immediately act as a galvanic cell when subjected to an
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Fig. 8. SEM micrographs of dense Ni-Pt thin films deposited at (a) —1.0 V and
(b) —0.7V vs. Ag|AgCL.

Fig. 9. (a) TEM and (b) SEM micrograph of cross-section of mesoporous Ni-Pt
thin film deposited at —0.9V vs. Ag|AgCl.
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taken at cross-section of mesoporous 92 at% Ni thin film.

electrolyte, leading to the dissolution of the less noble phase. In the case
of separate deposition of Ni and Pt, the former would be dissolved
preferentially.

In the selected area electron diffraction (SAED) pattern obtained by
TEM, rings attributed to {220} and {311}-planes are observed, con-
firming the existence of the fcc phase (Fig. 10b). The occurrence of
continuous rings demonstrates the nanocrystallinity of the Ni-Pt phase,
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Fig. 11. XPS core-level spectra for 84 at% Ni mesoporous Ni-Pt thin film as-
prepared on (a) Cls, (b) Ols, (c¢) Ni2p position.

in agreement with the very broad peaks present in the XRD patterns
with exception of the thin film with 98 at% Ni, which shows narrower
peaks caused by a bigger crystallite size in accordance with the mi-
crostructure (Fig. 7b).

3.6. XPS analysis

3.6.1. Initial surface state of the films

XPS was carried out on mesoporous Ni-Pt films containing 61, 84
and 98 at% Ni. The XPS survey spectra of the thin films are dominated
by the emissions of C and O, indicating the surfaces’ covering by or-
ganics. The Cls emission is split into three contributions (Fig. 11a),
while the Ols emission appears as a single line (Fig. 11b).

The majority of C is attributed to covalent C—C bonds at 284.5eV.
The line at 286 eV is primarily attributed to alcohols, but may as well
originate from C—N bonds. The emission at 288 eV may originate from
ketones or carboxyl groups [36,37]. The presence of alcohols and ke-
tones may be due to remnants of ethanol and acetone used for cleansing
the surfaces.

The Ni2p core-level spectrum shows a contribution of metallic Ni
(852.5eV), and Ni(OH), (856 eV), which accounts for the majority of
Ni present at the surface (Fig. 11c) [38,39]. The Pt4f emissions at the
surface show both metallic Pt and platinum hydroxide (as shown later).

3.6.2. Chemical state after sputtering

After sputtering, the emissions of Cls and Ols are significantly re-
duced on all samples (not shown).

The Ni2p emissions for the three different film compositions in-
crease with the Ni content (Fig. 12). In all cases, the majority of Ni is



K. Eiler, et al.

878 874 870 866 862 858 854 850

20000 FT T T T T T T ™
a) Raw Intensity
Peak Sum
.2 Background
2 t—ni
Y | ——nio

f Sat: §

20000 F

=

Counts

20000

o

Counts

878 874 870 866 862 858 854 850
Binding energy (eV)

Fig. 12. Ni2p core-level XPS spectra for mesoporous Ni-Pt films containing (a)
61 at% Ni, (b) 84 at% Ni, (c) 98 at% Ni after Ar ion sputtering.

metallic, as shown by the origin of the emission line at 852.5eV. A
second emission line is observed with its center around 854 eV, at-
tributed to NiO [38]. The Ni(OH), detected before sputtering is there-
fore exclusively present on the surface, i.e. a natural surface hydroxide
due to exposure to normal atmosphere or the contact with water. In
contrast, the NiO present after sputtering may have been produced
during electrodeposition, or due to an oxidation through the porosity
with limited access to oxygen. In any case, the results prove that the
films are mostly metallic.

Regarding the Pt4f emission lines, an expected increase in intensity
with increasing Pt content is observed (Fig. 13). Additionally, the
emission lines of Ni3p are apparent for all three samples. The emission
lines of the Cu3p doublet at 75 and 78 eV, respectively, complicate the
interpretation for the sample containing 61 at% Ni. The presence of Cu
on this sample is indicated by the Cu2p emission of the survey spec-
trum, which was significantly higher than for the other samples thus
indicating a lower film thickness for this composition. The emission at
72 eV is attributed to platinum hydroxide [37]. The fraction of Pt bound
in hydroxides increases with increasing Pt content of the sample.

3.7. HER performance

After the first cycles of HER, the sweeps recorded overlap until the
end of the experiment at cycle 200. As a general trend, the HER activity
with regard to the geometric area increases with increasing Pt content.
The difference between porous and dense films is not as significant as
could be expected, though porous films show higher activity than dense
films with similar composition. However, the influence of the compo-
sition is dominant. Most notably, all Ni-Pt films show a better behavior
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Fig. 14. 200th cycle of HER in 0.5M H,SO, at a scan rate of 50 mV/s for all
tested samples. The current has been normalized by the geometrical area.

than the films containing only Pt (Fig. 14). The HER activity of the pure
Pt films is lowest of all, the porous Pt film showing slightly higher ac-
tivity than the dense one. It must be noted that no effort was made in
order to optimize the electrodeposition of pure Pt; and it is reported
that chemically prepared Pt can yield very different and poorer beha-
vior at HER when compared to Pt prepared by vacuum methods [40].
An advantage of dense Ni-Pt alloy over a pure Pt film is not expected.
On the substrate (Cu layer), the activity was one order of magnitude
lower than on the Pt films.

The Tafel slopes of the mesoporous Ni-Pt films obtained from the
HER polarization curves exhibit Tafel slopes between 49 and 63 mV/
dec (Fig. 15), showing that the process is not limited by the Volmer
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Fig. 15. Tafel slopes for mesoporous and dense Ni-Pt and Pt films obtained
from the HER polarization curves.

reaction but by one of the possible desorption steps. The lowest slope of
41 mV/dec is reached by a dense film with 79 at% Ni. The Tafel slope is
with 217 mV/dec (mesoporous) and 134 mV/dec (dense) significantly
higher for the Pt films.

The overpotential required to obtain a current density of —10 mA/
cm? is with —0.09 V vs. RHE lowest for the mesoporous film with 84 at
% Ni and the dense film with 79 at% Ni (Table 1). For the pure Pt films,
—10mA/cm? was not reached within the measured potentials.

For HER in acidic media, mostly Pt has been investigated, and a
commercial Pt/C catalyst is a common reference, exhibiting
no < 50mV with a Tafel slope of b = 30mV/dec [41]. Other pure
metals have been investigated in acidic media, including iridium, silver,
copper and cobalt [2]. Generally, the other noble metals show good
activity at HER, such as iridium, reaching #,o = 56 mV and b = 35mV/
dec [42]. Several heterogeneous materials, especially phosphides, are
gaining interest at HER in acidic media, often reaching ;o below
100mV [43] and generally showing comparable performance to the
Ni-Pt films reported here.

The electrochemical surface area is related to the charge consumed
in the hydrogen adsorption peak up to 0.55 V vs. RHE [9]. This ad-
sorption peak changes its form with the Ni/Pt ratio of the films. In
comparison with the ECSA of the pure Pt film, most mesoporous films
do not show a higher ECSA (Fig. 16). Similar curves were obtained for
the dense films, also indicating that the ECSA of the mesoporous films is
not higher compared to those obtained for the dense films. Comparing
the values of the obtained roughness factors Ry, it can be concluded that
the electrochemical activity of the Ni-Pt films is mostly determined by
their Pt content (Table 1).

Table 1

Overpotential 5, required for HER activity of —10 mA/cm?, roughness factors
Ry for determination of ECSA and Tafel slopes b for mesoporous and dense Ni-Pt
and Pt films.

Ni (at%) n1o (V vs. RHE) R¢ b (mV/dec)
Mesoporous

98 -0.14 6 62
95 -0.14 4 63
94 -0.12 16 59
92 —-0.10 71 62
84 —0.09 83 49
0 (Pt) - 13 217
Dense

98 —0.14 29 65
93 -0.13 18 66
91 —-0.11 29 42
79 —-0.09 94 41
0 (P) - 6 134
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Fig. 16. Cyclic voltammetries of mesoporous Ni-Pt and Pt films recorded at
50mV/s in 0.5 M NaOH for determination of ECSA.
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Fig. 17. 200th cycle of HER in 0.5M H,SO, at a scan rate of 50 mV/s for all
tested samples normalized by the ECSA.

ECSA normalised current density (mA/cm?)

A normalization of the HER activity by the ECSA shows that the
highest efficiency at HER with regard to the ECSA is reached for the
mesoporous film containing 95 at% Ni (Fig. 17). The dense Ni-Pt films
show similar activities for HER between 1 mA/cm? and 4 mA/cm? at
-0.3V.

Although the mesoporous Ni-Pt films with 95 at% Ni and 94 at% Ni
are nominally very similar in composition, their difference in electro-
catalytic performance results mainly from the fact that they have been
synthesized at different electrodeposition potentials, i.e. —1.1 and
—1.0V vs. Ag|AgCl, respectively. A pronounced difference in the mi-
crostructure is observed between these two compositions with a higher
grain size for 95 at% Ni, leading to changes in the ECSA (cf. Fig. 7c and
d). Furthermore, the thickness of the 95 at% Ni film is slightly higher
due to the higher deposition current (cf. Fig. 4).

Again, the pure Pt films exhibit by far the poorest behavior when the
ECSA is taken into account. Compared to the results obtained by XPS, it
is seen that the fraction of Pt(OH), is lower when the Ni content is
higher, and large for high Pt contents (Fig. 13). The poor performance
of the Pt thin film may be the result of a large fraction of hydroxides of
this film, which may block catalytic activity [44].

Regarding the Ni-Pt films, superficial Ni(OH), is reported to show
improved HER activity in comparison with purely metallic Ni [45], i.e.
the HER activity of the Ni-Pt films may be influenced by different
fractions of Ni oxides on the surfaces. An increase of catalytic activity
due to Ni(OH), is not observed here; the effect of Pt hydroxides is
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Fig. 18. Variation of HER current at —0.3 V in 0.5 M H,SO4 with the number of
cycles for mesoporous Ni-Pt films with varying Ni content.

apparently predominant.

Pure Pt and Pt-rich Ni-Pt nanowires have been reported to show
activities of over 60 mA/cm? at —0.10 V vs. RHE and an 7,0 of —0.03 V
vs. RHE [12].

In view of the maximum current reached at each cycle, the films
with Ni contents from 94 to 98 at% show an initial decrease of activity,
and a stabilization of the current density thereafter (Fig. 18). For 84 at
% and 92 at% Ni, the performance is rather steady, with a slight im-
provement over the first cycles. This activation may be related to the
removal of superficial organics observed in XPS (cf. Fig. 11). Also, the
samples show very different magnitudes of variation in the current
reached: for the lower Ni contents (and higher HER activities), the
variation is much larger. The observed variations in current may be
related to the high hydrogen production, where the produced hydrogen
gas partially blocks the surface from the electrolyte. A measurement of
the contact angles with water did not reveal any significant differences;
the contact angle was 110° for 98 at% Ni and 96° for 84 at% Ni, the
other films exhibiting contact angles in between those two. Thus, the
differences in behavior at HER cannot be related with the wettability of
the mesoporous films.

The high reproducibility of HER on the mesoporous alloy films is
exemplarily shown for the film with 84 at% Ni by comparing different
cycles; the recorded curves overlap almost perfectly and show very little
variations (Fig. 19). The high reproducibility is observed for all Ni-Pt
films.

3.8. Post-HER analysis

Upon microstructural analysis, the morphology of the films remains
unchanged after the HER tests. The porosity is conserved as before
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Fig. 19. HER cycles in 0.5M H,SO, at a scan rate of 50 mV/s for mesoporous
Ni-Pt film with 84 at% Ni. The current has been normalized by the geometrical
area.
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Fig. 20. Morphology of mesoporous Ni-Pt film with (a) 95 at% Ni and (b) 84 at
% after 200 cycles of HER in 0.5M H,SO,.

(Fig. 20).

In EDX, a decrease of a few atomic percent Ni in relation to Pt is
observed for the samples with Ni contents of 94 at% and below. From
the solution used for HER of a film of 84 at% Ni, an aliquot was with-
drawn for ICP analysis and both Ni and Pt were detected in the solution
at 7% of the mass of the film, in a relation close to the composition of
the film. Thus, some leaching of material into the solution occurs,
however, there is no significant change in the Ni/Pt ratio, indicating
that Ni is not preferentially etched in relation to Pt. Due to the fact that
HER is reproducible over 200 cycles, this leaching is either limited to
the initial cycles during HER, or an extremely slow process. The sta-
bility of the Ni-Pt films is critical when immersed into H,SO4 without
any polarization, where selective etching of Ni was detected (around
20% of the Ni in the films was dissolved). The exposure of Ni-Pt films to
H,SO, without polarization should therefore be limited to a minimum.

The core-level XPS spectrum of Ni2p of a sample with 84 at% after
HER exhibits a lower fraction of Ni(OH), in comparison to the as-pre-
pared state (Fig. 21). Relating the area of the peaks for Ni(OH), to those
for metallic Ni, the fraction of oxide on the surface without any sput-
tering is 60% after HER and 75% in the as-prepared state.

By analogy, the Pt4f emission line shows a reduced fraction of Pt
(OH), after HER (Fig. 22). The fractions of Pt bound in hydroxide are
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Fig. 21. Ni2p core-level XPS surface spectra for mesoporous Ni-Pt thin film
with 84 at% Ni (a) subjected to HER, (b) in the as-prepared state.
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Fig. 22. Pt4f core-level XPS surface spectra for mesoporous Ni-Pt thin film with
84 at% Ni (a) subjected to HER, (b) in the as-prepared state.

41% after HER and 53% as-prepared. The lower emissions of Pt(OH),
and Ni(OH), indicate a reduction of the metal hydroxides on the surface
during HER, and the reduced amount of Pt hydroxide may be re-
sponsible for the increasing current over the initial cycles of HER.
Especially PtOH has been reported to block the activity of catalytical
processes [44]. On Ni surfaces, NiH formation has been observed to
limit HER in alkaline solution [46]. It is also possible that Ni(OH), has
reformed after HER under atmospheric conditions.

Cls and Ols emissions do not show any significant differences be-
fore and after HER. However, it is possible that—analogous to Ni
(OH),—organics are removed during initial cycles of HER and subse-
quently re-establish on the surface since XPS analyses were conducted
ex situ after HER tests.

4. Conclusion

Mesoporous Ni—Pt thin films have been successfully deposited using
a one-step micelle-assisted electrodeposition process from a re-
producible and stable electrolyte. The films are single phase (Ni-Pt
solid solution) as determined by GIXRD. The composition is easily ad-
justable in a range of 100-60 at% (or 30 wt%) Ni by adjusting the de-
position potential and time. Especially in the range of low Pt contents,
the composition can be adjusted very accurately. The mesoporosity on
the order of 10 nm is homogeneously distributed independent of the
composition in a nanocrystalline microstructure with higher crystallite
sizes and roughness for films with Ni contents close to 100%. The films’
thickness is on the order of 200-300 nm.

All produced Ni-rich thin films yield reproducible HER activity in
0.5M H,S0, over 200 cycles, showing increasing activity by geometric
area following the Pt content of the films up to a maximum Pt content
of 26 at%. The mesoporosity does increase the activity with regard to
dense films, however the effect is only moderate and a significant in-
crease in the ECSA is not observed. Through the normalization by
ECSA, effects of porosity and surface passivation are eliminated, al-
lowing a better comparison of the electrocatalytic performance of the
material. The most effective mesoporous film composition with respect
to ECSA was found to be of 95at% Ni, i.e. containing only 5 at% Pt,
showing that an optimum performance is already reached with a very
low amount of Pt. However, the ECSA is low for 95 at% Ni and must be
further improved in order to fully exploit the limits of the material. A
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better performance, i.e. a higher ECSA, may be reached with a higher
pore size, or a hierarchically porous structure. Chemical analysis after
HER indicated some leaching of both Ni and Pt which will be in-
vestigated by corrosion measurements, since it is not clear if this pro-
cess is only initial or constantly ongoing. Due to the reproducibility of
the HER measurements, the leaching of Ni and Pt is either initial or a
very slow process which does not influence the performance. If leaching
needs to be absolutely avoided, it may be necessary to execute HER in
less acidic or alkaline media. Nevertheless, HER in acidic media proved
to be feasible and reliable for all compositions, even when the thin film
contained only 1 at% Pt.
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In this work, the mechanical and magnetic properties of the previously
developed Ni-Pt thin films are studied. Rietveld refinement is used to de-
termine the crystallite sizes which are in the lower nanometre range and
account for high hardness of the thin films. Furthermore, the synthesis is
extended to thin films with higher Pt contents with the aim to synthesise
a series of thin films with different Curie temperatures below, near to, and
above RT.

The demonstrated single-phase nature of both mesoporous and dense thin
films leads to linear relations of T, Mg, and—in the case of mesoporous
films—H, with the composition. Therefore, the magnetic properties of the
alloy films can be directly tuned by the electrodeposition potential, making
the system attractive for application in magnetically actuated MEMS where
specific magnetic properties are required.
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Homogeneous mesoporous Ni-rich Ni—Pt thin films with adjustable composition have been synthesised

by one-step micelle-assisted electrodeposition. The films exhibit a face-centred cubic solid solution

(single phase) and their magnetic and mechanical properties can be tuned by varying the alloy compo-

sition. In particular, the Curie temperature (T¢) is shown to decrease with the Pt content and thin films

with a Tc close to room temperature (i.e. NisgPts2) and below can be produced. Hysteresis loops show a

decrease of saturation magnetisation (M) and coercivity (H.) with decreasing Ni content. A comparison of

porous and dense films reveals significantly lower saturation magnetic field strength for porous films.

Concerning mechanical properties, mainly two trends can be observed: a decrease of the Young's
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1 Introduction

The ability to adjust the magnetic properties of a system
without drastically changing other physical properties—such
as electrical, mechanical or thermal properties—is beneficial
for application in magnetic micro- and nanoelectromechanical
systems (MEMS/NEMS), where para- and ferromagnetic phases
need to be in electrical contact while ensuring mechanical
compatibility between different components." If there is a low
difference in composition between the paramagnetic and the
ferromagnetic phase, there will be only little difference in elec-
trical conductivity—thus avoiding local heating—, a low mis-
match in thermal expansion—avoiding excessive thermally
induced interfacial stresses—and good mechanical integrity.>
Single-phase alloys have the potential to prevent these pro-
blems from occurring intrinsically, and—in the case of full
miscibility—do not undergo phase transition and avoid temp-
erature-induced formation of secondary phases.” Additionally,
an electrical contact between two phases of similar compo-
sition is less susceptible to atmospheric corrosion caused by
humidity.

“Departament de Fisica, Universitat Autonoma de Barcelona, 08193 Bellaterra
(Cerdanyola del Vallés), Spain. E-mail: konrad.eiler@uab.cat, jordi.sort@uab.cat
PInstitucié Catalana de Recerca i Estudis Avangats (ICREA), 08010 Barcelona, Spain

This journal is © The Royal Society of Chemistry 2020

modulus of the nanoporous films with respect to dense films by 10% in average and a progressive increase
of Young's modulus with the Ni content from 4.2 GPa to 5.7 GPa in both types of films. The tunability of
properties and facility of synthesis make this alloy a promising material for microelectromechanical

Electrodeposited soft magnetic alloys are widely used as
writing heads for hard disks, where the main requirements
include corrosion resistance, low stress and thermal stability.*
For many applications, soft ferromagnetic materials with Curie
temperature (7¢) close to room temperature (RT) are of interest
in order to reduce energy consumption during storage and
access of data.

A T¢ close to RT also allows to study the magnetic behaviour
in this temperature region without applying heat, helping to
advance in the theoretical models to understand the magnetic
phase transition effects. In general, T; can be tailored by
varying the content of a ferromagnetic element in a solid solu-
tion comprising ferromagnetic and paramagnetic elements. In
this work, Ni-Pt is used to that purpose. While Pt is an excel-
lent corrosion resistant material, Ni provides ferromagnetic
properties. Moreover, Ni has a high abundancy and provides
mechanical stability and electrical conductivity. This makes
Ni-Pt a multifunctional alloy whose properties can be tuned
by the composition, rendering it ideal for application in mag-
netic MEMS or NEMS. Ni and Pt promote the formation of
single-phase alloys due to their full miscibility, given their
identical lattice structure (fcc) and their comparable atomic
radii.”

Compared to coarse-grained materials, nanocrystalline
metals and alloys exhibit larger yield stress and hardness due
to enhanced dislocation pile-up at grain boundaries (Hall-

Nanoscale, 2020,12, 7749-7758 | 7749
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Petch strengthening).® Using suitable conditions for electrode-
position, nanocrystalline films can be readily obtained, thus
improving the mechanical properties without compromising
any other properties.”*

Mesoporous materials, due to their high surface-to-volume
ratio, are generally of interest in biomedicine, water remedia-
tion, catalysis, and energy storage and conversion devices such
as batteries and fuel cells.”*® In the case of nanoporous mag-
netic materials, the coercivity can be reduced by applying
voltage, due to large electric charge accumulation effects on
the surface (converse magnetoelectric effect).* Again, this can
reduce the energy consumption during writing of information
in magnetic storage media and other magnetically actuated
devices."”

Furthermore, the interest in the biomedical field and bio-
MEMS is growing.” Here, mesoporous materials are appealing
for application in drug delivery since the pores may act as
reservoirs for the drugs to be delivered."®

Nanoporous materials are often superhydrophobic (and
oleophilic), a property that may be utilised in water remedia-
tion (i.e. oil decontamination). If the material is at the same
time ferromagnetic, it can easily be retrieved from the water
and thereby recycled for multiple usage.'”"'®

The formation of a single-phase alloy generally depends on
the thermodynamics of the system; the phase diagram and the
mixing enthalpy for the element pair being suitable indicators
as to whether a single-phase alloy can be obtained. The Ni-Pt
phase diagram shows full miscibility with the existence of
ordered phases, and an approximately linear dependence of T¢
on composition, reaching 373 K (100 °C) at 26 at% Pt."® Ni-Pt
exhibits a negative mixing enthalpy,®® favouring the formation
of a single phase. However, especially by electrodeposition the
stabilisation of metastable phases is possible.

Another requirement for alloy electrodeposition is that the
deposition potentials of the two elements need to be
sufficiently close together; complexing agents are commonly
used to shift the deposition potential for one of the elements
in order to approach the deposition potential of the other and
thus achieve their co-deposition.” The use of a polymeric sur-
factant to introduce nanoporosity can interfere with the crystal
growth of the metallic film,*" eventually changing the micro-
structure and leading to phase separation. A general issue in
the electrodeposition of metallic films is also the incorpor-
ation of oxygen and hydrogen, leading to the formation of
oxide/hydroxide phases®®*® and hydrogen embrittlement, to
which Ni is rather susceptible.”*

Single-phase dense Ni-Pt films have already been electrode-
posited from K,PtCl, containing solution at acidic pH for the
purpose of oxygen reduction reaction in the full compositional
range.””

