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RESUMEN

El continuo incremento de la demanda energética y el caracter finito
de las fuentes de energia tradicionales que emiten grandes cantidades de
gases de efecto invernadero han contribuido a un cambio climatico que
solo puede salvarse con una rdpida adopcién de nuevas fuentes de
energia que no dafien el medioambiente. Esta transformacion energética
requiere un cambio en la generaciéon de electricidad, disminuyendo
drasticamente el uso de combustibles fésiles y sustituyéndolos por
fuentes de energia renovales como la energia solar o la edlica. Muchos
paises se han comprometido en los ultimos afios a alcanzar las “cero
emisiones de CO;” para el afio 2050, sin embargo, nos queda mucho

camino por recorrer hasta alcanzar ese ambicioso objetivo.

Aunque el hidrégeno es el elemento mas abundante del planeta, no se
encuentra en la naturaleza como fuente de energia, si no que funciona
como vector energético pudiendo producirse mediante diferentes
métodos de obtencién y utilizando una gran variedad de fuentes de
energia. Por otro lado, aunque la forma mas simple de producir
hidrégeno es mediante la electrélisis de agua, que ademads presenta la
ventaja de no producir gases de efecto invernadero, actualmente la
mayoria del hidrégeno (alrededor del 96 %) se genera mediante
combustibles fosiles. En este contexto, esta tesis tiene como objetivo
contribuir en el desarrollo de electrodos eficientes y econémicos para su
uso en electrolizadores de agua con membranas de intercambio aniénico

para producir hidrégeno.

Para ello, esta tesis se enmarca en una colaboraciéon entre el
Laboratorio de Catalisis y Materiales de la Universidad de Castilla-La
Mancha (UCLM) y el grupo de investigacion Nanotecnologia en
Superficies y Plasma del Instituto de Ciencia de Materiales de Sevilla

(ICMS), Centro Mixto Universidad de Sevilla - Consejo Superior de
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Investigaciones Cientificas (CSIC). Ademas, la doctoranda realizé una
estancia de investigacion de tres meses en el Dutch Institute for
Fundamental Energy Research en Eindhoven (Paises Bajos) y varias
estancias cortas en el sincrotron ALBA de Barcelona con el fin de

completar los estudios con técnicas de caracterizacion.

El resumen de los resultados maés relevantes de esta tesis se muestra a

continuacion:

En primer lugar, en el Capitulo 4 se demostré por primera vez en la
bibliografia, la viabilidad de preparar electrodos para electrolizadores
con membranas de intercambio aniénico mediante deposicion fisica en
fase vapor y, en particular, utilizando la técnica de preparacion de
peliculas delgadas basadas en pulverizacion catdédica o magnetron
sputtering en configuracion de angulo oblicuo (MS-OAD). Esta técnica,
que trabaja a temperatura ambiente, permite la deposicion de
catalizadores nanoestructurados con bajo contenido metélico y un preciso
control de la microestructura de los mismos directamente en la capa de
difusion de gases. En particular, en el Capitulo 4 se realiz6 un estudio del
efecto de la estequiometria y cristalizacion de 6xidos de Co/Cu en la
reaccion de evolucién de oxigeno y produccién de hidrégeno. Este
estudio se continud en el Capitulo 5, donde se estudio6 la influencia de la
carga de catalizador depositada en la capa de difusién de gases. Estos
estudios se realizaron tanto en configuracion de semicelda electroquimica
como en configuracién de celda de electrélisis completa. Asi, junto con la
exhaustiva caracterizaciéon llevada a cabo de los electrodos antes y
después de su uso, se concluyé que los electrodos anddicos que
proporcionaban un mayor rendimiento electroquimico eran electrodos

amorfos con una proporciéon atémica de Co/Cu cercana a 1,8 y con una
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cantidad de catalizador equivalente a una micra de espesor (0,4 mg cm2).
Con estos electrodos, se obtuvieron densidades de corriente de 60 mA

cm2a 2,0 Vy 40 °C en configuracion de celda de electrdlisis.

En el Capitulo 6 se prepararon electrodos de niquel mediante la técnica
de magnetron sputtering con diferentes estados de oxidaciéon (metalicos,
6xidos u oxihidroxidos). Esto fue posible gracias a la gran flexibilidad que
ofrece la técnica de fabricacion que, variando parametros de proceso,
permite la deposiciéon de materiales con diferentes estados quimicos sin
modificar la microestructura. Se demostré que los catalizadores de niquel
depositados mediante MS-OAD en estado metalico presentaban los
mejores rendimientos en la reaccién de evolucion de oxigeno. Ademas, se
determinaron las cantidades de catalizador 6ptimas de 1080 nm (0,78 mg
cm?) en el d&nodo y 540 nm en el catodo, debido al balance entre el
aumento de los sitios activos con el aumento de la carga de catalizador y
su disminucién cuando comienzan a producirse aglomeraciones. Con
estos electrodos se obtuvieron alrededor de 45 mA cm?2a 2,0 Vy 40 °Cen

celda de electrolisis.

Teniendo en cuenta que en la bibliografia estd reportado un efecto
positivo en la reaccién de evolucion de oxigeno al anadir Fe a electrodos
basados en Ni, el Capitulo 7 se basa en un estudio de electrodos de Ni-Fe
variando la estequiometria. Al afiadir Fe, se observé un desplazamiento
del pico redox hacia valores de potenciales mas positivos asociado con la
formacion de oxihidréxidos de Ni y Fe. Se observé que al aumentar la
cantidad de Fe se mejoraba el rendimiento electroquimico del catalizador
hasta unos resultados 6ptimos con una proporcién atémica de Ni/Fe
alrededor de 10. Los valores de actividad especifica obtenidos en celda de
electroélisis superaron incluso hasta en 10 veces los valores reportados por

otros grupos de investigacién, alcanzando valores de mas de 1000 mA
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mg? a 40 °C (densidades de corriente alrededor de 400 mA cm?2). Para
este sistema se investig6 también el efecto de afadir iondmero al
electrodo, un punto critico para la mayoria de los métodos de preparacion
tradicionales. En este capitulo se demostré6 que los electrodos sin
ionémero presentaban los mejores resultados, simplificando su proceso
de fabricaciéon y reduciendo costes y problemas asociados a este

compuesto.

Con el objetivo de continuar mejorando el sistema, en el Capitulo 8 se
estudié la influencia del resto de elementos que componen un
electrolizador. Se probaron diferentes capas de difusion de gases como
papeles de carboén o aceros inoxidables, asi como varias membranas de
intercambio aniénico, y se optimizaron pardmetros de operacion. Con el
uso de electrodos compuestos de una capa de catalizador de Ni-Fe con
un espesor equivalente de 540 nm para el caso del electrodo anddico, y Ni
con un espesor equivalente de 540 nm para el caso del electrodo catédico,
ambas capas depositadas en un papel de fibras de acero inoxidable y una
membrana comercial Sustainion® 37-50 como membrana de intercambio
aniénico, se obtuvo una gran estabilidad durante 7 dias, manteniendo la
densidad de corriente constante a 400 mA cm-?2, con una degradacién de

apenas 0.05 % V h? utilizando 1.0 M KOH a una temperatura de 40 °C.

Por altimo, una de las limitaciones que presenta la electrélisis de agua
son los relativamente altos sobrepotenciales necesarios para producir
hidrégeno, lo que limita su comercializacion. Para contribuir a minimizar
este problema, en el Capitulo 9 se ha estudiado la viabilidad de usar
electrodos basados en niquel fabricados mediante MS-OAD en un
sistema de electrdlisis hibrida de etanol-agua. Los menores

requerimientos energéticos para producir hidrégeno se deben a que parte
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de la energia la proporciona la propia molécula orgédnica. Asi, se
demostré que, afiadiendo etanol al electrolito basico, la reacciéon de
oxidaciéon de etanol comenzaba simultdneamente a la formacion del
oxihidréxido de niquel en el pico redox (en ausencia de reaccion de
evolucién de oxigeno). Ademas, de forma inversa a la mejora observada
al afiadir Fe a los electrodos de Ni en la reaccién de evolucion de oxigeno,
cuando afiadimos Fe al electrodo de Ni, el rendimiento hacia la reaccién
de oxidacién de etanol disminuye. Se observé una disminucién del
potencial requerido para alcanzar una cierta densidad de corriente al
afladir etanol al sistema en comparacién con electrolitos compuestos
solamente por KOH. Por tltimo, con la celda de electrélisis 6ptima y bajo
unas condiciones de operacién de 40 °C, 1.0 M KOH y 1.5 M EtOH, se
consiguié una reduccién del consumo energético del 10 % (en kWh

k gHz'l) .
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SUMMARY

The continuous increase in the energy demand and the finite nature of
traditional energy sources, emitting large amounts of greenhouse gases,
have led to a global climate change that can only be solved with the fast
adoption of new environmentally friendly energy sources. This energy
transformation requires a change in electricity generation, drastically
reducing the use of fossil fuels and replacing them by renewable energy
sources as solar or wind energy. In recent years, many countries have
committed to achieve zero CO, emissions by 2050. However, we still have

a long road to go in order to reach this ambitious goal.

Hydrogen, as an element, is the most abundant in earth, but it is not
found as an energy source, i.e., as molecular hydrogen, in nature.
Molecular hydrogen is an energy vector that can be produced by different
methods and using a wide variety of energy sources. On the other hand,
even though the simplest way to produce hydrogen is by water splitting,
a process without greenhouse gases emissions, currently most of
molecular hydrogen (around 96 %) is generated by fossil fuels. In this
context, this thesis work aims to contribute to develop efficient and cheap
electrodes for use in water electrolyzers with anion exchange membranes

to produce hydrogen.

The studies reported herein summarized a fruitful collaboration
between the Laboratory of Catalysis and Materials of the University of
Castilla-La Mancha (UCLM) and the research group Nanotechnology in
Surfaces and Plasma of the Institute of Materials Science of Seville
(ICMS), joint research center of University of Seville and the Spanish
National Research Council (CSIC). In addition, a three-month research
stay by the doctoral student at the Dutch Institute for Fundamental
Energy Research in Eindhoven (Netherlands) and a couple of short stays

at ALBA Synchrotron in Barcelona, complemented these studies.
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The summary of the main results obtained in this thesis is as follows:

Chapter 4 demonstrates for the first time in the literature, that
magnetron sputtering at oblique angle deposition (MS-OAD)
configuration is a suitable technique to prepare catalyst electrodes for
anion exchange membrane water electrolysis (AEMWE). This physical
vapor deposition technique, that operates at room temperature, allows
the deposition of controlled low amount of nanostructured catalysts
directly on suitable gas diffusion layer (GDL). In particular, Chapter 4
shows a study of the effect of stoichiometry and crystallization of the
Co/Cu mixed oxide towards oxygen evolution reaction (OER) and
hydrogen production. The study of these mixed oxide catalysts is
continued in Chapter 5, where it is mainly investigated how increasing
catalyst loads deposited on a GDL affects the performance towards OER
and hydrogen production. These studies are performed both in half-cell
configuration and in membrane electrode assembly (MEA) cell
configuration. Thus, together with the exhaustive physico-chemical
characterization carried out for the electrodes before and after their use,
it is concluded that the best electrochemical performance of these mixed
oxide catalysts towards OER is achieved for amorphous catalyst layers
with Co/Cu atomic ratio of about 1.8 and loads around 1000 nm
equivalent thickness (0.4 mg cm2). The best reported performance was of

60 mA cm2at 2.0 V polarization voltage and 40 °C.

Chapter 6 shows a study of nickel-based catalyst electrodes prepared
by magnetron sputtering deposition with different oxidation states
(metallic, oxide and oxyhydroxide). This is possible thanks to the
flexibility of the deposition technique that, upon variation of the process
parameters, allows the deposition of materials with different chemistry

and similar microstructure. It is found that nickel catalysts prepared by
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means of MS-OAD as metallic present the best electrochemical
performance towards OER. Besides, it is found that optimal catalyst loads
for their implementation in a MEA are anode of 1080 nm (0.78 mg cm-2)
of equivalent thickness and 540 nm for the cathode, due to the balance
between the increase of the active sites with the increase in catalyst
loading and its decrease when agglomerations begin to occur. The best
electrochemical performance obtained in this type of catalyst electrodes
was of 45 mA cm? at 2.0 V polarization voltage and 40 °C. This study is
complemented by aging stability studies of the MEA.

Taking into account the positive effect towards OER that has been
reported in the literature when adding Fe to Ni-based electrodes, Chapter
7 includes a study on Ni-Fe bimetallic electrodes with varying
stoichiometry. It is found that, upon Fe incorporation into the nickel
metallic structure, a shift of the redox peak towards more positive
potential values associated with the formation of Ni and Fe
oxyhydroxides takes place. We systematically obtain that the
incorporation of iron to the nickel network improves the catalyst
electrochemical performance with best results with a Ni/Fe atomic ratio
about 10. The specific activity values obtained in the electrolysis cell
exceeded those reported by other research groups by up to a factor ten,
reaching values of more than 1000 mA mg! at 40 °C (current densities
around 400 mA cm-?). For this system, it is also investigated the effect of
the addition of the ionomer to the electrodes, a critical point for the most
of traditional preparation methods. We find that ionomer-free Ni/Fe
electrodes have better performance than equivalent electrodes where
typical ionomer are incorporated. This result simplifies the electrode
manufacturing process and may reduce costs and minimize problems

associated with this compound.
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Chapter 8 reports the influence of the rest of the elements of the
electrolyzer. Different gas diffusion layers as carbon or stainless-steel
papers and several anion exchange membranes, as well as operation
conditions, were optimized. With the use of electrodes composed of a
layer of Ni-Fe catalyst with an equivalent thickness of 540 nm as anodic
electrode, and Ni with an equivalent thickness of 540 nm as cathodic
electrode, both layers deposited in a stainless-steel fiber papers, and using
a commercial Sustainion® 37-50 membrane as anion exchange membrane,
a great stability was achieved for 7 days, maintaining the constant current
density at 400 mA cm2, with a degradation of only 0.05 % V h-! using 1.0
M KOH at a temperature of 40 °C.

Finally, Chapter 9 deals with the relatively high polarization potentials
required to produce hydrogen, which limit its commercialization. To
contribute to minimize this problem, the feasibility of using nickel-based
electrodes manufactured by MS-OAD in an ethanol-water hybrid
electrolysis system was explored. The lower energy requirement to
produce hydrogen in this hybrid electrolysis is because the organic
molecule provides part of it. It is found that once ethanol is added as fuel
to the basic electrolyte, the ethanol oxidation reaction starts
simultaneously to the initial formation of Ni oxyhydroxide (in absence of
oxygen evolution). In addition, it was shown that, contrary to the
improvement in the activity of adding Fe towards the OER, adding Fe to
the Ni electrode leds to a decrease in the activity towards the ethanol
oxidation reaction (EOR). A decrease in the potential required to reach a
value of current density is observed when ethanol is added to the system
compared to KOH-only electrolytes. Finally, with the optimal electrolysis
cell and under operating conditions of 40 °C, 1.0 M KOH and 1.5 M EtOH,
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a reduction in energy consumption of 10 % (in kWh kgmno?) to produce

hydrogen was achieved.
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1. INTRODUCTION

1.1.  Green hydrogen as energy vector

While 2020 will be remembered for COVID-19, it has also been an
important year in terms of the growth of hydrogen technology. The
climate change and rise of the global energy demand have led to an
increase in the number of countries that intend to reach net-zero CO»
emission by 2050 to limit global temperature rise to 1.5 °C (International
Renewable Energy Agency, 2021). For this purpose, many countries have
announced the development of hydrogen technology strategies.
Hydrogen is not an energy source found isolated in nature, but represents
a suitable energy vector to guarantee engine operation, electricity
production and heat supplies in domestic, transport and industrial
sectors [1-3]. Nevertheless, not all types of hydrogen production are
sustainable, environmentally friendly or zero-emissions. Only the
hydrogen produced using renewable energy sources is considered as

green hydrogen to achieve these requirements.

Currently, the global demand for hydrogen is around 70 Mtn, per year
(International Energy Agency) from which most production relies on the
steam-methane (or other hydrocarbons) reforming. This procedure is
responsible for emitting a minimum of 7 kg of CO, per kg of Hz, an
unmanageable figure in the quest for an effective reduction of carbon
dioxide emissions [4,5]. For this reason, alternative hydrogen production
processes using environmentally friendly routes with no waste emissions

to the atmosphere constitute an urgent and unavoidable requirement.

Hydrogen presents advantages as the high energy density (140 M]
kg?1) compared to other conventional fuels (50 MJ kg?), its easy
conversion directly into electrical energy by fuel cells or the ease of
producing it through a wide variety of sources and methods [6].

Nevertheless, green hydrogen production costs between twice and three
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times more than blue hydrogen production (International Renewable
Energy Agency, 2021). There are two critical points to reduce the cost of
the hydrogen production, the cost of the renewable energy and the cost
of the electrolyzer. In addition, the main disadvantage of the hydrogen is
its volumetric density (0.08376 kg m= at room conditions), complicating

its transport and storage.

As it can be observed in Figure 1.1, Europe’s energy hydrogen demand
is increasing from currently less than 2 % to an estimated demand of 24
% by 2050 to fuel transport vehicles, to supply heat and power for
buildings, or for the industry energy, between others (report Fuel Cell
and Hydrogen 2 Joint Undertaking, 2019).
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Figure 1.1. Energy hydrogen demand of Europe through years. Adapted from [report
Fuel Cell and Hydrogen 2 Joint Undertaking, 2019].
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1.2. Low temperature water electrolysis as green hydrogen

production method

The simplest pathway to produce hydrogen is the water splitting.
However, due to its relative high energy demand, currently other
production methods such as thermochemical conversions of fossil fuels
or biological processes are mostly used. Nevertheless, in recent years, the
generalized interest in water electrolysis has fostered a growing activity
in the basic scientific aspects of the technology, as revealed by the
increasing number of published papers in this topic (shown Figure 1.2,

from Scopus source).
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Figure 1.2. Trend of published articles in this topic of water electrolysis in the last 10
years (Scopus source, 23/10/2021).

Water electrolyzers can operate at high or low temperatures. Solid
Oxide Electrolyzer Cells (SOEC) operate at high temperatures (500-800
°C), while three major technologies for water electrolyzers operate at low

temperatures (40-90 °C): Alkaline Water Electrolysis (AWE), Proton
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Exchange Membrane Water Electrolysis (PEMWE) and Anion Exchange
Membrane Water Electrolysis (AEMWE) [7,8].

A series of cell schemes utilized for three kinds of low temperature
water electrolysis, AWE, PEMWE, and AEMWE, can be observed in

Figure 1.3. Their most relevant features are summarised below.

AWE PEMWE

Electrolyte Solution | JElectrolyte Solutiof

Proton

Exchange ZHZO

Membrane

AEMWE
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Figure 1.3. Schemes of typical cell configurations of low temperature water
electrolyzers.
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1.2.1. Alkaline water electrolysis (AWE)

Alkaline water electrolysis is the most traditional water electrolysis
technology. It runs at low temperatures (60-80 °C), commonly with KOH
aqueous solutions at very high concentrations (20-40 % KOH) as liquid
electrolyte [9-11]. AWE cells basically consist of two separate chambers.
The cells incorporate a diaphragm, which is permeable to water and to
hydroxide ions and serves to separate the anodic and cathodic chambers,
where suitable anode and cathode are located. Unfortunately, the
diaphragms do not completely prevent the cross-over of the gases neither
that some oxygen arrives to the cathode where it can combine with
hydrogen to form water. This results in a decrease of the overall cell

efficiency and may cause safety related issues [11].