Here, the synthesis of Ni-Pt thin films is accomplished
using the well-described mechanism of micelle-assisted elec-
trodeposition to introduce porosity.’*® In this one-step depo-
sition process, a block copolymer forms micelles when its con-
centration in water is above the critical micellar concentration
(cmc), and the metal ions assemble at the exterior (hydro-

7750 | Nanoscale, 2020, 12, 7749-7758
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philic) part of the micelles. The latter are thus co-deposited
when the metal ions are reduced at the working electrode. The
polymer can later be easily dissolved, leaving a mesoporous
metallic film behind.

Since mostly magnetic properties of the Ni-Pt system are
investigated here, this work focuses on Ni-rich alloys of the Ni-
Pt system. A dependence of T, M and H. on the composition
(Ni,Pt,_,) is observed, as well as progressive variation in their
mechanical properties. The nanocrystalline, single-phase
material is characterised for both mesoporous and dense mor-
phology, revealing that the mesoporosity influences both the
magnetic and mechanical behaviour.

2 Experimental

The electrodeposition of mesoporous Ni-Pt films was carried
out using an aqueous solution containing 200 mM NiCl,,
3 mM Na,PtCls-6H,0, 200 mM Hz;BO;z;, 25 mM NH,CI, and
10 g 17! Pluronic P-123 (average molecular mass M, = 5800).
HCl was added to adjust the pH to 2.7. For the deposition of
dense films, the block copolymer P-123 was omitted while
keeping the concentration of all other chemicals constant.

A three-electrode set-up with an Ag|AgCl 3 M KCl reference elec-
trode and a platinum wire as counter electrode was used while the
temperature during deposition was kept at 30 °C. All given poten-
tials refer to the Ag|AgCl electrode. De-aeration with nitrogen gas
was performed before each deposition, and the deposition was
performed while stirring the electrolyte at 100 rpm.

For electrodeposition, silicon substrates were metallised
with a 10 nm Ti adhesion layer and a 200 nm Cu seed layer,
both deposited by sputter deposition. The back of the sub-
insulating due to the presence of SiO,.
Potentiostatic deposition, using potentials between —1.3 V and
—0.6 V and deposition times from 30 s to 180 s, were applied
using an Autolab 302N potentiostat/galvanostat to deposit
films with different Ni to Pt ratios. Since the deposition rate

strates was

was higher for more negative potentials, the deposition time
was adjusted for each deposition potential in order to obtain
similar film thickness for all compositions. In practice, this
meant increasing the deposition time when moving towards
more positive potentials (Fig. 1). After deposition of the porous
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Fig. 1 Deposition rate and faradaic efficiency of mesoporous Ni—Pt
films as a function of the applied deposition potential.
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films, the block copolymer was removed by ultrasonic cleaning
in ethanol for 10 min.

In order to determine the faradaic current efficiency, the
theoretical mass (Mncoretical) Of @ NiyPt(;_y) film was deter-
mined assuming that all current measured during the depo-
sition process corresponds to the reduction of the metal ions

(eqn (1)).

: MND) |y x>M<Pt>> J't ide (1)

Mtheoretical = 1 (x Z(Ni) Z(Pt) o
where F is the Faraday constant, x is the atomic fraction of Ni
in the deposit, M(Ni) and M(Pt) are the molar masses of Ni
and Pt, z(Ni) = 2 and 2(Pt) = 4 are the numbers of electrons
supplied for the reduction of a Ni, and a Pt ion, respectively. i
is the measured current and ¢ is the deposition time.

Together with the real masses of the deposits determined
by ICP-MS (see below for the procedure), which also allowed
the determination of the atomic fractions of Ni and Pt, the far-
adaic efficiency is determined by the ratio of the real and the
theoretical mass Myea/Meoretical-

For determination of the deposition rates, the real masses
of the deposits were used to estimate their density, from which
the total thickness was calculated. Thus the deposition rates
reported show the total thickness divided by the deposition
time.

The synthesised Ni-Pt thin films were analysed by scanning
electron microscopy (SEM) coupled with energy-dispersive
X-ray spectroscopy (EDX) on a Zeiss Merlin electron micro-
scope. Imaging was done at an acceleration voltage of 1-2 kV
using an InLens detector to the existence of
mesoporosity.

Transmission electron microscopy (TEM) was performed on
a Jeol JEM-2011 electron microscope with an acceleration
voltage of 200 kV working in bright field and diffraction mode.
Sample preparation for TEM was performed by making a
cross-cut of a mesoporous sample with a diamond saw. By
grinding and polishing with a final diamond polish of 1 pm
particle size, the thickness was reduced to about 30 pm.
Finally, Ar ion milling with an energy of 5 keV was performed
at an angle of 8° for several hours to reduce the thickness
locally to a few nanometers. For the preparation of the cross-
section of a dense Ni-Pt film, a lamella was cut using a
focused ion beam SEM (FIB-SEM).

Grazing incidence X-ray diffraction (GIXRD) was conducted
on a Malvern-PANalytical Xpert Pro MRD diffractometer using
Cu-K, radiation for phase analysis of the films in a 26 range
from 38° to 62°. Rietveld refinement was performed using the
software MAUD*’ in order to determine the lattice parameter
and crystallite size for each composition.*

The mechanical properties of the films, i.e. hardness (H)
and reduced Young’s modulus (E,), were evaluated by nanoin-
dentation. The continuous stiffness measurement (CSM) tech-
nique was used since it allows the assessment of depth-depen-
dent properties of materials in a single step. The method
involves applying a dynamic (oscillatory) load on top of a static

reveal
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load while the material is penetrated in order to determine the
continuous stiffness, which is then further processed to calcu-
late H and E,.*!

E, can be seen as a combined modulus of the tested sample
and the indenter (eqn (2)).*?

1 1-v® 1—y°
E.  Es E;

(2)

where v is the Poisson’s ratio and the indices r, s and i stand
for reduced, sample and indenter, respectively.

The nanoindentation tests were carried out with a
Nanoindenter XP from MTS using a Berkovich-shaped
diamond tip with E; = 1140 and »; = 0.07. Due to the large
Young’s modulus of the indenter in comparison with most
metals, the difference between E, and Es is usually within a few
per cent. The CSM mode was applied with a harmonic displa-
cement of 2 nm and a harmonic frequency of 45 Hz. The
experiments were performed in displacement control mode,
with a strain rate of 0.05 s~ up to a maximum penetration
depth of 100 nm. The Poisson’s ratio v was assumed to be 0.3.
Sixteen indents, separated by 10 pm each, were performed on
each sample from on top (on the films’ surfaces).

Magnetic hysteresis loops were recorded at RT in-plane and
out-of-plane by vibrating sample magnetometry (VSM) on an
LOT-QuantumDesign MicroSense VSM up to 20 000 Oe. VSM
was also used for measuring the temperature dependence of
the magnetisation in the saturated regime at 1000 Oe in order
to determine Tc, using nitrogen gas flow to control the temp-
erature. After first measurements of 7, the deposition poten-
tial was refined in the range between —0.70 V and —0.60 V to
obtain films with a T in the desired range. All thin films were
subsequently dissolved in aqua regia for chemical analysis by
ICP-MS using an Agilent 7500ce spectrometer to obtain the
exact compositions of the Ni-Pt films, and to normalise the
measured magnetic moment by the total mass of Ni and Pt for
each sample. T was determined by the two-tangent method,
applying tangents to the linear parts of the M-T (magnetisa-
tion over temperature) curve both below and above the mag-
netic transition and taking 7. at the point of their
intersection.®

3 Results and discussion
3.1 Chemical composition

The composition of the synthesised thin films is determined
by the electrodeposition parameters, mainly the deposition
potential. Since Pt(iv) deposits at less negative potentials than
Ni(u), the Ni content increases when the potential is more
negative (Table 1). The same trend was observed by Liu et al.
during the electrodeposition of dense Ni-Pt films from a
different bath formulation.*® Progressive enrichment in Ni as
the applied potential was made more negative was
accompanied by an increase in the deposition rate up to —1.2
V (Fig. 1). The compositions of the dense thin films are similar
to their porous counterparts deposited under the same con-
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Table 1 Composition of dense and mesoporous Ni—Pt films produced
at given deposition potentials and determined by ICP-MS

Composition
Deposition potential [V] Porous Dense
-1.3 NigoPty
1.2 NiogPt, NiggPt,
-1.0 NigsPts NiosPt,
-0.9 Nig,Ptg Nig; Pty
-0.8 Nig,Pty6
—-0.7 NiyPtoy NiyoPt,;
-0.6 Nig; Ptso

ditions, i.e. the composition is not influenced by the presence
of the P-123 triblock copolymer for a given potential. All per-
centages of Ni and Pt in this work, ranging from 61 at% Ni to
99 at% Ni, are given in atomic percentage. For the film compo-
sitions, oxygen or other impurities are not taken into account,
however those were monitored by EDX and the oxygen content
never exceeded 10 at% (note that in EDX, it is not possible to
discriminate whether the oxygen originates from the film or
the substrate layers). Current efficiencies determined for the
mesoporous Ni-Pt films were between 65% and 85% for all
deposition potentials except —0.6 V, where the current
efficiency was 47% (Fig. 1).

3.2 Microstructure

All films deposited from the electrolyte containing P-123
exhibit a homogeneously distributed mesoporosity (Fig. 2).
The thin films containing 99% and 98% Ni have a clearly
visible grain structure with an appreciable roughness (Fig. 2a
and b). For 95% Ni, a rough surface without perceptible grain
structure is observed (Fig. 2c), while the films ranging from
94% to 61% Ni are smoother, since no topographic contrast
other than the one caused by the porosity is visible.
Furthermore, those films do not show any apparent grain
structure on the nanoscale, and they are highly mesoporous
with a narrowly distributed pore size on the order of 10 nm.
The microstructures of the dense films show the continuous
surfaces with an appreciable, low roughness (Fig. 3).

On a cross-section of a Nig,Ptg thin film, the porosity over
the full film thickness is observed by TEM, together with the
Cu seed layer (Fig. 4a). Underneath the Cu layer, the Ti layer
and Si substrate are visible. The irregular shape of the film
suggests that the film surface has been partially removed
during ion polishing. SEM micrographs of this cross-section
reveal the film’s homogeneity at surface level and the film
thickness is around 280 nm (Fig. 4b).

At high resolution, crystal planes become visible and indi-
cate the nanocrystalline structure of the thin film (Fig. 5). A
few nanometre thick layer covers the surface of the thin film,
which may be a surface oxide, or a damaged layer caused by
amorphisation of the metal due to the ion beam polishing
during preparation.

In the cross-section of the dense Nig; Pty film, a film thick-
ness of ca. 250 nm is observed (Fig. 6a). Similar to the meso-
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Fig. 2 SEM micrographs of mesoporous Ni—Pt thin films (a) NigoPty, (b)
NiggPtz, (c) NigsPts, (d) NigsPte, (€) NigoPtg, (f) NigaPtis, (g) NizgPtas, (h)
Nig1Ptso acquired by InLens detector.

porous film (Fig. 5), its nanocrystalline morphology is revealed
in high resolution conditions (Fig. 6b).

3.3 Phase analysis

The diffraction patterns obtained by GIXRD show an fcc
single-phase solid solution with a cell parameter between
those for fcc Ni and fec Pt (as indicated by the discontinuous
lines in Fig. 7) for all compositions. The diffraction patterns of
the Ni-Pt films are superposed on the reflections of the fcc Cu
seed layer (Fig. 7).

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 SEM micrographs of dense Ni—Pt thin films (a) NiggPts (b)
Nigs Pty acquired by InLens detector.

Fig. 4 (a) TEM and (b) SEM micrograph of a cross-section of meso-
porous Nig,Ptg thin film.

Fig. 5 High resolution TEM micrograph of a cross-section of meso-
porous NigPtg thin film with selected crystal planes indicated. The
corresponding fast Fourier transform (FFT) image for the entire zone is
shown as an inset on the top left.

Remarkably, there is no apparent difference in the diffrac-
tion patterns between dense and porous films of identical
composition, i.e. the porosity has very little or no influence on

This journal is © The Royal Society of Chemistry 2020

Fig. 6 TEM micrographs of dense Nig;Pty thin film (a) over the full
cross-section and (b) under high-resolution conditions.

§i —— Raw Intensity

In'ctznslty"Irz (a.u.)

40 42 4 a6 48 50
2 Theta (degree)

Fig. 7 GIXRD diffraction patterns of Ni—Pt thin films showing the
deconvolution of the Ni—Pt (green) and Cu (red curve) phases after
Rietveld refinement for (a;) NiggPt,, (ay) dense NiggPt,, (b) NigyPts, (c)
Nig4Ptie, (d) dense NizoPtsy, (€) NizgPtas, (f) NigiPtsg. With exception of
(az) and (d) all films are mesoporous.

the structure (¢f. Fig. 7, by comparing curves a; and a, or d
and e).

Upon increasing Pt content in the alloy, the diffraction
peaks shift towards lower diffraction angles, indicating a pro-
gressive increase in the cell parameter. The cell parameter of
the Pt-Ni phase obtained by Rietveld refinement scales linearly
with the alloy composition, thus following Vegard’s law.**
However, there is a tendency towards cell parameters slightly
higher than expected (Fig. 8). This effect was also observed by
Kumar et al.,*® and related to the size mismatch due to the
different atomic radii of Ni and Pt. Similar deviations, ascribed
to the presence of tensile microstrain, have been documented
for electrodeposited Ni films.*®

With the exception of the film containing 98 at% Ni, the
reflections of the Ni-Pt phase are significantly broadened due
to the small crystallite size. The Rietveld refinement returned
crystallite sizes on the order of 5 nm for Ni contents between
61% and 92%, and 50 nm in the case of NiggPt,. Similar
values are obtained for dense films, hence the nanocrystalli-
nity resulted entirely from the electrodeposition parameters
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Fig. 8 Dependence of cell parameter a on composition of Ni—-Pt thin
films as determined in this work as well as by Kumar et al.>® Values for
pure Ni and Pt are included as a reference.®”

Table 2 Crystallite sizes of representative Ni—Pt thin films obtained by
Rietveld refinement of their respective GIXRD patterns

Composition Morphology Crystallite size [nm]
NiggPt, Porous 41

NiggPt, Dense 53

Nig,Ptg Porous 7

Nig,Pty6 Porous 6

Ni;oPty; Dense 5

Ni;Ptsy Porous 5

Nig1Ptzg Porous 6

and electrolyte composition (Table 2). The presence of the
P-123 surfactant did not provoke or influence the formation of
a nanocrystalline structure. It can be concluded that differ-
ences in behaviour between mesoporous and dense films are
entirely related to effects of porosity, since there are no other
structural differences apparent.

The nanocrystalline nature of the films is also demon-
strated by TEM under diffraction conditions, showing that
crystals are oriented in all possible directions within the cross-
section (Fig. 9).

3.4 Mechanical properties

Representative curves obtained from nanoindentation tests
display the dependences of E;, and H on the penetration depth

{422}
(222}
—{220}
—{111}

—{200}
—{311}
{331}

Fig. 9 Selected area electron diffraction pattern taken at a cross-
section of mesoporous Nig,Ptg with the Miller indices of the diffraction
rings indicated.
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Fig. 10 Representative curves of (a) the reduced Young's modulus and
(b) hardness as a function of the nanoindenter’s penetration into the
surface for selected dense and porous thin films.

into the surface for selected samples (Fig. 10).
Nanoindentation measurements may have some influence
from the substrate. It is commonly accepted that if the
maximum penetration depth is kept lower than one tenth of the
overall film thickness, the contribution of the substrate can be
disregarded.>* Considering the experimentally determined film
thickness of approximately 280 nm for the Ni-Pt films, the con-
tribution of the substrate may not be neglected for penetration
depths higher than 30 nm. Nevertheless, since the film thick-
ness is similar for all compositions, the influence of the sub-
strate on the obtained mechanical properties may be considered
similar for all samples, and thus the observed trends in E, and
H are representative of the films’ properties.

For a given composition, the dense films show a higher
Young’s modulus than their porous counterparts, as expected
due to their higher density (Fig. 10a). The decrease of hardness
and Young’s modulus with porosity is a well-documented
effect.’**° The relation between the Young’s moduli of the
porous and bulk materials is given by

2

P

Eporous = C1Epuik <M> (3)
Pbulk

This journal is © The Royal Society of Chemistry 2020
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where C; is a geometry constant close to 1.* In turn, hardness
is directly related to the yield stress ¢ according to H = 3¢ for
metals, which has been confirmed to hold for a nanoporous,
single-phase metallic material.*> The relation between the
yield stress of the porous and dense counterparts is the
following

Pporous 3
Oporous — C20bulk — (4)
Phulk

where C, is equal to 0.3.*' Therefore, porosity has a more
drastic influence on the Young’s modulus than on hardness
since, as shown in the equations above, Eporous/Epuik i pro-
portional to (pporou:s/[)bulk)2 (Where pporous//’bulk is the relative
density of the material), whereas hardness is proportional to
(/Jporous/pbulk)3/2. Comparing the results for mesoporous and
dense Ni-Pt films, the Young’s modulus shows a stronger
influence of porosity than the hardness (Fig. 11). Indeed, the
decrease in hardness due to the occurrence of porosity is only
apparent for the NiggPt, film. For the rest of compositions, the
hardness of the porous films is equal or slightly higher than
for their dense counterparts.

Comparing the reduced Young’s moduli of porous and non-
porous films with similar composition using eqn (3), the rela-
tive density is different for each composition. From the micro-
structures it can be assumed that the mesoporosity introduced

a} 240 s T
m A dense . 6.0
2204 A o 4 mesoporous | m
L -5.5
. 200+ i
& 50 &
(5] )
= 180 | & T
w A o 4.5
¥ S
160 - a
. " 4.0
o
140 7 -
. 3.5
75 90 95 100
at-% Ni
b) 30 14 ,
%Q. 254 relative change in E | ®
2 204 ® relative change in H -
]
£ 15
.g 104 . .
LS
o o > 8
0 L T
75 90 95 100
at-% Ni

Fig. 11 Averaged reduced Young's modulus and hardness of porous
and dense Ni—Pt thin films (a) and the relative changes in E, and H intro-
duced by porosity, in percentage of the values determined for the dense
films (b), at a penetration depth of 40 nm.
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by the surfactant is constant over all compositions, however,
NiggPt, may have some additional porosity due to voids in-
between the grains (¢f. Fig. 2). For NiggPt,, the relative density
yields 61%, ie. a porosity of 39%. Contrarily, for the pair
Nig,Pts (porous) and NigzPt; (dense), the determined relative
density is 92% (and thus corresponding to a porosity of 8%).
The relative densities of the two remaining porous/non-porous
pairs (Nig,Ptg/Nig; Pty and Niy¢Pt,4/NisoPt,;) are 82% and 83%,
respectively.

An interplay between porosity, Ni/Pt ratio and grain size
may be appreciated in the Young’s modulus. As observed, E is
always larger in bulk solid films than in their porous counter-
parts. Also, the Young’s modulus tends to increase with the Ni
content in agreement with the rule of mixture of two different
elements where Ey; = 200 GPa and Ep = 172 GPa.” Grain size
might also have an influence on E but its effect should be neg-
ligible compared to the other two.

Depending on the state of annealing, the hardness of a
pure metal can vary significantly from a metallurgical view-
point. Generally, Ni bulk metal can reach a Vickers hardness
of 1.7 GPa in an annealed state, and 6.3 GPa in a hardened
state.” Concerning electrodeposited pure Ni, nanocrystalline
films with grain sizes (d) between 12 nm and 22 nm exhibit
hardness values between 3.9 (d = 22 nm) and 6.4 GPa (d = 14)
nm (ref. 43)—in this case, the high hardness is a result of the
nanocrystallinity. For Pt bulk material, the hardness values
vary between 0.4 GPa (annealed) and 2.1 GPa (hardened).” The
inversion of the Hall-Petch relationship due to a change in the
mechanism of plastic deformation was determined for nanocr-
sytalline Pt for grain sizes lower than 10 nm.**

The Ni-Pt films possess hardness values lying between 4
GPa and 6 GPa. The generally high values are a result of the
nanocrystallinity, however, internal stresses may also contrib-
ute to an increased hardness. In the compositional range
between 75% and 95% Ni, where the grain size is constant, a
trend of increasing hardness with increasing Pt content is
observed, which may be related to a solid solution strengthen-
ing. For NiggPt,, this trend is not continued and its higher
hardness may be the result of the difference in grain size (cf.
Fig. 2b and Table 2). It has been shown that below a grain size
of 14 nm, the breakdown of the Hall-Petch relationship is
reached for Ni.** Thus, apart from the NiogPt, films, all other
Ni-Pt films are subject to an inverse Hall-Petch effect, result-
ing in lower hardness values for those films.

An effect of the porosity on the hardness of the films in the
compositional range between 75% and 95% Ni lies within the
measurement uncertainty and cannot be observed (Fig. 10b
and 11a). Only for the composition NiggPt,, the hardness is
significantly lower when porosity is present.

3.5 Magnetic properties

In-plane hysteresis loops conducted by VSM show highest sat-
uration magnetisation M and coercivity H. for Ni-rich films,
both decreasing with Pt content (Fig. 12). A change of slope
(the orientation of magnetic domains is increasingly hindered)
occurring between the coercivity field and the saturation mag-
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Fig. 12 In-plane magnetic hysteresis loops for porous and dense Ni—Pt

thin films with different compositions.

netisation is observed for both mesoporous and dense films.
This effect is generally stronger for dense films—with the
exception of NiggPt, which shows the same behaviour as its
porous counterpart—indicating that the observed behaviour
may be caused by internal stresses which are less pronounced
in the porous films. In the case of NiggPt,, it is assumed that
internal stresses are minimised due to the fact that the
material is almost pure Ni and therefore the effect of stresses
due to dissolution of Pt (with a higher atomic radius) into the
Ni lattice is smaller.

The saturation magnetisation M; follows a linear trend with
the composition for all films. For a given composition, the
mass-normalised My is identical for both dense and porous
films. The same is true for the coercivity of the porous films
(Fig. 13). For NiogPt,, M, reaches 46 emu g™, approaching the
value for pure Ni of 54 emu g~* (ref. 45) and thus confirming
again that the oxygen content is negligible.

Comparing the behaviour along in-plane and out-of-plane
measuring directions, it is clearly observed that the magneti-
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Fig. 13 Dependence of saturation magnetisation Mg and coercivity H.
on composition of Ni-Pt thin films, taken from in-plane hysteresis
measurements. The linear trends for the mesoporous films are displayed
as dotted lines.
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cally hard axis lies out of plane, where the loops are strongly
tilted with respect to the in-plane direction. Therefore, the hys-
teresis loops of dense and porous films are dominated by
shape anisotropy. Here, the orientation of magnetic domains
normal to the plane is energetically unfavourable, and an
increased energy input (applied field) is needed to fully mag-
netise the films normal to the plane (Fig. 14). The out-of-plane
coercivity is lower, i.e. it is easier to demagnetise the material
in this mode compared to in-plane. Contrarily to the in-plane
mode, the out-of-plane hysteresis loops show a widening when
approaching saturation. This effect is generally observed in Ni-
rich alloy films—permalloy in particular—as the so-called tran-
scritical state.’® When the film thickness is sufficiently high,
magnetic stripe domains form by part of the magnetisation
orienting out of the plane (when applying an external mag-
netic field in plane) due to an anisotropy caused by in-plane
internal stresses.*

— Nig,Pt, porous in-plane
Nig,Pt, porous out-of-plane
- Nig, Pt, dense in-plane
Nig, Pty dense out-of-plane

-50 T T T T 1
-6000 -4000 -2000 0 2000 4000 6000
H (Oe)
Fig. 14 In-plane and out-of-plane magnetic hysteresis loops for two

selected dense and porous Ni—Pt thin films with similar composition.

10 4

M (emu/g)

340
T(K)

300 320

Fig. 15 Dependence of magnetisation on temperature of mesoporous
Ni-Pt thin films at 1000 Oe.

This journal is © The Royal Society of Chemistry 2020



Nanoscale

T (K)
g

200 48 ; , ; ;

at% Ni

Fig. 16 Curie temperature T¢ as a function of composition of meso-
porous Ni—Pt thin films. Tc for pure Ni is shown for reference. The
general trend is indicated by a dotted line.

The temperature scans reveal a phase transition of the Ni-
Pt alloys from ferromagnetic to paramagnetic state (Fig. 15).
The fact that a single transition is observed consolidates that
the structure of the films is indeed single-phase.

As a general trend, the magnetic transition and therefore
the Curie temperature shifts to lower temperatures for films
with higher Pt content. The magnetisation curve for NisgPt,,
shows only the final part of the phase transition, indicating
that its T is very close to RT (Fig. 15, violet curve).

The resulting values for T show a linear relationship with
the percentage of Ni (Fig. 16). The T was only determined for
those films where the magnetic transition appeared
sufficiently above the start of the measurement range (298 K).

4 Conclusions

Mesoporous and dense Ni-Pt thin films have been synthesised
by electrodeposition from aqueous media, achieving the meso-
porosity through micelle-assisted deposition with a block
copolymer. The composition of the thin films can be tuned in
a large range between NiggPt, and Nig, Pt by varying the depo-
sition potential, resulting in a single-phase Ni-Pt solid solu-
tion in all cases. The porosity is homogeneously distributed
for all compositions and the nanocrystallinity is not affected
by the porosity. Crystallite sizes are around 50 nm for the most
Ni-rich composition NiggPt,, and between 5-7 nm for the
other compositions. The mechanical properties are strongly
dependent on both porosity and composition. The ratio of the
reduced Young’s moduli suggests a porosity of around 18% for
Pt contents of 8 at% and more, whereas a porosity of 39% is
obtained for NiggPt,. Apart from the effect of porosity, the
reduced Young’s modulus shows a strong compositional
dependence, increasing with the Ni content. The measured
hardness shows the effect of solid solution strengthening, and
an effect of the microstructure in the case of NiggPt,, due to
the significantly different morphology and grain size at this
particular composition. The single-phase character also makes
it possible to tune the magnetic properties with the compo-
sition; T¢ can be adjusted to a desired value reaching from the
Tc of Ni (630 K) down to RT and below. Adjusting T¢ to RT
may allow to study the magnetic behaviour close to T, and

This journal is © The Royal Society of Chemistry 2020
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other possible effects such as a voltage-dependency of Tc.
Apart from T, the saturation magnetisation and—in the case
of the mesoporous films—also the coercivity scales with the
composition, thus facilitating to predict the magnetic behav-
iour for a certain composition and to easily select a suitable
composition in order to obtain the desired magnetic
properties.
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This work is the result of a collaboration and research stay at AGH Uni-
versity of Science and Technology, Krakéw, and focusses on electrochemical
characterisation and durability of Ni-Pt thin films in view of potential appli-
cations in both acid and alkaline environments. The article is centred on the
exploitation of the EMT, backed up by studies in a regular electrochemical
cell.

In 0.5 M H,S04 acidic media, 24 h of continuous HER leads to an initial
drop in overpotential, followed by a stabilisation. Failure of the system is
observed when the thin films are anodically polarised, so that reliable ap-
plication can only be guaranteed if cathodic potential is constantly applied.
In acidic media, the range of application is wider and only limited by an
irreversible surface passivation at 1.0 V vs Ag|AgCl. In addition, a redox re-
action is observed at lower anodic potentials between nickel hydroxide and
oxyhydroxide. This fully reversible redox reaction is enhanced with the Pt
content acting as an intrinsic catalyst and reveals another potential applica-
tion in the field of electrochemical (super)capacitors.
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Reliability and long-term performance are the key features of modern energy storage and conversion de-
vices. The long-term stability depends entirely on the electrochemical and corrosion properties of device
components. Single-phase mesoporous Ni-rich Ni-Pt thin films have shown to be a promising electrocat-
alyst for hydrogen evolution reaction (HER) and therefore with potential application in fuel cells, water
electrolysers or similar devices. The HER activity of the mesoporous Ni-Pt films is reliable and stable in
0.5 M H,SO4 up to 200 linear sweep voltammetry cycles, however leaching of Ni occurs in absence of
cathodic polarisation. Long-term electrolysis measurements at a HER current of -10 mA/cm? reveal an
increase in potential over time, which is minimised when the Pt content is increased. In 1 M NaOH, the
material is stable up to an applied anodic limit of 1.5 V vs. Ag|AgCl although surface passivation takes
place at 1.0 V. If the anodic limit does not exceed 0.6 V vs. Ag|AgCl, a fully reversible redox reaction is ob-
served by cyclic voltammetry, with redox charges increasing with Pt content and scan speed. In addition,
significantly higher current densities are recorded for mesoporous films compared to dense counterparts.
This charge/discharge behaviour of the redox reaction indicates that the mesoporous Ni-Pt films may as
well be used as an electrochemical supercapacitor. As a HER catalyst, the material is safely applicable in

alkaline media.

© 2020 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Efficient and sustainable electrocatalysts are needed to increase
the competitivity of hydrogen energy over conventional, polluting
power generation. Especially in acidic environments, such as pro-
ton exchange membrane fuel cells (PEMFC), where the stability of
the catalyst is critical, material selection and design is very im-
portant [1]. Since Pt is the most active but also expensive cata-
lyst, efforts are made in order to find a compromise between cost
and performance of the catalyst [2]. Alternatively, water electroly-
sis and fuel cells can operate in alkaline media as a less aggressive
environment for the catalyst [3].

Apart from the selection of a catalyst material, the structure of
catalysts is optimised in order to maximise their surface area while

* Corresponding author.
E-mail  addresses:  konrad.eiler@uab.cat, konrad.eiler@gmx.de (K. Eiler),
krawiec@agh.edu.pl (H. Krawiec), eva.pellicer@uab.cat (E. Pellicer).

https://doi.org/10.1016/j.electacta.2020.136952

minimising the amount of material [4]. This can be achieved by
synthesising materials with high surface-to-volume ratios such as
porous structures, nanoparticles, or nanotubes. Thin films, in spite
of their lower surface area, typically show higher specific electro-
chemical activity compared to nanoparticles [5].

Ni is a good candidate to partially replace Pt via alloying. Sev-
eral features related to the Gibbs free energy, electronegativity and
lattice mismatch point to a good electrocatalytic activity of Ni-Pt
alloys towards HER [6]. Ni is commonly used for the protection
of electrical contacts, and electrodeposited Ni coatings are often
used for corrosion protection [7,8]. For example, electrodeposited
Ni-based Ni-Co-B coatings have shown to improve the corrosion
resistance in a fuel cell environment compared to uncoated stain-
less steel and Al 6061 alloy [9]. Many Ni-based compounds have
been investigated for HER, however almost exclusively in alkaline
media [10-13].

A critical issue for Ni-rich alloys is hydrogen embrittlement,
which can occur especially in environments containing H,S, and
even during the hydrogen evolution reaction [14]. Electrodeposited

0013-4686/© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license. (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Ni films are especially susceptible to hydrogen embrittlement due
to interstitial, monoatomic hydrogen dissolved in the crystal lat-
tice [15]. However, this form of hydrogen embrittlement is re-
versible [16].

Single-phase mesoporous Ni-Pt thin films exploit both the in-
crease of surface area provided by the porous structure, as well as
a reduced usage of Pt via alloying with Ni. In a previous study,
Ni-rich films were produced by electrodeposition and thoroughly
characterised, showing excellent performance at HER in 0.5 M
H,S04 [17]. A good stability over 200 cycles of HER was reported
for Ni-Pt films with different compositions, ranging from 99 at%
Ni (1 at% Pt) to 61 at% Ni (39 at% Pt). Yet, their electrochemical
behaviour in acidic and alkaline media remains to be explored. In
view of their potential integration in PEMFCs, their long-term sta-
bility must be further assessed by corrosion studies to determine
if the mesoporous Ni-Pt thin films can be safely used in acidic me-
dia, or if an alkaline electrolyte is more favourable for long-term
stability instead.

Also, the effect of the composition on the electrochemical be-
haviour must be investigated. The selective dissolution in acidic
media, also known as leaching, is a common issue for Pt alloyed
with a transition metal [18], but may be hindered in single-phase
alloys, where the noble metal can protect the transition metal
atoms if its content is sufficiently high. Other strategies with the
intent to minimise the leaching of Ni include the synthesis of
core-shell structures with a Pt-rich surface protecting the Ni-rich
core [19]. The corrosion resistance of Ni-Pt alloys is expected to in-
crease with the Pt content. However, any effect of the mesoporos-
ity on the electrochemical behaviour needs to be investigated. For
instance, the porosity may lead to crevice corrosion due to differ-
ential aeration inside the pores [20].

This work focusses on the effect of composition (Ni and Pt
contents) and mesoporosity on the observed electrochemical be-
haviour, corrosion properties, and long-term stability of Ni-Pt al-
loy thin films. In order to assess the electrochemical properties
of Ni-rich Ni-Pt alloy thin films, the behaviour is studied both in
acidic (0.5 M H,SO4) and alkaline (1 M NaOH) electrolytes, two
media which are commonly used to study materials for acidic and
alkaline fuel cells. The studies were conducted by cyclic voltam-
metry (CV) and with the use of the electrochemical microcell
technique (EMT), which allows for multiple measurements on a
single sample, with the aim to identify the oxidation and reduc-
tion reactions occurring. In addition, electrochemical impedance
spectroscopy (EIS) was used to provide an understanding of the
corrosion resistance of the Ni-Pt films in acidic media. Although
cathodic potentials, which are usually not critical in terms of corro-
sion, are applied during HER, the electrode potential can rise well
into the range of oxidising potentials when not in operation [21].

2. Experimental

All electrochemical tests were performed on single-phase,
nanocrystalline Ni-Pt thin films with varying composition, both
with and without mesoporosity, which had been structurally char-
acterised elsewhere [17,22]. A series of dense and mesoporous Ni-
Pt films, ranging from 61 at% to 99 at% Ni, are investigated in the
present study (Table 1).

The samples consisted of a Si wafer sputter-deposited with a Ti
adhesion layer and a Cu seed layer, onto which Ni-Pt films were
grown (Fig. 1). The films were potentiostatically deposited from
an aqueous electrolyte, using a micelle-forming surfactant in the
case of the mesoporous films [17]. TEM analyses were performed
on a Jeol JEM-2011 at 200 kV acceleration voltage. Sample prepara-
tion was done by grinding, polishing and Ar ion milling (for meso-
porous Nig,Ptg) as well as by cutting with a focused ion beam (FIB,
for dense Nig;Ptg).
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Table 1
Composition and morphology of elec-
trochemically studied Ni-Pt thin films.

porous dense
NigoPt;

NigsPt, NigsPt,
NigsPts NigsPty
NigyPts Nig; Pt
Nig4Pti6

NizsPty4 NizgPty;
Nig; Pt3g

Fig. 1. Representative cross-sectional SEM micrograph of a Si/Ti/Cu substrate coated
with mesoporous Ni-Pt.

An Autolab 302N potentiostat/galvanostat was used to perform
all electrochemical tests. Initial CVs were performed in a con-
ventional three-electrode set-up using an Ag|AgCl reference elec-
trode (RE) and a platinum spiral as counter electrode (CE). HER in
0.5 M H,S0O4 was investigated by linear sweep voltammetry (LSV),
sweeping the potential from -0.15 V to -0.5 V vs. Ag|AgCl in an
identical set-up but with the use of a graphite rod as CE. For eval-
uation of the long-term stability at HER in 0.5 M H,SO4, a 24 h
long electrolysis was performed at a geometric current density of
-10 mA/cm?. Results obtained from these methods, which deal
with the characterisation of the whole films (as opposed to local
measurements) are hereafter denoted as global scale tests.

The EMT was used to study the electrochemical behaviour of
the Ni-Pt thin films in detail. Contrarily to its usual scope to study
single inclusions, grains, phases etc. [23], and due to the homo-
geneous, single-phase and nanocrystalline character of the Ni-Pt
thin films, this method was used here to study the overall repre-
sentative behaviour of the films locally, and, moreover, allowed to
perform multiple measurements on the same sample. Results from
this method are further denoted as local technique, local scale or
EMT.

The set-up consists of an optical microscope, into which the
electrochemical cell is mounted, and the sample functioning as
working electrode (WE) is placed on a conductive sample holder,
all placed inside a Faraday cage (Fig. 2). The samples’ surfaces were
electrically connected to the sample holder via copper tape. The
electrochemical microcell is filled with the electrolyte, a Pt wire is
used as CE and an Ag|AgCl electrode as RE. The electrolyte is con-
nected to the WE through a glass microcapillary with a tip diame-
ter of 50-200 pm. The tip is covered with a silicone gasket to pro-
tect the capillary and facilitate the contact with the WE [24]. Using
the objectives of the optical microscope, the area to be measured
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Fig. 2. Set-up of the electrochemical microcell. The tip of the glass microcapillary
is in contact with the metallic mesoporous Ni-Pt film.

was checked before each measurement in order to confirm that it
was homogeneous and free of defects or surface pollution.
The EMT was used in the following studies:

e CVs
e in NaOH from -0.5 V to 0.6 V and 1.5 V vs. Ag|AgCl
e in H,SO4 from -0.5 V to 0.5 V vs. Ag|AgCl

o EIS in H,SO4

EIS in NaOH did not yield any valid data since the currents were
below the detection limit. EIS was conducted in a frequency range
from 100 kHz to 3 mHz, after an equilibration time of 5 min at
open circuit potential (OCP), with an amplitude of 10 mV.

I
100 nm

The thin films were analysed before and after electrochemi-
cal measurements by scanning electron microscopy (SEM) coupled
with energy-dispersive X-ray spectroscopy (EDX) on a Zeiss Mer-
lin electron microscope to study the effects of exposure to acidic
and alkaline media on the microstructure and composition. Imag-
ing was performed using the InLens detector with an acceleration
voltage of 1-2 kV, while an acceleration voltage of 20 kV was used
for EDX.

For quantification of dissolution or leaching of the mesoporous
Pt-Ni thin films in sulfuric acid, the surfaces of NigsPts, Nig,Ptg,
and Nig4Ptig films were immersed in 0.5 M H,SO4 at OCP for
10 min and the solution was then analysed by inductively coupled
plasma mass spectrometry (ICP-MS) using an Agilent 7500ce spec-
trometer to determine the amount of dissolved Ni and Pt.

3. Results and discussion
3.1. Microstructural analysis

The TEM cross-sections of the mesoporous Nig,Ptg (Fig. 3a) and
dense Nig; Pty (Fig. 3b) films are shown for comparison. While the
latter shows its fully dense appearance, a homogeneous distribu-
tion of pores can be observed in the mesoporous counterpart. Film
thickness lies between 200 nm and 300 nm, which holds for all
compositions.

At high resolution, the nanocrystallinity of the films is re-
vealed (Fig. 3¢) and further confirmed by the selected area electron
diffraction (SAED) pattern, where the existence of arbitrary crystal
orientations of the single-phase fcc Ni-Pt alloy is shown (Fig. 3d).

3.2. HER performance at global scale
The performance of the Ni-rich Ni-Pt thin films at HER in 0.5 M

H,S04 (Eq. (1)) shows that hydrogen production is highly repro-
ducible, with very little changes up to 200 sweeps. Representa-

{222}
—{220}

—{111}

—{200}

—{311}
—{331}

Fig. 3. TEM micrographs of the full cross-section of (a) mesoporous Nig,Ptg and (b) dense Nig; Pty films; (c) high-resolution TEM micrograph and (d) SAED pattern of dense
Nig; Pty film with the corresponding planes of the fcc lattice indicated. The additional Pt layer visible in panel (b) results from the sample preparation by FIB.
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Fig. 4. Exemplary HER performance during 200 sweeps in 0.5 M H,SO, at a scan
rate of 50 mV/s for mesoporous NigsPt;s film (a). Evolution of potential over time
at constant HER current density of -10 mA/cm? for dense and mesoporous Ni-Pt
films (b). The current density values correspond to the current normalized by the
geometric area of the film.

tively for all compositions, the Nig4Pt;g alloy film shows the HER
during LSV, reaching current densities of up to 150 mA/cm? at —
0.3 V vs. reversible hydrogen electrode (RHE, Fig. 4a). A certain
deviation between individual sweeps is always obtained due to
the temporary blocking of the surface by hydrogen bubbles being
formed [17]. Comparable activity at HER in the same media has
been reported for mesoporous Pt-rich Fe-Pt films [25]. Thus, the
Ni-Pt films reported here are able to achieve the same activity at
HER with a significantly lower Pt content.
2H" 4 2¢- MB'y, )
Long-term electrolysis experiments indicate that the recorded
potential changes over time. Specifically, at constant operation at
-10 mA/cm?, it is observed that an increasingly cathodic potential
is needed to maintain the HER current (Fig. 4b). However, irrespec-
tive of composition or the presence of porosity in the alloy, this
potential stabilises over time and indicates that no further degra-
dation in performance is expected. The higher the Pt content in the
films, the lower is the resulting change in potential. An increase in
the overpotential required for HER and oxygen evolution reaction
(OER) at constant current density in macroporous electrodeposited
Ni has also been observed in alkaline media [26]. Contrarily, the
constant operation of Ni foam at HER in 0.5 M H,SO,4 at a fixed
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)

Fig. 5. (a) Mesoporous microstructure of NigsPt;s before and (b) after 200 sweeps
of HER in 0.5 M H,S04; (c) micrograph of the surface of mesoporous NizgPty,4 after
24 h at -10 mA/cm? with cracks indicated by arrows.

potential for 15 h revealed a shift of the current density towards
more negative values, which was related to a surface roughening
of the Ni foam [27].

3.2.1. Microstructural analysis after HER

The microstructure of the films after 200 sweeps of HER
appears unaltered compared to the as-deposited state (Fig. 5a,
b). Upon closer examination, the size of the mesopores appears
slightly bigger after HER experiments, suggesting the removal of
material such as oxides, hydroxides or other contaminants from
the surface. A comparison of EDX spectra before and after HER did
not reveal significant differences in the Ni/Pt ratios.

After the 24 h long electrolysis, cracking was observed in dense
and mesoporous Ni-Pt films (Fig. 5¢). In all cases, a slight decrease
in Ni content after the electrolysis was observed, in addition to
particles containing nickel and sulfur formed on the surface (pos-
sibly nickel sulfate), visible as white particles in Fig. 5c. Both these
effects are likely to be the origin of the potential increase observed
during electrolysis.

3.3. Verification of the applicability of the EMT

Although the Ni-Pt films are targeted for application in acidic
media, application in alkaline media is a possible alternative. Since
alkaline media is far less aggressive, it allows for non-destructive
electrochemical characterisation, and for validation of the set-up
and measurement parameters before the behaviour of the Ni-Pt
films in acidic media is studied. As aforementioned, a period of in-
operation of electrolysers may transiently cause the application of
oxidising potentials to the cathode and it is therefore important to
evaluate the electrochemical response of the catalyst in the anodic
range [21].
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Fig. 6. CVs of mesoporous NigsPt;g in NaOH on global (green) and local scale (blue)
in T M NaOH at a scan rate of (a) 100 mV/s and (b) 20 mV/s. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

In the CVs obtained from both global scale and local measure-
ments in NaOH, a redox reaction is observed within the potential
window from -0.5 V and 0.6 V (Fig. 6a). The oxidation and reduc-
tion peaks correspond with the redox reaction between Ni(OH),
and NiOOH (Eq. (2)) [28].

Ni(OH), + OH™ = NiOOH + H,0 + e~ @)

Both methods reveal the same redox reaction at similar current
densities, confirming that—due to the homogeneity of the Ni-Pt
thin films—the EMT technique is able to capture the films’ global
electrochemical properties. Using the local technique, the oxidation
and reduction peaks are wider with respect to the global tech-
nique, and the peaks are more separated. This observation is made
for all film compositions, and applies especially at higher scan-
ning speeds. This is probably due to the very small volume of the
electrochemical microcell, where the availability of species such
as OH™ is reduced and the kinetics are thus slowed and limited
by the diffusion of those species through the capillary as a very
constrained path. This effect is more significant at high scanning
speeds, where the depletion of species available at the electrode is
even faster.

At low scan rates with the local technique (i.e. 10 mV/s and
20 mV/s), progressive widening of the peaks makes it possible
to discriminate between two oxidation peaks which were not re-
solved on the global scale (Fig. 6b). The split into two oxidation

14 -
cycle 1
121 cycle 2
104 cycle 3
E 84 <08
~ £ s
< S04 -
5 5 E do——
=2 04l
4 00 02 04 06
/ E vs Ag/AgCl (V)
24
0‘——&:-— l "

0.0 05 1.0 1.5
E vs Ag/AgCl (V)

Fig. 7. Exemplary CV of a dense NigPt; film in 1 M NaOH at a scan rate of
100 mV/s and anodic limit of 1.5 V vs Ag|AgCl determined by EMT. The inset shows
a zoomed detail of the low current region where the redox reaction Ni(OH), =
NiOOH is expected.

peaks can be explained by both the oxidation of «- and 8-Ni(OH),
at different potentials [29] as well as the formation of NiOOH
with different crystallographic structures [30]. Indeed, a shoulder
to the right of the main peak was already observed using EMT at
100 mV/s (Fig. 6a).