The AWE technology is compatible with non-noble metal catalyst
electrodes [12]. Transition metals based catalysts incorporating cobalt and
nickel are the most used compositions for anodic and cathodic electrodes,
respectively [10]. The main problem of these systems relates to the high
sensitivity of the KOH electrolyte to ambient CO, and the subsequent
production of K,COs. The resulting decrease in the amount of hydroxyl
ions lowers the ionic conductivity, while the precipitation of K.CO;
produces the clogging of the pores of the anode gas diffusion layer and a
reduction of the ion transfer through the diaphragm [10,13,14], both
effects jeopardising the hydrogen yield production.

1.2.2. Proton exchange membrane water electrolysis (PEMWE)

In the proton exchange membrane water electrolysis cells, proton

conductor polymeric membranes (perfluorosulfonic acid membranes),
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acting as a solid electrolyte are used to separate anode and cathode [11].
Cells run at low temperatures (25-80 °C) [11] and use titanium bipolar
plates that are compatible with the existing corrosive operation

conditions [8].

PEMWE provides interesting advantages vs. AWE. For example, it
renders high current densities, a fast response under intermittent
electrical energy supply and a compact system design enabled by the
absence of liquid electrolyte [15,16]. Besides, the gases cross-over problem
through diaphragms in alkaline electrolysis is significantly reduced in
PEMWE [9]. Also, this technology offers the possibility of using a high
pressure H stream in the cathode compartment, while operating at
atmospheric pressure in the anode chamber [9-11]. However, its high cost
is a clear drawback of this type of cells. Firstly, because it uses expensive
noble metals such as Ir, Ru or Pt as catalyst for anode and cathode. A high
cost is also a concern that affects the solid electrolyte membrane. For this
purpose, Nafion™ proton exchange ionic membranes are commonly
used. These membranes comply with the requirements of a great ionic H*
conductivity and an extraordinary high chemical, thermal and
mechanical stability [17], though at expenses of a high cost. Other related
limitation is the high polarization voltage that has to be applied to the

anode (~2.0 V) to achieve an efficient working regime [6,11].

1.2.3. Anion exchange membrane water electrolysis (AEMWE)

Anion exchange membrane water electrolysis is a relatively new
technology that aims at combining the advantages of AWE and PEMWE,
overcoming some of their limitations [18]. This technology has been

scarcely investigated so far (the words “anion exchange membrane water
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electrolysis” typed in Scopus render around 62 references (23/10/2021),
with ~75 % of them published since 2019).

The AEMWE cells work in weak alkaline media, typically in low
concentrations of KOH (usually below 10 %), or other alkaline solutions
such as 1 % K»,COs or even distilled water [19], thus under less corrosive
environment than AWE. Weak alkaline operation conditions of the
AEMWE cells are compatible with cheap electrode materials, mostly
based on Ni and Co, similar catalysts than in traditional AWE. They also
enable the use of membranes cheaper than those incorporated in PEMWE
cells [8,19,20]. These anion exchange membranes (AEMs) are polymeric
membranes that replace the traditional AWE diaphragm circumventing
the gas cross-over between the anodic and cathodic chambers [11]. In
addition, the use of distilled water or low concentrated alkaline solutions
significantly reduces the problems associated with the KoCOs formation,
already mentioned as a crucial limitation by the traditional AWE cell
configurations [10,19,21,22]. Other advantages associated with the
AEMWE technology are the compact character of the cells and the low
temperatures (25-80 °C) of operation [23]. For all these reasons, AEMWE
technology has emerged as a promising alternative complying with the
conditions of a low cost of the integrated components and a

straightforward operation.

The advantages mentioned above have led some authors to focus their

attention on this technology in recent years.

25



DEVELOPMENT OF NANOSTRUCTURED ELECTRODES BY MAGNETRON
SPUTTERING FOR ANION EXCHANGE MEMBRANE WATER ELECTROLYSIS

1.3.  Hybrid alcohol-water electrolysis

The oxygen evolution reaction (OER) at the anode of AEMWE is the
bottleneck of the whole electrolysis process due to its high overpotential
[24,25]. This leads to a high energy demand to produce hydrogen,
handicapping its commercialization. To minimise this limitation, hybrid
alcohol-water electrolysis has emerged in recent years, taking the
advantages associated to the more favourable kinetics for the oxidation
reaction of organic molecules [24]. There are several reactions as alcohol,
urea, amine, or hydrazine oxidations, among others, adequate to replace

the OER and decrease the energy required to produce hydrogen [26].

With the addition of organic molecules to the electrolyte solutions, the
operation voltage required for the electrolysis process is reduced and
valuable products in the anode, completely separated from the pure
hydrogen stream produced at the cathode, are obtained [24]. The lack of
oxygen production increases the security of water electrolysis system and

allows to work without membrane.

Among alcohol oxidation reactions, ethanol electrolysis has been
proposed as a promising method to produce hydrogen with lower power
demands, since the organic molecule provides part of the energy required
for electrolysis [27]. Ethanol is easy to produce [24], has low toxicity and
high availability [28]. It can be produced by fermentation of biomass,
without changes in the natural balance of carbon dioxide in the
atmosphere [29]. A scheme of a hybrid ethanol-water electrolysis cell can

be observed in Figure 1.4.

Conventionally, precious metals such as Pt or Pd are used as ethanol
oxidation reaction (EOR) catalysts [30-32]. However, their high cost limits

their use for practical applications. For this reason, some authors have
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tested alternatives as Ni-based catalysts in alkaline medium for ethanol-
water electrolysis obtaining a high reduction in the operation voltage
compared to pure water electrolysis [24,28]. In addition, other organic
molecules as benzyl alcohol [33] have also been tested in 1.0 M KOH
solution using Mo-Ni alloy nanoparticles as catalyst obtaining a high
reduction in the potential for hybrid water electrolysis compared to pure

water electrolysis.

H, e CH;COOK

Bipolar plate
Bipolar plate

Anion

Exchange C,H;OH +
Membrane H,0 +

KOH

Figure 1.4. Scheme of a typical hybrid ethanol-water AEM electrolyzer.

1.4. Basis of anion exchange membrane water electrolysis cell and

electrochemical reactions

A conventional single AEMWE cell consists of two bipolar flow field
plates, two Teflon gaskets and the membrane electrode assembly (MEA).
The bipolar plates should be corrosion resistant and have high electrical
conductivity. Typical materials for the bipolar plates immersed in the
alkaline environment cell are titanium [34,35], nickel [36,37] or graphite

[38,39]; although nickel is particularly recommended [40]. A fluidic

27



DEVELOPMENT OF NANOSTRUCTURED ELECTRODES BY MAGNETRON
SPUTTERING FOR ANION EXCHANGE MEMBRANE WATER ELECTROLYSIS

circuit is engraved on the plates to guarantee an even liquid electrolyte
flow through the electrodes. Besides their function to prevent gas and
electrolyte leakage, the Teflon gaskets are used for electrical isolation
between the two bipolar plates. The components of the MEA are

described in detail below.

In the AEMWE, hydrogen and oxygen are produced from water using
an external power supply. The overall process consists of two half-cell
reactions, the hydrogen evolution reaction (HER) and the oxygen
evolution reaction (OER), that take place at cathode and anode,

respectively. They can be described as [10]:

HER (cathode): 4H,0+ 4e—2H,+4OH" E=-0.828V (1.1)
OER (anode): 40H — O,+2H,0+4e- E=+0401V (1.2)
Overall reaction: 2H,0 —2H,+ O, E=+1230V (1.3)

Water is fed to the cathodic compartment where it becomes reduced
with electrons to produce hydrogen and OH- ions (HER) (Eq. (1.1)). The
OH- ions pass through the membrane to the anode, where they become
oxidized producing oxygen and water (OER) (Eq. (1.2)). The overall

process is the splitting of water molecules into hydrogen and oxygen

molecules as detailed in the overall reaction (Eq. (1.3)).

1.5. Membrane electrode assembly components

The membrane electrode assembly is the active element in the
AEMWE. It is formed by an anion exchange membrane sandwiched

between the anode and cathode electrodes. The electrodes mainly consist
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of specific catalyst/ionomer coated electrically conductive macroporous

gas diffusion layers.

1.5.1. Anion exchange membrane (AEM)

The anion exchange membrane is a key component of the cell [10,41].
Its main function is the transport of hydroxyl ions from cathode to anode.
It also acts as a barrier for the gases and other subproducts of the
electrocatalytic reactions [11]. It consists of a polymer backbone
functionalized with anion exchange groups, such as quaternary
ammonium salts [42,43]. Its main requirements are a high ionic
conductivity [22], a high mechanical and thermal stability, gas tightness
[44,45] as well as stable long-lasting operation [11]. Besides, a low cost is

an implicit condition to bear in mind for industrial applications.

Most commonly used commercial membranes in AEMWE are
Fumasep® FAA-3, Sustainion® 37-50, Tokuyama A201, Aemion™, and
Orion™! membranes [44]. They are supplied in their bromide (Br-) or
chloride (CI) forms, so they have to be pre-treated to replace these ions

by hydroxide (OH-) groups before their incorporation in AEMWE cells.
This is generally achieved by immersion in NaOH or KOH solutions for,

at least, 24-48 h [46-49].

1.5.2. Gas diffusion layer (GDL)

The AEMWE electrodes mainly consist of an active catalyst phase
deposited or distributed on a macroporous support or gas diffusion layer.

The catalyst can be coated onto the substrate (Catalyst-coated substrate,
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CCS) or directly onto the membrane (Catalyst-coated membrane, CCM).
The role of the GDL, besides supporting the catalyst phase in CCS is to
allow electronic conductivity between catalysts sites and the bipolar
plates, to polarise the catalyst loads to activate the OER and HER
reactions, and to provide a removal path for the gaseous products [11] of

the hydrogen and oxygen evolution reactions.

GDL supports made of carbon papers or cloths [38,50,51], Ti papers
[49,52], stainless steel (SS) felt [45,53,54] or Ni foam [55,56] have been used
for the anode. Ni or Ti metals show a high thermodynamic stability when
acting as anodic GDL in alkaline medium. SS substrates generally
passivize at anodic potentials in an alkaline environment, thus ensuring
their stability [11]. On the other hand, long-term use of carbon paper

anodic GDL may have some limitations due stability problems associated

with that OH- ions are excellent nucleophilic intermediates and accelerate
the carbon degradation [57]. On the cathode side, carbon paper [51,56,58],
Ni [59,60], or SS [55] foams are often used as GDL supports.

1.5.3. Catalyst materials

Currently, the most widely catalysts used for AEMWE are transition
metals such as Co, Ni or Fe. This choice is supported by their
electrochemical stability, low cost and easy accessibility [61,62]. In
particular, non-PGM (non-platinum group metal) commercial catalysts
Acta 3030 (CuCoOy) and Acta 4030 (Ni/CeO2-La:03/C), for OER and
HER, respectively, are extensively used [10]. Their incorporation in the
cells releases the most common limitation of PEM electrolyzers, i.e., the
high cost of the Pt or IrO; based catalysts [6]. Many authors are currently
developing suitable electrodes for AEMWE; however, these have been
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rarely scaled-up to complete cells. Below it is made a survey of the

AEMWE catalysts most recently reported in the literature.

OER catalysts

Due to the limiting characteristics of the OER in water electrolysers,
most studies related to AEMWE catalysts focus on the optimization of the
anodic catalyst. Among the most promising non-noble catalysts, Ni and
Ni-alloys, Co mixed oxides or graphene have demonstrated a high
stability and activity towards this reaction [10]. Thus, in recent studies it
has been demonstrated that the addition of Fe to Ni catalysts decreases
the overpotential and increases the overall reaction performance [63]. The
incorporation of Cu in the Co3O4 spinel structure has demonstrated the
same effect, decreasing the onset potential of the OER [64]. Similar results
have also been reported for other Co based catalyst incorporating Li, Ni

or Cu [65].

HER catalysts

Today, CuCoO, nickel, Ni-alloys and graphene are extensively used
as HER catalysts [10]. Some authors [66] have investigated the HER
activity improvement of nickel after adding a serie of transition metals
such as Fe, Cr and Ti. Several works have also addressed the need of
reducing the cost of the whole electrolyzer, following the effect of the
amount of catalyst at the cathode while varying other process variables

in order to increase the system performance.

1.5.4. Ionomers

Traditional preparation methods of AEMWE electrodes using catalytic

inks often involve the addition of polymeric organic ionomer binder
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molecules to increase the cell performance [23,51]. The ionomer function
is to increase the number of ion transport pathways between the catalyst

layer and the anion exchange membrane. It is done thanks to its charged

functional groups, that facilitate the exchange of water and OH- anions at
the catalyst surface [19,51]. However, ionomers can be also
disadvantageous if, through electrostatic/covalent interactions, their
charged groups occupy some catalytic active sites, leading to an increase
in the HER and OER potentials [51]. Ionomers may also undergo aging
chemical degradation, resulting in a deterioration of the effective catalyst-
ionomer interface with operation time and, therefore, the decrease of

electrochemically active surface area of the electrode [67].

Most MEA preparation methods use ionomers either applied directly
on the GDL or AEM surfaces or incorporated to the catalytic inks used to

prepare the electrodes [19,23,51,68].

For AEMWE cells, there is no standard ionomer as in the case of
Nafion® for PEMWE [69-72]. Polysulfone (PSF) is very popular because
it presents high thermal and chemical stability and low cost [73,74]. Other
traditional ionomers are quaternary ammonia polysulfone (XQAPS) [75],
Fumion FAA-3, from FumaTech company [49], Aemion™ supplied by
Ionomr Innovations Inc. [76], I» from Acta Spa [19] or AS-4 from
Tokuyama Corporation [74]. The proportion between ionomer and
catalyst load at the electrodes is often optimized to obtain the best
electrocatalytic performance of the electrolyzer (often an optimized

proportion around 20 % ionomer/catalyst ratio is obtained) [19,23,77].
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1.6.  Preparation methods for catalyst coated gas diffusion layer for

anion exchange membrane cells

Among other requirements, electrode catalysts should present high

electrochemical activity and stability, be cheap and have a secure supply.

From an electrode manufacturing point of view, critical points to
consider include a precise control over catalyst microstructure,
composition, and chemical state as well as its integration within the
conducting GDL substrates. For industrial exploitation, to reduce the cost
related to the catalyst load in the electrodes, it should be gifted of high
specific activity towards the key reactions. Therefore, it is not only
required to make a good choice of catalysts composition, but also to
optimize the integration of the catalyst within the electrode, the MEA and

the complete cell.

This makes important not only to choose the best formulation of the
material catalyst for the specific anode and cathode reaction, or to use the
most appropriate ionomer type and load, but also to select the best
processing procedure for the integration of the catalyst material within

the cell.

Most common methods to fabricate catalysts for low temperature
water electrolyzers consist of traditional wet routes: co-precipitation,
hydrothermal methods, or sol-gel. Common steps involve the
preparation of the precursor solutions, the precipitation process itself,
washings, filtrations, dryings or calcinations. In addition, in some cases,
it is required a preliminary milling step to produce an initial fine catalyst

powder.
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After a catalyst powder has been obtained, a catalyst ink/slurry is
prepared that, in a subsequent step, is sprayed or painted onto the GDL
support [20,78]. Drawbacks of these wet routes are the use of solvents, the
release of unwanted wastes potentially dangerous for the environment
[79], and the large number of processing steps that make difficult to scale

up the procedure and limit the reproducibility of the catalyst reactivity.

In the last years, alternative catalyst coated GDL electrode fabrication
methods have been used to solve the aforementioned problems
associated to the traditional wet fabrication routes. These include
electrodeposition processes and other dry methods of film deposition
such as chemical vapor deposition (CVD), atomic layer deposition (ALD),
ion beam sputtering deposition (IBSD), or magnetron sputtering (MS)

deposition.

1.6.1. Traditional wet routes

Co-precipitation method

One of the most widely used methods to fabricate catalysts for
AEMWE is the co-precipitation technique. By this method, salts are
dissolved and mixed to induce the nucleation and growth of a solid
precursor incorporating the active metal phase. After precipitation, some
washing steps are applied to remove residual components that may cause
particle sintering and undesired agglomerations. Then, after filtering and
drying, a powder is obtained. This powder is often annealed or calcined
to get the desired crystalline catalyst phase and eventually grinded.
Following this procedure large amount of small catalyst particles can be

prepared [80]. The final catalyst powder is used to prepare a catalyst
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slurry or ink that is deposited onto the macroporous gas diffusion layer

supports, usually by ink spraying or ink painting.

Hydrothermal method

Hydrothermal method is another useful technique to obtain
nanostructured catalysts. Crystal growth is carried out in an equipment
consisting of a steel pressure vessel acting as autoclave [81]. This
technique involves the use of a solvent and various precursors and
provides an efficient way to control the size and structure of the
synthetized nanoparticles [82]. Main advantage of this method is that

direct crystallization of catalyst particles is achieved at low temperatures.

Sol-gel method

Due to its versatility, sol-gel methods are widely used to prepare
catalysts with different compositions, homogeneity and structure [83].
Sol-gel catalysts are formed through kinetically controlled reactions
starting from molecular precursors of the components integrated in the

final materials catalyst [84].

1.6.2. Thin film deposition routes

Electrodeposition method

Electrodeposition is other widely used fabrication technique of
catalysts for water electrolysis. It is an electrochemical technique that
combines electric charge induced diffusion and chemical transformation
by redox reactions at the anode and cathode [85]. The deposition of the
catalyst on the desired substrate (in this case, on a suitable GDL) is carried

out applying a direct current to the electrodes immersed in an electrolyte
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solution. This electrolyte solution contains cations of the metal that, under
the applied electrical field, move to the electrode and are deposited in
metal form [86]. By this technique the metal catalyst becomes deposited
only at conductive sites of the electrode support [87]. Adjusting process
parameters (composition of the electrolyte, applied voltage, geometrical
aspects within the electrodeposition cell, temperature, etc.), this
procedure renders films with different nanostructures and compositions.
It also has the capacity to fabricate one-dimensional nanostructures such
as nanorods, nanowires, nanotubes, nanosheets, flower-like
nanostructures, etc [85]. Electrodeposition is a fast and low-cost process
[88] that combined with other synthesis procedures has been applied to
prepare highly performance and outstanding catalysts [89-91].

Chemical vapor deposition (CVD)

CVD is a dry method where a catalyst thin film becomes deposited on
the substrate by its exposure to one or more volatile precursors [92]. In
CVD, a thermally induced chemical reaction takes place between a
mixture of precursor gases on the surface of the substrate material. The
chemical decomposition and/or reaction of specific gaseous precursors
gives rise to a solid coating layer [93]. CVD is a very versatile deposition
technique that allows synthesis of monocrystalline, polycrystalline and

amorphous phases [93].

CVD presents some disadvantages as the requirement of an additional
step for the fabrication of the catalyst coated GDL or the fact that it does
not permit an easy control over the film stoichiometry. In addition, CVD
generally requires high temperatures at which some nanostructures may
be unstable [92,94-96]. It is also noteworthy that the fabrication of some

transition metals containing coatings via CVD may involve the use of
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precursors whose decomposition generates toxic or hazardous

substances [79].

Atomic layer deposition (ALD)

ALD is a variant of the CVD where gas precursors are introduced in a
reaction chamber to form a thin film through chemical surface reactions.
In ALD, the precursors are sequentially pulsed into a deposition chamber
to avoid reactions in the gas phase. The successive self-terminated surface
reactions of the reagents cause the growth of the desired material
composition with an excellent conformity and uniformity of film

thickness [97].

As disadvantages, ALD method produces homogenous and compact
layers [98,99] where the availability of active sites at the surface, a
requirement for an optimum electrochemical performance for water
electrolysis, is small due to the lack of porosity. For practical applications
though, a question to bear in mind is that the ALD method is strongly
dependent on the design of the deposition reactor [97], thus adding

issues regarding reproducibility and scalability.

Ion beam sputtering deposition (IBSD)

IBSD is a thin film deposition technique that utilizes an external ion
source to cover the substrates with the material sputtered from selected
targets. This technique has only been used in a few AEMWE studies
probably because it gives rise to dense coatings that are less suitable for

their use as electrodes for water electrolysis [100].
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1.6.3. Magnetron sputtering (MS) deposition

Magnetron sputtering is a physical vapour deposition technology
involving a low-pressure plasma (typically in the range 103 to 102 mbar),
which is generated and confined to a space containing the target material
to be deposited. The surface of the target is eroded by high-energy ion
bombardment (typically argon ions) within the plasma, and the liberated
atoms travel through the vacuum environment and deposit onto a nearby

substrate to form a thin film.

This technique operates at room temperature, is highly reproducible
and can be easily scaled-up for large area manufacturing at industrial
level [101,102]. MS is an easy-to-use, safe technique, and due to its dry
character, it does not generate wastes potentially detrimental for the
environment [79,103]. In addition, MS provides a strict control of

composition and load of the deposits.

Using this one-step preparation technique, it is possible to prepare a
large variety of chemical compounds. The simplest configuration of the
magnetron sputtering technique corresponds to the deposition of simple
metal films. For this, an inert and easily ionizable gas is used in the
plasma discharge, usually Ar [104,105] (see Figure 1.5 a)). This
configuration can be also used to deposit metal alloys from a single-target
with the desired composition [106]. In addition, it is possible to deposit

alloys by co-sputtering using more than one target [107] (see Figure 1.5
b)).

Furthermore, an interesting option offered by MS is working with
process mixtures of reactive gases, the reactive magnetron sputtering
configuration. In this way, thin films of materials of a variable

stoichiometry may be deposited, composed of atoms of the target (usually
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a metal) and the reactive gas. One of the classic applications of the
reactive magnetron sputtering technique is to obtain thin films of oxides
[39] or nitrides [108] from metal targets and Ar/O. or Ar/N> mixtures,

respectively.

Figure 1.5. Magnetron Sputtering technique: a) using one target, b) as co-sputtering
using two targets.

Furthermore, magnetron sputtering technique allows the control over
the microstructure of the deposited materials varying the process
pressure and the deposition geometry, i.e., the angle of the particle flux
with respect to the surface normal of the substrate. This later
configuration is known as magnetron sputtering at oblique angle

deposition (MS-OAD) [101] (see Figure 1.6).
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It is well known that MS-OAD technique induces the growth of
mesoporous films mainly consisting of nanocolumns separated by large
voids when deposition on flat substrates (mean roughness in the range of
few nm or below) [102,109]. This nanocolumnar microstructure stems

from the shadowing effects taking place during the deposition process

[110-112].

I Target
a)

Particle flux

Substrate

Figure 1.6. a) Scheme of magnetron sputtering technique in an oblique angle deposition
configuration, b) Ni-Fe thin film prepared by MS-OAD.

MS is a one-step method, that could greatly simplify the manufacture
of catalyst electrodes [114,115]. Using MS-OAD, the obtained catalyst
coated GDL electrodes are gifted of high specific electrocatalytic activity
for water electrolysis. In addition, it has been demonstrated the high
reproducibility and stability of the electrodes fabricated by this technique
[50,58]. Other advantages are the good adhesion of films to the substrates,
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a high deposition rate that permits a short manufacturing time for the
electrodes or the possibility to sputter any metal, alloy or other
components varying the gas plasma composition [116]. An additional
advantage in terms of costs is the possibility to fabricate catalyst

electrodes at room temperature, decreasing the fabrication cost [50].

Despite of the great advantages offered by MS-OAD technique, to the
best of our knowledge, it was never used before this thesis work to the
manufacture catalyst electrodes for AEMWE cells. Thus, MS-OAD has
been used through this doctoral thesis to grow catalyst electrodes, made
of various metals and oxides under different preparation conditions, in
order to demonstrate its feasibility for the manufacture of high-

performance electrodes for water electrolyzer cells.

Finally, Figure 1.7 shows a summary of advantages of various catalyst

deposition processes intended for its implementation in AEMWE cells.
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Co-Precipitation

 Small particles formed

/ Simple catalyst preparation

/ Energy efficient

" Does not involve use of organic solvent

Sol-Gel

+ Composition control
+ Homogeneity

«/ Structure control
« Low-cost synthesis

CVD

v/ Composition control
/ Structure control
v Good reproducibility
+ Good adhesion

IBSD

+/ Composition control

+ Low amount of catalyst
 Highly scalable

/ Simple catalyst preparation

Hydrothermal

«/ Low temperature
«/ Size control

«/ Structure control
" Low-cost synthesis

Electrodeposition

v Composition control

&/ Structure control

" Low-cost and fast-response time
«/ Low amount of catalyst

ALD

«/ Conformity and uniformity of films
+ Low amount of catalyst

«/ Simple catalyst preparation

« Higher flexibility

MS

Composition, structure and chemical
vV state control

 One-step and high deposition rates

Low amount of catalyst and high
porosity
v Highly reproducible and scalable

Figure 1.7. Summary of the main advantages of the catalyst deposition processes

regarding their implementation in AEMWE.

1.7.  Current status of anion exchange membrane water electrolysis

cell performance results

Finally, to compare the AEMWE performance using different catalyst
formulations and preparation methods, Table 1.1 gathers a series of
examples from literature and those reported in this doctoral thesis work.
The table includes data such as the components of the MEA, the catalyst
fabrication procedure, the operating conditions, and the current density
obtained at a particular voltage. In addition, due to the importance to
decrease the catalyst cost, this table also includes an assessment of the
anodic specific activity. It is remarkable that although the absolute

activity achieved with catalyst electrodes reported in this doctoral thesis
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is lower than that reported by other authors with similar catalyst
composition, the catalyst electrodes reported here are the most efficient
in terms of specific activity. For example, specific activities well above 100
mA mg? [39,58] were obtained for cobalt-cupper mixed oxides anodic
catalysts reported in Chapters 4 and 5, values that outperform those of
cells reported by other authors operated under similar conditions with
catalysts of the same composition but prepared by other
methods [19,49,117,118]. This is also clearly evidenced with Ni-Fe
electrodes reported in Chapter 7 with the specific activity significantly
higher than that reported for other Ni-based electrodes (maximum
current per catalyst load of 1086 mA mg? in the former and 322 mA mg!
[119] in the latter case, under similar operation conditions). Note that the
specific activity achieved by the Ni-Fe catalyst anodes reported in
Chapter 7, is even superior to that reported by iridium electrodes (438
mA mg? [120]). Emphasize that these results are achieved with nickel
catalyst cathodes (also prepared by MS-OAD) while Pt is usually used in

other works.
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Table 1.1. A review of some of the most relevant studies of AEMWE. Performance obtained under 1.0 M KOH at 2.0 V.

Anode

NiCoOxFe
Co0304
IrOx
NigoFe1y/CeO:2
NiCo0204
NiMn204
IrO2
Cu0.72C02.2804
CuCoOx
CuCo0204
IrO2
FexP»Se
Ni
Ni
CuxCoyO:,
CuxCoyO:,
Ni-Fe

*per amount of anodic catalyst.

Cathode

Pt

Pt

Pt

Pt
NiFexO4

Pt

Pt

Pt

Ni/ (CeO2-La:0s)/C

Pt

Cu-Co-P
FexP2Se

Ni

Ni

Ni

Ni

Ni

**This doctoral thesis.

Membrane

FAA-3
FAA-3
FAA-3
FAA-3PE-30
Self-preparation
FAA-3-50
FAA-3-50
Fumasep-30
A-201
X-37-50 Grade T
Sustainion 37
YAB
FAA-3-50
FAA-3-50
FAA-3-50
FAA-3-50
FAA-3-50

Fabrication method

Hydrothermal
Hydrothermal
Hydrothermal
Chemical Reduction
Co-precipitation
Oxalate
Commercial catalyst
Co-precipitation
Commercial catalyst
Hydrothermal
Electrodeposition
Hydrothermal + CVD
MS
MS
MS
MS
MS

Catalyst load
(mg cm?)
Anode Cathode
3 3
3 3
3 3
6 1
23 23
3 0.5
4 04
10 1
30 74
23 1

3.13 -

2 2
0.78 0.38
0.38 017
0.18 0.76

04 0.38
0.35 0.38

Current density
(mA cm?)

370
220
150
1930
165
380
1750
1000
650
1400
1400
580
42
31
46
60
380

Specific activity*
(mA mg?)

123
73
50

322
66

127

438

100
22
61

447

290
54
82

256

150

1086

T (°Q)

50
50
50
50
45
50
70
35
60
45
50
50
40
40
40
40
40

Ref.

[49]
[49]
[49]
[119]
[121]
[68]
(23]
[117]
[19]
[118]
[120]
[122]
*% [50]
k% [50]
*% [39]
k% [58]

*%
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2. AIMS AND SCOPE OF THE THESIS

Due to the current necessity to find solutions to the problem of the
global energy crisis, and due to the great potential shown by hydrogen as
energy vector, research groups from the UCLM and the ICMS have been
collaborating the last years to contribute in this important scientific and
technological field. This thesis emerges in the framework of the
collaboration of these two consolidated scientific teams with the main

objective to investigate the possibilities of AEMWE technology.

Despite the fact that water electrolysis is the simplest pathway to
produce hydrogen, this process, and in particular AEMWE, has not been
extensively used yet due to the high operation cost associated to
traditional catalysts and the high overpotential for the oxygen evolution
reaction. This thesis work aims to contribute to overcome these

limitations with the following partial objectives:

% To prepare of Cu-Co mixed oxides, Ni and Ni-Fe based catalyst
electrodes with different atomic ratios, microstructures, oxidation
states or catalyst loads directly on suitable GDL supports to be
used as electrodes in AEMWE cells. This is done with one-step
process by MS-OAD at room temperature. The choice of these
materials is because they are claimed to be among the most
promising non-Pt based catalysts for AEMWE as prepared using

traditional wet routes.

% To characterize physico-chemically the electrodes as prepared
and after electrochemical operation to identify their elemental and
chemical composition (surface and bulk), microstructure, and
crystallographic structure. These studies guide the preparation
process of the electrodes to correlate process parameters

(deposition geometry, process atmosphere, target choice, ...) with
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final physico-chemical properties of the samples. Besides these
studies help to justify the obtained electrochemical performances
of the manufactured electrodes in electrolyzers and to justify the

observed degradation effects.

To test different electrodes in a three-electrode cell configuration,
with the main objective to select best electrochemical performance

electrodes to scale-up to the AEMWE cells.

To test the anodic and cathodic electrodes in a complete AEMWE

cell under realistic operational conditions.

To simplify the manufacture and integration of the catalyst within
the electrodes and the complete cells to reduce the cost and other
associated problems with the incorporation of additives, such as
ionomers, to the traditional manufacture of these electrodes. In
this sense, we will study to which extent the addition of ionomers,
often a critical point, is required when using MS-OAD to

manufacture electrodes for AEMWE cells.

To optimize the different cell components as gas diffusion layers,
catalysts loads, anion exchange membranes, or bipolar plates to

get optimum performance of a final complete electrolyzer.
To study the long-term stability of complete cells.

To test the electrodes in a hybrid ethanol-water electrolysis system
with the objective to reduce the cell required voltage or overall
electrical energy consumption to produce hydrogen vs. pure

water electrolysis.
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3. METHODS AND EXPERIMENTAL SETUPS

3.1.  Electrodes fabrication by magnetron sputtering

Along this thesis, several Co-Cu mixed oxides, Ni and Ni-Fe
nanostructured catalysts were deposited by magnetron sputtering (MS)
method at room temperature on conductive gas diffusion layer supports.
The deposition reactor used in this thesis was a homemade apparatus

shown in Figure 3.1.

J—

Figure 3.1. Magnetron sputtering reactor used for the fabrication of the electrodes
along this thesis.

Magnetron sputtering is a vacuum deposition technique to fabricate
metals, alloys, and compounds in thin film form. The basic operation and
advantages of this method in relation to the final application in water

electrolyzers have been described in section 1.6.3. in Chapter 1.

The MS reactor used for the fabrication of catalysts electrodes along

this thesis is schematized in Figure 3.2. It consists of a stainless-steel
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vacuum chamber where suitable pumping system, magnetron heads, gas

inlet and sample holder facilities are implemented.
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Figure 3.2. Scheme of the MS deposition reactor with its different components.

The pumping system consists of a primary pump (rotatory pump,
TRIVAC D 8 B, Leybold) and a turbo pump (Pfeiffer Vacuum D-35614
Asslar) that allows to achieve base pressures of about 1-610-¢ mbar
(overnight pumping). Two vacuum monitors (Pirani gauge and cold

cathode) are used to measure the pressure inside the vacuum chamber.

The gas inlet system consists of independent high purity O,and Ar
gases lines controlled by mass flow controllers. Gases in standard cubic

centimeters per minutes (sccm) are displayed on a digital meter.

The deposition sources were two magnetron sputtering heads, as
shown in Figure 3.3 a) (GENCOA SW50, 2 inches circular targets), for

normal and oblique deposition. Their exact position within the vacuum
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chamber can be selected with an adjustable rod. Two power supplies are
connected to the equipment, one pulsed DC power supply (AE
Pinnacle+) and other RF power supply (RF Generator 600, AJA
International Inc.). A water-cooling system is set to refrigerate the
magnetron heads and the turbo pump. Targets of different materials (see
Figure 3.3 b)) can be used in the MS heads. A photograph of the ignited

magnetron plasma can also be seen in Figure 3.3 c).

The sample holder facilities mainly consist of a rotatable magnetic
transfer bar where a circular sample holder plate is attached. A motor that
continuously rotates the transfer bar is connected to it, allowing the
deposits to be homogeneous. The sample holder has a diameter of 10 cm
and several substrates can be placed on it (held by screws) for
simultaneous deposition within a single batch. The substrates on which

the thin films are deposited are placed in the holder as shown in Figure

3.3 d).

As a common feature of all the deposition experiments, a
cleaning/conditioning pre-sputtering of the magnetron heads is carried
out before the film deposition begins to avoid any target poisoning and

to guarantee reproducibility in the deposition process.
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Figure 3.3. Photograph of the a) GENCOA sputtering head, b) several types of
targets, c) magnetron plasma discharge in the deposition reactor and d) holder with

stainless steel paper, silicon wafers and carbon paper as substrates.

In Chapter 4 and 5, copper-cobalt mixed oxide films were prepared by
co-deposition of the two metallic cations by reactive magnetron
sputtering. Pure Cu and Co targets of 50 mm diameter (GoodFellow,
99.9%) were used as metallic sources in an O,/ Ar discharge prepared
with mass flow controllers set at 15 sccm for both gases. The deposition
geometry, schematized in Figure 3.4, was as follows: several substrates
were placed in the rotatable sample holder. The Cu magnetron head
facing the substrates (normal deposition geometry) was aligned with the
rotation axis of the sample holder and separated ~19 cm from it. The Co
magnetron head was placed perpendicular to the plane holder plate (i.e.,
in an oblique angle deposition, OAD, geometry) at a distance to the edge
of the rotatable holder of ~7 cm (average deposition angle of ~78 ©, angle
between the normal to the holder plate and the line connecting the center

of the holder plate and the center of the magnetron target). During the
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deposition process, the sample holder was continuously rotating at a rate

of 5 turns per minute to homogenize the deposits.

The Co target was operated by the before defined pulsed DC power
supply fixed at 150 W and a frequency of 120 kHz. The Cu target was
operated with a RF power supply set between 50 and 200 W to vary the
amount of deposited copper within the deposited mixed oxide. The base
pressure of the system was 210-¢ mbar and the deposition pressure
5102 mbar. Under these conditions, the overall deposition rate varies
between 4.4 and 7.7 nm min-?, depending on the actual power applied to
the copper target. The deposition rate was determined by depositing on
a flat substrate, silicon, and measuring the equivalent thickness of the
deposited film by scanning electron microscopy (SEM) in a cross-

sectional configuration for a certain known time.

5cm
PULSED DC ‘
Atoms MS Cathode / .\ \
(Co Target) 0 " ~7 em
———————————————————————— o -
dSSe: o N @ ‘\‘
B - |4
5cm o \“ LA " A RS
~—@ i |
@ + @ ‘ 10 cm
"""""""""""" Plasma(Ar/O,)
MS Cathode
(Cu Target)

Substrates

~19 cm

Figure 3.4. Scheme of the co-deposition configuration.
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In Chapter 6 to 9 for anodic electrodes and in all chapters for cathodic
electrodes, metallic nickel catalysts were deposited on GDL support. A
pure Ni circular sheet of 50 mm diameter (GoodFellow, 99.9 %) above a
copper target was used as sputtering source. The magnetron head was
operated with the pulsed DC power supply fixed at 150 W and working
at a frequency of 120 kHz.

The microstructure and composition of electrode films were adjusted
using two geometrical deposition configurations and three gas plasma
discharges. Compact or porous catalysts deposits were obtained placing
the axis of the magnetron head either perpendicular (normal deposition
configuration, see Figure 3.5 a)) or parallel to the surface of a rotating
substrate holder plate (OAD geometry, see Figure 3.5 b)). The deposition

angle used in the preparation of the OAD electrodes was ~78 °.

The oxidation state of the nickel-based deposits was controlled
adjusting the gas mixture used for the ignition of the magnetron plasma
discharge during film growth. Thus metallic nickel Ni, nickel oxide NiO
or nickel oxyhydroxide NiOx(OH)y films were produced with Ar, Ar/O,
or Ar/O,/H>O plasma gas mixtures, respectively. Ar and O, gases were
supplied to the preparation chamber by mass flow controllers (30 sccm
Ar for metallic, 15 sccm Ar and 15 sccm O; for oxide, and 15 sccm Ar and
4 sccm O for oxyhydroxide samples, respectively), while water in the gas
mixture was controlled with a leak valve adjusted to dose a constant
partial pressure of 5 104 mbar in the deposition chamber. In all cases, total
deposition pressure was fixed at 5 103 mbar (base pressure of the system

was 2 10-¢ mbar).