3.4. Electrochemical behaviour in NaOH determined by EMT

The behaviour of the Ni-Pt films was studied in the potential
range between —0.5 V and 1.5 V vs Ag|AgCl. When the anodic po-
tential was as high as 1.5 V, a large oxidation peak centred around
1 V was observed for all samples (Fig. 7). After this large oxida-
tion peak was recorded, no further major oxidation or reduction
currents were observed within the entire potential window in the
subsequent cycles. However, microscopic analyses confirmed that
the Ni-Pt film was still intact and no dissolution had taken place.
Therefore, the large oxidation peak observed in the first cycle can
be attributed to a passivation of the film’s surface which could not
be reversed within the applied potential window and may be re-
lated to an irreversible oxidation of Pt [31,32]. In order to avoid
the effect of passivation on the redox reaction Ni(OH), = NiOOH,
the anodic limit was set to 0.6 V, resulting in a stabilisation of the
redox reaction (Fig. 8).

3.4.1. Characterisation of redox reaction Ni(OH), = NiOOH by EMT

The characteristics of the redox reaction (Eq. (2)) resolved by
the CVs show dependencies on the film composition, porosity, and
the scan rate. Although the redox reaction is determined to involve
the formation of Ni hydroxides/oxyhydroxides, the reaction is en-
hanced by the incorporation of higher amounts of Pt in the films
(Fig. 9). This may be related to the fact that Pt as an excellent elec-
trocatalyst is able to enhance electrochemical reactions on neigh-
bouring Ni atoms due to synergistic effects. In this way, the reac-
tion enhances while increasing the Pt content while the amount
of Ni atoms available on the surface decreases. As a result, there
should be a certain Pt content for which the maximum effect is
obtained.

In absence of porosity, the measured currents are significantly
lower. This difference is not as high as might be expected from the
difference in surface area between mesoporous and dense films,
but correlates well with the fact that the ECSA determined in a
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Fig. 8. Exemplary CV of a dense NigsPt; film in 1 M NaOH at a scan rate of
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Fig. 9. CVs of (a) mesoporous and (b) dense Ni-Pt films with varying composition
in 1 M NaOH at a scan rate of 10 mV/s.

previous study did not reveal significant differences between the
different film morphologies [17].

For the mesoporous Ni-Pt films with Ni contents of 84% and
lower (i.e. 61%, 76% and 84% Ni), a square root dependency is ap-
preciated between the peak oxidation (and reduction) current den-
sity and the scan rate (Fig. 10). The peak current densities were
taken from the peaks corresponding to Eq. (2) at approx. 0.4 V
(oxidation peak) and 0.3 V (reduction peak). In those cases where
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Fig. 11. CVs of dense Ni-Pt films in 0.5 M H,SO,4 at a scan rate of 100 mV/s. The
scan direction is indicated by arrows.

the relationship is linear, the redox reaction is diffusion-controlled
by the diffusion of OH™ in solution (cf. Eq. (2)). The highest ac-
tivity is observed for 76% Ni, the films containing 84% and 61% Ni
follow with similar activities. This observation consolidates the as-
sumption that Pt acts as an electrocatalyst for the reaction, and
thus there is a certain Pt content at which the electrochemical ac-
tivity of the surface towards the observed redox reaction between
Ni(OH), and NiOOH is the most active.

For higher Ni contents, the trend is not linear. Above a certain
scan rate of about 80-100 mV/s, the current stagnates, indicating
that the kinetics of the redox reaction becomes limited by another
factor. The peak reduction currents are generally lower than the
corresponding oxidation currents due to the generally wider re-
duction peaks (cf. Fig. 9). Nevertheless, the trends observed on the
reduction part of the reaction are equal to those on the oxidation.

The observed characteristics of the Ni-Pt films may be exploited
in application as an electrochemical supercapacitor. Although the
current densities are not comparable to those reported for Ni-
based electrochemical supercapacitors [33,34], an appropriate an-
odic oxidation treatment may achieve superior performance, taking
advantage of the enhancement provided by the addition of Pt.
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NizgPty; thin films in 0.5 M H,S0,4 at OCP.

3.5. Electrochemical behaviour in H,SO4 determined by EMT

Due to the high Ni contents in all films, a dissolution of Ni
takes place in sulfuric acid when anodic potentials are applied.
In the CVs of the dense films, this dissolution is predominant in
the first anodic sweep (Fig. 11). A similar observation had been
made during LSV experiments of electrodeposited Ni-P [21]. The
observed oxidation is most likely not exclusively the dissolution
of Ni (Eq. (3)), which is attributed to the highest oxidation peak
for all compositions, but also that of the underlying Cu, which has
its standard potential in this potential range and may thus be as-
signed to the smaller oxidation peak which appears as a shoulder
at 0.48 V for 93% Ni and at 0.66 V for 98% Ni [35]. The third, most
anodic oxidation peak can be referred to the oxidation or dissolu-
tion of Pt [35]. At the very beginning of the anodic sweep, nega-
tive currents related to proton reduction (i.e. HER) are clearly ob-
served, suggesting that hydrogen adatoms form on the surface and
are subsequently oxidised (Eq. (4)), thus contributing to the oxida-
tion current as well, especially at very low anodic potentials.
Ni — Ni** 4 2e~ (3)

H,y — H' +e”

(4)

Interestingly, the oxidation waves shift to more anodic poten-
tials with increasing Ni content of the films. Hence, the alloying
of higher amounts of Pt with Ni increases the surface activity for
electrochemical reactions, as seen before, but also accelerates the
dissolution of the material in acidic media under anodic polari-
sation. For the mesoporous films, the dissolution processes were
faster and immediately exposed the Cu seed layer which was dis-
solved simultaneously. This prevented a detailed analysis of the an-
odic processes taking place in sulfuric acid. In any case, an anodic
polarisation of the Ni-Pt films in sulfuric acid leads to dissolution
and failure of the films and must be avoided in application.

3.6. EIS analyses by EMT

Fig. 12 shows the Nyquist plots for both mesoporous and
dense Ni-Pt films after EIS at OCP in acidic media. In general, the
impedance increases with the Pt content.

The fitting for the EIS spectra was done by simulating an elec-
trical equivalent circuit with the solution resistance Rs, in series
with a parallel circuit of the charge-transfer resistance R¢; and the
double-layer capacitance Cy, whose behaviour is modelled by a
constant phase element (CPE), and represents a simplified Randles
circuit (Fig. 13) [36]. This model was used for the fitting of the
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Fig. 13. Electrical equivalent circuit used for the fitting of EIS spectra of the Ni-Pt
films.

Table 2

Solution resistance R, charge-transfer resistance R and
double-layer capacitance Cy determined by fitting of the EIS
spectra for mesoporous and dense Ni-Pt films.

composition Rs Ret Cqi

Q cm? Q cm? mF/cm?
mesoporous
Nigg Pty 82 + 1.5 200 + 40 35 + 06
NiggPt; 35 + 2 79 £ 5 27 £ 2
Nigs Pts 83 £ 05 16 £ 1 31 +£ 2
Nig4Ptg 84 + 03 420 £ 20 12 + 1
Nig, Ptg 60 + 03 100 + 10 46 + 2
NizgPtay 61 + 01 650 £ 10 41 + 1
Nig1 Ptsg 49 £ 01 550 £ 20 40 + 1
dense
NiggPt; 64 + 03 80 + 03 15 + 1
Nig3Pt; 53 +£ 0.1 96 + 2 17 + 1
Nig; Pto 54 +£ 02 130 + 10 26 + 1
NizgPtsy 74 £ 03 12 £ 1 46 + 02

spectra acquired in 0.5 M H,SO4 at OCP of all mesoporous and
dense Ni-Pt films.

The results of the fitting show that, expectably, the solution re-
sistance is similar in all cases, except for NiggPt; (Table 2). The
determined charge-transfer resistance is generally higher for the
mesoporous films, indicating that those are more resistant to cor-
rosion than the dense films. This is a counter-intuitive result, sug-
gesting that an increase in the surface area does not lower the
corrosion resistance of the Ni-Pt thin films. The highest charge-
transfer resistances is found for mesoporous Ni;gPty4 and Nig; Pt3g.
The double-layer capacitance, which depends mainly on the sur-
face area and the surface composition, indicates an increase with
the Pt content and is generally higher for mesoporous the films,
although this difference is relatively low and may be related to the
minor differences in ECSA observed [17].

The Bode plots show that the general behaviour of the meso-
porous Ni-Pt films is very similar, the main differences lying in the
magnitude of both impedance and phase (Fig. 14).

At high frequencies, the impedance follows a composition de-
pendence, increasing with Ni content. The frequency dependence
of the phase angle shows a shift of the maximum phase angle to-
wards lower frequencies with the Pt content, indicating an increase
in capacitance.

Metikos-HukoviC et al. compared sputter-deposited nanocrys-
talline Ni with electrodeposited Ni by EIS during HER in alka-
line media, finding that the electrodeposited Ni films exhibited
higher Faradaic resistance and significantly lower double-layer ca-
pacitance in the order of 1 pF/cm? [37]. Krstaji¢ et al. investi-
gated the impedance of Ni at HER in NaOH and found that the
impedance decreased when the HER potential was made more
negative, reaching impedance values much lower than those re-
ported here, and thus indicate that the impedance at potentials
where HER takes place is significantly lower than at corrosion po-
tential. The observed Cy was in the order of 100 uF/cm? [38]. Perez
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Fig. 14. Impedance (a) and phase angle (b) as a function of the frequency in EIS for
mesoporous Ni-Pt films.

et al. conducted a similar study when investigating the oxygen re-
duction reaction (ORR) on Pt both in NaOH and H,SO4. A minimum
of the impedance at a certain ORR potential was observed, again
showing that impedance is lower when the material is employed
in its function as a catalyst [39]. Juskowiak-Brenska et al. found
that for electrodeposited Ni coatings the charge-transfer resistance
in acidic media decreased significantly when the coating thickness
was decreased, yielding 20  cm? for thickness of 1 pm [40]. In
comparison, the mesoporous Ni-Pt films presented here show su-
perior Rt considering their thickness of 200-300 nm.

SEM/EDX analyses after EIS show that the Ni/Pt ratio decreased,
i.e. a leaching of Ni has taken place in all Ni-Pt films, and indi-
cate that the electrochemical process observed in EIS is dominated
by the dissolution of Ni. A good stability of the Ni-Pt films in ab-
sence of external polarisation can therefore not be guaranteed, i.e.
the Ni-Pt films may only be able to serve reliably at HER in 0.5 M
H,S0,4 as long as it is cathodically polarised, i.e. under cathodic
protection.

Indeed, a parallel experiment which consisted in an incuba-
tion of the mesoporous Ni-Pt films in 0.5 M H,SO4 resulted in
the leaching of Ni, which was less pronounced when the Pt con-
tent was higher. For NigsPts, the leaching of Ni was 23 + 3% in
mass with respect to the total mass of the Ni-Pt film, while this
value amounted to 17 + 3% for both NigyPtg and NigsPtyg. Alia
et al. found that Ni-Pt nanowires did not present any leaching of
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Ni when the Pt content was above 75% in mass, corresponding to
about 47 at% [41].

4. Conclusions

The investigated electrodeposited Ni-Pt is a multifunctional al-
loy which may serve both in alkaline and acidic environments, pro-
vided that a reducing potential is applied when working in acidic
conditions.

Due to the observed reversible redox reaction Ni(OH), =
NiOOH in NaOH, the Ni-Pt thin films with Ni contents of 84% and
lower may be used in the charge and discharge of batteries as
well as supercapacitors, where electrical charge can be stored in
the form of chemical bonds, and very high currents can be re-
trieved [33,34,42].

On the other hand, it was observed that the HER in 0.5 M
H,S0, is stable and reproducible up to 200 LSV cycles, however,
anodic polarisation as well as an absence of polarisation at OCP
will lead to leaching of Ni into the sulfuric acid. In long-term HER
operation at -10 mA/cm?, an increase in potential is recorded, al-
though stabilising over time. The higher the Pt content of the alloy,
the lower was the resulting increase in potential. Interestingly, the
mesoporous Ni-Pt films seem more resistant to corrosion, the cor-
rosion resistance increasing roughly with the Pt content. The films
showing the highest resistance to corrosion in sulfuric acid, and at
the same time a very high activity at the redox reaction Ni(OH),
= NiOOH, are mesoporous NizgPty4 and Nig Pt3g.

Since in an application such as a PEMFC, the leaching of Ni will
most likely lead to a degradation in the fuel cell performance, two
approaches may be used to overcome this phenomenon: using a
higher Pt-content alloy to minimise the dealloying effect, or, sec-
ondly, a dual-layer structure of the catalyst with a Pt-Ni alloy cat-
alyst layer stacked onto a Pt catalyst layer [43].
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The following manuscript, which is the result of a joint work on the elec-
trodeposition of Pt alloy NPs at UAB and PEMFC testing during a research
stay at RISE, Sweden, is the second work of this collaboration after the re-
view article shown in the Annex. The manuscript is at preparation stage, to
be submitted to a suitable journal.

The electrodeposition of Pt-Ni and Pt-Ni-Mo NPs directly onto the car-
bon cloth electrode of a PEMFC is demonstrated as an approach to simplifly
the production of ORR electrocatalysts for PEMFC. The electrodeposition
on the hydrophobic substrate takes place automatically on its most active
spots, leading to very high mass efficiency of the electrocatalyst. The forma-
tion of NPs is achieved by pulse electrodeposition using high-current pulses
to obtain high amounts of particle nucleation. By variation of the current
amplitude, different compositions of Pt-Ni and Pt-Ni-Mo are obtained. The
activity at ORR for all compositions is validated at electrochemical cell level,
and PEMFC testing including ADT is performed. A very efficient catalyst
utilisation is determined, although a higher amount of deposited catalyst is
desirable for industrial application.
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Abstract

Proton exchange membrane fuel cells (PEMFCs), based on hydrogen energy, are an important alternative to fossil fuels and a
complement to batteries for the electrification of vehicles. However, their high cost obstructs commercialisation, and the catalyst
material, including its synthesis, constitutes one of the major cost components. In this work, Pt-Ni and Pt—-Ni—-Mo nanoparticles
(NPs) with different compositions have been synthesised in a single step by pulse electrodeposition onto a PEMFC’s gas diffusion
layer. Both Pt—Ni and Pt-Ni-Mo catalysts exhibit very high mass activities at oxygen reduction reaction (ORR) with very low Pt
loadings of around 4 pg/cm?. Particle sizes of 40-50 nm and 40-80 nm are obtained for Pt-Ni and Pt-Ni-Mo, respectively. The
highest ORR mass activities were found for Pt¢;Nis3 and PtggNiz;Mo, NPs.

Keywords: Electrodeposition, oxygen reduction reaction, PEM fuel cell, electrocatalysis, nanoparticle synthesis

1. Introduction

The market for proton exchange membrane fuel cells (PEM-
FCs) is growing as the EU has highlighted hydrogen as a key
factor in the energy market in their Green Deal plan [1]. One
of the ways in which hydrogen shall be used is to power heavy
duty vehicles, where large storage capacity and fast refuelling
is crucial. To increase the competitivity of such fuel cell elec-
tric vehicles (FCEV), the production cost of fuel cells needs to
be reduced. The platinum-based electrocatalysts are one of the
main cost-determining components, leading to an enormous re-
search interest in the reduction of Pt content. The alloying of Pt
is among the different strategies towards this goal [2].

Along with the strive for cost reduction, the durability of the
electrocatalysts is a major issue to be tackled. The widely used,
commercially available Pt/C catalysts show a number of disad-
vantages with respect to oxygen reduction reaction (ORR) per-
formance at the cathode of the PEMFC. Apart from their poor
efficiency with respect to the Pt loading, their limited durability
is a major drawback for reliable long-term application and sus-
tainability. The most investigated and most promising Pt alloy
nanoparticles (NPs) tackling these issues are Pt—Co and Pt—Ni
NPs [3]. Further improvements are sought by investigation of
ternary alloy NPs.

One of the challenges, and an important factor influencing
the fuel cell performance, is the synthesis route of the catalyst,
which also adds up to the production cost. In most approaches,
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the catalyst NPs are synthesised on a carbon support, mixed with
a binder and ionomer, and sprayed onto the membrane, which
leads to NPs being deposited in locations where they are not ac-
cessible for the catalytic reactions [4]. Using direct electrode-
position of Pt alloy NPs onto the gas diffusion layer (GDL) of
the PEMFC, the NPs are deposited on the most active sites of
the carbon support. Furthermore, this approach combines both
synthesis and application (or distribution) of NPs into a single
step, providing a cost reduction of the synthesis route [5].

While synthesis of Pt—Ni NPs for ORR [6, 7], as well as the
electrodeposition of Pt—Ni alloys in general [8, 9] is well ad-
vanced, Mo-containing Pt alloys have been little investigated.
Huang et al. showed that the doping of Pt;Ni NPs with Mo
led to extraordinary ORR performance, making the ternary Pt—
Ni—Mo system an interesting candidate for ORR studies [10].
The electrochemical co-deposition of Mo, which is usually
achieved using sodium molybdate [11], may lead to the forma-
tion of intermediate Mo oxide species due to partial reduction
of Mo(VI) [12]. However, even NPs containing Mo oxide may
eventually show improved electrocatalytic properties [13].

An extensive study on the pulse electrodeposition of Pt NPs
for ORR was carried out by Huang et al. [14]. Li et al. deposited
Pt-Ni on glassy carbon substrates in a two-step electrochemical
process by first electrodepositing Ni, Co, and Ni-Co and then
submerged the deposits in a Pt-containing acid to achieve spon-
taneous galvanic replacement. The highest ORR activity was
found for the ternary Pt-Ni—Co catalyst [15]. Sorsa et al. elec-
trodeposited Pt—Ni from liquid crystalline solution onto GDL
substrates. In this study, however, no significant improvement
of the electrodeposited Pt—Ni over commercial Pt/C was ob-
served [16].
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In this work, pulse electrodeposition is used to deposit Pt—
Ni and Pt-Ni—Mo particles directly onto the microporous layer
of a commercial GDL. In this way, all particles are deposited
on the most active sites of the carbon support’s surface where
they guarantee excellent contact with both the support and the
proton exchange membrane (PEM) in the fuel cell. The Pt—Ni
and Pt—-Ni-Mo NPs with different compositions are chemically
and structurally characterised, and ORR in acidic media is per-
formed. Finally, fuel cell performance and durability tests in
a PEMFC prototype are carried out after hot-pressing the ob-
tained cathodes with the PEM and a commercial Pt/C electrode
as anode.

2. Experimental

NP synthesis. The synthesis of Pt—Ni and Pt—Ni—-Mo NPs was
performed by pulse electrodeposition from aqueous solution in a
three-electrode electrochemical cell. An Autolab PGSTAT204
potentiostat/galvanostat was used with a Pt wire as counter elec-
trode (CE), an AglAgCl (3 M KCl) reference electrode (RE) and
a working electrode (WE). The WE consisted of a2 cm by 2 cm
GDL, supplied by Freudenberg, mounted on a Cu support in or-
der to ensure electrical connection and a homogeneous charge
distribution over the entire area of the GDL during electrodepo-
sition. The excessive area of the Cu support was isolated with
polyimide tape (Fig. 1).

[

Figure 1: Set-up of the three-electrode electrochemical cell with the Pt counter
electrode (CE), AglAgCl reference electrode (RE), and the GDL mounted on a
Cu plate at the working electrode (WE).

The aqueous electrolytes were loaded with nickel chloride,
sodium hexachloroplatinate, boric acid, and ammonium chlo-
ride, based on an earlier study [8]. For the deposition of Pt—
Ni—Mo, sodium molybdate as well as citric acid as complexing
agent were added (Tab. 1).

The electrolytes were studied using vitreous carbon as WE
and performing a cyclic voltammetry (CV) between —1.3 V and
1.3 V with respect to the RE in order to determine the regions
of reduction and oxidation of all species.

The electrodeposition was carried out in stagnant conditions
with pulses of varying current densities in order to obtain dif-
ferent alloy compositions. The choice of pulse deposition pa-
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Table 1: Electrolyte composition for the deposition of Pt—Ni and Pt~Ni-Mo NPs

Pt-Ni Pt-Ni-Mo
200 mM  NiCl, NiCl,
5mM Na,PtClg-6H,O Na,PtCls-6 H,O
200mM  H3BO; H;BO;
25mM NH,CI NH,Cl1
50 mM Na,MoO,4-2H,0
100 mM citric acid

rameters was orientated on the study on the electrodeposition of
Pt—Ni NPs carried out by Egetenmeyer et al. [17]. Pulse on-time
and off-time were kept constant at 5 ms and 70 ms, respectively,
while the number of cycles was changed with the current den-
sity in order to obtain identical deposited charges and, assuming
similar Faradaic current efficiencies for each electrolyte, similar
catalyst loading (Tab. 2). The total charge was increased for the
Pt—Ni—Mo deposition due to the addition of citric acid which
was observed to compromise the current efficiency. It was also
observed during initial studies that higher current densities were
needed for the ternary NPs in order to obtain the desired particle
size and composition.

Table 2: Conditions for pulse electrodeposition of Pt-Ni and Pt-Ni-Mo NPs

Cathodic peak Number of Composition
current density cylces
[mA/cm?]

31 240 Pt79Niy;
37 200 Ptg7Nis3
43 170 PtgoNiy
49 150 Pt;3Niy;
54 920 Pt;gNi,; Mo,
77 640 PtggNiz, Mo,
100 490 PtsNi;; Moy,
123 440 PtsNi;y Mo,

For all NPs, the amplitude of the deposition potential in-
creases with the amplitude of the current density (Fig. 2). Dur-
ing pulse deposition of Pt—Ni NPs, the amplitude ranges initially
between —1.4 and -2.0 V vs AglAgCl depending on the applied
current density. This potential drops towards the end of the de-
position to within —1.0 to —1.3 V. The potential established dur-
ing off-time changes from just below 0 V to slightly positive
potential. In turn, the potential amplitudes for the deposition of
ternary Pt—Ni—-Mo NPs ranges from -2.0 V to —4.0 V due to the
higher current densities applied. This potential does not change
significantly until the end of deposition, while the potential dur-
ing off-time changes to —0.6 V towards the end, showing a trend
which is inverse to the one observed for binary NPs.

Electrochemical  characterisation. The identical three-
electrode set-up was also used for CV studies of the NP/C
assemblies in H,SO, in order to activate the catalysts and to
determine their electrochemically active surface area (ECSA).
To this end, 30 cycles at 200 mV/s and 5 cycles at 50 mV/s were
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Figure 2: Initial and final pulses for pulse deposition of Pt—Ni (a) and Pt—-Ni-Mo
(b) NPs.

recorded in a potential window between 0 and 1.3 V vs RHE.
ORR was performed by CV in O,-saturated 0.1 M HCIO, after
recording a background CV in N,-saturated electrolyte, both at
10 mV/s between 0 and 1.1 V vs RHE and in static conditions.
The curves were corrected for Ohmic drop (i R-correction)
after determination of the instrumentation resistance by elec-
trochemical impedance spectroscopy (EIS) [18]. A Pt/C GDE
with a Pt loading of 0.3 mg/cm? was tested as a reference.