The deposition rate was ~30 nm min! for samples prepared with the

Ar discharge, ~8 nm min? with the O,/ Ar discharge and ~31 nm min!
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with the HO/O,/Ar discharges, all of them under the OAD
configuration. Deposition rate was ~12 nm min? for the metallic Ni

samples prepared in the normal deposition configuration (note the longer

target-substrate distance in this configuration).
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Figure 3.5. Schemes of the deposition geometries considered in this work a) normal
deposition configuration and b) OAD confiquration.
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In Chapter 7, bimetallic thin film electrodes made of Ni/Fe mixtures
were prepared by MS at room temperature in an oblique angle deposition
configuration (MS-OAD). A nickel circular sheet (GoodFellow
Cambridge Ltd., 99.9 at. %, 50 mm diameter) with axially wrapped iron
strips (GoodFellow Cambridge Ltd., 99.5 at. %, 1.5 mm width, 0.25 mm
thickness) was used for deposition. The number of iron strips varied
between one and five to obtain electrodes with different Ni/Fe atomic
ratios (see Figure 3.6). The other fabrication parameters were similar to

previous explained metallic nickel deposition catalyst.

Ni/Fe at. ratio = 20.6 Ni/Fe at. ratio = 10.1 Ni/Fe at. ratio = 7.1
Ni/Fe at. ratio = 4.5 Ni/Fe at. ratio = 2.9

a)

Figure 3.6. a) Ni-Fe magnetron target configurations showing the axially wrapped iron
strips and indicating the Ni/Fe atomic ratio achieved in the corresponding depositions.
b) Example photograph of a nickel sheet with two axially wrapped iron strips.
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In Chapter 8, the bimetallic Ni-Fe anodic catalysts and the metallic Ni
cathodic catalysts were also deposited on stainless steel fiber paper (SSP,
Dioxide Materials) to compare with the traditional carbon paper (CP,
TGP-H-90, Fuel Cell Earth) support. In Figure 3.7 the differences between
carbon and stainless-steel papers substrates with and without Ni-Fe
deposit can be observed. The compositional analysis of the SSP without
catalyst determined by energy-dispersive X-ray (EDX) spectroscopy is
detailed in Table 3.1.

Ni-Fe/CP

Ni-Fe/SSP

Figure 3.7. Several carbon and stainless-steel papers with and without Ni-Fe deposit.

Table 3.1. Elemental composition of SSP GDL measured by EDX.

Element wt. /% at./ %
Carbon 4.76 18.77
Aluminium 0.94 1.64
Chromium 16.98 15.45
Iron 66.08 55.98
Nickel 8.69 7.00
Molybdenum 2.13 1.05
Tungsten 0.43 0.11

100.00 100.00
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3.2. Physico-chemical characterization

Scanning electron microscopy (SEM)

Scanning electron microscopy provides microstructural and
morphological information on a microscopic scale. A focused electron
beam irradiates the surface of the sample to be analysed, and an
appropriate detector records the result of the interaction with the sample.
Among the different types of signals, secondary electrons, backscattered

electrons, or X-Rays are used to obtain the information from the sample.

Along this thesis, two different configurations have been used for the
samples characterized by SEM: the top-view was used to examine the film
surface deposited on carbon paper, stainless steel fiber paper and flat
silicon substrates, and the cross-sectional configuration to determine the

equivalent thickness of the films deposited on the flat silicon substrates.

Images were taken with a Hitachi 54800 field emission microscope
operated at 2 keV. The SEM equipment is a cold cathode field emission
gun that allows the images of the morphology and surface texture of the
samples with a resolution of 10 nm at 15 kV. SEM equipment is coupled
to an energy-dispersive X-ray spectroscopy (EDX) detector (Bruker X-
Flash Detector 4010) that allows the elemental analysis and compositional

maps.

X-ray diffraction (XRD)

The presence of crystalline structure or structural analysis of the
electrodes is carried out by X-ray diffraction technique in a Panalytical
X'PERT PRO apparatus. Samples were scanned with an angular step of

0.05 © over the range 10 ° < 20 < 90 © with a scan rate of 4 s step™.
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In Chapter 4, the crystallization behaviour of the cupper-cobalt oxide
samples was followed in situ between room temperature and 600 °C, at a
heating rate of 5 °C min-. Sample was kept for 2 h at each recording

temperature.

X-ray photoelectron spectroscopy (XPS)

X-Ray photoelectron spectroscopy technique used along the thesis, is
employed to analyze the surface stoichiometry and chemistry of the
deposits. The analysis was carried out by a SPECS PHOIBOS-100
spectrometer operated with unmonochromatic Mg Ka radiation as

excitation source and 20 eV constant pass energy.

Raman spectroscopy

Chemical structure, phase, crystallinity, and molecular interactions
information can be provided by Raman spectroscopy. Raman spectrum
features several peaks, with their correspond intensity and wavelength
position and corresponding to a specific molecular bond vibration. The
Raman spectra was obtained using a SENTERRA spectrometer with an

excitation wavelength of 543 nm.

Inductively coupled plasma atomic emission spectroscopy (ICP-AES)

Inductively coupled plasma atomic emission spectroscopy is an
emission spectroscopy that quantifies the mass percentage of the

components.

Along this thesis, ICP-AES analysis has been carried out using RL
Liberty Sequential Varian ICP-AES to analyze the solution after
experiments to discard problems of possible delamination of catalyst

layers.
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Fourier-transform infrared spectroscopy (FTIR)

The infrared light used for scanning the samples, provide an
identification of organic, inorganic, and polymeric materials. Changes in
the characteristic pattern of absorption bands suggest changes in the
material composition. FTIR is useful in identifying and characterizing

materials and identifying decomposition and oxidation.

In Chapter 4, FTIR spectra of the films deposited on intrinsic silicon
substrates were recorded in transmission mode (400-4000 cm?) with a

Nicolet 510 spectrometer.

X-ray absorption spectroscopy (XAS)

X-ray absorption spectroscopy is an element-specific, short-range
probe, providing information about the local structural and

compositional environment of an adsorbing atom.

For Chapters 5 and 6 results, XAS measurements were carried out at
near ambient pressure photoemission (NAPP) end station of the CIRCE
beamline of ALBA Synchrotron Light Source (Barcelona, Spain) (see
Figure 3.8). The plane grating monochromator covers the energy range
100 - 2000 eV. The energy resolution is ~8000 and the photon flux ~1013
ph s?. For this experiment, silicon membranes (NX10100C, Norcada)
were used as substrates to deposit the metallic nickel catalyst (Chapter 6)
or the cupper-cobalt mixed oxide films (Chapter 5) with a thickness of
approximately 50-60 nm. O K, and Ni L,3 spectra were recorded for nickel
films and O K, Co L3, and Cu L3 absorption spectra were recorded for
Co/Cu films for as prepared samples (i.e., exposed to the air), after their
immersion in 1 M KOH electrolyte for 30 minutes and after working as

anode for the oxygen evolution reaction (OER) at 750 mV vs. Ag/AgCl
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during 30 min. The electrolyte immersed and polarized electrodes were
rinsed with distilled water and handled in air for about 5-10 min
(maximum exposure time to air) previously to their insertion in the XAS

apparatus.

Figure 3.8. Photograph of the vacuum equipment used to carry out the XAS
characterization at ALBA Synchrotron Light Source.

Rutherford backscattering spectrometry (RBS)

Elemental composition, in-depth elemental distribution, and metal
loading of the films can be estimated by Rutherford backscattering

spectrometry.

In Chapters 4, 5 and 6, tandem accelerator (CNA, Seville, Spain) was
used to carried out RBS analysis. A beam of alpha particles with 2.8 MeV
of energy was used. The backscattered particles were collected with a
silicon particle detector placed 165 ° off the beam direction. Used as

alternative measure of load determination on flat substrates.
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3.3. Electrochemical characterization. Three-electrode cell

Electrochemical characterization was carried out in a three-electrode
(i.e. half-cell) configuration. The electrochemical characterization
measurements, both in the half-cell and in the later explained complete
electrolysis cell, are carried out to optimize the production of O, and H>
or to test the stability of the systems. The system consists of a 150 mL glass
vessel with three electrodes (working electrode, reference electrode and
counter electrode) that fit in a vessel lid. This vessel lid has another
opening for the inlet-outlet of nitrogen to inert the solution. The working
electrode consists of an electrode support where is placed the electrode to
analyze. The geometric area of the exposed electrode is 1.0 cm2. An
Ag/AgCl electrode (KCl, 3M, Metrohm®) and a platinum foil electrode
(Metrohm®) are used as reference and counter, respectively (see Figure
3.9 for the scheme of the half-cell).

Working
electrode

Input and
output of
gases (N,)

Counter
electrode
Pt

Reference
electrode
Ag/AgCl

Figure 3.9. Three-electrode cell configuration scheme.

78



3. METHODS AND EXPERIMENTAL SETUPS

In all chapters, cyclic voltammetry (CV) experiments were used to the
electrochemical characterization of the different electrodes. The three-
electrode cell is connected to an Autolab potentiostat/galvanostat
(PGSTAT30-ECOCHEMIE) to perform the electrochemical tests. A Na
flow was maintained bubbling for at least 20 minutes prior to all tests and

then during the experiment to inert the solution.

CV measurements from 0 to 750 mV vs. Ag/AgCl with a scan rate of
20 mV s were carried out to study the OER. To study the influence of the
different electrodes towards the hydrogen evolution reaction (HER), CV
experiments were carried out from 0 to -1450 mV vs. Ag/AgCl with a
scan rate of 10 mV s1. All the experiments were carried out at room

temperature in a 1.0 M KOH-deionized water solution.

In Chapter 5, the electrochemically active surface area (ECSA) was
evaluated by means of the double-layer capacitance method [1,2] from
the CV plots acquired from 240 to 300 mV vs. Ag/AgCl at scan rate
between 2 and 10 mV s-. The double layer capacitance Cq was obtained
from the slope of the linear regression of the current density values vs.
scan rate, acquired at 290 mV vs Ag/AgCl. Note that, the Ca values
determined in this way are taken as proportional to the ECSA according
to [3]:

Ca
LC.

ECSA= (3.1)

where C; is the specific electrochemical double-layer capacitance (mF
cm?) and L is the catalyst load (mg cm?). Cs values typically range
between 15-50 mF cm-2 and depend on the material. In a previous study
related to similar mixed cobalt-copper oxides, we found a value of 40 mF

cm2 [4] for this capacitance used as reference.
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Furthermore, Tafel slopes were calculated from the data obtained in
the cyclic voltammetries according to the approximation of Butler-
Volmer equation (Eq. (3.2)) [5]. To do this, the representation of logarithm
of the current density vs. potential was done. The Tafel slopes are

obtained from the linear fits to the initial rise of the OER curves.
n=blog (D)  (3.2)

Where 1 is the overpotential (V), j is the current density (A cm?2) and b
is the Tafel slope, 2.3RT/(aF), in V decl. R is the gas constant, T the

temperature, a is the transfer coefficient and F the Faraday’s constant.

In addition, since it is well-known that Pt counter electrodes may
present some corrosion problems when working in basic conditions [6,7],
we have demonstrated its stability and performance in a separate blank
experiment. Figure 3.10 shows the high stability of a cyclic voltammetry
process using a carbon paper as working electrode along a series of OER
cyclic voltammetries (see Carbon Paper Cycle 1 and 25 in the figure). This
serie of measurements shows that there is not a significant increase of
current density along time, thus supporting the negligible influence of the
Pt counter electrode in the performance of the electrolysis cell in our
conditions. This activity has been compared to a Ni-Fe electrode
deposited on the same carbon paper, demonstrating the negligible
amount of current provided by the carbon paper substrate without
catalyst. This experiment has been carried out in the defined three-
electrode cell in 1.0 M KOH solution using a scan rate of 20 mV s at room

temperature.
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Figure 3.10. Experiments with and without anodic catalyst.

Electrochemical impedance spectroscopy (EIS) measurements in half-
cell were performed using an impedance module of the used Autolab
potentiostat/galvanostat  (PGSTAT30-ECOCHEMIE). Data  were
collected at 700 mV in a frequency range from 100 kHz to 10 mHz. The
potential amplitude was 10 mV and the experiments were carried out in

1.0 M KOH at room temperature.

In addition, in Chapter 6, 7 and 8 ECSA for nickel and nickel-iron
electrodes has been determined by the procedure proposed by Watzele et
al. [8]. For this calculation, a new equivalent circuit was used to determine
the ECSA of the different electrodes. Assuming that they are surface
oxidized, the value of specific adsorption capacitance of NiOxdeduced by
Watzele et al. has been used (C',=300 £ 99 pF cm?2, a parameter related to
the adsorption/desorption capacity of intermediate species such as *OH,
*O and *OOH that are involved in the OER). This specific capacitance is
related to the ECSA as follows:
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C,= S
2 ECSA

(3.3)

where C, is the adsorption capacitance in pF determined by the
equivalent electric circuit (Figure 3.11) and ECSA is the electrochemical

surface area in cma2.

Figure 3.11. Equivalent electric circuit for OER as proposed by Watzele et al. [8]. R,
is the uncompensated resistance, Za, the double layer impedance, R, the charge
transfer resistance, C,, the adsorption capaciance and R,, the adsorption resistance.

34. Setup for anion exchange membrane electrolysis cell

configuration

Along this thesis, different electrodes prepared by MS technique and
tested in the three-electrode cell have been also studied in a membrane
electrode assembly (MEA) configuration. Catalysts supported on
different gas diffusion layers were used as anode and cathode electrodes

separated by an anion exchange membrane (see Figure 3.12).

In Chapter 4, the MEA was sandwiched by hot pressing between two
pieces of a stainless-steel frame. Temperature was increased at steps, from
room temperature to 120 °C (i.e., 10 °C steps from 20 to 80 °C, followed by
5 °C steps from 80 to 120 °C) and the sample kept for 2 minutes at each
intermediate temperature and, after reaching the maximum value of 120

°C, pressure (1 metric ton) was applied for 3 minutes. In the rest of the
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chapters, the membrane was simply placed between the electrodes

without applying pressure and temperature.

Figure 3.12. Membrane electrode assembly.

In all chapters, Fumapem FAA-3-50 supplied by Fuel Cell Store has
been used as commercial anion exchange membrane. In chapter 6,
Sustainion® X37-50 (Dioxide Materials) was also compared. The
Sustainion® X37-50 anion exchange membrane had 50 microns thickness
and an ethylene glycol plasticizer to prevent cracking that is designed to
be eliminated during activation. Although a slightly better performance
was obtained with the Sustainion membranes, its highly demanding
conditioning precluded its systematic use and most results reported in
this chapter corresponded to the Fumapem membrane. In chapter 8,
Fumasep FAA-3-PK-75% (Fuel Cell Store) and Sustainion® X37-50 (grade
T, Dioxide Materials) were also evaluated. In this case, an improved
Sustainion® X37-50 (Grade T) membrane was used compared to that used

in Chapter 6.

The membrane requires a pretreatment before its use. For the
activation treatment of the membranes, they were immersed in a 1.0 M

KOH solution for, at least, 24-48 hours at room temperature to replace its
Br- functional groups (Fumapem® FAA-3-50 and Fumasep FAA-3-PK-
75%) and chloride form (Sustainion® X37-50) to OH- groups.
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For the electrochemical experiments, an Autolab
potentiostat/ galvanostat was used. Linear sweep voltammetries (LSVs)
were performed between 1.0 to 2.2 V with a scan rate of 5 mV s1. The
stabilities of the electrolyzers were studied by constant-current
chronopotentiometry experiments at a fixed current density and cyclic
voltammetry experiments (200 cycles, potential range from 1.0 to 2.2V,

scan rate of 50 mV s?).

Two different electrolysis cells have been used in this thesis. First, a
homemade graphitic bipolar plate AEMWE cell (see Figure 3.13 a)) was
used for Chapters 4, 5 and 6. In a second stage (Chapters 7, 8 and 9), to
avoid the problems associated with the graphitic bipolar plate in an
alkaline medium, a commercial AEMWE cell with nickel bipolar plate
was acquired (see Figure 3.13 b)). A scheme of the plates AEMWE cell
assembly and their components used in this thesis is included in Figure
3.14 a). The active geometric area of the electrode in the cell was 5 cm?2
and 6.25 cm? for the nickel and graphitic AEMWE cell, respectively. Both
bipolar plates have channel groves to supply the liquid solution
uniformly in the complete electrode in both sides of the MEA (see Figure
3.14 b) and c)). The bipolar plates were used as current collectors and as
distributors of reactants and products. External teflon gaskets were
placed on both sides of the bipolar plates to seal the cell and to avoid

short-circuiting.
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Figure 3.13. a) Graphitic bipolar plate and b) nickel bipolar plate AEMWE cells.

a) Teflon Teflon
gasket gasket
. l Anion
Exchange

Membrane
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Electrodes

t
Nickel Nickel
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plate plate

Figure 3.14. a) Schematic view of the AEMWE cell assembly and their components. A
detail of the channels of the bipolar plates of b) nickel and c) graphite.
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The AEMWE complete set up, schemed in Figure 3.15, consisted of a

feeding unit, a reaction system, and a polarization system.

The feeding unit consists of two liquid reservoirs and a multichannel
peristaltic pump (Pump drive 5001, Heidolph) to impulse the liquid from
two compartments of 1 L of volume and recirculating the streams to the
feed reservoirs. Anode and cathode chambers were fed with different
concentration of KOH-deionized water solutions flowing at a constant

flow rate of 2 mL min-! using the peristaltic pump.
The AEMWE cell or reaction system has been explained above.

The polarization unit is an Autolab potentiostat/galvanostat
(PGSTAT30-ECOCHEMIE) analyzer that allows the application of

electric current or potential between both electrodes.
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Figure 3.15. AEMWE complete experimental set up scheme.
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4. CuxCoyO, ANODES FOR ANION EXCHANGE MEMBRANE WATER
ELECTROLYSIS

4.1. Introduction

The growing demand for hydrogen produced in conjunction with
renewable sources has encouraged the development of sustainable and
environmentally friendly production pathways. Among the hydrogen
production methods, water electrolysis is considered the most efficient
and practical method in combination with other renewable energy
sources [1,2]. AEMWE combines the advantages of the other forms of

water electrolysis and solves their associated problems [1,3].

Cobalt based oxides are considered good catalysts for the oxygen
evolution reaction (OER) in alkaline media because of their optimum
electrochemical behavior, high electrical conductivity, high stability, low
cost, and environmental compatibility [3,4]. In the quest for more efficient
electrodes, it has been demonstrated that performance increases by the
addition of a second element, such as Li, Ni or Cu, to form binary mixed
oxide catalyst anodes [5]. In particular, previous studies with half-cells
have shown that the incorporation of Cu into the CosO4 spinel lattice

leads to more negative OER onset potentials [3].