SEM. All deposited NPs, as well as the unloaded GDL sub-
strate, were analysed by scanning electron microscopy (SEM)
on a Zeiss Merlin electron microscope in order to evaluate par-
ticle size, distribution, and loading of the substrates, using an ac-
celeration voltage of 1 kV. Particle sizes were determined by im-
age analysis of the SEM micrographs using ImageJ, taking the
average of 100-200 particles per sample. SEM was also used for
post analysis after PEMFC testing on a TESCAN LYRA3, after
the cathode was delaminated from the membrane electrode as-
sembly (MEA). For cross-sectional observation, one MEA was
cut, embedded in epoxy resin, mechanically ground and pol-
ished and subsequently ion milled by Ar ions on a Gatan PECS
1.

TEM. Transmission electron microscopy (TEM) was con-
ducted on a JEOL JEM-2011 for all compositions in high res-
olution and diffraction mode in order to study the crystalline
structure of the nanoparticles. Samples for TEM were prepared
by scratching the catalyst NPs, together with part of the carbon
support off the electrodes, dispersing the samples in ethanol, and
dropping them onto the carbon film of a TEM copper grid.

Chemical analysis. For determination of both composition and
loading of the substrates, NPs were dissolved in aqua regia, con-
sisting of hydrochloric acid and nitric acid in a ratio of 3:1 in
volume, and the concentration of Pt, Ni and Mo in the solution
was determined by ICP-MS on an Agilent 7500ce spectrometer
for each variation of electrodeposition parameters. In addition,
the Faradaic current efficiency was determined by relating the
total charge during electrodeposition to the absolute masses of
Pt, Ni, and Mo, and assuming that all metals were fully reduced.

XPS. X-ray photoelectron spectroscopy (XPS) was performed
on a PHI 5500 spectroscope to study the surface state of the
NPs, recording the core spectra for Cls, Ni2p, Pt4f, and Mo2p,
before and after Ar ion sputtering for 30 s. Peak fitting of the
spectra was done by the software XPSPEAK.

Fuel cell testing. For the PEMFC testing, the cathodes contain-
ing the electrodeposited Pt—-Ni and Pt-Ni-Mo NPs were hot-
pressed together with a Nafion 212 membrane and a commercial
GDE with a Pt loading of 0.3 mg/cm? as anode using a pressure
of 0.5 MPa at 110 for 3 minutes to form the MEA.

All MEAs were tested in a single cell fuel cell tester using
coated stainless steel flow plates. The active area of the fuel
cell was 2.9 cm?. A Greenlight G20 test station was used for
PEMEFC tests, with a temperature of 80 °C for both gases and
a dewpoint temperature of 65 °C. The flow of H, and air were
0.042 and 0.10 1,/min, respectively.

The cells were activated by cycling between 0.9 V and 0.6 V
for 2000 cycles before a polarisation curve was obtained. For
durability testing, an accelerated stress test (AST) consisting
of 20000 additional cycles were performed, with polarisation
curves obtained after 10000 cycles and at end of test (EoT).

3. Results and discussion

3.1. Characterisation of the as-deposited NPs

Microstructural analysis. The GDL substrates show the typi-
cal homogeneous microporous layer, consisting of aggregates of
globular carbon particles (Fig. 3a). Fluorine emissions in EDX
confirmed the presence of PTFE (not shown).

After the pulse electrodeposition, Pt—Ni and Pt—-Ni—-Mo NPs
are homogeneously distributed on the surface and near-surface
region of the microporous layer (Fig. 3). All Pt-Ni NPs show
a uniform, spherical shape with an average particle size be-
tween 40 nm and 50 nm independent of composition or pro-
cess parameters (Tab. 3), and are agglomerated in very few cases
(Fig. 3b-e). The Pt-Ni—Mo NPs have the tendency to a spherical
structure, although less defined and with higher roughness than
the Pt—Ni NPs. While the particle size of Pt;gNi,; Mo, is around
80 nm (Fig. 3f), the other ternary alloy NPs lie between 40 nm
and 50 nm. For PtsNi;4;Mo,;, a mixture of large (>100 nm) and
small (<50 nm) NPs is appreciated (Fig. 3i). This observation
is in agreement with the large error in particle size determined
for this composition (Tab. 3). All other compositions show rela-
tively narrow size distributions (Fig. 4). While commercial Pt/C
has significantly smaller particle size, Fouda-Onana et al. elec-
trodeposited Pt particles with a size of 50 nm and found that
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despite the larger particle size, the utilisation rate was high due
to all particles having triple phase boundaries (TPB) [19].

a)

b) ©)
d) e)
3] )
h) i)

Figure 3: SEM micrographs of GDL substrate (a), electrodeposited binary
Pt;9Ni,; (b), Ptg;Nis; (c), PtggNiy, (d), Pt73Niy; (e), and ternary Pt;gNiy Mo,
(f), PtgNizy Mo, (g), PtsNig Mo,y (h), PtsNizyMo,, (i) NPs on the GDL. In the
micrographs, the metallic NPs appear brighter than the microporous carbon.

In TEM observations, the Pt-Ni and Pt-Ni-Mo NPs are
clearly distinguished from the C support by phase contrast
(Fig. 5a,e). The binary NPs are of well-defined, globular form,
while the ternary NPs are more irregular (Fig. 5b,f). The high
resolution mode reveals the nanocrystalline structure of Pt—Ni
NPs, indicated by diffraction planes with different orientations
(Fig. 5¢). This nanocrystallinity is also clearly observed in the
selected area electron diffraction (SAED) pattern of a single NP
with a diameter (g) <50 nm, where almost any diffraction di-
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rection is present, confirmed by the quasi-continuous rings ob-
served in the pattern (Fig. 5d). The corresponding d-spacings
match the face-centred cubic (fcc) phase for a Pt—Ni alloy.

The Pt—-Ni-Mo NPs, even those with very low Mo content,
show more diffuse diffraction rings of the fcc solid solution
than the Pt—Ni NPs, and some additional diffraction spots which
were not identified and may indicate the presence of a Mo oxide
species (Fig. 5h). Diffraction planes are only appreciated at the
NPs’ surfaces (Fig. 5g).

XPS. The Pt4f spectra of the surfaces of the deposited Pt—Ni
NPs, exemplary shown for Pt;3Ni,;, show emissions of metallic
Pt at 71.4 eV and of Pt(I) at 72.3 eV, wich can be assigned to
platinum hydroxide [20]. In the Ni2p spectra, no contribution
of metallic Ni is observed and most superficial Ni is bound in
Ni(OH), (Fig. 6a, b).

After Ar ion sputtering, the XPS spectra show a contribution
of metallic Ni, as well as a higher fraction of metallic Pt with re-
spect to the hydroxide species. It must be noted that, in contrast
to bulk material, the contribution of the NPs’ surface cannot be
eliminated by sputtering. The fractions of the metallic species
of both Pt and Ni in the NP cores should therefore be higher than
those represented in the XPS spectra before Ar ion sputtering.

For the ternary Pt—Ni—Mo NPs, very similar observations are
made with respect to the Pt4f and Ni2p emissions (Fig. 6c, d).
The Mo3d detail spectra do not show any evidence of metallic
Mo at 228.0 eV [20]. The initial surface state shows the oc-
currence of Mo(VI) exclusively, which points to the presence
of MoOj;. After sputtering, the lower oxidation state Mo(IV)
is found, which may correspond to MoO, (Fig. 6e). Therefore,
Mo(VI) was not fully reduced to Mo(0) in spite of the presence
of Ni(Il) and citrate in the electrolyte.

3.2. Half-cell electrochemical tests

The GDL substrates exhibit a rather low electric conductivity,
leading to a relatively high double-layer capacitance observed
in CV. Nevertheless, the hydrogen adsorption (H,4) and des-
orption peaks (Hgy.,) used for the determination of ECSA are
well-defined, as shown exemplarily for Pt;3Ni,; (Fig. 7).

The ECSA of both the Pt-Ni and Pt-Ni—Mo is comparable
to what is found in literature (Tab. 3) [2], showing that despite
the electrodeposited catalysts having a large particle size, the Pt
utilisation is high.

The electrodeposited Pt—-Ni and Pt-Ni-Mo NPs all show
lower reduction potentials at ORR as compared to the
Pt/C (Fig. 8a). Among them, the Mo-containing NPs are inferior
to the binary alloy NPs with comparable Pt/Ni ratio. Interest-
ingly, the best performance among the electrodeposited NPs is
observed for Ptg;Niss.

The advantage of electrodeposited Pt—Ni and Pt-Ni—-Mo NPs
becomes apparent when the Pt mass activity at ORR is ob-
served (Fig. 8b). Ptg;Niz; shows the highest Pt mass activity
among the binary NPs. In addition, the Ni-rich ternary NPs,
which also have significantly higher amounts of Mo, show the
highest mass activity with respect to Pt content. This shows that
the addition of Mo does not compromise the catalytic activity
and may indeed lead to improvement, however, the stability at
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Figure 5: TEM micrographs of C-supported Ptg;Nis; (top, a—) and Pt;gNiy; Mo, (bottom, e—g) NPs (a, b, e, f), in high resolution (c, g) and SAED pattern for a

single NP (d, h).

ORR in acidic conditions remains doubtful at this point. Among
the Pt-rich ternary NPs, PtgcNis» Mo, shows the highest Pt mass
activity, corresponding to the Ni/Pt ratio of the binary Ptg;Niss.

An increase in total load of electrodeposited NPs on the GDL
is expected to increase the half-wave potential at ORR. How-
ever, the electrodeposition of higher amounts of catalyst could
easily lead to NP growth rather than nucleation of more parti-
cles.

Another way of improving the ORR of the electrodeposited
NPs is by addition of an ionomer such as Nafion, which can lead
to a significant increase in ECSA and ORR performance [21].

In terms of kinetics, the determined Tafel slopes (b) show a
significant improvement with respect to the commercial Pt/C
electrode, for which a Tafel slope of 103 mV is obtained. In-

terestingly, all binary Pt—Ni binary alloy NPs exhibit an almost
identical Tafel slope of 65-66 mV (cf. Tab. 3). The ternary Pt—
Ni-Mo alloys show a higher spread in b, where PtgsNij; Mo,
has the lowest Tafel slope of 62 mV (Fig. 9).

3.3. PEMFC testing

The cross-sectional image of a hot-pressed MEA prior to test-
ing in the fuel cell shows that the catalyst layer (CL) is homoge-
neous and well adhered to the membrane, ensuring proton con-
ductivity (Fig. 10).

The polarisation curves show that the low catalyst loading re-
sults in low current density (not shown). However, the catalysts
activity is similar independent of composition, both initially and
after AST. Interestingly, the Ptg;Niz; and PtggNiz;»;Mo, again
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Table 3: Summary of the determined parameters for Pt—Ni and Pt—-Ni—-Mo NPs. NP size at beginning of test (BoT) and end of test (EoT), total metal catalyst and Pt
loadings, and electrochemically active surface area (ECSA) calculated with respect to mass of Pt

Composition Mean @ BoI'  Mean @ EoT Catalyst Pt loading Current ECSA b
loading efficiency
nm nm pg/cm? ug/cm? % m?/gp, mV
Pt;9Niy; 50+13 46+19 4.0 3.7 23 36 66
Ptg7Nis3 47+12 44420 4.6 4.0 26 19 65
PtgNiy 40+8 4620 44 4.1 25 40 65
Pt;3Niy, 49+9 38+17 4.4 4.0 25 34 66
Pt;gNiy; Mo, 83+30 45124 8.1 7.4 7 28 66
PteNiz, Mo, 49+14 26+14 2.5 22 2 18 62
PtsNiy Moy, 41+19 24+12 7.2 0.9 12 25 72
PtsNi; Mo, 49430 179 5.6 0.8 8 88 82
Pt—Ni Pt-Ni-Mo
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Figure 6: XPS detail spectra of Pt4f (a) and Ni2p (b) of Pt;3Ni,; NPs and of Pt4f (c), Ni2p (d) and Mo3d (e) of PtsNi;;Mo,, NPs before (top) and after sputtering

(bottom)

100

[\E"“/‘\
50

-50 4

j (uA/cm?)

-100 4

-150 -

-200 T T T T T T T T T 1
02 -01 00 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

E (V vs RHE)

Figure 7: Representative CV of GDL-supported Pt;3Niy; in 0.5 M H,SO, for
the determination of ECSA. The integrated area of the hydrogen desorption peak
is displayed in grey.

show the highest activity. The major drop in PEMFC perfor-
mance takes place during the first 10000 cycles, while there
is not as significant drop from 10000 to 20000 AST cycles
(Fig. 11). This is in accordance with literature [2], and can be
explained by the dissolution of unstable catalytic sites, such as
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surface Ni and Mo in the initial half of the AST, leaving the
particles more stable in the second half of the AST.

The SEM micrographs of the NPs after AST in the PEMFC
show that the particle size in general is reduced (Fig. 12). The
exception is Ptg)Niy,, where the particle size is slightly in-
creased (Tab. 3). The particle size increase can be explained
by Pt dissolution from smaller, less stable particles, and re—
deposition onto larger particles. It should be noticed that some
particles are attached to the membrane after disassembling the
MEA. The Pt—Ni samples have kept their spherical morphology,
while the Pt—-Ni—Mo have increased roughness after testing. It is
also clear that the two samples with very low Pt loading experi-
ence the most severe dissolution of catalyst material. However,
the PEMFC performance at EoT is similar to the other samples.
This may be due to the high surface area endowed by the rough
morphology of these NPs.

4. Conclusions

Binary Pt-Ni and ternary Pt—-Ni-Mo NPs were successfully
synthesised by pulse electrodeposition from aqueous media di-
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Figure 9: Tafel slopes for the GDL-supported Pt-Ni and Pt-Ni-Mo NPs, and
for commercial Pt/C. The inset shows a zoom for the closely-placed Pt—-Ni NP
electrocatalysts.

rectly onto the GDL for a PEMFC. The so-prepared carbon-
supported catalysts show high specific activities and the ap-
plicability in PEMFC was demonstrated in a single—cell, with
Pt¢7Niz; and PtggNiz; Mo, showing the highest activity both in
ORR measurements and in the PEMFC. However, a higher total
amount of catalyst is needed for practical applications, either by
increasing the Pt load in electrodeposition or by increasing the
fuel cell’s active area. Further optimisation is possible by tuning
particle size.

With respect to the ternary alloy NPs, an obvious advantage
over binary Pt-Ni NPs is not observed. Since Mo was mostly
found in an oxidised state and the crystallinity of the ternary NPs
as observed by SAED was lower, the question remains open as
to whether a true, metallic ternary alloy would yield superior
ORR activity.

Overall, the demonstrated electrodeposition process provides
a promising alternative to the conventional methods of ORR
electrocatalyst synthesis. In addition to the facile synthesis

—

Membrane

AR st
> ' "'b,?:e\
1 : "“"-‘-‘.'61-""‘ o

Sy -

Catalyst layer

Figure 10: Back-scattered electron micrograph of a cross section of hot-pressed
PtgNiz; Mo, MEA prior to PEMFC testing.

which applies the catalyst NPs directly onto the GDL, the utili-
sation of the metal electrocatalyst can be seen as close to 100%.
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6 General discussion

In the following, the main strengths and weaknesses of the work are high-
lighted. Since the discussion of the individual results is found in the respec-
tive articles, this chapter is intended to discuss the overall results in a broader
perspective including thoughts on upscaling and industrial application.

In electrocatalysis in general, the main requirements for a new catalyst
are its energy efficiency, its durability, and its initial cost. The latter is com-
posed of the material cost and the cost of the synthesis process. Electrode-
position is a generally facile and cost-efficient synthesis method, which in
this work is kept highly efficient due to very short electrodeposition times
at the minute scale, a high reusability of the electrolyte which can be stored
and reused multiple times, and a low amount of additives which are nec-
essary to provide high quality and reproducibility. Another cost-reducing
factor in electrodeposition is the direct deposition of the catalyst onto a suit-
able substrate which can be readily adapted to the respective application,
and is advantageous especially for the PEMFC where the catalyst NPs are, in
addition, deposited onto the most active sites of the substrate. In the case
of HER, the use of flat substrates can easily be extended to macroscopically
porous substrates such as commercial metallic foams in order to multiply
the electrocatalyst’s surface area. For this purpose, the employment of po-
tentiostatic deposition, which is independent of the not easily determinable
substrate area, becomes especially valuable.

In the case of pulse deposition, however, which was employed for the syn-
thesis of Pt alloy NPs, a potentiodynamic control in combination with pulses
in the millisecond range does not seem fully reliable. For potential control,
the potential needs to be read with the use of a RE and may lead to delays in
the same time range. In fact, most published works where pulse deposition
with millisecond pulses is performed rely on current control. The same was
thus employed in this work in order to apply the electrodeposition condi-
tions with higher accuracy. Although the carbon substrates used are openly
porous, their reasonably high two-dimensional electrode area provides good
repeatability between individual samples. A determination of the actual cur-
rent density passed through the substrates is, however, not possible.
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While the pulse electrodeposited Pt-Ni particles are single-phase, the Mo
species in Pt-Ni-Mo NPs are not fully reduced and hint to the existence
of a Mo(IV) oxide. The more irregular, rougher shape of Pt-Ni-Mo NPs,
and their lower crystallinity with respect to Pt-Ni NPs, can be attributed to
the occurrence of amorphous Mo species. A noticeable improvement of the
catalytic properties or durability due to the addition of Mo, as documented
by literature, was not observed. Since Mo is known to increase the corrosion
resistance of Ni in acidic media, it may be more beneficial for Ni-rich alloys,
such as in ternary Ni-Pt-Mo thin films for HER in acidic media.

The variation of the current amplitude in pulse electrodeposition does not
result in a coherent trend in composition of the NPs, although the compo-
sition is altered by the current amplitude. Yet, the targeted compositional
range was readily obtained for Pt-Ni NPs. The pulse electrodeposition of
the ternary system Pt-Ni—-Mo is more complex and does not follow the same
trends as the binary Pt-Ni system, which is primarily seen in the much lower
Faradaic current efficiency of the ternary system. With stepwise alteration
of the current amplitude, a sudden increase of Mo content is observed, coin-
ciding with a drastic change in Ni (increase) and Pt content (decrease). In
conclusion, the activation-controlled regime for Mo seems to be very narrow
and almost directly passes on to diffusion control when the current density
is increased. In addition, since the electrodeposition of Mo is only possible
together with Ni as inductor metal, an effective co-deposition of Mo may
only be possible for alloys with high contents of Ni. Electrodeposition of a
Pt-rich alloy with targeted composition below 30 at% Ni and 5-10 at% Mo
seems therefore little promising.

The reduction of material cost is effectively tackled by two factors: on the
one hand, a low amount of Pt is used, by synthesising Ni-Pt thin films with
low Pt content for HER, and by electrodeposition of extremely low amounts
of electrocatalyst for ORR in PEMFC. Considering the thin films, the cost
reduction of the binary Ni-Pt alloy with respect to pure Pt can be estimat-
ed by the cost of the precursors used for electrodeposition. If NigqPt;¢ is
considered as the optimum composition, its cost reduction with respect to
the same amount of pure Pt would be of just over 60%. Secondly, an in-
crease in surface area is targeted by synthesising two kinds of nanostructures
which should lead to higher mass-specific catalytic activities: mesoporous
thin films for HER and NPs for ORR.

Concerning the mesoporous thin films, an improvement in HER over dense
thin films was found, however not as high as could be expected due to the
large increase in surface area as a result of the porosity. Their main ad-
vantage results from the lower density and therefore lower utilisation of Pt
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and Ni with respect to the dense thin films. The question remains whether
the pore size of around 10 nm is suitable for water electrolysis, whether
hydrogen gas is able to be created and to escape freely from inside a pore,
and whether the electrolyte effectively penetrates the mesopores. In fact,
the mesoporous structure of the surface could give rise to the lotus effect,
where the water is repelled from the surface, which would lead to a neg-
ative effect with respect to catalytic activity. However, contact angle meas-
urements could not reveal any differences in wettability between dense and
mesoporous thin films, thus the wetting of the surface is neither improved
nor compromised by the nanostructure. The electrocatalytic activities and
ECSA of materials with higher pore sizes in the mesoporous range should
be investigated to study the effect of pore size.

Although mass activities of the NPs for ORR are very high, the power out-
put obtained from a PEMFC prototype is rather low. A higher amount of de-
posited NPs is preferable, however the amount of nucleation cannot be fully
decoupled from NP growth. The low wettability of the carbon substrates’
surface due to their PTFE content may also suggest that the substrates were
not wetted below the first few hundred nanometers of the substrates. An
activation treatment of the substrate surface, such as by oxygen or argon
plasma, could favour the deposition of NPs in deeper regions of the surface,
but would most probably harm the PTFE layer and the wetting properties
needed in the PEMFC in order to drain the produced water. A less aggessive
solution is the pressurisation of the electrolyte during deposition in order
to force its penetration into the substrate. Another—hypothetical—solution
could be the re-design of the MEA which would allow larger electrode areas,
such as a foldable MEA. Electrodeposited NPs can be applied to a much thin-
ner GDL, in turn they need a higher area for higher power output.

The durability of mesoporous Ni-Pt thin films in 0.5 M H,SO4 is guaran-
teed as long as the applied potential is cathodic, although an initial decrease
of activity at HER is observed, ascribed to the leaching of Ni. For practical
applications such as electrolysers, this leaching can be provoked in a pre-
treatment in order not to contaminate the device during operation. In 1 M
NaOH the durability is much higher, without any observable degradation,
and is only limited by an irreversible passivation at higher anodic poten-
tials (1.0 V vs Ag|AgCl). An application in alkaline media is therefore more
straightforward compared to acidic media, where more precautionary meas-
ures need to be taken in order not to expose the electrocatalyst to anodic or
open circuit potential for too long.

Both Pt-Ni and Pt-Ni—-Mo NPs suffer from significant loss of activity after
ADT in a PEMFC. However, the mass efficiencies at ORR are extremely high,
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so that even after a 50% loss in activity, a mass activity significantly higher
than the one of commercial Pt/C is retained. The activity loss of NPs at ORR
takes place during the first 10 000 cycles of ADT. After the full 20 000 cycles,
only little additional change in activity is observed for most compositions. It
is presumable that the activity loss is only initial and then stabilises, similar
to the behaviour of the Ni-Pt thin films in acidic media, though further tests
are needed to validate this.

In terms of energy efficiency, the Ni-Pt thin films have shown very low
overpotentials at HER, thus the electrical energy needed to trigger the pro-
duction of hydrogen is low. In addition, the kinetics determined by the Tafel
slope are close to the theoretically achievable maximum for Pt. In con-
trast to the electrodeposition of Pt alloy NPs, where further development
is needed in order to satisfy all demands of their application in PEMFC, the
electrodeposited Ni—Pt thin films are readily employable at HER. The elec-
trodeposition process, taking into account the rather simple composition of
the electrolyte and the high repeatability of the results, should be upscal-
able to industrial standards with little effort. In this way, the production of
green hydrogen can be further facilitated. As a form of energy storage, its
production can be combined with other renewable energy sources such as
solar, wind or hydro energy, which are in need of energy storage solutions
since they cannot run simply on demand.

The energy efficiency also plays a major role in applications where mag-
netic properties are exploited. The Ni-Pt thin films are soft magnetic and
require low energy for switching the magnetisation. Additionally, the suc-
cessful synthesis of alloys with a Curie temperature close to RT implies that
a low amount of (thermal) energy allows to switch between ferromagnetic
and paramagnetic states. While the practical applicability of thermally ac-
tuated magnetism is questionable, other effects on T can be investigated,
such as the manipulation of the T of a thin film with applied voltage. At-
tempts to achieve this behaviour have been made in the frame of this work,
but were not successful.

The investigation of possible magnetoelectric effects of mesoporous Ni—Pt
films did not yield any significant results, suggesting that the thin film cri-
terion to observe such effects is not fulfilled, i.e. the pore walls are not suffi-
ciently thin. Thinner pore walls could potentially be achieved by lower metal
salt concentrations and/or higher surfactant concentration, which may lead
to lower amounts of metal ions coordinated with the micelles and a more
close-packed porosity.

While Pt plays a key role in the electrocatalytic properties of the alloys, the
observed tuneability of magnetic properties is basically a result of the single-
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phase character and structure of an alloy constituted by a ferromagnet and a
paramagnet. In order to reduce the cost for magnetic applications, the rather
expensive Pt may therefore be substituted, and another (electrodepositable)
binary system with complete miscibility, such as Ni-Cu, may exhibit similar
tuneability of magnetic properties at lower production cost.
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7 Conclusions

The synthesis and characterisation of Ni-Pt thin films leads to the following
conclusions:

The synthesis of homogeneous Ni-Pt alloy thin films was successfully
demonstrated by potentiostatic electrodeposition from aqueous me-
dia.

Micelle-assisted electrodeposition using Pluronic P-123 leads to the
formation of homogeneously mesoporous Ni-Pt alloy thin films with
narrow pore size distribution of ca. 10 nm pore size. The induced
mesoporosity does not cause any compositional or structural differ-
ences with respect to dense thin films.

The composition of both mesoporous and dense thin films is tunable
in a wide compositional range between 50-99 at% of Ni (1-50 at%
Pt) by variation of the deposition potential.

All Ni-Pt thin films are single-phase fcc solid solution, prohibiting cor-
rosion by galvanic coupling.

Saturation magnetisation, coercivity and Curie temperature of the me-
soporous thin films are linearly dependent on their Ni content, and
therefore manipulable by the electrodeposition parameters. Tunea-
bility of M and T are a consequence of the single-phase character,
while the tuneability of H. is assigned to both single-phase character
and mesoporosity.

All Ni-Pt thin films are nanocrystalline, accounting for high mechan-
ical properties in accordance with the Hall-Petch relation.

The HER activity of mesoporous Ni-Pt thin films in acidic media is
composition dependant. The geometric current density at HER in-
creases with the Pt content of the thin films, however, when ECSA
is taken into account, the Ni-rich alloy NigsPts shows the highest effi-
ciency. In consequence, there seems to be an optimum alloy composi-
tion for the HER with low Pt content.
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The higher efficiency of mesoporous thin films at HER with respect to
dense films is mainly due to the lower density, i.e. lower amount of
material in the porous films.

In acidic media, thin films of all compositions exhibit good durabili-
ty as long as cathodic potential is applied, though an initial activity
decrease occurs.

In alkaline media, thin films of all compositions are stable in a wide
potential range up to 1.0 V vs Ag|AgCL

The reversible redox reaction between NiOOH and Ni(OH), in alkaline
media is improved by the Pt content acting as a catalyst and making the
system interesting for application in electrochemical supercapacitors.

For Pt—Ni and Pt-Ni-Mo NPs, the following conclusions are deduced.
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Pulse electrodeposition successfully yields Pt-Ni and Pt-Ni-Mo NPs,
deposited directly onto the GDL of a PEMFC.

While the electrodeposited Pt-Ni particles are single-phase, the Mo
species in Pt-Ni-Mo NPs are not fully reduced and hint to the existence
of a Mo(IV) oxide, responsible for more irregular, rougher NPs with
lower crystallinity with respect to Pt—Ni NPs.

Variation of the current densities in pulse electrodeposition does not
result in a coherent trend in composition of the NPs, although the com-
position is altered by the current amplitude. For Pt-Ni NPs, the target-
ed compositional range was readily obtained.

The pulse electrodeposition of the ternary system Pt-Ni—-Mo is more
complex and does not follow the same trends as the binary Pt—Ni sys-
tem. Obtention of Pt-rich alloy NPs was only possible with relatively
low Mo contents around 1 at%.

ORR activity on electrochemical cell level is successfully demonstrated,
including on the rather Ni-rich Pt-Ni-Mo NPs.

The ECSA of electrodeposited NPs is in the same range as for common
Pt/C electrocatalysts for ORR.

PEMFC testing shows very high utilisation of the electrocatalyst NPs,
due to the concentration of NPs at the topmost layer of the GDL and
their location at the most active sites of the GDL.



* ADT shows significant loss in activity, however, a stabilisation is ob-
served over time and the loss of activity seems to be only initial.

* The best performance, considering both mass activity and durability,
is found for Pt67Ni33 and Pt66Ni32M02.
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8 Outlook

For mesoporous Ni—Pt thin films, the electrodeposition process is optimised,
however, a number of possibilities exist in order to boost electrocatalytic
efficiency and durability, as stated in the following.

Establishment of hierarchical porosity as a combination of mesoporos-
ity with an approach to obtain a co-existing macroporous structure,
such as colloidal templating.

Obtention of larger mesopores by micelle-assisted electrodeposition
using a surfactant with larger molecular mass.

Template-assisted electrodeposition of the mesoporous material in more
sophisticated high-surface area structures such as nanowires or nan-
otubes, e.g. using AAO or track-etched polymeric membrane templates.
Such structures are also favourable for application in electrochemical
supercapacitors.

Study of magnetic field-enhanced electrocatalysis.

Incorporation of a third element to create a ternary system in an at-
tempt to increase stability in acidic media, such as Mo.

Study of possible magnetoelectric effects in the alloy, such as voltage-
modulated changes in magnetisation, coercivity, or T (especially when
T¢ is close to RT).

For the Pt-Ni and Pt—-Ni—-Mo ORR electrocatalyst NPs, the principal func-
tioning of the presented approach was validated. Further optimisation is
needed for full applicability in PEMFC, and the following points should be
studied.

Deposition of higher amounts of electrocatalyst onto the GDL in order
to achieve higher power output of the PEMFC. The results presented
here show that the mass activity of all NPs is high despite their rela-
tively high particle size with respect to common Pt/C electrocatalysts.
Although higher amounts of pulse electrodeposited material leads to
even higher particle sizes, those may still show higher activity than
commercial ORR electrocatalysts.
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* Substitution of Mo of the ternary system with another element such as
Co or Fe.

* Adaption of the synthesis process in order to deposit material in higher
depths of the GDL.
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This research update, which is similar to a review article, is the first co-
production in collaboration with RISE. It introduces all approaches for ORR
electrocatalysts for PEMFC presented in the last two years, covering not
only Pt-based catalysts but also single-atom catalysts based on transition
metal atoms in a carbonic structure. The most important properties of ORR
and PEMFC testing are listed in tables, facilitating direct compatibility. Em-
phasis is placed on those works which present not only results from ORR
but also from PEMFC testing, especially ADT. The number of recent publica-
tions on the topic is extremely high and represents the global effort towards
emission-free energy technologies such as the PEMFC. The most promising
candidates for ORR electrocatalysis are certainly Pt-based, combining dif-
ferent approaches for the maximisation of efficiency and durability, such as
alloying with transition metals, shape optimisation, hollow NP structures,
and a carbon-based protection. In addition, carbon corrosion of the catalyst
support can be tackled by the use of optimised support structures.
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ABSTRACT

Research on fuel cell technology is constantly gaining importance, while global emission requirements are becoming more and more
restrictive. For environmentally neutral proton exchange membrane fuel cells (PEMFCs) to become a competitive technology, sustainable
infrastructures need to be established. One of the main showstoppers is the utilization of the rare and therefore costly precious metal Pt as the
key element in the electrocatalysis of hydrogen and oxygen. A huge amount of research is done on immensely reducing or even replacing Pt
for future PEMFC technology. In this research update, the progress on oxygen reduction reaction catalysts in acidic media over the past two

years is reviewed, with special attention to their durability.
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ADT accelerated degradation test

AEM anion exchange membrane
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ALD atomic layer deposition

b Tafel slope
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CNT carbon nanotube
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DFT density functional theory

DOE U.S. Department of Energy

Eip half-wave potential
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GDL gas diffusion layer
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TEM
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membrane electrode assembly
metal-organic framework
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nanoparticle

nanotube

nanowire

open circuit voltage

oxygen reduction reaction
polyaniline

proton exchange membrane
proton exchange membrane fuel cell
platinum group metal

rotating disk electrode

reduced graphene oxide
reversible hydrogen electrode
specific activity

single-atom catalyst

scanning transmission electron microscopy
transmission electron microscopy
zeolitic imidazolate framework
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1. INTRODUCTION

Proton exchange membrane fuel cell (PEMFC) vehicles are
emerging into the commercial market as the drive for zero-emission
vehicles increases.! However, the cost of the PEMFC is still high,
with one of the major cost components being the noble metal cat-
alyst. The rather sluggish oxygen reduction reaction (ORR) at the
cathode requires catalysts with a higher surface area and optimized
structure in order to minimize the use of platinum group metals
(PGMs).

Today, Pt and its alloys are the most commonly used catalysts
for PEMFCs at both the anode and the cathode. In 2017, the U.S.
Department of Energy (DOE) set the technical target of reaching
a total loading of platinum group metals below 0.125 mg/cm? by
2020. Their target activities at 0.9 V vs reversible hydrogen electrode
(RHE) are a PGM mass activity (MA) of 0.44 A/mgpgm for PGM cat-
alysts and a current density of 44 mA/cm?* for PGM-free catalysts.”
While the Pt loading can easily be reduced below 0.05 mg/cm® at
the anode,” the stability and performance of the electrocatalyst at
the cathode is critical. In the acidic and oxidizing conditions at the
cathode, Pt nanoparticles (NPs) tend to agglomerate and grow, thus
losing the surface area. Although some research papers have reached
the 2020 goals, commercial fuel cells still operate with around
0.35 mgp,/cm” when used in vehicles.’

There are several strategies for improving the cathode catalyst
in terms of efficiency and durability (Fig. 1). The size of commercial
Pt NPs has already been minimized to 3-6 nm. To further reduce
the cost and/or improve the catalytic activity of Pt, research groups
are aiming at the shape control of Pt NPs, alloying of Pt, core-shell
NP structures with Pt-rich surfaces, and the synthesis of hollow NP
structures. The durability can be improved by confining the PGM
NPs in a carbon based structure, as well as by making use of differ-
ent support materials. Recycling of membrane electrode assemblies
(MEA) containing PtCo has also shown that the global impact of the
catalyst can be reduced by extracting the metals from the aged MEA
and synthesizing new catalysts.*

On the other hand, Pt-free catalysts such as single-atom cata-
lysts (SAC) are the focus of investigations (Fig. 1). These are most
commonly of M-N-C type, where M is a metal, most commonly
Fe or Co.” Optimization of these catalysts is currently followed up
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by creating edge-rich and porous structures, making use of favor-
able structures such as graphene or carbon nanotubes (CNTs), and
by increasing the catalyst’s hydrophobicity. Additionally, transition
metal dithiolenes (M-S-C structures) comprising Fe or Co have
been recently proposed by density functional theory (DFT).” A num-
ber of different compounds have likewise been determined by DFT
as sufficiently stable two-dimensional materials for ORR," although
experimental demonstration is yet to be performed.

In the following, the most recently investigated electrocata-
lysts for ORR will be discussed for each strategy, being split into
PGM-based catalysts on the one hand and PGM-free catalysts on
the other hand. The focus is on their synthesis, performance, and
durability. Due to the vast number of publications in the past two
years, the focus lies on those works providing membrane electrode
assembly (MEA) tests in fuel cells. Additionally, works on catalyst
materials that have not been tested at this level but in the view of
the authors present promising performance and applicability in the
PEMEFC have also been considered. The goal of this work is to give a
brief overview of the latest developments and to point out the most
promising approaches for future research.

While ORR studies in alkaline media are currently very pop-
ular, the focus of this work is on the research dedicated to ORR
in acidic media in order to identify suitable materials and synthesis
processes for the successful development of PEMFCs. The primary
objective does not necessarily lie in outperforming commercial Pt/C,
but in achieving high reliability and durability of the catalyst in a
cost-efficient synthesis process.

1. PGM-BASED CATALYSTS

Four different approaches are mainly pursued on PGM-based
catalysts: the alloying of Pt or other PGM, the optimization of the
pure Pt catalyst, an optimization of the supporting substrate, and
the protection of the catalyst in an organic structure. Naturally, these
approaches are often combined to acquire superior results.

A. PGM alloys

PGM alloys allow for reducing the use of the PGM, and elec-
tronic properties improving the catalytic activity of the PGM can be

PGM-FREE

FIG. 1. Current strategies for improv-
ing the efficiency and durability of PGM-
based (left) and PGM-free (right) ORR
catalysts for PEMFCs.
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obtained. The alloying elements may also contribute with their own
catalytic activity.

One of the most popular approaches is the alloying of Pt with
transition metals such as Fe, Co, Ni, and Cu, which are usually
employed in the form of NPs with a Pt-rich surface. The Pt-rich
and electrochemically stable surface is usually formed by either a
specific etching process or the dissolution of transition metal atoms
during operation; the result is often referred to as a core-shell
structure. Several of these catalysts are already being used com-
mercially, such as Pt-Co, which serves in Toyota’s fuel cell car;’
however, research on different Pt-Co NP structures is still ongo-
ing." '" Current research focuses a lot on the development of Pt-Ni
alloys,'>""> where several works report the synthesis of octahedral
NPS.m—lU

Gong et al. successfully synthesized Pt-Ni as dumbbell-shaped
particles, which did not show increased electrochemically active sur-
face area (ECSA) but were able to achieve both higher ORR MA
and higher retention of activity after accelerated degradation testing
(ADT) when compared to globular Pt-Ni NPs”! (Fig. 2).

A neural-like network of Pt-Co NPs connected by CNTs
(Fig. 3) developed by Wang et al. was able to show outstanding
performance at both H,/O; and H,/air fueled PEMFCs while being
completely free from degradation after both ADT in an electrochem-
ical half-cell and continuous operation of PEMFC.”*

Several other binary alloys investigated involve Pt-Ag,”
Pt-Bi,”* Pt-Cu,”*® Pt-Fe,” " Pt-Ir,’’ % Pt-Se,”® Pt-Te,”” and
Pt-Zn.* In addition, several ternary™** and quaternary alloys**"
have been investigated. A Pt-rare earth catalyst is proposed by
Chu et al;>! however, such a catalyst is questionable in terms of
large-scale application due to its low abundance.

Apart from alloying, a few works concentrated on the phospho-
rization®”" or nitrogenation™ of Pt.

Dionigi et al. and Cao et al. reported further improvement in
the durability of octahedral Pt-Ni by introducing additional alloy-
ing elements in a second synthesis step, such as Mo* or Cu,"
respectively.

FIG. 2. Dumbbell-shaped Pt-Ni NPs for ORR captured by TEM [(a), (c), and (e)],
STEM [(b) and (d)], and their 3D structure model (f). The Pt-Ni/C catalyst reached
an ORR MA of over 1.3 A/mgp.2' Reprinted with permission from Gong et al.,
Appl. Catal. B 246, 277 (2019). Copyright 2019 Elsevier.

scitation.org/journal/apm

Wang et al. investigated ternary alloys of Pt with the three tran-
sition metals Fe, Ni, and Co, finding that the Pt-Co-Fe alloy was the
most favorable among the possible combinations in terms of both
activity and durability.*’

The non-platinum containing PGM alloys recently reported
for acidic ORR are Pd-based” ¢ or Ir-based.”” Pd-Mo nanosheets
investigated by Luo et al. showed extremely high ORR activity in
alkaline media and also have superior performance in acidic media;
however, the authors considered that the stability in acidic media
was insufficient for practical applications.”” More frequently, Pd
is also alloyed with Pt in a variety of nanostructures.””>* " Sev-
eral works reported ternary alloys including both Pt and Pd.**
Nan et al. investigated different Pd-M/Pt core-shell catalysts with
Ni, Co, and Fe as alloying elements. The Pd-Fe core provided the
best ORR activity, while all alloy cores outperformed the catalyst
containing a pure Pd core.”” A ternary alloy of exclusively noble
metals (Pt-Pd-Ir) was investigated by Deng et al.”’

For most reported alloy catalysts, an improvement due to alloy-
ing with additional elements is reported. Deng et al. found that
binary Pt-Pd on carbon nanowires (CNWs) outperformed ternary
Pt-Pd-Au, however, the Au phase was mostly segregated so that the
effect of alloying could not be studied.”

B. Optimization of pure Pt catalysts

The optimization of pure Pt focuses on shape-tuning, to opti-
mize ECSA and to expose the most active crystal planes, and on the
tuning and control of the particle size. In terms of shape, rhombic
dodecahedral NPs show the highest activity in perchloric acid, while
the cubic shape is the least favorable’! (Fig. 4).

Dong et al. studied the mechanism of ORR on Pt(100), Pt(110),
and Pt(111) facets and were able to monitor the intermediates in situ
by Raman spectroscopy. On Pt(111), where ORR is improved, the
reaction takes place via the formation of HO, radicals, whereas OH
radicals are formed on Pt(100) as well as Pt(110).”” Chen et al. syn-
thesized NPs in a multipod structure showing good performance;
however, degradation was still an issue.”*

Cheng et al. used an Se film on the carbon support in order to
seed Pt NPs smaller than 2 nm, resulting not only in superior perfor-
mance but also in much improved durability.” Another approach
was pursued by Chen et al., who synthesized supramolecular Pt-
containing structures with promising results for ORR.”

C. Optimization of the supporting layer

The interface between the PGM catalyst and its supporting
layer is crucial since poor adhesion can lead to catalyst detach-
ment. In addition, the support must provide an electrical connec-
tion to the catalyst and may influence the density of states in the
d-band of the catalyst. Carbon black (CB) is the most commonly
used support for the PEMFC catalyst. Current research includes the
use of CNTs,”>"% % CNWs,”>”! metal oxides,”” *° a combination
of those,”” and various other compounds.”*~”! Those can be used
to either replace CB or act as an intermediate support between the
catalyst and CB.

Doping of CB with N, as well as the use of Mn as a precur-
sor results in more graphitic and corrosion-resistant carbon.”***
As reported by Yang et al., Pt particles deposited on N-CB were
smaller and better dispersed, resulting in an increase in ECSA and
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FIG. 3. Scheme of hollow Pt~Co NPs in an organic network connected by CNTs inspired by the neural network (top). SEM micrographs of the intermediate products during
synthesis [(a;—(c)] and the products after pyrolysis [(d) and (e)]. TEM micrographs of the obtained Pt~Co/CNT/C catalyst [(f)—(i)], which reached a peak power density of

over 1 W/em
Copyright 2019 Royal Society of Chemistry.

PEMFC performance.” Increased graphitization is also achieved by
N-doping along with increased porosity of the carbon support.””*
N-doping is proposed to also give a more homogeneous ionomer
distribution.” Coalescence of Pt and Pt-Co particles was sup-
pressed by utilizing a porous carbon support, resulting in improved
performance and durability.”

D. Protection of the PGM catalyst in an organic matrix

The most promising approach in order to limit degradation
and increase the durability of PGM catalysts is their protection in a

in a H,/0, PEMFC at a Pt loading as low as 60 ug/cm? at the cathode.?? Republished with permission from Wang et al., J. Mater. Chem. A 7, 19786 (2019).

carbon-based matrix, where the PGM catalyst is not in direct contact
with the polymer membrane.”**” Zhao et al. successfully “confined”
Pt3Co NPs in mesoporous carbon derived from the zeolitic imida-
zolate framework (ZIF-8). With the NPs trapped in the mesoporous
structure, both detachment and agglomeration of NPs could be
largely avoided, while the catalytic activity was not compromised.”
Li et al. used an ionic liquid (IL) film to cover Pt/C NPs. In addi-
tion to the protective effect of those films, their electronic prop-
erties also improved ORR activity with respect to the bare Pt/C.”
Zhou et al. created a carbon-based shell for Pt derived from Nafion,

APL Mater. 9, 040702 (2021); doi: 10.1063/5.0045801 9, 040702-4
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FIG. 4. Shape dependency of ORR activity for pure Pt NPs in perchloric acid.

improving the PEMFC performance at a low Pt loading of 0.07
mg/cm?; however, the durability was not studied.”®

Choi et al. synthesized Pt-Fe NPs in a block copolymer matrix
and achieved the formation of a carbon shell around the NPs.
This catalyst achieved extremely high Pt mass activity in a half
cell of 9 A/mg, and in PEMFC, an extremely low Pt loading of
0.01 mg/cm? was used to achieve a performance comparable to
commercial Pt/C.*

Xiao et al. investigated the ORR of the noble metals Ir and Ru in
a PGM-N-C configuration as SACs, reporting extraordinarily high
ORR MAs including promising results at the PEMFC level.!"!"!
Liu et al. determined that Ir and Rh showed favorable performance
when applied as SAC, in contrast to Pt and Pd.'"”

E. Synthetic strategies

The most common approach for the synthesis of PGM-
based catalysts is the solvothermal reduction method in autoclave.
Meanwhile, alternative synthesis routes include pyrolysis, galvanic
replacement, selective etching, and electrodeposition (Fig. 5). More-
over, the synthesis may comprise those multiple synthesis steps.