Traditional electrode fabrication techniques of catalyst layers for this
type of electrolyzers consist of dripping a catalyst ink onto a porous
electrode support (usually carbon paper) [3,6,7]. This method makes use
of catalyst powders, usually prepared by thermal decomposition of
precipitated metal precursors salts, giving rise to inhomogeneous
electrodes with high metal loadings in the range of few or even tens of
mg cm? [2,8]. Additionally, the low reproducibility of this kind of
preparation techniques hinders their straightforward scaling to stack

configuration and larger areas.
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Physical vapor deposition by magnetron sputtering (MS) could be a
feasible way to solve some of these limitations. MS deposition gives rise
to homogeneous films of controlled low metal loading and thickness,
operates at room temperature, and it is easily scalable and quite
reproducible [9-13]. The compactness of the deposited material with this
technique can be tuned through deposition geometry, i.e., angle between
the flux of sputtered particles from the target and substrate normal [13].
Thus, MS at oblique angle deposition (MS-OAD) renders mesoporous
films with open microstructure (compared with normal deposition
configuration that gives in general compact thin films [12]) producing
electrodes with enhanced electrocatalytic activity in water electrolysis

[9,12,14].

In this chapter, a study of copper-cobalt mixed oxides anodic films
prepared by MS-OAD method is presented. These catalyst electrodes are
characterized by a series of physicochemical techniques (SEM, EDX, XPS,
XRD, and FTIR) before and after their use as anodic electrodes and tested
as OER catalysts. These studies provide interesting clues about the nature
of the most active sites of these catalysts for the OER. Thus, porous and
amorphous samples with a strict control of the total catalyst load and
Co/Cu ratio were fabricated. Electrocatalytic tests showed a maximum
performance for the OER at Co/Cu atomic ratio around 1.8. Besides, it is
found, through crystallization studies, that a particular local chemical
environment around the Co and Cu sites acts as an efficient catalytic site
for the oxygen evolution reaction. The high performance found for these
electrodes in terms of current density vs. catalyst load, and their long-
term stability and reproducibility, support the potential of the MS-OAD
technique for the preparation of a new generation of highly reliable

AEMWE electrodes.
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4.2.  Experimental

Magnetron sputtering fabrication method previously described in
Chapter 3 has been used to prepare the cupper-cobalt mixed oxides
electrodes. The deposition process took place simultaneously in pieces of
polished silicon wafers (Si) and fused silica used as substrates for film
characterization and commercially available carbon paper (TGP-H-90,
Fuel Cell Earth) used as gas diffusion layer support and indium tin oxide

(ITO) glass panes for the electrochemical tests.

To study the effect of catalyst crystallization, selected samples were
annealed in air up to 500 °C, at a rate of 5 °C min? and maintained for 2
hours at this temperature. For the annealing, it is used a tubular furnace
that allows to control the reaction atmosphere associated with a thermal

controller-programmer.

In addition, (Co304/CuO)¥ multilayered samples were prepared by
sequential deposition of the single oxides with the same process
parameters than for the mixed oxides fixed 150 W applied to the target.
The first deposited layer was CuO followed by Co03O4 and the stack
terminated in CosOs. Each layer had an equivalent thickness of 25 nm, and
the total number of layers was 20. We define equivalent thickness as the
physical thickness determined by cross-sectional SEM analysis for the

thin films deposited simultaneously on a flat silicon wafer substrate.

A Ni thin film supported on carbon paper used as cathode was also

prepared by MS-OAD as has been explained in Chapter 3.

The microstructures of the films deposited on carbon paper and silicon
substrates were examined by SEM in planar view and cross-sectional

configurations. Surface chemistry and stoichiometry of the deposits on
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carbon paper were evaluated by XPS. Elemental composition, in-depth
elemental distribution, and total metal loading of the films deposited on
polished silicon wafers were evaluated by RBS. Crystallinity and phase
analysis were performed by XRD. FTIR spectra of the films deposited on
intrinsic silicon substrates were also recorded. All the physico-chemical
characterization techniques used in this chapter have been previously

explained in Chapter 3.

In addition, DC electrical measurements, performed at room
temperature by the four-point probe technique in a square configuration,
were carried out on samples deposited on fused silica in this chapter. A

Keithley 2635A equipment was used for these measurements.

Anodic samples have been labelled as YY-CuCoO-thickness/CP, YY-
CuCoO-thickness/Si, or YY-CuCoO-thickness/ITO where YY refers to the
Co/Cu atomic ratio obtained by EDX analysis of samples prepared on
carbon paper, polished silicon wafer, or ITO, respectively. On the other
hand, the pure copper and cobalt samples will be named as CuO-

thickness/CP and Co3;Oq-thickness/CP, respectively.

Electrochemical characterization in the half-cell configuration was
carried out as has been described in Chapter 3. Finally, a MEA consisted
of an anion exchange membrane (Fumapem FAA-3-50), the Cu.Co,O,
(Cu/Co at. ratio of 1.8) thin film supported on carbon paper working as
anode and the Ni thin film supported on carbon paper working as
cathode was prepared. The catalyst loading was 0.18 mg cm2 (500 nm
equivalent thickness) for the anode and 0.72 mg cm2 (1000 nm equivalent

thickness) for the cathode.

Water electrolysis experiments were carried out in the experimental

setup described in Chapter 3. The temperature of the cell was varied
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between 25 and 70 °C. Chronopotentiometric experiments were
subsequently performed during 18 hours at 40 °C. Gas-volume
measurements were carried to determine the hydrogen production rate
during the water electrolysis. Data were cross-checked via Faraday’s
Law. KOH concentration in the anode and cathode chambers was
changed to study the effect of electrolyte concentration. The possible use
of tap water and milli-Q water as electrolytes was also investigated.
Electrochemical impedance spectroscopy (EIS) measurements were
carried out at two potentials (1.7 and 2.0 V) in a 1.0 KOH solution at 40
°C.

4.3. Results and discussions

4.3.1. Physico-chemical characterization of Cu,CoyO, thin films

Several techniques were used to characterise the anodic Cu.Co,O,
catalyst films. For the different batches of anodic thin films, Table 4.1
shows the experimental parameters used for their synthesis (i.e., the
power applied to the magnetron heads), the Co/Cu atomic ratios
determined from either EDX or XPS analysis, the equivalent thickness
determined by SEM, the total metal atom load (number of atoms per cm-
2) determined by RBS and the DC films electrical resistivity. The catalyst
load, expressed in mg cm2, was calculated from the number of atoms per
cm? obtained by RBS. Data in this table show that the Co/Cu atomic ratio
in the films varies with the ratio of powers applied to the copper and
cobalt targets during the co-deposition process. The mismatch in Co/Cu
atomic ratio obtained with XPS and EDX might be attributed to the
different probing depths of these techniques (XPS analyses just the

upmost ~3 nm zone, while EDX analyses the whole film thickness). The
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tilms electrical properties varied also with their composition: the single
oxide films present the highest resistance values and for the CuxCoyO,
thin films, this parameter decreases continuously with the Co/Cu atomic
ratio. This tendency agrees with previous studies evidencing that the
addition of Cu to CuxCoyO, improves its electrical conductivity [15],
while pure CosO; and CuO behave as semiconductor materials and have
relatively higher electrical resistance. From the point of view of the use of
these thin films as anodes, these low resistance values support that the
electrochemical performance will not be significantly affected by high
electrode impedances [15]. It is noteworthy that the films equivalent
thickness, their atom density per unit surface and the metal load are very
similar for all investigated electrodes, which evidences an accurate
control of the MS deposition process and supports those electrochemical
results can be properly compared. It should be mentioned that the total
metal load and atomic ratio distribution were homogeneous through the
whole deposition area, the former is much lower than in powder based
OER electrodes [1,16,17]. The homogeneous deposition in the elemental
mapping obtained for sample 1.8-CuCoO-450/CP can be observed in
Figure 4.1.

Table 4.1. Summary of the physico-chemical characterization of the prepared anodes.

Sample label Power Co/Cu at. Thickness DC
(Weo/Weu) ratio (SEM) Catalyst Load (RBS)  Resistance
EDX XPS (nm) Metal Metal (@)
content content
(atcm?)  (mgcm?)

Co0;04-540/CP 150/0 - - 450 4.0510'8 0.20 1.3102
16-CuCoO-450/CP 150/50 16 9.7 454 3.791018 0.19 3.0104
3.4-CuCoO-450/CP 150/100 3.4 1.6 488 3.83 1018 0.19 1.6 104
1.8-CuCoO-450/CP 150/150 1.8 1.0 441 3.4010'8 0.18 2.310°
1.4-CuCoO-450/CP 150/200 1.4 0.8 438 3.7510%8 0.21 7.6107

CuO-450/CP 0/150 0 0 469 3.00-10%8 0.18 8.7 102
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Co

Figure 4.1. a) SEM image of 1.8-CuCoO-450/CP electrode and EDX mapping images
showing the corresponding elemental c) Cu, d) O, e) Co, and f) C distributions and
their combined image b).

Figure 4.2 shows selected SEM images of 1.8-CuCoO films deposited
on polished silicon wafer (1.8-CuCoO-450/Si) and carbon paper (1.8-
CuCoO-450/CP) substrates. The cross sectional and normal SEM
micrographs in Figures 4.2 a) and b) reveal that the film deposited on
polished silicon wafer is formed by vertically aligned nanocolumns,
which is the typical microstructure of MS-OAD thin films prepared in
these experimental conditions [11,18,19]. The open porosity of these films
supports their use as electrodes, where a high surface area in contact with
the medium is a key requirement. When deposited on carbon paper, the
film material grows only onto the most external fibres of the substrate (c.f
Figure 4.2 c)), but it still keeps a high porosity, as revealed by the high
magnification image in Figure 4.2 d) where agglomerated grains

corresponding to the tips of the nanocolumns can be appreciated. It is
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expected that decoration of the outer fibres of the carbon paper substrates
with these tiny aggregates provides a high electrochemical active surface
area [20]. Composition was homogenous in all deposited zones, not only
laterally, but also in the first and second layer of fibres, as evidenced by

EDX mapping of the electrode surfaces (see Figure 4.1).

500 nm 500 nm

1.8-CuCoO-450/Si 1.8-CuCo0O-450/Si

Carbon Paper 1.8-CuCo@-450/CP.

Figure 4.2. SEM images of: 1.8-CuCoO-450/Si sample a) in a cross-sectional
configuration and b) in planar view; c) bare carbon paper and d) 1.8-CuCoO-450/CP
sample supported on carbon paper in planar view. The inset shows the same sample
with a different scale.

Chemical state of catalyst films was typical of copper and cobalt
oxides, as determined by XPS and FTIR. Figure 4.3 presents the Cu 2ps/2
and Co 2p photoelectron spectra recorded for the studied as prepared
samples. The binding energy of the Cu 2p;/> peak at 934.0 eV and the
strong satellite at 940-944 eV confirm that copper is in the form of Cu?*
[21]. Meanwhile, the overall Co 2p peak shape and Co 2ps,2 binding
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energy at approximately 780 eV are typical of Com (n=2,3) in Cos0Os
[15,22-24].

Cu 2p,, Co 2p
Cu0O-450/CP 2+ n+
1.4-CuCo0O-450/CP Cu a) b) Co
1.8-CuCo0-450/ CP
3.4-CuCo0-450/ CP Co™

16-CuCoO-450/CP
*x

Co,0,-450/CP

16-CuCo0O-450/CP
3.4-CuCo0-450/CP
1.8-CuCo0-450/CP
1.4-CuCo0-450/CP

T T T T T T T T T T T L LI
948 944 940 936 932 928 804 800 796 792 788 784 780 776
Binding Energy / eV Binding Energy / eV

Intensity / a. u.

Figure 4.3. XPS spectra of a) Cu 2pspand b) Co 2p for YY-CuCoO-450/CP samples. *
denotes so-called shake-up satellite peaks which are typical of the Cu?* and Com*
oxidation states of Cu and Co, respectively.

This assignment was confirmed by the FTIR analysis, that depicted
spectra where Co3*-O= and Cu?*-O- characteristic bands [25-27] are
clearly identified (see Figure 4.4). The most significant result of this
characterization is the presence of strong absorption bands at 3200-3500
cm?, that corresponds to the -OH groups [25,26], for the YY-CuCoO-
450/Si samples (those prepared in MS-OAD geometry), and its absence
for the CuO samples (prepared in normal MS deposition geometry). The
presence of this band is an additional prove of the porosity of the YY-
CuCoO films. Bands in the 1410-1564 cm™ range relate the presence of
C=0 [26]. The two absorption bands occurred at 568 and 662 cm!
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correspond to the vibration of Co-O functional group in the CosOs [27].
Finally, an absorption band at 532 cm corresponds to the vibration of

Cu-O functional group in the electrodes with Cu [26].

In addition, indirect evidence gained by XRD and the electrochemical
behavior of the multilayer (CuO/Cos04)0 electrodes (see below) sustains
that, in the as prepared YY-CuCoO-450/CP samples, copper and cobalt
oxides are mixed in a common amorphous lattice (i.e., in the form of a

Cu,CoyO, mixed oxide network).

Co,0,-450/Si 1.8-CuCo0-450/Si
16-CuCoO-450/Si 1.4-CuCoO-450/5i
3.4-CuCoO-450/Si CuO-450/Si

Transmittance / a.u.

Cu-

4000 3500 3000 2500 2000 1500 1000 500

Wave number / cm™

Figure 4.4. FTIR spectra of the different Co/Cu atomic ratios electrodes.

4.3.2. Influence of the Co/Cu atomic ratio on the oxygen evolution

reaction

To retrieve information about the influence of the cobalt/copper
atomic ratio in the OER, preliminary electrochemical analysis was carried
out in the three-electrode cell (i.e., half-cell configuration) with the YY-
CuCoO-450/CP anodic catalysts. Figure 4.5 a) shows cyclic voltammetry

diagrams as a function of the Co/Cu atomic ratio. In some voltammetry

100



4. CuxCoyO, ANODES FOR ANION EXCHANGE MEMBRANE WATER
ELECTROLYSIS

curves, such as in the case of pure CosO, sample, a small anodic feature
at approximately 500 mV has been attributed to the Co(III) / Co(IV) redox
couple [28,29]. In addition, the corresponding cathodic peaks in the
potential about 400-200 mV obtained on the reverse scan are due to
Co(IV)/Co(IlI) redox reactions [3,17,28]. The onset potential for the OER
was found between 500 and 600 mV, similar to that found for other
copper and cobalt oxides systems prepared by alternative routes [3,17,30].
From the set of studied CuxCoyO, thin films, sample 1.8-CuCoO-450/CP
rendered the highest current density and therefore the fastest OER
kinetics within the explored potential range. A bulk Co/Cu atomic ratio
of 1.8 is within the optimal compositions reported in literature for Cu-
cobaltite electrodes [3,15,21,28]. However, surface Co/Cu atomic ratio in
this sample is close to 1 (see XPS value in Table 4.1) which suggests a
preferential surface segregation of copper and that a particular local
chemical environment around the Cu and Co sites yields a maximum

catalytic activity.

Long-term stability under operation conditions of sample 1.8-CuCoO-
450/CP was proved by an accelerated life testing of repetitive cyclic
voltammetry (200 cycles). The comparison in Figure 4.5 b) of the 1st and
200t cycle reveals no distinctive difference after the aging test and
supports that, despite their amorphous character, the MS-OAD Cu-
cobaltite thin films exhibit a satisfactory stability as OER electrocatalysts.
This behavior is similar to that found for crystalline Cu-cobaltite anodic

catalysts prepared by thermal decomposition of precursors [3,7].
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Figure 4.5. a) Cyclic voltammetry experiments of YY-CuCoO-450/CP samples (*
denotes Co(11I)/Co(IV) redox couple) and b) comparison of the 15t and the 200% cycle of
1.8-CuCoO-450/CP sample at room temperature, with scan rate 20 mV s1in 1.0 M
KOH solution.

To further investigate the surface properties of the 1.8-CuCoO-450/CP
electrode after this accelerated aging test, used electrocatalyst samples
were analyzed by XPS. Surprisingly, the Co/Cu atomic ratio had changed
to ca. 2.2, i.e., doubling the Co/Cu ratio of the as prepared sample, c.f.,

Table 4.1. A similar change occurred when the samples were just
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immersed in the KOH electrolyte solution for a time period equivalent to
that of the electrocatalytic tests. The shapes of the Cu 2ps,2and the Co 2p
photoemission peaks did not vary after these electrolyte immersion tests

and only differences were found in the O 1s signal with the appearance

of a prominent peak at 531.0 eV attributed to a surface enrichment in OH-
groups [25,31,32] (see Figure 4.6). We attribute the observed change in
Co/Cu atomic ratio at the outmost surface region of the samples to some
surface atom redistribution/segregation and/or to some preferential
leaching into the electrolyte solution rather than to any selective
delamination of the deposited anodic catalyst after the aging process.
This is justified because the fluorine content (due to the Teflon coating of
the fibers in the carbon paper [31,33]) detected by XPS did not vary
significantly after immersion. Thus, the Co/Cu ratio of 2.2 measured for
the used samples supports that the most active surface electrocatalytic
sites may consist of a three cations bonding arrangements of the type
Co(O)Cu(O)Co rather than the binary Cu(O)Co bonding structure
suggested by the XPS surface analysis of the pristine sample. This point
deserves further confirmation by local order studies around the Cu and

Co sites.
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Figure 4.6. XPS spectra of 1.8-CuCoO-450/CP sample in its as prepared form, after the
immersion in KOH solution, and after its accelerated aging test consisting of 200 cycles
of repetitive cyclic voltammetry experiments.

The higher efficiency of catalytic sites involving neighboring Co»* and
Cu?* cations was further demonstrated by an experiment with the
(Co3;04/Cu0)19/CP multilayer electrode, where copper and cobalt are
separately distributed in a multilayer stack. The maximum current
density found in this case was half that obtained for sample 1.8-CuCoO-
450/CP (see Figure 4.7), in line with our proposal that most efficient
electrocatalytic sites are formed by local arrangements of Cu and Co

atoms.
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Figure 4.7. Comparative of the cyclic voltammetry experiments of 1.8-CuCoO-450/CP
film and a (Co304/CuO)19/CP multilayer electrodes performed at room temperature,
with scan rate 20 mV s in 1 M KOH solution.

4.3.3. Influence of the crystallinity on the oxygen evolution reaction

The CuxCoyO, thin films prepared by MS-OAD at room temperature
were amorphous, a feature that contrasts with the crystalline character of
equivalent electrocatalysts reported in literature prepared by thermal
decomposition of precursor solutions [8,16,17]. To assess the influence of
the electrode crystalline structure of the electrodes on the OER, we have
studied the crystallization behavior of the as prepared samples upon
annealing in air at increasing temperatures. Figure 4.8 shows XRD
diagrams of the 1.8-CuCoO-450/CP sample measured after its annealing
at increasing temperatures. No well-defined diffraction peaks due to
crystalline phases were detected for annealing temperatures below 400
°C. This result confirms that the deposited electrodes, formed by a
random solid solution of the Cu2* and Con* cations, are amorphous and

do not present long range order in their structure. At temperatures above
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450 °C, diffraction peaks of CuO and Cuo.7C02304 phases start to develop
and they become clearly observed at higher temperatures [2,21]. The
presence of some minor CosOs contribution cannot be discharged. The
formation of CuO crystallites indicates that the observed phase
separation process will significantly alter the average distribution of
atoms at the electrocatalyst surface, at least for the grains of the pure
oxides. This effect, together with the possible sintering processes
occurring at high temperature, suggests that the OER activity might be
modified after electrode annealing. This point was checked by measuring
the electrochemical performance of a 1.8-CuCoO film supported on two
different substrates, carbon paper (1.8-CuCoO-450/CP) and ITO (1.§-
CuCoO-450/ITO), after heating these samples for two hours at 500 °C. To
control any possible secondary effect resulting from substrate heating,
these ones were heated at 500 °C before the deposition of the amorphous
anodic film. Electrocatalytic OER activities of these systems were

examined by cyclic voltammetry in the half cell configuration.
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Figure 4.8. X-Ray patterns of 1.8-CuCoO-450/CP sample annealed at increasing
temperatures. Most significant diffraction lines of CuO (PDF: 01-080-1268), Co304
(PDF: 01-080-1535), and Cu0.3Co2.;04 (PDF: 00-025-0270) phases are included.