Precursors
Reducing agent
(+ C support)

Reduction in autoclave

W e
(® eg.5i0 rt)
epg Ilzs.uppo o
yrolysis synthesis routes

0990°%9%

Electrodeposition

Selective chemical /electrochemical
etching

FIG. 5. Main strategies for the synthesis of PGM electrocatalysts.
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FIG. 6. SEM micrographs of Pt-Co mesoporous NTs synthesized using Te NWs
and F127 block copolymer as templates. The inset in (b) shows the cross section
of a NT. Interestingly, the Pt-Co NTs outperformed Pt-Ni NTs synthesized through
the same route.'5 Reprinted with permission from Yin et al., ACS Sustainable
Chem. Eng. 7, 7960 (2019). Copyright 2019 American Chemical Society.

In the solvothermal reduction method, metal precursors (usu-
ally acetyl acetates) are dissolved and mixed with a reducing agent
and other additives. Carbon is often mixed in before the reduction
process, which takes place in an autoclave at elevated temperatures.
The product is then dried. For application in an MEA, the catalyst is
usually dispersed in a solvent and sprayed onto the electrode.

Zhao et al. studied the size dependence of icosahedral Pt NPs
synthesized using tetraethylene glycol as both the solvent and reduc-
tant and were able to synthesize the catalyst within 20 min. Inter-
estingly, the highest kinetic current was reached for the largest NPs
(14 nm), which also exhibited the best durability.'"’

Lei et al. demonstrated the synthesis of Pt-Co, Pt-Fe, and
Pt-Ni NPs through the same route, allowing a direct comparison
between their ORR activities, finding that Pt-Co was the most active
at the ORR between them.'”* A similar observation was made by
Wang et al.'”

Yin et al. reported a room temperature synthesis for meso-
porous Pt-Co and Pt-Ni nanotubes (NTs).'’® Here, the reduction
of Pt-M (M = Co, Ni) takes place using ascorbic acid as a reduc-
ing agent and by galvanic replacement of the previously synthesized
Te nanowires (NWs). In addition, a polymeric surfactant introduces
mesoporosity in the material (Fig. 6). The same approach is used by
the group to prepare mesoporous Pt-Te NTs.””

Yang et al. proposed a silica-assisted pyrolysis method for the
reduction of Fe-Pt NPs.”’ After pyrolysis, the silica is removed
and the Pt-Fe NPs are etched to obtain a hollow structure
(Fig. 7). Alternative synthesis routes for Pt-Fe NPs are the

»
° .
) Heating in H, @ ° Elching o= *
- @ ki @
eP ) Fe,0, @ FerichPIFe @ Hollow PiFe Si0,

FIG. 7. Scheme for the formation of hollow Pt-Fe NPs from Pt and Fe30,4 precur-
sors by silica-assisted pyrolysis. SiO, prevents the agglomeration of NPs during
the heat treatment at 900 °C at which formation of Pt-Fe NPs takes place. Subse-
quent etching in HF removes SiO, and dealloys the NPs to obtain an electrochem-
ically stable composition of Pt-Fe. The Pt-Fe/C catalyst reached a MA of over
1 A/mgp; and 91% retention of MA after ADT.? Reprinted with permission from
Yang et al., Chem. Eur. J. 26, 4090 (2020). Copyright 2019 Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim.
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(b)

FIG. 8. TEM micrographs [(a) and (c)-(e)] and 3D model (b) of hexapod Pt-Pd-Cu
NPs, which reached an ORR MA of 1.17 A/mgp.5* Reprinted with permission
from Chen et al., ACS Sustainable Chem. Eng. 8, 1520 (2020). Copyright 2020
American Chemical Society.

impregnation-reduction method”* and pyrolysis from a single pre-
cursor.”’ Higher process temperatures lead to the formation of an
ordered structure, more favorable for ORR activity.”**’

Chen et al. achieved the synthesis of ternary Pt-Pd-Cu alloy
NPs in a hexapod shape (Fig. 8). The formation of this unique shape
was triggered by a combination of etching and selective growth.**

Mesoporous structures are reported in many cases, and their
catalytic activity is certainly promising due to their generally higher

scitation.org/journal/apm

ECSA and MA.!7#705676970.106 However, their applicability in a
PEMEC is questionable, as its performance depends on the number
of triple points, which do not necessarily increase due to mesoporos-
ity of the catalyst. In these cases, high ORR activities at the rotating
disk electrode (RDE) level need to be backed up by PEMFC testing
to prove the effect of a mesoporous structure on the FC. Otherwise,
porous structures can still lead to improved MAs due to a decrease
in the amount of non-surface material and can be ultimately
optimized by the synthesis of hollow structures, as long as the
stability is not compromised.'**¢

A more promising approach is the combination of the cata-
lyst with a mesoporous support layer, where the catalyst is confined
within the mesopores.”* 177

An alternative for the synthesis of PGM NPs is through pulse
electrodeposition onto the carbon support.'"'”* Wang et al. success-
fully deposited Pt NPs within a desirable particle size of 3-10 nm
after determining the optimum deposition parameters. The elec-
trodeposited Pt/C showed higher half-wave potential Ej,, kinetic
current density ji, and stability with substantially lower Pt loading
in comparison to commercial Pt/C.!"

Hussain et al. produced an Nb-Ti oxide substrate by atomic
layer deposition (ALD), followed by the deposition of Pt by mag-
netron sputtering, and high ORR activity at a very low Pt load-
ing of 9 pg/cm® was reached.’® A sputter deposition approach
was also followed by Ergul-Yilmaz et al. for the deposition
OfPt.H)‘)

F. Durability issues

Many PGM-based catalysts suffer from constant performance
degradation.'” For pure Pt, this generally refers to the dissolution
and redeposition of Pt, leading to particle growth and thus loss of
the total catalyst area.''” For alloys, leaching of non-noble metals can
cause compositional and structural changes. A detailed in situ exam-
ination of the degradation of octahedral Pt-Ni was performed by
Beermann et al., identifying coalescence and particle motion as the
main degradation mechanisms.''" Another considerable problem of
pure Pt is its methanol-dependent performance.
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FIG. 9. Comparison of linear sweep voltammograms (LSVs) of C-supported Pt-Ni bunched nanocages (PtNi-BNCs/C), Pt-Ni bunched nanospheres (PtNi-BNSs/C), Pt NWs,
and commercial Pt/C, where the Pt-Ni nanocages demonstrate an improvement of 63 mV in Esj, with respect to commercial Pt/C (a). LSVs of C-supported Pt-Ni nanocages
including cyclic voltammograms (inset) initially and after 20 000 and 50 000 cycles of ADT, showing that neither ORR nor ECSA is significantly affected by the ADT (b).'?
Reprinted with permission from Tian et al., Science 366, 850 (2019). Copyright 2019 AAAS.
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TABLE |. Characteristics of ORR for different PGM-based electrocatalysts in 0.1 M HCIO,. jx, MA, and SA are given at 0.9V vs RHE. ADT refers to 10 000 potential cycles
between 0.6 and 1.0 V unless stated otherwise. MA and ECSA usually refer to Pt mass only. All potentials refer to RHE.

Kinetic current Half-wave  Tafel Mass Specific  Electrochemical ~ Retained Loss in
density potential  slope activity  activity surface area  mass activity Ei
ik Eip b MA SA ECSA after ADT  after ADT
Catalyst (mA/cm?) ) (mV/dec) (mA/mg) (mA/cm?) (mz/g) (%) (mV)  References
Ir-N-C 9.8 0.86 41 12200° n/a’ 100
Ir-N-C 0.83 48 97° 102
Na-Pt-R/C 0.71 118 35¢ 75
Pd-Mo/C 660" 0.47 139 55
Pt/C 0.95 2070 3.1 70 97 114
Pt/C 870 1.49 119
Pt/C 370 0.55 69 58 73
Pt/C 860 0.99 87 83° 115
Pt/C 3.4 0.91 108
Pt/C 0.88 44 27 81
Pt/C 260 0.43 69 96
Pt/C 260 0.65 40 74' 109
Pt(N)/C 0.93 102 69 96° 54
Pt/C-N 3.13 0.87 98 5" 120
Pt/C/PANI 63 0.09 121
Pt/Co-N/C 0.89 227 48 85" 4" 10
Pt/Ir/C 2.9 0.86 373 1.30 84" 33
Pt/Mn/C 0.88 300 0.57 67 31" 93
Pt/Se/C 0.96 750 0.32 231 93 74
Pt/IL/C 800 1.32 99
Pt/Nb-O/C 0.92 64 560 0.85 66 100 84
Pt/Nb-O/C 429 0.52 83 80’ 83
Pt/Nb-O/CNT 1.1 0.86 59 57 82 93" 6" 87
Pt/Nb-Ti-O/C 0.77 52 56 0.32 20 86
Pt/Pd/C 750 1.01 60 62
Pt/Pd-Co/C 160" 0.58 130 68
Pt/Pd-Fe/C 260" 0.88 129 89 68
Pt/Pd-Ni/C 110° 0.69 125 68
Pt/Ti-C 0.82 80 0.13 88 1 88
Pt/Ti-N 0.85 140 0.27 79 7 88
Pt/Ti-Nb-O 150 0.35 43 82
Pt/Ti(N,C)O 115 41 n/a 85
Pt/Ti—~C-O(F)/CNT 0.90 210 0.32 64 79
Pt/Ti-C-O(F)/CNT 0.88 163 0.26 63 19" 80
Pt/Pd/W-Ni/C 0.90 370" n/a" 1" 90
Pt-Ag/C 2.17 0.88 316 3.46 91 n/a 23
Pt-Au-Cu/C 0.92 78 750" 0.49 153 n/a 48
Pt-Bi/C 0.84 1040 87" 24
Pt-Co/C 0.97 2260 8.6 27 94! 8
Pt-Co/C 151 128 30 78¢ 26
Pt-Co/C 0.89 640 1.29 49 86 104
Pt-Co/C 740 1.74 91 5 105
Pt-Co/C 0.91 62 950 0.99 50 106
Pt-Co/Nb-O/C 449 0.63 71 n/a 83
Pt;Co/C 0.93 62 830 1.44 58 87" 5 98
Pt-Co/CNT 0.94 852 1.38 62 103 n/a 22
Pt-Co-Fe/C 0.90 650 26 84 6 43
Pt-Co-Ni-Mo/C 450 49 78 49
Pt-Cu/C 2570 2.82 91 25
APL Mater. 9, 040702 (2021); doi: 10.1063/5.0045801 9, 040702-7
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Kinetic current Half-wave  Tafel Mass Specific  Electrochemical ~ Retained Loss in
density potential slope activity  activity surface area  mass activity Ei2
jk Ein b MA SA ECSA after ADT  after ADT
Catalyst (mA/cm?) V) (mV/dec) (mA/mg) (mA/cm?) (mz/g) (%) (mV) References
Pt-Cu-Ni/C 1290 1.7 73 93" 10™ 46
Pt-Cu-Ni-W/C 2020 126 66° 50
Pt-Cu-W/C 0.93 56 750 1.43 53 96" 42
Pt-Fe/C 0.92 58 680 2.23 30 73 28
Pt-Fe/C 300 54 29
Pt-Fe/C 48 1020 2.73 37 91 27
Pt-Fe/C 0.88 470 0.92 51 74 104
Pt-Fe/C 50 92
Pt-Fe/C 9000 69 30
Pt-Fe/TiCrN 674 1.28 90" 6 107
Pt-Fe-Mo/C 0.92 780 0.56 133 67" 26" 47
Pt-Ir/C 0.87 1.18 32 23 32
Pt-1r/C 0.91 65 522° 1.56 33 30 35
Pt-Ir@Pd/C 1880 1.27 122" 84 31
Pt-Ni/C 1640 38 63 39
Pt-Ni/C 0.94 1676 5.84 29 16
Pt-Ni/C 0.93 1330 27 73 21
Pt-Ni/C 914 2.45 37 75° 14° 17
Pt-Ni/C 58 1900 7.7 25 91" 50 18
Pt-Ni/C 790 30 58" 19
Pt-Ni/C 54 3520 5.16 68 99° 12
Pt-Ni/C 2.84 0.87 26 268 14.3 19 13
Pt-Ni/C 0.87 400 0.77 52 70 104
Pt-Ni/C 0.90 61 900 0.89 49 106
Pt-Ni/C 45 92
Pt-Ni/C 14 29 14
Pt3Ni(Au)/C 3080 5.74 35 95¢ 113
Pt-Ni/Nb-O/C 539 0.50 107 n/a 83
Pt-Ni-Cu/C 3700 6.2 60 82" 40
Pt-Ni-In/C 760 1.96 39 98" 41
Pt-Ni-Ir/C 409 85 86" 45
Pt-Ni-Mo/C 3430 38 72 39
Pt-P/C 0.93 915 1.86 52 93 52
Pt-Pd/C 70 92
Pt-Pd/C 920" 1.04 72" 91” 9P 58
Pt-Pd/C 0.87 411 0.43 93 88" 59
Pt-Pd/C 0.92 850° 1.33 54 73 14 60
Pt-Pd/C 480° 1.93 45 54" 30™ 61
Pt-Pd/C 0.90 65 410° 0.91 52 20" 35
Pt-Ir/C 31" 57 34
Pt-Pd-Ag/C 0.90 59 610 111 55 11° 65
Pt-Pd-Cu/C 0.93 1170 2.20 53 63 12 64
Pt-Pd-Ir/C 0.95 63 1030 2.08 48 78 7 70
Pt-Pd-Ni/C 0.94 68 1140 1.52 56 n/a 69
Pt-Pd-Ni/C 77 1170 3.8 32 84 66
Pt-Pd-Ni-P/C 0.93 61 450 0.89 51 84 6" 67
Pt-Te/C 0.92 65 400 0.9 45 92° 37
Pt-Y-O/C 108 0.20 53 83" 51
Pt-Zn/C 0.94 1020 1.68 61 n/a 38
Rh-N-C 0.68 51 102
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Kinetic current  Half-wave Tafel Mass Specific  Electrochemical Retained Loss in
density potential slope activity activity surface area mass activity Ein
jk Eip b MA SA ECSA after ADT after ADT
Catalyst (mA/cm?) V) (mV/dec) (mA/mg) (mA/ cm?) (m?%/ 2) (%) (mV) References
Ru-N-C 0.82 54 4780° 11.95 17% 101
Se/Pt/C 0.82' 58 17 36

*Normalised by total PGM mass.

® After 5000 potential cycles of ADT.

€ After 10 000 seconds of chronoamperometry.
4 After 1000 potential cycles of ADT.

€ After 50000 potential cycles of ADT.

fAfter 3000 potential cycles of ADT.

8 After 20000 potential cycles of ADT.

! After 30000 potential cycles of ADT.

' After 25000 potential cycles of ADT.

JIn H,S80,.

¥ After 2000 potential cycles of ADT.
'At60°C.

™ After 15000 potential cycles of ADT.
"Normalized by mass of Pt and Ir.

© After 6000 potential cycles of ADT.

P After 8000 potential cycles of ADT.

9 After 4000 potential cycles of ADT.
"Normalized by total catalyst mass.

*After 5 h of chronoamperometry.
‘Recalculated from Ag/AgCl assuming a pH of 1.

Mom et al. investigated the oxidation behavior of Pt under
PEMFC conditions and found that oxidation of Pt was favored
under wet conditions at oxidizing potentials, especially on Pt NPs.
Furthermore, the authors showed that the use of a Br-containing
membrane instead of a regular Nafion membrane could suppress
oxide formation.''?

Outstanding durability has been reported by Tian et al. on
bunched Pt-Ni nanocages, with only marginal decrease in MA after
50000 cycles of ADT (Fig. 9). This performance has been related to
the protective Pt skin structure of the catalyst.'” Wu et al. improved
the durability of Pt;Ni NWs by Au doping, while the ORR activ-
ity was unaffected by the addition of Au.''? Corroborated by DFT
studies, the authors suggest that Au occupies surface defects of the
Pt;Ni matrix and immobilizes Ni atoms. A similar observation was
made by Shen et al. using In in order to limit the diffusion of Ni.*!
Although the initial performance was inferior to that of a Pt-Ni
alloy, an improved durability of Pt-Ni-In was found, and the opti-
mum In content is the result of a trade-off between activity and
durability.

Feng et al. produced Pt-Te nanosheets, which were then
submitted to electrochemical dissolution of Te. The so-obtained
porous Pt nanosheets showed very high MA and durability even
after 30 000 potential cycles.''* Similar observations were made by
Kong et al. after dealloying Pt-Ni NWs'"> and referred to the
higher defect density of dealloyed Pt, leading to improved ORR
performance.' '

In a different approach, a significant improvement was made by
Guo et al. to Pt/C by applying a phosphorization treatment, leading
to the formation of Pt,P.”

Tu et al. found that the addition of W to Pt-Cu led to the
outstanding stability of the catalyst after 30000 potential cycles,
even though the performance has been notably decreased after 5000
cycles.”” This example shows that sufficiently long durability tests
are indispensable for the evaluation of an ORR catalyst and 10 000
potential cycles, as suggested by the DOE, should be the absolute
minimum.’

The fact that MA of the PGM-based catalysts is often reported
with respect to Pt mass leads to the questionable assumption that
ORR solely takes place on Pt atoms. Especially, if other PGM-
metals such as Pd or Ir are involved, but also in the case of alloy-
ing of Pt with non-noble elements, their contribution to ORR
activity is neglected and unrealistically high MA are reported.
Although the Pt MA is therefore little meaningful from a sci-
entific viewpoint, it can give a good estimation on the required
amount of Pt and therefore the cost efficiency. From a purely
electrochemical view, the ECSA-normalized specific activity (SA)
should provide better comparability (Table I). A sound guidance
for measuring and reporting the catalytic activity was produced by
Wei et al.'"”

Zalitis et al. targeted the issue that although Pt alloys often show
higher activity around the half-wave potential, they often do not
exhibit as high current densities at higher ORR overpotential, close
to the working potential of the PEMFC.!'® It is therefore impor-
tant to document the MA at a higher potential such as 0.9V vs
RHE.

Ir-based catalysts’” and Pt-Pd alloys™ show very good CO
tolerance in contrast to Pt. Bak et al. further found that carbon
corrosion was suppressed when Ir was present.”!
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Ill. PGM-FREE CATALYSTS

Research on PGM-free catalysts for the ORR in acidic media
includes ceramic catalysts such as CoS,,'”” NiN'** and Fe;C;'**
however, the majority of the PGM-free catalysts are carbon-based.
Carbon-based electrocatalysts profit from the huge abundance of
carbon as well as from the highly advanced existing technologies
able to tune carbon to the desired electronic properties. Carbon

scitation.org/journal/apm

doped with elements such as nitrogen,'”!*® sulfur, phosphorous,
and their combinations'”’~'* has proven to work as ORR cata-
lysts in both half-cell and PEMFC experiments. However, the cur-
rent densities of these catalysts are not comparable to their PGM
counterparts yet. Therefore, co-doping carbon with nitrogen and
a transition metal to form SAC M-N-C structures where M=(Fe,
Co, Cr, Ni, Mn, Ti, Zn)"*""'% is the focus of current PGM-free
research.
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FIG. 10. X-ray photoelectron spectra of single-atom Fe anchored to nanographene (NG) and reduced graphene oxide [(RGO, (a) and (b)] and schematic of the Fe-N,
Fe-Ns, Fe-N3, and Fe-C4 active sites where Fe is indicated in gold, N is indicated in gray, and C is indicated in dark orange (c). The free-energy diagram of these sites also
at the Pt(111) facet in acidic media from DFT calculations (d) and a volcano plot of the ORR activity by plotting the overpotential as a function of the binding energy of OH of
these sites, Pt(111), nitrogen-doped graphene, and graphene (€).'“® Reprinted with permission from Chen et al., Nano Energy 66, 104164 (2019). Copyright 2019 Elsevier.
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These SACs utilize abundant materials and thus have the poten-
tial to significantly reduce the cost of PEMFCs. The electrocatalytic
activity of these materials is highly dependent on the type of metal
and is reported to follow the order Fe > Co > Mn > Cu > Ni.!*
Fe has therefore been studied extensively.'*"'*"~* To facilitate the
optimization of SACs, studies to understand which are the active
sites have been performed. Zhang et al. found pyrrole-type FeNy
to be most active through both DFT calculations and from high
open circuit voltage (OCV) and peak power density from tests in
PEMEC. Chen ef al. reached the same conclusion'* (Fig. 10). Mun
et al. investigated the effect of the carbon support on the activ-
ity of FeN, and found that the activity can be tuned by adding
electron-withdrawing/donating groups.'*®

A. Synthetic strategies

The synthesis of M-N-C catalysts is most commonly done
through pyrolysis, where nitrogen containing the organic precursor
and metal precursor are mixed and subsequently heated in an
inert atmosphere.'*!*71*8 Some research groups add sulfur to the
M-N-C to improve catalyst activity."*”"'°> To ensure porosity,
a sacrificial support may be added'*'**"!*” or a metal-organic
framework (MOF) such as ZIF-8 can be used as the organic
precursor.'*1%%-1%* Tn principle, several different precursors may
be combined (Fig. 11). Zhu et al. combined the use of a sac-
rificial polystyrene template and ZIF-8 to obtain a hierarchi-
cally porous structure.'*" The first pyrolysis step is followed by

DCD
Catalyst precursors

L-aspartic acid

APL Materials RESEARCH UPDATE

i Pyrolysis

Fe NPs-Fe-N,

scitation.org/journal/apm

JM=-N-C FIG. 11. Scheme for the synthesis of SAC electrocatalysts.

etching to remove the support, surface oxides, and unstable metal
clusters'**!*71*8(Fig. 12). An additional pyrolysis step ensures car-
bonization and yields a more uniform morphology.'*”'** Several
groups have added excess Fe to form NPs of iron carbides or nitrides
within the Fe-N-C. 1165166

Gao et al. combined the pyrolysis and etching step by adding
H, to atmosphere during pyrolysis of a MOF-based catalyst. Tun-
able hierarchical porosity was obtained.”*! Li et al. added addi-
tional metal ions to the pyrolysis. The metal ions were oxidized
during heat treatment and ensured increased porosity while being
easily removed during subsequent acid leaching.'”* A hierarchi-
cally open-porous structure has been obtained by the addition
of graphitic carbon nitride to ZIF-8 and iron precursor prior to
PYrOlYSiS.Hg'“;'I(M

Similarly, ammonium chloride or sodium chloride has been
added to the pyrolysis to achieve an edge rich structure with more
accessible active sites."”!*” Wang et al. also achieved an edge rich
structure by using iron chloride as a precursor, and both experi-
ments and DFT calculations showed higher catalytic activity of the
Fe-N, sites at edges compared to those at the center of the carbon
matrix."*® Another strategy is to increase the density of active sites
as done by Wan et al. by making concave structures.'*”

Wang et al. produced iron oxide NPs in a mesoporous N-doped
carbon, which after pyrolysis formed a core-shell structure with iron
oxide encapsulated in graphitic carbon, and x-ray photoelectron
spectroscopy analysis showed Fe-N active sites.'”"

Edge-rich Fe-N,

FIG. 12. Formation of Fe-N-C by pyrolysis using L-aspartic acid, dicyandiamide (DCD), and FeCl; as precursors.'* Reprinted with permission from Wang et al., Adv.
Mater. 32, 2000966 (2020). Copyright 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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As an alternative to the pyrolysis of MOF and sacrificial sup- fabricated carbon nanospheres connected with CNTs to improve
port, Wang and Berthon-Fabry synthesized Fe-N-C using the the electrical conductivity of the catalyst.'”* Liu et al. also anchored
sol-gel method to produce an aerogel.'”’ Fe single atoms on CNTs'”* but further improved the perfor-

Highest performance is, however, found for Fe-N-C cata- mance by exchanging CNTs for graphene'’” (Fig. 13). The high-
lysts using CNTs and/or graphene as the carbon precursor, with est performance and durability of a PGM-free catalyst were
the advantage of not needing a sacrificial support.'”” Li et al. achieved by Chen et al. through supporting NG doped with

g 4 . H20 e Fe-N-C
® Zv " neoi\de
e fe | 5(39“‘ 0O

F \J:
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o ¢ ra
.
Ty

Fe/ZIF-8 “seeds’ s-Fe/ZIF-8/GO Fe-N/GNs

FIG. 13. Scheme of Fe-N-graphene synthesis (a), TEM image of the intermediate Fe/ZIF-8/graphene oxide (b), TEM and STEM images of the Fe—N-graphene [(c)-(e),
and (g)], and elemental mapping of the final product (f).'”> Reprinted with permission from Liu et al., Small Methods 4, 1900827 (2020). Copyright 2020 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim.
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TABLE II. Characteristics of the ORR for different PGM-free electrocatalysts. ORR was performed in 0.1 M HCIO,4 unless stated otherwise. MA and SA are given at 0.8 V. All
ECSA were determined by the Hpq method. ADT refers to 10 000 cycles between 0.6 and 1.0V unless stated otherwise. All potentials refer to RHE.

Kinetic Half-wave  Tafel Mass Specific  Electrochemical Retained Loss in
current potential slope activity  activity surface area  current density Eip
density ji Eip b MA SA ECSA after after ADT
Catalyst (mA/cm?) V) (mV/dec) (mA/mg) (mA/ cm?) (mzlg) ADT (%) (mV) References
C(N,S) 0.74 60 78" 128
C(P,N)" 0.96 at 0.5 V 127
N-C 0.76 91° 125
N-C 0.61 108 87" 126
N-P-S-C 0.64 126 84" 129
Co-In-C-N" 0.7 79" 180
Co-$ 62 122
Co-N-C" 0.63 15° 177
Co-N-C" 0.84 40" 176
Co-N-C" 0.69 48 99° 178
Co-S-N-C 553at05V  0.68 91.7° 152
(Co,Ni)-C 0.34 104 87 181
(Co,Zn)-N-CNW 0.80 82 12 182
(Co,Zn)-N-$-C" 0.70 85¢ 150
(Co,Zn)-N-C 0.80 n/a 183
Cr-N-C 24at0.75V 0.77 37 15" 132
Fe-N-C 5.8at0.3V 0.76 137
Fe-N-C 0.82 142
Fe-N-C" 0.75 82! 139
Fe-N-C 0.78 65 67" 167
Fe-N-C 0.78 90' 130
Fe-N-C 0.78 10.5 0.0135 75 140
Fe-Fe;C/C 0.73 38 27" 141
Fe-N-C 37at0.75V 0.8 68 n/a° 138
Fe-N-C" 0.8 72 6.89" 26 143
Fe-N-C 0.81° 6.50 45 53 144
Fe-N-C 6.12at0.8V 0.1 63 18 131
Fe-N-C 0.73 503 19/ 145
Fe-N-C 0.74 59 38 162
Fe-N-C 0.81 16 163
Fe-N-C 6.14at0.8V  0.80 n/a 157
Fe-N-C° 3.82at08V  0.80 65 169
Fe-N-C" 0.84 31 158
Fe-N-C 46at0.8V 0.80 66 9 172
Fe-N-C" 0.925at0.8V  0.81 75 17 165
Fe-N-C 0.84 73 n/a" 175
Fe-N-C 0.79 90.8" 168
Fe-N-C 0.76 10" 156
Fe-N-C 0.79 72 91° 159
Fe-N-C" 0.82 92 1 160
Fe-N-CNW 8.0at0.8V 0.82 63 16 154
Fe-N-C/CNT 13.1at0.8V  0.84 67 565 15° 173
Fe-N-CNT 0.73 28 174
Fe-Fe;C/Fe-N-C” 0.56at0.85V  0.79 166
Fe,-N-C" 164at0.75V  0.78 83 20" 184
Fe,Ng-C" 0.84 82 848 262 24 185
$i0,-Fe-N-C 5.7at0.2V 0.8 153
Fe-N-NG/RGO 0.84 63 5™ 146
APL Mater. 9, 040702 (2021); doi: 10.1063/5.0045801 9, 04070213
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Kinetic =~ Half-wave  Tafel Mass Specific  Electrochemical Retained Loss in
current potential slope activity activity surfacearea  current density Ei2
density ji Ein b MA SA ECSA after after ADT

Catalyst (mA/cm?) V) (mV/dec) (mA/mg) (mA/cm?) (mZ/ 2) ADT (%) (mV) References
Fe-N-S-CNN" 0.78 151
(Fe,Ni)-N-C 12° 179
(Fe,Ni)-N-C 0.84 60 92° 164
Fe-O/C-N" 3.0at08V  0.81 64 170
Mn-N-C° 0.78 20 133
NiN 0.49 123
Ti-MOF 0.75 18 134
Zn-N-C 0.75 135

After 30000 s of chronoamperometry.
*In 0.5 M H,80,

©After 10000 s of chronoamperometry.
4 After 40000 s of chronoamperometry.
€ After 5000 potential cycles of ADT.
fAfter 30000 potential cycles of ADT.

8 After 50000 s of chronoamperometry.
b After 20000 potential cycles of ADT.

' After 20000 s of chronoamperometry.
! After 24 h of chronoamperometry.
XWith respect to BET surface area.

! After 3000 potential cycles of ADT.

™ After 15000 potential cycles of ADT.

Fe and N on RGO with minimal loss after 15000 potential
cycles.'*

Co-N-C catalysts have also been researched.'”>!¢:17¢
Although Co-N-C so far has shown lower catalytic activity than
Fe-N-C (Table II), Co ions are less critical when released into both
the membrane and ionomer since they are not Fenton active, and
hence, a better durability is expected.'°’ However, the Co-N-C
needs advanced engineering to reach potentials comparable to
Fe-N-C and Pt. Although half-wave potentials of up to 0.84V vs
RHE have been reached by a surfactant-covered Co-N-C struc-
ture,'’® they need to be further stabilized to achieve the superior
durability expected.

Promising results have also been obtained by adding more
than one metal to the M-N-C such as Fe-Ni,'**"”” Co-In,'®
Co-Ni,'*! and Co-Zn."""21%3 Zang et al. reported increased activ-
ity, both experimentally and from DFT calculations, due to Co-Ni
dual active sites,'" similar to the results produced by Ye and co-
workers using Fe-Fe dual sites.'* Fe-Fe was also studied by Zhang
et al. by thermal migration of adjacent FeNy sites to form Fe;Ng
dual sites. These dual sites show high selectivity toward the four
electron ORR due to the ability to adsorb two O atoms simulta-
neously.”® On the other hand, Zhu et al. found that Fe and Ni
formed single atom sites.'®* This shows the immense number of
variations that can be found for SACs, while only a handful has
yet been explored, and that further research is needed to find a
durable catalyst with a high catalytic efficiency and low production
cost.

178

B. Durability issues

He et al. observed an initial high rate of degradation before
an apparent stabilization of the Co-N-C. This is similar to what is
found in PGM based catalysts and is due to an initial loss of unstable
catalytic sites and oxidation of carbon.'”®

Kumar et al. found that carbon corrosion is occurring also in
Fe-N-C catalysts. The deactivation of the catalyst is increased by
the H>O, byproduct from the ORR on the Fe-N-C, as there is sig-
nificant increase in corrosion when cycled in O, compared to Ar.'**
Bae et al. studied the effect of H,O, with varying pH. With the
decrease in pH in the presence of H,O,, the amount of oxygen in
the sample after the test increased. This is in accordance with the
fact that Fenton’s reaction is pH dependent and results in reducing
the turnover frequency of nearby active sites.'*

Doping graphene, CNTs, or CNWs with a transition metal and
nitrogen has been proven by several groups to increase the durabil-
ity,! 1194178 with a further advantage of ensuring good conductivity
in the catalyst layer'®”

A major advantage of the SACs is that they are superior to
Pt/C when it comes to methanol tolerance."**'>" This would lower
demands on gas purity for the PEMFC, which further reduces the
operating costs.

IV. PEM FUEL CELL TESTING

While the electrochemical activity of a catalyst can be tested in
a three electrode setup, PEMFC testing is required to evaluate the

APL Mater. 9, 040702 (2021); doi: 10.1063/5.0045801
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TABLE Ill. Characteristics of PEMFC tests in Hy/O, for different electrocatalysts at 80 °C and 100% relative humidity. ADT refers to cycling between 0.6V and 1.0V unless

stated otherwise.
Peak power Open Specific Mass Tafel Current  Retention
density Cathode circuit activity  activity slope retention  of ECSA
Prax loading voltage SA MA b after after
Catalyst (W/em?) (mg/cmz) OCV (V)  (A/em?) (Alg) (mV/dec) ADT (%) ADT (%)  References
C(N,S) 0.28 2.5 0.78 128
Co-N-C 0.87 4 0.92 176
Co-N-C 0.92 4 161
(Co,Zn)-N-CNW 0.60 4 0.88 182
Fe-N-C 1.18 2.7 142
Fe-N-C 0.48 4 139
Fe-N-C 0.78 1 130
Fe-N-C 0.63 4 49° 140
Fe-N-C 0.68 3 0.29 157
Fe-N-C 0.73 3.5 0.98 158
Fe-N-C 0.75 2 172
Fe-N-C 0.7 4 1.01 143
Fe-N-C 0.86 4 169
Fe-N-C 0.65 4 165
Fe-N-C 0.6 4.0 160
Fe-N-S-C 0.53 4 149
FesNg-C 0.845 4 0.98 185
Fe-Fe;C/C 0.24 2 0.77 141
Fe-Fe;C/Fe-N-C 0.76 4 166
Fe-O/C-N 1.05 3.0 2070 170
(Fe,Ni)-N-C 0.22 4 179
(Fe,Ni)-N-C 0.58 4 0.96 164
SiO;-Fe-N-C 0.32 3 153
(Zn,Co)-N-C 0.71 183
C(P,N) 0.14 35 0.86 127
Ir-N-C 0.93 4(0.008") 0.955 100
Ir-N-C 0.87 3(0.135") 102
Pt/C 1.39 0.11° 400 90 94
Pt/C-N 0.33 0.5° 0.93 120
Pt/Co-N/C 1.25 0.175° 10
Pt/Nb-O/CNT 0.77 0.15 96" 87
Pt/Ti-Nb-O 0.2 77¢ 82
Pt/Ti(N,C)O 0.74 94 85
Pt-Co/C 1.16 0.1° 720 61 15
Pt-Ni/C 1.21 0.1° 660 65 15
Pt-Co/CNT/C 1.02 0.06° 22
Pt-Cu/C 0.4 0.39 189
Pt-Cu-Ni/C 0.46 0.2° 46
Pt-Fe/C 0.4 0.45 189
Pt-Fe/C 1.08 0.3 92
Pt-Fe/C 0.96 0.01° 1620 50° 30
Pt-Ni/C 0.4 0.47 189
Pt-Ni/C 0.82 0.3 92
Pt-Ni/C 0.88 0.31 3.26 70 38 72" 40" 14
Pt-Ni-Mo/C 0.7' 0.1° 450/ 39
Pt-Pd/C 1.14 0.3 92
Pt-Pd/C-CNT 031" 0.5° 96" 63
APL Mater. 9, 040702 (2021); doi: 10.1063/5.0045801 9, 040702-15
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TABLE lIl. (Continued.)
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Peak power Open Specific Mass Tafel Current Retention
density Cathode circuit activity activity slope retention of ECSA
Prnax loading voltage SA MA b after after

Catalyst (W/ecm?) (mg/cmz) OCV (V) (A/cm?) (A/g) (mV/dec) ADT (%) ADT (%) References
Pt-Zn/C 2.00 520 83% 38
Ru-N-C 0.64 4 0.93 76 101
“After 8 h at constant voltage.
*PGM loading.
Pt loading.

4 After 96 h at maximum current.

¢ After 500 potential cycles from 1.0 V to 1.5 V.
fAfter 5000 potential cycles from 1.0 V to 1.5 V.
8 After 30000 potential cycles of ADT.

" After 3000 potential cycles of ADT.

'Value determined under H,/air supply.

'With respect to Pt mass.

*At60°C.

!After 100 h of constant operation.

performance of the catalyst when the electrolyte is changed from liq-
uid to solid. However, comparison of the catalyst performance in a
PEMEFC is more complex. In Tables I1T and IV, test conditions and
reported performance are shown for PEMFC tests using H»/O, and
Hy/air, respectively. Many parameters of PEMFC testing affect the
results, although they are reported in varying degrees. The ionomer
content in the catalyst layer and coating technique on membrane
affect the proton conduction from the catalyst layer. The type of sup-
port, choice of gas diffusion layer (GDL), and compression of the cell
affect the electrical conductivity. Finally, the porosity in GDL and
catalyst layer and the flow field design and size of the cell affect how
homogeneously the reactant gases are distributed across the catalyst
layer.

Half of the reported tests use air at the cathode, while the
rest use O,. Several groups, testing both PGM and PGM-free cat-
alysts, have tested their catalyst in both and found that the peak
power density is almost twice as high when using O, compared to
air.”19019%172 Using pure oxygen mitigates some of the mass trans-
port limitations and is more comparable to using air. Contaminants
in air are rarely specified, but it is known that CO and SO, both
poison the catalyst.'*” 1%

For PGM containing catalysts, the catalyst layer has a thick-
ness of 10 ym and the catalyst loading varies between 0.06 and
0.4 mg/cm”. The focus of the current research is on improving the
corrosion resistance of the carbon support.”>** Das et al. tested Pt-
M alloys as the anode, cathode, and both and found that the highest
performance gain was obtained when the bimetallic catalysts were
applied as the anode.'*’

A highly desirable durability in PEMFC application was
achieved by Gao et al., where the performance did not decrease
even after 50 000 potential cycles of ADT for a Pt-Co/CNW catalyst
(Fig. 14).°

For PGM-free catalysts, low volumetric activity leads to ten
times thicker catalyst layers. Consequently, mass transport and resis-
tance problems that are minimized or already overcome for noble

metal catalyst needs to be solved. It should also be noted that
although 4 mg/cm® is a common loading for SACs, some of the
best performances come from catalysts with half the loading.'*
In a recent review by Satjaritanun and Zenyuk, pooling of water
at interfaces between the catalyst layer and the microporous layer
or the membrane as a result of non-homogeneous fabrication was
found as an obstacle for these catalysts.'”” Liu et al. concluded that
the hydrophobicity of the catalyst layer was the reason for water
accumulation in a study where both the catalyst coated membrane
and gas diffusion electrode assemblies were analyzed.'”' Yang et al.
kept the SiO; support in the Fe-N-C catalyst, which increased the
hydrophobicity of the catalyst layer and thus improved the PEMFC
performance.'*

Furthermore, it was concluded that although flooding of micro-
pores is often cited as a major degradation mechanism and it can
block O, transport to the active site, it is not the most impor-
tant. In the review by Satjaritanun and Zenyuk, Fe-N, demetal-
ization was instead pointed out as the major degradation mecha-
nism.'” Electrochemical impedance spectroscopy of aged PEMFCs
with Fe-N-C catalysts has confirmed that there is a loss of active
sites, which further leads to Fe-ion poisoning of the ionomer and
membrane.'?!%

It should be noted that in alkaline environment, many of the
PGM-free catalysts have higher performance than the Pt-based cat-
alyst. Therefore, these catalysts would have an advantage if the PEM
was changed to an anion exchange membrane (AEM), ensuring
a less corrosive environment in the cell. Seeberger et al. demon-
strated the feasibility of a bipolar membrane assembly for PGM-
free FCs, combining the alkaline ORR with acidic hydrogen oxida-
tion reaction (HOR) by joining a PEM with an AEM as a double
membrane.'”

Fe-N-C has also been pointed out to be an alternative to Pt/C
in high temperature PEMFCs. In these cases, where the membrane is
polybenzimidazol doped with phosphoric acid, Pt is poisoned by the
phosphate ions, while Fe-N-C is immune to the poisoning effect.'*
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TABLE IV. Characteristics of PEMFC tests in Hy/air for different electrocatalysts at 80 °C and 100% relative humidity. ADT refers to cycling between 0.6V and 1.0V unless

stated otherwise.

Peak power Open Specific Mass Tafel Current Retention
density Cathode circuit activity  activity slope retention of ECSA
Prax loading voltage SA MA after after
Catalyst (W/cm?) (mg/ cm?)  OCV (V)  (A/cm?) (A/g) (mV/dec)  ADT (%) ADT (%) References
Fe-N-C 0.42 2 142
Fe-N-C 0.46 1 68" 130
Fe-N-C 0.35 2 172
Fe-N-C 0.43 4 169
Pt/C 0.22 800 115
Pt/C” 0.78 0.10 115 91° 67 188
Pt/C 0.85 0.1 81
Pt/C 1.20 0.07 96
Pt(N)/C 1.25 0.3 54
Pt/Nb-O/C 0.10 288 68" 83
Pt/Ti-C-O/CNT 0.18" 0.2 80
Pt-Co/CNW 0.71 0.09° 107° 9
Pt-Ni/C' 0.88 0.4 88° 16
Pt-Ni/C 0.92 0.15 >97" 12
Pt-Ni-Ir/C 0.40 0.35° 80’ 45
Pt/C + Pd-Au’ 0.54 0.1 160 79" 68° 56
Pt/Mn/C 0.12 373 66 93
Pt-Co/C 0.11¢ 0.002 560 63 81° 8
Pt;Co/C 0.98 85" 79" 98
Pt-Co/CNT/C 0.54 0.06" 22
Pt-Ir/C 0.4° 99" 34
Pt-Y-O/C 0.84 0.4 51

*Voltage retention after 10 h at constant-current operation.
bTests performed at 60 °C.

©After 30000 potential cycles of ADT.

4Pt loading

€ After 50000 potential cycles of ADT.

fTests performed at 80% relative humidity

8 After 100 h at constant voltage.

b After 180 h at constant voltage.

' After 1000 potential cycles of ADT.

’Pd-Au NPs are coated onto the Nafion membrane, while a conventional Pt/C catalyst is used in addition.

¥ After 15000 potential cycles of ADT.
! After 5000 potential cycles from 1.0 to 1.5 V.
™ After 20000 potential cycles of ADT.
" After 10000 potential cycles of ADT.

V. RECYCLING OF PEMFC

Recycling of PEMFC components and particularly of PGM
electrocatalysts is of utmost importance considering the current
striving toward sustainability. Yet, this is an aspect that deserves
larger attention from the scientific community in the field.

Lotri¢ et al. performed a life cycle assessment of the PEMFC
stack and found that Pt is the component in the PEMFC with the
largest environmental impact, and hence, recycling of the Pt can
reduce the environmental footprint of the PEMFC.'** In general,
the global recycling of PGM has the potential to over 95% recov-
ery.” For PGM used in PEMFC specifically, Sharma et al. have

shown that Pt can be dissolved from a gas diffusion electrode by elec-
trochemical dissolution in HCI, with a recovery efficiency of more
than 90% when producing a new catalyst from the recycled mate-
rial."””"'*¢ However, the gas diffusion electrode was never assembled
or cycled before dissolution, and the recovery efficiency may there-
fore be lower considering Pt dissolution and migration into the
membrane and the fact that Pt particles adhered to the membrane
upon disassembly. Duclos et al. studied the recovery of PtCo from
an MEA by two different hydrometallurgical routes. Both methods
include incineration of fluorinated polymers, causing emissions, and
the authors point out the need for recycling of the fluorinated poly-
mers as well. The jon exchange resin and solvent separation methods
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FIG. 14. lllustration of the CNW-supported Pt-Co catalyst in the PEMFC setup,
which reached 8.2 W/imgp.® Reprinted with permission from Gao et al., ACS
Sustainable Chem. Eng. 8, 13030 (2020). Copyright 2020 American Chemical
Society.

gave Pt yield of 77% and 83%, respectively, while the ion exchange
resin is advantageous with respect to synthesizing a new catalyst
material from the product.’

VI. SUMMARY

Pt remains as the most important component of reliable and
efficient PEMFC ORR electrocatalysts—and will continue to do so
for the time being. The cost of the fuel cell stacks can be efficiently
reduced by lowering the amount of Pt used and by increasing its
efficiency through alloying, shape-tuning, and creating NPs with Pt-
rich surfaces.

Among the most recent studies, the most promising way for
maximizing the efficiency and durability lies in the combination
of different approaches: the alloying of Pt with a transition metal,
the synthesis of hollow NPs, and the fixation of NPs in an enclos-
ing carbon-based structure, which can prevent the most prominent
durability issues, namely, the growth of Pt NPs, and the leaching of
Pt alloys. With further reduction of the amount of Pt used and recy-
cling of the MEA after utilization, the impact of the Pt in the PEMFC
can be reduced to levels comparable to that from PGMs used in the
catalysts of internal combustion engines.

RESEARCH UPDATE
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Another important durability issue occurring at high poten-
tial cycling, the corrosion of the carbon support, can be tackled
by replacing or modifying the carbon support material. Many dif-
ferent approaches and materials have been studied to modify the
support of PGM-based catalysts, showing desirable improvements.
Considering the high amount of studies on the field in general,
optimized support structures can soon be combined with opti-
mized PGM catalysts in order to eliminate all durability issues and
to provide reliable performance at low Pt loading. As there is a
well-established industry for the production of carbon supported
Pt NPs, these improvements can be implemented without needing
major changes, and so, the way to commercialization is relatively
short.

Regarding PGM-free catalysts, sufficient durability is the key
issue. As a result of this being a new technology, current work
focuses on performance optimization, while works focusing on their
durability are rather scarce. For the SACs, solutions have to be found
to effectively prevent metal dissolution in acidic environments and
increase durability during potential cycling. Furthermore, optimiza-
tion of the catalyst layer in the PEMFC, achieving a more homoge-
neous deposition, and upscaling of the fabrication are key to bring-
ing these catalysts closer to broad commercialization. Otherwise,
SACs are readily applicable in AEMFCs.
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