Figure 4.9 shows the cyclic voltammetry curves obtained for as
deposited and 500 °C annealed samples deposited on carbon paper and
ITO substrates, respectively. The higher electrocatalytic activity found
with carbon paper can be attributed to the higher electrical conductivity
and easier electrolyte accessibility in this substrate. However, in the two
cases, the electrocatalytic activity decreased after annealing at 500 °C, thus
supporting our considerations about the nature of the most efficient
catalyst sites and/or pointing out a possible detrimental effect due to
sintering [28]. From a practical point of view, these results disregard the
need of any annealing treatment when using MS-OAD thin films as

electrodes, thus simplifying their manufacturing procedure.
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Figure 4.9. Cyclic voltammetry curves of as deposited and crystallized a) 1.8-CuCoO-
450/CP and b) 1.8-CuCoO-450/1TO samples evaluated with scan rate 20 mV s in 1.0
M KOH solution at room temperature.

4.3.4. Scale-up to anion exchange membrane water electrolysis cell

To test the performance of the Cu.CoyO, anodic thin films under real
operation conditions, experiments were carried out with the 1.8-CuCoO-
450/CP electrode integrated in a single electrolysis cell, provided with an
anion exchange membrane in a MEA configuration and Ni thin film

acting as cathode. The linear voltammetry curves in Figure 4.10 a) were
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obtained at several temperatures with 1.0 M KOH solution, while in
Figure 4.10 b) the curves correspond to various electrolyte solutions at 40
°C. In good agreement with other studies [17], recorded density curves
show that a first activation exponential region is triggered at a potential
threshold around 1.5 V (see Figure 4.10 a)) and then, it is followed by a
lineal ohmic region, for current densities higher than 30 mA cm?2. As
expected, at constant intensity, cell potential decreased with increasing
temperature due to an increase in both: the hydroxyl ion conductivity
through the membrane and in the rate of catalytic hydrogen and oxygen
evolution [34]. It can be also observed in Figure 4.10 a) that the electrolysis
onset potential slightly decreases from 1.60 V at 25 °C to 1.56 V at 70 °C.
The highest cell performance was found at 70 °C, when it reached a
current density of 110 mA cm2at 2.2 V. It is worth stressing that this value
is close to that reported in literature for highly performance cells and
electrodes incorporating anion exchange membranes (AEM) and much

higher catalyst loads [16,30].

Figure 4.10 b) also shows that an increase in KOH concentration
enhances the electrolyzer performance, an effect that can be attributed to
both an increase in ion conductivity through the membrane and in the
anode electrocatalyst activity at higher pH values [8]. This behavior
agrees with previous results reporting a lower internal resistance of the
cells at higher pHs [34-37]. A significant influence of ion conductivity in
the experiments in Figure 4.10 b) can be traced from the decrease in onset
potential from 1.65 V for deionized water to 1.55 V for 2.0 M KOH
solution, and by the fact that the lowest electrocatalytic performance was

obtained with pure deionized water (pH=6.0) and, therefore, a negligible

concentration of OH- ions.
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Figure 4.10. Influence of a) the temperature (1.0 M KOH solution at temperature of 25,
40, 60, 70 °C) and b) the electrolyte (at 40 °C using different KOH concentration and
water) on the polarization curves of the electrolysis cell.

As part of this analysis of the MEA, experiments similar to those in
Figure 4.10 carried out with annealed anode films (at 500 °C) revealed a
clear decrease in performance in this case (see the i-V curves as a function
of temperature and electrolyte type in Figure 4.11). This behavior

confirmed the results in Figure 4.9 about the deleterious effect on catalytic
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performance of segregation and/or crystallization processes occurring

during heating.
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Figure 4.11. Influence of a) the temperature (1 M KOH solution at temperature of 25,
40, 60, 70 °C) and b) the electrolyte (at 40 °C using different KOH concentration and
water) on the polarization curves of the electrolysis cell.

A decrease in performance could be also consistent to the observed EIS
analysis carried out with the MEA incorporating either as deposited or
annealed anodes (see Figure 4.12 and the resistance values in Table 4.2

derived according to the equivalent RC circuit included as an inset in the
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tigure [38,39]). Thus, the anodic charge transfer resistance [38,39] of the

annealed anode at 1.7 V was higher than that of the as deposited anode

(3.0 Q vs 1.89 Q, see Table 4.2), which justify the observed lower OER

performance of the annealed anode.
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Figure 4.12. Simulation of the impedance spectra of the cell at a constant potential of
1.7 Vand 2.0 V with as deposited a) and annealed b) 1.8-CuCoO-450/CP electrode.
The inset shows the RC circuit used for the fitting of the experimental data (Ra: ohmic
resistance of the membrane; R charge transfer resistance at the anode; Cq double layer

capacity at the anode)
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Table 4.2. Ohmic resistance of the membrane electrolyte Ry and combined mass and
charge transfer resistance at the anode R obtained from simulated Nyquist plots in

Figure 4.12.
Ra/ Q Rt/ Q
As 1.7V 0.32 1.89
deposited 20V 0.32 0.49
Annealed 1.7V 0.30 3.00
(500 °C) 20V 0.32 0.80

Stability tests were also carried out with the MEA at an intermediate
electrolyte concentration of 1.0 M and 40 °C to avoid a too corrosive
environment [40]. Under these conditions, the V-t plot in Figure 4.13
shows the stability of the cell for 18 hours operation at 25 mA cm?
constant current. The curve depicts a sharp voltage increase at the
beginning of the experiment that is followed by a rather constant voltage
at the end of the experiment [6,41]. Since the generated volume of
hydrogen as a function of time followed the linear tendency predicted by
the Faraday law (see inset in Figure 4.13, corresponding to the H
evolution during the first 30 minutes of operation), and a longer stability
of the anode was proved by the three-electrode cell experiments (Figure
4.5b)), we attribute the observed slight deactivation with time to a certain
degradation of the membrane (e.g., affecting the polymer backbone or the
ion exchange groups). Nonetheless, the hydrogen energy production
yield of 51 kW (kgH>)! determined in this experiment is similar to other
values obtained with AEM electrolyzers and conventional electrode

materials [35].
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Figure 4.13. Chronopotentiometry experiment using a constant current density of 25
mA cm? at 40 °C in a 1.0 M KOH solution. Inset: comparison of the measured and
Faradaic hydrogen production.

To put in context the MEA performance herein obtained, Table 4.3
summarizes a series of published AEM electrolysis results carried out
with similar catalysts and working conditions, except for the use of
different ionomers (ionomers are compounds used to enhance
electrolysis performance by creating transport pathways between
membrane and reaction sites [1,35]). Although the absolute
electrocatalytic activity of our system is lower than that reported in these
MEAs studies (for example in ref. [3] using 3 mg cm? CuxCoyO, well-
crystallized nanoparticles as anode and 1 mg Pt cm? as cathode they
obtained 1000 mA cm? at 1.8 V), the extremely low amount of metal
loading in our systems makes them the most efficient in terms of catalyst
load. This high performance might be due to particular mesoporous
microstructure of the deposited catalysts by MS-OAD. An additional
advantage in terms of costs is the use of low load of Ni cathode catalyst,

also prepared at room temperature by MS. Finally, also to mention that
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the cost associated with the traditional annealing processes needed to

obtain a well crystallize mixed cobaltite catalysts is also removed.

Table 4.3. Comparison of our results with previous studies using milli-Q water as
anodic feeding stream. *Normalized current at 2.0 V with milli-q water.

Anode Membrane Cathode  Ionomer Normalized Temperature Ref.
Current* (°O)
(mA mg™)
C0304-CuO Fumapem Ni No 92.11 40 This
FAA-3-50 study
Cu0.7C02301 mm- Ni Yes 25.00 40 [16]
qPVBz/Cl-
CuCoOx Tokuyama Ni/ (CeO»- Yes 11.67 60 [1]
A-201 Lax0s)/C
CuCoOx QAPPO Ni/ (CeO»- Yes 74.00 60 [42]
membrane Lax0s)/C
Cu0.7C02304 Prepared Pt Yes 73.33 25 [3]
CuxMgo.s- Prepared Pt Yes 66.67 40 [30]
xC02104
Cu0.7C02304 Cranfield- Ni Yes 50.00 25 [43]
membrane
44. Conclusions

The results obtained in this chapter have demonstrated, for the first
time in the literature that active and stable CuxCoyO, ultrathin electrodes
can be prepared by MS-OAD at room temperature for their use in
AEMWE cells. In fact, the normalized electrocatalytic activity per mass of
metal load for the most active catalysts formulation reported here (i.e.,
Co/Cu atomic ratio of 1.8) exceeds the values obtained for other similar
electrocatalyst systems. From a fundamental point of view, the
electrochemical performance of the as deposited electrodes, together with
the characterization of the used catalyst surfaces suggest that local
arrangements combining one Cu and two Co cations constitute surface
sites providing a maximum catalytic activity for the OER. Although
further studies are still required to make the overall density current
values competitive, the present chapter proves the feasibility of this

preparation technique for OER catalyst fabrication and the development
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of cheap and reliable electrolysis devices. The stability tests carried out in
a three-electrode cell system and the MEA device confirm the suitability
of this ultra-thin electrocatalysts for practical applications and support

the use of MS-OAD for large area electrode fabrication.
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5. OPTIMIZATION OF CuxCoyO, ANODIC ELECTRODES AND ACTIVE SITES
CHEMICAL ANALYSIS

5.1. Introduction

In Chapter 4, we have demonstrated that copper-cobalt mixed oxides
anode catalysts with Co/Cu atomic ratio of 1.8 prepared by magnetron
sputtering in an oblique angle configuration (MS-OAD) at room
temperature are a good choice for AEMWE cells [1]. Herein, besides
deepening our understanding of this type of anode catalysts, we report
on critical electrode characteristics that contribute to control the AEMWE
cell performance, such as the morphology and chemical properties of the
mixed oxide electrodes. For this purpose, we first have investigated the
chemical characteristics of the active sites involved in the OER following,
by means of X-ray absorption spectroscopy (XAS) the O K, Co L3 and Cu
Ly edges [2], the changes induced when various CuxCoyO, anodes are
immersed in the alkaline water solution electrolyte and thereafter
subjected to a positive polarization (i.e., oxygen evolution reaction, OER,

conditions).

Then, using a three-electrode cell configuration, we have studied how
the catalyst thickness (or load), electrochemical surface area and other
morphological properties of the electrodes contribute to increase the

current density.

The information provided by XAS and that stemming from the
electrochemical tests carried out in a three-electrode cell configuration
has been complemented with a thorough electrochemical analysis in a
membrane electrode assembly (MEA) with a design typical of AEMWE
final devices. The optimum thickness and microstructure of the copper-
cobalt mixed oxide anodes have also revealed to be highly performant in
a MEA. The chemical, structural and microstructural factors controlling

the final behavior of these anodes and accounting for this maximization

125



DEVELOPMENT OF NANOSTRUCTURED ELECTRODES BY MAGNETRON
SPUTTERING FOR ANION EXCHANGE MEMBRANE WATER ELECTROLYSIS

of the reaction yield are discussed based on these results and as a function
of preparation variables of the electrodes and operating conditions of the

cell.

5.2.  Experimental

Copper-cobalt mixed oxide catalyst anodes with the optimum Co/Cu
atomic ratio of 1.8 towards OER identified in Chapter 4 were prepared by
co-deposition from two independent sources (Cu and Co targets) with the
experimental procedure described in Chapter 3. On the other hand,
metallic nickel cathode catalysts deposited on carbon paper gas diffusion
layer (GDL) were prepared as herein described in Chapter 3 and used as
cathodic electrodes in the electrochemical analysis of complete

electrolyzer cells.

Anode samples will be named as 1.8-CuCoO-thickness/XX and Co3O4-
thickness/XX, where the first number in the label of the mixed oxide refers
the Co/Cu atomic ratio determined by EDX. Cathode samples will be
named as Ni-thickness/XX. XX is the support used in each electrode, CP
for carbon paper and Si for silicon substrate. In all cases thickness refers
to the equivalent thickness (in nanometers) determined on a polished
silicon wafer substrate located at an equivalent position of the sample
holder than the GDL substrates used in the electrochemical

characterizations.

The equivalent thicknesses of the mixed copper-cobalt oxide samples
varied between 100 and 1700 nm for the 1.8-CuCoO-100 and 1.8-CuCoO-
1700 samples, respectively. These thicknesses correspond to catalyst

loads of 0.04 and 0.68 mg cm, as determined by RBS and confirmed by
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weighting the electrodes before and after catalysts deposition. Table 5.1
shows the calibration relationship found between the equivalent thickness
and the catalyst load of the samples considered in this work. It is
noteworthy that in all cases catalyst load was lower than 1.0 mg cm2.

Table 5.1. Calibration between equivalent thickness and catalyst load of the different
electrodes used in this work.

Sample Equivalent Catalyst Load /
Thickness / nm mg cm?
1.8-CuCoO-100/CP 100 0.04
1.8-CuCoO-200/CP 200 0.08
1.8-CuCoO-450/CP 450 0.18
1.8-CuCo0O-1000/CP 1000 0.40
1.8-CuCo0O-1700/CP 1700 0.68

The microstructure of the different catalysts deposited both onto
carbon paper GDL and silicon wafer substrates was characterized by
scanning electron microscopy (SEM). In the latter case, both top and

cross-section views were acquired.

XAS measurements were carried out at the CIRCE beam line of ALBA
Synchrotron Light Source (Barcelona, Spain). In these experiments, 1.§-
CuCoO-50/5i and Cos04-50/Si thin films, prepared in the same manner for
comparative purpose, were studied. The small thickness of these
electrodes was selected to approximately fit the probing depth of the
technique. O K, Co L,3, and Cu L, absorption spectra were recorded for
the as prepared samples (i.e., exposed to the air), after their immersion in
1.0 M KOH electrolyte for 30 minutes, and after working as anode for the
OER at 750 mV vs. Ag/AgCl for 30 minutes. The electrolyte immersed
and polarized electrodes were rinsed with distilled water and handled in
air for about 5-10 minutes (maximum exposure time to air) previously to

their insertion in the XAS apparatus.
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All the physico-chemical characterization techniques used in this

study have been previously explained in Chapter 3.

The effect of the load of CuxCoyO, mixed oxide catalyst deposited on
carbon paper in the OER performance, the determination of
electrochemical surface area (ECSA) and impedance analysis were
determined by electrochemical experiments performed in a three-

electrode cell as has been previously explained in Chapter 3.

Finally, the study of the electrochemical performance of the MEA in
AEMWE configuration was carried out with the mixed copper-cobalt
oxide electrode given the best OER performance in the half-cell
configuration analysis (i.e., 1.8-CuCoO-1000/CP, catalyst load 0.40 mg
cm?2). These results have been comparatively discussed in relation with
previously reported results by our group [1] (Chapter 4 in this thesis). The
cathode of these MEAs was a Ni-540/CP (catalyst load of 0.38 mg cm2).
Experiments were performed at temperatures varying from 30 to 70 °C.
A 1.0 M KOH electrolyte solution was fed into both anode and cathode
compartments. The device stability was studied by means of 200 cyclic
voltammetry (CV) experiments and constant-current (25 mA cm?)
chronopotentiometric measurements for 45 hours, both experiments

performed at 40 °C.

5.3. Results and discussion

5.3.1. XAS characterization of the chemical state of the Cu,Co,0, anodes

In the previous chapter of this thesis [1], we found a maximum OER
performance for a Co/Cu atomic ratio of 1.8, the same stoichiometry

selected here for analysis. In the course of the current investigation, we
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have deeply studied the chemical state of these electrodes by XAS. Figure
5.1 shows the Co L;and O K absorption edge spectra recorded for 1.§-
CuCo0O-50/5i and Co3;04-50/Si electrodes, this latter used as reference.
Spectra are reported for the as prepared samples, after their immersion in
1.0 M KOH aqueous electrolyte solution, and after they were subjected to
positive polarization in an electrochemical cell under OER conditions. In
previous surface studies in Chapter 4 of these samples by XPS, it was
determined that Co3* species are majority in the two cases although, as
for pure and crystalline Co3O; spinel [3], the presence of Co2?* species
could not be discarded just by analysis of the Co 2p photoemission
spectra. Single and mixed cobalt oxides have been relatively well studied
in the literature by XAS and several works relate the relative intensity of
their main spectral features with the partition of Co3*/Co?* cations in the
oxides [3-5]. In line with these previous works, it appears that the shape
of the Co Lsedges in Figure 5.1 a), and particularly the main peak position
of the Co L; edge at 782.7 eV, can be attributed to the presence of Co3*
ions, while the feature at 781.0 eV, as well as the shoulder at
approximately 785.0 eV, are indications of the presence of Co?* ions. This
assignment of spectral features indicates that, with respect to sample
Co304-50/Si where a mixture of Co3* and Co?* cations is expected, the
concentration of Co2* species in sample 1.8-CuCoO-50/Si is depleted, very
likely because of the presence of copper in its structure. Since the shape
of the Cu L, 3 absorption edge of these samples (see Figure 5.2 a)) is similar
to that of Cu?* species in CuO [6], we can argue that the incorporation of
the Cu?* cation in the mixed oxide structure plays an equivalent structural
role than Co?* ions in the pure spinel oxide and contributes to stabilize a
relatively higher concentration of Co3* species in the mixed oxide. It is

noteworthy in this regard that the intensity of features associated to Co2*
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progressively decreased in intensity as the concentration of copper in the
films increased (e.g., see a comparison of samples 1.8-CuCoO-50/Si and

0.9-CuCoO-50/5i in Figure 5.2 b)).

The analysis of the O K absorption edges in Figure 5.1 b) also suggests
a decrease in the relative concentration of Co2* species in sample 1.§-
CuCoO-50/Si with respect to sample Co3;04-50/Si. Reported spectra of
CoOx oxides with a variable value of x [7] reveal a progressive decrease
in the 3s and 3p contribution to the empty states of the system when the
concentration of Co?* species decreases. According to these studies, this
entails an increase in the intensity of the spectral features at around 539.0
eV. The increase in the intensity of the small features at around 529.8 eV
before the large and well-defined peak at 531.7 eV, resulting from the
overlapping with 3d empty states of cobalt, further supports a decrease
in the relative concentration of Co?* species in sample 1.8-CuCoO-50/Si

with respect to Co3;04-50/5i.
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Figure 5.1. a) Co Ls and b) O K absorption spectra of an as prepared 1.8-CuCoO-50/Si
sample anode, after immersion in 1.0 M KOH electrolyte, and after polarization at 750
mV (i.e., OER conditions). Reference spectra for an as prepared Co;O4-50/Si sample
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(dashed lines) are included for comparison.
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Figure 5.2. a) Cu L, 3 absorption spectra of 1.8-CuCoO-50/Si anode sample as prepared,

after immersion in 1.0 M KOH electrolyte, and after polarization at 750 mV (i.e., OER

conditions) in the same medium, b) Co Lz absorption spectra of 1.8-CuCoO-50/Si, 0.9-
CuCoO-50/Si and Co304-50/5i as prepared anode samples.

Interestingly, when the 1.8-CuCoO-50/Si electrode was immersed in
the 1.0 M KOH basic solution and subjected to positive polarization (OER
conditions), certain decrease in the intensity of the Co L; feature at 781.0
eV and a significant decrease in the O K edge feature at ~543.8 eV were

observed (see Figure 5.1). These changes suggest an increase in the
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relative concentration of Co2* species after these treatments. In this
regard, a certain contradiction appears when comparing the previous
changes with the increase in intensity of the shoulder at 529.8 eV observed
at the O K edge in sample 1.8-CuCoO-50/Si after immersion/ polarization
in the basic electrolyte solution. This contradiction can be released by
admitting a certain modification of the coordination state of part of the
tetrahedral Co?* species into octahedral or D4h planar sites as recently
reported for CoO thin film layers [5]. This XAS analysis revealed that,
unlike the high stability found for sample Co;04+50/5i (their Co L;and O
K absorption spectra did not change when it was immersed in the basic
solution and polarized at 750 mV vs. Ag/AgCl, see Figure 5.3), sample
1.8-CoCuO-50/Si was rather labile and can experience surface
transformations that bring its Co2*/Co3* ratio to a surface state close, but
not identical, to that in sample Co30450/Si. In particular, the observed
increase in the concentration of Co2* species is likely linked with the
reported increase in the Co/Cu ratio at the surface of these electrodes
determined by XPS after immersion in the basic solution in our previous
study in Chapter 4 [1]. We would like to stress that the chemical lability
of 1.8-CuCoO electrodes deduced from this study does not imply a loss of
stability as demonstrated by the straightforward cyclability of these
electrodes, c.f. Figure 5.4 a) and suggests that this may be a good
characteristic to maximize their OER performance. In a recent publication
by Yan et al [3] dealing with the OER in acid medium using modified
CoOy anodes, these authors found an increase in current density for
processing conditions of the anode rendering a certain amount of Co2*
species. Our results here sustain the importance of mixed valence (i.e.,
Co?+/Co?*) active sites in the promotion of the OER, although at this stage

is still unclear the type of involvement of the low valence cobalt cations.
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The fact that the un-doped Co3;0s electrode does not perform well
regarding OER and, at the same time, further quite stable from the

viewpoint of XAS analysis supports this assumption (see Figure 5.4 b)).
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Figure 5.3. a) Co L3 and b) O K absorption edges acquired for CosO4-50/Si sample as
prepared, after immersion in 1.0 M KOH electrolyte, and after polarization at 750 mV
(i.e., OER conditions) in the same medium.
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Figure 5.4. Comparison of the first 25 CV experiments of a) 1.8-CuCoO-1000/CP and

b) Co304-450/CP anode samples at 1.0 M KOH solution (Scan rate: 20 mV s1; voltage

range: 0 to 750 mV vs. Ag/AgCl). 1st and 25% cycles are highlighted in green and red,
respectively.

5.3.2 Microstructure and effective electrochemical area of catalyst thin

films

The influence of the amount of anodic catalyst on the OER efficiency
has been studied analysing a series of 1.8-CoCuO electrodes with different

equivalent thickness. Owing to the importance of porosity and
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microstructure on the performance of this type of electrodes, we have
firstly investigated whether the surface microstructure of the catalyst
tilms varies with thickness. We have carried out this analysis both on flat
polished silicon wafers and on carbon paper GDL substrates utilized for
the electrochemical analysis. Figure 5.5 shows top view and cross section
SEM images of 1.8-CuCoO-200, 1.8-CuCoO-1000 and 1.8-CuCoO-1700
samples deposited on polished silicon substrates (Si), and the
corresponding standard SEM images for the same loads on carbon paper
GDL substrates (CP). Although, in general, the microstructure of the
tilms deposited on flat substrates looks rather similar independently of
the deposited thickness (see Figures 5.5 a), d) and g)), some particle
agglomerations are observed in the thickest films. The films are formed
by nanocolumns separated by voids as expected for a porous
microstructure typical of MS-OAD preparation conditions (see Figures
5.5 b), e) and h)) [8-11]. In this kind of preparation, porosity and film
roughness stem from shadow effects of deposited species during the
growth of the films and the images of the examined thin films deposited
on silicon prove that these shadow mechanisms are little affected upon
deposition on flat substrates. The situation is rather different when the
deposition is carried out on the carbon paper substrate used for the
electrocatalytic studies. A common phenomenon observed during the
MS-OAD of thin films on non-planar substrates, membranes or similar
substrates is a change in the growth regime depending on the roughness
characteristic of the support [12] and the thickness of the deposited layer
[13]. According to SEM images of films deposited on carbon paper
(Figures 2 c), f) and i)), an increase in equivalent thickness gives rise to a
certain agglomeration into large-sized aggregates [14], as it can be

observed in sample 1.8-CuCoO-1700/CP. This evolution in the electrode
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microstructure might entail a relative decrease in the number of surface-
active sites and a certain loss of electrical conductivity due to a poorer

grain connectivity, both features being detrimental for the OER activity.

1.8-CuCo0-200/Si *  a) [ 1.8-CuCoO-200/Si  b) § :.8-CuCo0O-200/CP . . .c)

500 nm A\ 1000 11 500 nm

1.8_—C11.C00-1000/Si d)' |} 1.8-CuCoO-1000/Si  €) §l 1.8-Cu.CoO-1000/CP f)

P R e SR RNPPROI S S
\ \

\
'

500 nm . 1000 nm 500 nm

1.8-CuCo0O-1700/Si _h) @ 1.8-CuuCoO-1700/CP: i)

/

1000 nm 500 nn

Figure 5.5. Top view (left column) and cross section (middle column) SEM images of
1.8-CuCo0-200, 1.8-CuCoO-1000 and 1.8-CuCoO-1700 samples deposited on polished
silicon substrates (Si). Right column: corresponding standard SEM images of the same

catalyst loads deposited on carbon paper (CP) substrates.

To assess the evolution of the surface active sites with increased
electrode equivalent thickness, we assume their direct correlation with the
ECSA determined using the electrochemical double-layer capacitance
method [15-18]. Double layer capacitance Cs was obtained from CV
experiments performed in 1.0 M KOH electrolyte solution as described in
the Chapter 3 of experimental details. Figure 5.6 a) shows CV curves for
1.8-CuCoO-1000/CP sample recorded at several scan rates. The CV curves
of the other examined samples are shown in Figure 5.7. The double layer

capacitance Cy was obtained from the slope of the linear regression of the
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current density values vs. scan rate, acquired at 290 mV vs. Ag/AgCl (see

Figure 5.6 b)). Note that, the Cs values determined in this way are taken

as proportional to the ECSA according to Eq. (3.1) of Chapter 3 [18]. In a

previous study related to similar mixed cobalt-copper oxides, we found

a Cs value of 40 mF cm2 [16,19] for this capacitance used as reference.
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Figure 5.6. a) CV plots recorded at scan rates ranging from 2 to 10 mV s for the 1.8-
CuCoO-1000/CP electrode sample with a 1.0 M KOH solution. b) Current density vs.
scan rate determined from CVs of the indicated electrodes. The slopes of the least square
linear regressions define the double layer capacitance Cu in each case. c) ECSA values
(expressed in either cm? or cm? g1 units) for several loads of 1.8-CuCoO-thickness/CP

anodes.
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Figure 5.7. CV plots acquired for 1.8-CuCoO-thickness/CP anodes with different loads,
a) 100 nm, b) 200 nm, c) 450 nm, and d) 1700 nm equivalent thicknesses, recorded at
various scan rates, as indicated at 1.0 M KOH solution (Scan rate from 2 to 10 mV s-1).

ECSA values expressed in area units, as determined by Eq. (3.1) (see

Figure 5.6 c)), increase about linearly with the amount of deposited

catalyst up to 1000 nm equivalent thickness, indicating that blocking of the

available active sites is not critical for this range of loads. For higher loads,

i.e., 1700 nm, ECSA keeps increasing, but at lower rate. We attribute this

feature to the agglomeration of the electrode material. This is clearly

evidenced when representing the ECSA in normalized area units to the

catalyst load (also in Figure 5.6 c)) showing a progressive decrease with

the amount of active phase. It is noteworthy that these ECSA values are

similar or even higher than those previously reported for other Cu-

incorporated cobalt oxide catalysts [16].
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5.3.3. Anode electrochemical performance for oxygen evolution

reaction

A main objective of the present chapter was to determine the
morphological and electrochemical factors contributing to maximize the
OER vyield with 1.8-CuCoO electrodes. In this section, we firstly analyse
the evolution of performance with the electrode thickness and secondly,
we correlate the observed evolutions with the morphological and

electrical characteristics of the electrodes.

Figure 5.8 a) shows the electrochemical cycling behaviour of various
electrodes with equivalent thickness between 100 and 1700 nm. The
experiments were carried out at room temperature in a 1.0 M KOH
electrolyte solution. In this set of CVs a sharp current increase starts at
voltages above 500 mV vs. Ag/AgCl, i.e., corresponding to the OER onset
potential [20-22], and the curves present different slopes and maximum
current density values depending on the equivalent thickness of the anode.
The highest current density values were found for sample 1.8-CoCuO-
1000/CP. An increase in the electrocatalytic OER yield (i.e., value of the
corresponding current density) can be associated to an increase in the
amount of catalyst and/or to the increase in the number of the available
electrocatalytic active sites at the surface [23]. The series of cyclic
voltammetries in Figure 5.8 a) clearly show an increase in current density
for higher catalyst loads. This tendency breaks down for an anode
equivalent thickness higher than 1000 nm. Tentatively, we associate the
decrease in current density found for sample 1.8-CoCuO-1700/CP with an
increase in the agglomeration degree of the catalyst deposits as observed
by SEM (c.f., Figure 5.5) (a similar effect has been reported in refs. [14,24]).
In fact, an increase in the charge transfer resistance through the electrode

may contribute to this effect as will be shown by EIS analysis below [25].
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Figure 5.8. a) Cyclic voltammograms recorded for 1.8-CuCoO-thickness/CP anode

samples with increasing equivalent thickness (1.0 M KOH solution, scan rate 20 mV
s1). The behaviour of a bare carbon paper is included for comparison. b) Log (j) vs. mV
Tafel plots corresponding to 1.8-CuCoO-thickness/CP anodes with different loads,
identified by their equivalent thickness. The Tafel slopes obtained from the linear
regression to the onset of the OER are indicated.

A closer look to the cyclic voltammetries in Figure 5.8 a) reveals that

the minimum onset potential for OER found in sample 1.8-CuCoO-

1000/CP (i.e., around 500 mV vs. Ag/AgCl) is similar or even lower than

that reported in previous studies for cobalt/copper mixed oxides [26-28].

In addition, this analysis reveals the development of small and broad
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anodic and cathodic spectral features with a different intensity depending
on the electrode thickness. They appear at approximately 500 mV and 300
mV vs. Ag/AgCl and can be attributed to the Co(Ill)/Co(IV) oxidation
and the reverse reduction redox couples, respectively, as has been
previously explained in Chapter 4 [20,29,30]. These features depicted
maximum intensities for sample 1.8-CuCoO-1700/CP, thus inducing a
shift in the OER onset potential to around 600 mV vs. Ag/AgCl that
suggests the existence of a certain overpotential and/or a poorer

electrocatalytic activity for this reaction.

A systematic way to assess the electrocatalytic activity of this kind of
electrodes entails the determination of the corresponding Tafel slopes.
Higher Tafel slopes are related to a lower electrocatalytic activity and a
slower kinetic of the electron exchange process [17,31]. Using the Butler-
Volmer equation, we have calculated the Tafel slopes from the cyclic
voltammetry curves in Figure 5.8 a) (see Figure 5.8 b)). The lowest
observed value of the Tafel slope (171 mV dec?! for the 1.8-CuCoO-
1000/CP sample) was similar to the best values obtained in other
equivalent studies in the literature [29,32,33]. Furthermore, such a low
value for the Tafel slope supports a high electrocatalytic activity for this
sample. Meanwhile, sample 1.8-CuCoO-1700/CP presented the highest

value (363 mV dec?) in agreement with its poorer OER performance.

The electrical characteristics of the electrodes under operational
working conditions can be analysed by EIS and a systematic study with
this technique was carried out for the different electrodes investigated in
this chapter. Figure 5.9 a) shows Nyquist plots obtained under OER
working conditions (1.0 M KOH solution) at a potential of 700 mV vs.
Ag/AgCl. The impedance curves adjust to two semicircles, a shape that

is typical for this type of processes and that can be straightforwardly
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titted to an equivalent circuit model. In some cases, these two semicircles
are not clearly observed due to their overlap. Herein, we have used the
RC diagram reported in the inset in Figure 5.9 b) that is typically used for
this kind of analysis [18,34]. Values of fitting parameters relying on this
equivalent circuit are collected in Table 5.2 and Figure 5.9 b). R; is
generally associated with the resistance of the solution or electrolyte, Ra
with the layer resistance to the formation of active intermediates at the
surface and R; with the charge transfer resistance during OER [18,34].
Meanwhile, the sum of these two parameters (R1=Ri+R2) represents the
overall internal resistance of the electrodes to the exchange of current
during OER. The minimization of this parameter would maximize the
yield of the system regarding the production of oxygen. The obtained R;
values were about the same, within a 20 % variation, for all samples
indicating a similar contact resistance with the electrolyte. The lowest
values of R; and Rs (both in the range of 1 ohm cm-2) were found for
sample 1.8-CuCoO-1000/CP, suggesting that the formation of active OER
catalytic intermediate species was more effective and that anodic charge
transfer is favoured on the surface of this sample. A reasonable
assumption is to associate the first feature to the characteristic surface
evolution deduced from the XAS analysis (c.f., Figure 5.1) and the second
to an optimum growth regime of domains during the MS-OAD for this
electrode load (c.f. Figure 5.5). Since R, and Rs values were the lowest in
sample 1.8-CuCoO-1000/CP, its activity results to be the highest from the
whole series. This result might in principle contradict the intuitive idea
that the larger the amount of electrocatalytic active phase, the higher the
electrochemical activity. This could indeed be deduced from the slight
increase in ECSA found for the electrode with highest catalyst load in

comparison with the value in sample 1.8-CuCoO-1000/CP (note however,
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the tendency to saturation highlighted when analysing this parameter in
Figure 5.6 c)). In this regard, the higher R; values found for 1.8-CuCoO-
1700/CP sample supports that a higher agglomeration degree of particles
as that found in this sample (see Figure 5.5) degrades the domain
connectivity and therefore increases the grain boundary resistance to

charge transfer.
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Figure 5.9. a) Nyquist plots for 1.8-CuCoO-thickness/CP samples with different
equivalent thickness obtained in the three-electrode cell (1.0 M KOH solution, 10 mV
ac potential amplitude, 100 kHz to 10 mHz frequency range). b) Rz, R3 and total
resistance Rt (Rr=R,+R;) evaluated at 700 mV vs. Ag/AgCl obtained through the
fitting of the experimental Nyquist plots according to the equivalent electrical circuit
R1-R2Co-R3C;s included as an inset.
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Table 5.2. Electrical parameter values obtained by fitting the Nyquist plots in Figure
5.9 at 700 mV vs. Ag/AgClL

Sample Ri/Q@cm?2 R/Qcm? R3/Qcm?
1.8-CuCoO-100/CP 5.0 40.9 9.9
1.8-CuCoO-200/CP 44 49.6 4.9
1.8-CuCoO-450/CP 4.3 19.1 6.3
1.8-CuCoO-1000/CP 3.5 1.6 1.1
1.8-CuCoO-1700/CP 4.0 0.5 11.9

5.3.4. Electrochemical test in anion exchange membrane water

electrolysis cell

The  1.8-CuCoO-1000/CP  sample electrode, showing best
electrochemical performance in the three-electrode cell configuration,
was incorporated for further evaluation into a MEA electrolyzer with a
Ni thin film cathodic electrode prepared by MS-OAD and an anion
exchange membrane between both electrodes. Figure 5.10 shows that this
assembly rendered an increase in the current density and a decrease in
the onset potential as the operational temperature increased. This
tendency can be attributed to a temperature activation of the hydroxyl
ion conductivity through the membrane and to a higher rate of oxygen
and hydrogen evolutions [35,36]. Compared with results of a previous
study using a thinner electrode (i.e. 1.8-CuCo0O-450/CP) in Chapter 4 of
this thesis [1], an increase in current density of about 9, 32, and 50 % was
found for the 1.8-CuCoO-1000/CP anode at 40 °C, 60 °C, and 70 °C, and a
polarization of 22 V. This progressive increase in differential
performance with temperature for the optimized anode occurs for
conditions at which the diffusion of hydroxyl groups through the
membrane is not the main limiting step of the reaction process. This

comparative assessment based on MEA results confirms the superior
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performance found for the 1.8-CuCoO-1000/CP anode in the three-
electrode cell configuration and indicates that the chemical and
morphological characteristics of this electrode are preserved when

integrated in the MEA assembly.

180
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Figure 5.10. Temperature dependence of the polarization curves of the MEA prepared
using a 1.8-CuCoO-1000/CP anodic electrode (1.0 M KOH, scan rate of 5 mV s1).

It is noteworthy that the current yield per amount of catalyst at 40 °C
(150 mA mg? at 2.0 V) using the 1.8-CuCoO-1000/CP anode is superior
than that reported in previous studies with cobalt doped oxides catalysts
and similar electrolysis conditions. For example, values of 80, 60 or 57 mA
mg?! have been reported at the same potential in other works [37-39] (see

a more complete list of literature data Table 5.3).
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Table 5.3. Literature review about copper-cobalt oxide anodes used in the AEM
electrolysis at 2.0 V with 1.0 M KOH.

Catalyst Loading (mg cm-2) Specific current (mA Reference
mg)
0.4 150 This MEA
3 57 [39]
10 100 [40]
10 80 [37]
36 17 [41]
30 13 [42]
23 60 [38]

Stability tests carried out under these conditions showed a very good
reproducibility during cyclic voltammetry (polarization between 1.0 and
2.2V, scan rate 50 mV s, 200 cycles) as illustrated in Figure 5.11 a). A
high stability after long periods (45 hours) of continuous operation at 25
mA cm? constant current (at voltage around 2 V) in 1.0 M KOH solution
and 40 °C can be also appreciated in Figure 5.11 b). In this latter
experiment, the cell voltage remained about constant and the initial
response only decreased by 0.12 % V h, a lower decrease than that
previously reported for sample 1.8-CuCoO-450/CP under the same
electrochemical conditions (Chapter 4) [1]. This performance decrease is
also lower than that reported in other studies in the literature [43,44], thus
sustaining the feasibility of the MS-OAD techniques for the preparation
of AEMWE electrodes.
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Figure 5.11. Stability tests of 1.8-CuCoO-1000/CP anode sample in MEA
configuration. a) Cyclic voltammetry experiments: comparison of the first 200 cycles
(15t and 200" cycles highlighted in red and green, respectively). b) Constant current
chronopotentiometry acquired at 25 mA cm2. Both set of measurements carried out at
40°Cin a 1.0 M KOH solution.

5.4. Conclusions

We have studied the electrochemical and morphological properties of
copper-cobalt mixed oxides catalysts prepared by MS-OAD to be used as
anodes in an AEMWE cell with the purpose of determining their

optimum characteristics and maximise the OER yield under operation
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conditions. Unlike the common idea that increasing the catalyst load will
contribute to improve the OER performance, our results have shown that
there is a maximum yield for intermediate loads, around 1 micron
equivalent thickness (0.4 mg cm2), for which the electrochemically active
surface area and the electrical resistivity through the catalyst layer
become optimum. It is found that larger catalysts loads can be
detrimental for the reaction yield because a slightly higher value of the
active surface area results insufficient to compensate the increase of
electrical resistivity detected for amounts of deposited catalyst beyond a
certain limit. This evidence is of course valid for the particular conditions
used for the synthesis of the electrode films in this chapter (i.e.,
characteristics of the carbon paper GDL supports and the catalysts
growth conditions during MS-OAD), but the idea would also apply for

other preparation techniques.

In addition, our analysis by XAS has shown that a partial exchange
between Co?* and Co%* species, likely maximized for a Co/Cu atomic
ratio of 1.8, is a very important factor to increase the surface activity of
the catalysts. This condition appears also maximized in the sample with
the optimum thickness and contributes to increase the overall reaction

yield.

Finally, our results obtained with the MEA configuration have
demonstrated that these findings are also valid under experimental
conditions close to those required in a compact water electrolyser.
Inserted in the MEA the electrodes maintain their microstructural
characteristics, providing a good electrochemical activity and stability as
compared with other literature data, especially if the comparison of the

performance is normalised to the amount of catalyst.
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6. NICKEL ELECTRODES FOR ANION EXCHANGE MEMBRANE WATER
ELECTROLYSIS

6.1. Introduction

In addition to the Co-based anodes studied in Chapter 4 and 5, nickel
and Ni-alloy based catalysts have demonstrated high activity and
stability as both anodes and cathodes in electrolyzers working in alkaline
media [1-4]. Commonly, the anode catalyst load is incorporated onto a
gas diffusion layer support employing wet routes, in most cases as oxides
or hydroxides [5,6] since these are believed to be the chemical forms of
the active catalytic phase required to promote the oxygen evolution

reaction (OER).

In the present study, we have used magnetron sputtering (MS) to
achieve a strict control of oxidation state, load, and microstructure of
nickel-based catalysts. The aim is to determine the most favorable nickel
oxidation state to promote the efficient operation of AEMWE cells,
particularly to enhance the OER activity of the anodes. In this regard, we
have adapted the deposition conditions in our MS reactor to prepare
electrode catalyst layers with either metallic Ni [7,8], oxide NiO [6] or
oxyhydroxide NiOx(OH)y [5,9] compositions and a similar porous
microstructure. Although it is well known that the nickel oxyhydroxide
is the active phase for OER [10,11], it is not clear whether a homogeneous
chemical distribution or a mixture of various phases is the most
convenient configuration of the nickel anode catalyst when they are
incorporated to the GDL. Note that this point can hardly be checked when
electrodes are prepared by chemical or electrochemical methods due to
the fact that a change in oxidation state generally entails a different

morphology and porosity, and vice versa.

Unlike this situation with electrodes prepared by chemical methods,

MS-OAD permits the preparation of thin films with different oxidation
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states but a similar microstructure, thus providing a unique way to study
the response toward the OER of nickel based catalysts [12-14]. Thus, the
chemistry of the deposits, from metal to oxide or oxyhydroxide, has been
controlled modifying the composition of the gas mixture in the
magnetron plasma discharge during the deposition process [15]. We have
customized the nickel anode composition and layer distribution (metal,
oxide or oxyhydroxide phases within single layer or bilayer structures) to
determine the best anode configuration/chemical state to maximize the
OER yield. This feature and the preparation of bilayer metal/oxide
electrodes at room temperature are hardly achievable through wet or
ceramic routes if the preservation of well-defined of interfaces and

chemical compositions is a requirement.

The chemistry and microstructure of the electrode films and surfaces
(as prepared and used samples) have been characterized by XPS, XAS,
XRD and SEM, while their performance as OER catalysts has been
electrochemically tested using a three-electrode electrochemical cell
configuration. To complete this study, the best anode electrodes have
been incorporated to a MEA provided with a metallic Ni cathode
prepared by the same procedure. The MEA performance has been
critically assessed in relation to the catalyst load both in the anode and
cathode electrodes and with the chemical state of nickel in the former,
either at the surface or in the bulk. As a result of this investigation, we
show that among the different oxidation states of nickel-based anode
catalysts, those prepared as metallic and covered with a thin
oxide/oxyhydroxide layer developed in the electrolyte solution during

its electrochemical activation show best performance towards OER.
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6.2.  Experimental

Magnetron sputtering method previously explained in Chapter 3 has
been used to prepare the nickel-based electrodes. Carbon paper and
polished silicon wafers were used as substrates. The microstructure and
composition of electrode films were adjusted using two geometrical
deposition configurations and three gas plasma discharges also

previously explained in Chapter 3.

Along this chapter, the identification label of electrodes will be as
follows: XX-YYw/ZZ, where XX refers to the chemical nature of the
deposited nickel-based films (i.e., metallic Ni, oxide NiO or oxyhydroxide
NiOOH), YY refers to their equivalent thickness (in nanometers), w refers to
the fabrication geometry (i.e., normal # or oblique 0) and ZZ is the support
used in each electrode. For example, Ni-5400/CP refers to an electrode
fabricated using an Ar plasma discharge (metallic Ni), with an equivalent

thickness of 540 nm that was deposited in an OAD configuration on carbon
paper.

All the physico-chemical characterization techniques used in this

study has been previously explained in Chapter 3.

With the XPS analysis we aimed at comparing the surface state of the
electrodes before and after electrochemical cycling. For this analysis,
various cyclic voltammetry (CV) experiments from 0 to 750 mV vs.
Ag/AgCl (scan rate 20 mV s in a 1.0 M KOH solution, 25 cycles) were
carried out up to reach steady state conditions and then stopped at 0 V
vs. Ag/AgCl. Then, the nickel electrode used as anode was rinsed with
distilled water and exposed to ambient air for about 10 minutes
(maximum exposure time to air) previously to their insertion in the XPS

apparatus.
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XAS was carried out at near ambient pressure photoemission (NAPP)
end station of the CIRCE beamline of ALBA Synchrotron Light Source
(Barcelona, Spain). For this experiment, SisNs membranes (NX10100C,
Norcada) were used as substrates to deposit the metallic nickel catalyst
film with a thickness of approximately 60 nm (i.e., sample Ni-600/Si),
trying to adjust its thickness to the probing depth of the technique. O K,
and Ni Lo3 absorption spectra were recorded (drain current
measurements) for these films as prepared samples (i.e., exposed to the

air) and after their immersion in 1.0 M KOH electrolyte for 30 minutes.

To study the influence of the microstructure, chemistry and nickel
loading of deposits on the performance of electrodes for the OER,
electrochemical experiments were carried out in a three-electrode cell
previously defined in Chapter 3. OER and hydrogen evolution reaction
(HER) efficiencies were studied by CV. The nickel-based deposits acting
as anodes and cathodes were pre-conditioned by a series of successive
CVs before their use to activate the OERs or HERs. This electrochemical
conditioning consisted of 25 CVs in 1.0 M KOH electrolyte with a scan
rate of 20 mV s1. A similar pre-treatment was also applied to the nickel

oxide and oxyhydroxide electrodes.

The influence of the amount (i.e., thickness) of Ni electrocatalyst was
also studied in a MEA configuration. In this system, different Ni metallic
catalysts supported on carbon paper were used as anode and cathode
electrodes separated by an anion exchange membrane (either Fumapem
FAA-3-50 or Sustainion® X37-50). The catalyst loading varies from 0.09
mg cm2 (for 140 nm equivalent thickness electrode) to 1.45 mg cm-2 (for 2000
nm equivalent thickness electrode) measured by RBS and confirmed by
weighing of the electrodes before and after of the deposition of the

catalysts.
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Experiments were performed between 25 and 60 °C. A 1.0 M KOH in
distilled water electrolyte solution was fed into both anode and cathode
compartments. Finally, to investigate the stability of the cell, two types of
experiments were carried out: constant-current chronopotentiometric
experiments (current density 32 mA cm?, elapsed time 14 hours) and 200

CVs, both at a temperature of 40 °C.

6.3. Results and discussion

6.3.1. Influence of microstructure on oxygen evolution reaction

performance

To study the influence of microstructure of metallic nickel deposits on
the nickel redox behaviour and OER efficiency, we compared the results
obtained with electrode films prepared either in a normal or an OAD
configuration. According to the SEM images of Ni-540n/CP and Ni-
5400/CP films (c.f., Figures 6.1 a) and 6.1 b)), the latter has a less compact
microstructure than the former. A higher porosity in an OAD
configuration was confirmed by the observation of the SEM images of Ni-
540n/Si and Ni-5400/Si films deposited on flat polished silicon substrates
(see normal micrographs in Figure 6.1 c¢) and d)). The latter consists of
nanocolumns separated by large voids, explained with more details in
previous chapters, while in the former the deposited material appears as
a more compacted layer [16]. Although still insufficiently studied in
literature, an enhancement of porosity and the development of a kind of
columnar growth have been reported for other authors when using an
OAD configuration and different supports in the form of membranes,
metal foams, porous silicon, porous alumina membranes, nanotubes, and

other substrates or nanostructured surfaces [17-22].
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Ni-5401/CB Ni-5400/CP

Figure 6.1. SEM images of samples a) Ni-540n/CP, b) Ni-5400/CP, c) Ni-540n/Si and
d) Ni-5400/5i.

According to Figure 6.2 a) showing the electrochemical cycling
behavior of a Ni-5400/CP electrode taken as example, electrochemical CV
activation resulted in progressively more intense anodic and cathodic
peaks at around 380 and 220 mV, respectively. Stable conditions were
obtained after the first 20th cycles. The anodic peak can be attributed to
oxidation processes to NiOOH taking place at the oxidized surface layers
formed onto the metal nickel electrodes by their air/moisture exposure
(see below the XPS/XAS analysis of this sample), and the cathodic peak
to the reduction of NiOOH to NiO/Ni(OH). according to the reversible

reaction Ni(OH), + OH- S NiOOH + e [6,23,24]. The observed
progressive voltage shift in the redox anodic and cathodic peaks and the
increase in the current density values in Figure 6.2 a) agree with previous

studies [24], suggesting the building up of an increasingly thicker surface

164



6. NICKEL ELECTRODES FOR ANION EXCHANGE MEMBRANE WATER
ELECTROLYSIS

oxide or oxyhydroxide layer. Interestingly, the comparison in Figure 6.2
b) of samples Ni-5400/CP and Ni-540n/CP shows that the CVs of the latter
depict a broader profile and higher peak voltage values for the oxidation
and reduction peaks. In agreement with the more porous structure and
higher surface area of sample Ni-5400/CP, its narrower peaks must be
attributed to a faster electrolyte diffusion rate up to the active sites at its
surface [24]. In addition, according to Figure 6.2 a), the enhancement of
the electrocatalytic OER reaction yield (i.e., maximum anodic current
intensity at 700 mV vs. Ag/AgCl) in this sample in comparison with that
of sample Ni-540n/CP must be also attributed to its open and porous
microstructure. Although for both samples the onset potential for the
OER reaction appears in the range 500-600 mV vs. Ag/AgCl, as
previously reported in other studies [23-26], the actual voltage is lower
for sample Ni-5400/CP (approximately 530 mV vs. Ag/AgCl), a feature in
line with the higher current densities measured above 600 mV vs.
Ag/AgCl (i.e., when the OER is taking place). Tafel slopes, calculated (see
Figure 6.2 c)) according to Butler-Volmer equation for CV experiments,
were smaller for Ni-5400/CP (157 mV dec?) than for Ni-540n/CP (259 mV
dec?) electrodes. A lower value of the Tafel slope indicates a higher
electrocatalytic activity or a faster kinetic of the electron exchange process
[27]. Therefore, the herein found tendency for the electrodes studied in
this chapter indicates a faster and more efficient OER process [27] for the
OAD electrodes. This result is consistent with the highest absolute

electrocatalytic activity found for this type of electrodes.
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Figure 6.2. a) Electrochemical activation of a Ni-5400/CP electrode by cyclic
voltammetry (ambient temperature, 1.0 M KOH electrolyte, scan rate of 20 mV s1)
from the 1¢ to the 25" cycle. b) Comparison of cyclic voltammograms taken for the two
samples in the three-electrode cell after 25 cycles conditioning. c) Log (j) vs. mV Tafel
plots of Ni-5400/CP and Ni-540n/CP. The Tafel slopes obtained from the linear fits to
the initial rise of the OER curves are indicated in the plots.

To further investigate the higher electrocatalytic activity of the OAD
films, an EIS analysis was carried out in the three-electrode cell at 700 mV
vs. Ag/AgCl. Figure 6.3 shows the Nyquist plots obtained under OER
working conditions (i.e., 1.0 M KOH electrolyte and 700 mV vs.
Ag/AgCl) and the equivalent electrical circuit accounting for the
observed electrochemical behavior. Values of electrical parameters

obtained after fitting analysis are shown in the inset table.
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Figure 6.3. Nyquist plots for samples Ni-5400/CP (red open circles) and Ni-540n/CP
(black open squares) obtained in the three-electrode cell. The equivalent electrical circuit
used for fitting Nyquist plots is included as inset.

The equivalent circuit reproducing the Nyquist plots consists of an
ohmic resistance R; associated to the electrolyte and two additional RC
(resistor-capacitor) elements [28]. The resistances R, and Rs can be
respectively associated with the restrictions to the transfer of charge
through the electrode and with the formation of surface intermediates,
both during OER [9,29]. Interestingly, the very small values of R and, to
a lesser extent Rs, for sample Ni-5400/CP supports that, in agreement with
previous results in literature [29,30], a favoured transfer of charge
through the electrode is the main responsible for the enhanced OER
activity of these samples. Since the metallic Ni electrodes prepared by
OAD presented the best OER electrocatalytic activity, we have adopted
this geometry for the preparation of the nickel oxide and oxyhydroxide

electrodes.

Watzele et al. [31] have recently proposed a procedure based on an

alternative interpretation of Nyquist plots to deduce values of the
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electrochemical surface area (ECSA) of electrodes. This procedure has
been previously explained in Chapter 3. Using the same approach, we
have calculated the effective ECSA values for the Ni-5400/CP and for Ni-
540n/CP electrodes. Considering the equivalent circuit in Figure 3.11 and
the Eq. (3.3) of Chapter 3, C. values for the different fabrication
configuration electrodes were estimated in 1.84 mF and 1.62 mF for Ni-
5400/CP and Ni-540n/CP, respectively, providing 6.13 and 5.40 cm? of
ECSA values. These values support a slightly higher effective area in the
electrode prepared in the OAD.

6.3.2. Influence of electrode chemical composition on oxygen evolution

reaction performance

The MS technique offers the possibility to tailor the chemistry of
deposited films while preserving a given microstructure. In this section
we will firstly present a series of characterization results of the thin film
electrodes prepared with pure Ar or mixtures Ar/O; and Ar/O,/H-O as
plasma gas to, in a second part, comparatively discuss their

electrochemical performance.

A thorough characterization by XRD (c.f., Figure 6.4)) has been carried
for the different nickel-based electrodes both as prepared and after their

use as OER electrodes.

Peaks of the deposited nickel films appear superimposed on
characteristic peaks of the carbon paper at ~54.6 © and ~86.9 © [32], which
are labelled as [e] in the figure. The diagram of the Ni-5400/CP sample in
the Figure 6.4 a) shows two diffraction peaks at 44.6 ° and 51.9 © (labelled

as [a]) that are not detected in the other two samples and that can be
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assigned to metallic nickel [33]. Besides, this sample and samples NiO-
5400/CP and NiOOH-5400/CP depict diffraction peaks at 37.2 °and 43.2 °
(labelled as [b]), that can be assigned to NiO or NiOx(OH)y [34,35]. For the
samples prepared in oxygen containing plasma discharges (samples NiO
and NiOOH) this agrees with the formation of nickel oxide during
preparation, while for the metallic nickel sample the relatively small size
of peaks [b] can be attributed to the fact that they stem from the air
oxidation of metallic nickel, taking place mainly at the surface. In
addition, the diffraction peak at 62.7 ° (labelled as [d]) only appears in
sample NiOOH-5400/CP that, fabricated with H>O to the plasma
discharge, points to the formation of a Ni(OH). phase [36]. In the diagram
of the activated samples (Figure 6.4 b)) there are two new peaks
attributed to KOH (labelled as [f]) and KoCO; (labelled as [g]) that must
be due to residual KOH remaining onto the surface of the electrodes after
their use. It is noteworthy from this XRD analysis that, even for the
metallic Ni electrodes, their crystallographic structure (i.e., features [a]-
[c]) remained practically unaffected after activation, thus confirming that
the electrochemical oxidation processes in Figure 6.2 a) only affect to the

surface of the metal films acting as electrodes.
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Figure 6.4. X-ray diffractograms of several nickel-based electrode films prepared by MS
in OAD configuration with different plasma discharges a) as prepared samples and b)
after electrochemical CV activation.

Surface chemical state of the electrodes, as deposited and after
activation, was studied by XPS analysis. The recorded spectra confirmed
the presence of oxygen, nickel, carbon (from airborne hydrocarbons and
some carbonate) and potassium on the surface of the electrodes, this latter
for the samples immersed in the basic medium. Based on this analysis,
any contamination of the electrodes coming from platinum of the counter

electrode or other components of the cell can be discarded. Figures 6.5
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a)-d) show the Ni 2ps;2 and O 1s spectra obtained for Ni-5400/CP,
NiO/540/0, and NiOOH-5400/CP electrodes, as prepared and after
electrochemical cycling (i.e., after 25 CVs in 1 M KOH).

The Ni 2ps/2 and O 1s spectra of the as prepared electrodes were rather
similar for samples NiO-5400/CP and NiOOH-5400/CP but differ for
sample Ni-5400/CP. In general, the Ni 2ps,2 spectra are characterised by a
peak plus satellite structure typical of NiO [37]. In addition, the Ni-
5400/CP sample has an extra contribution at ~853.3 eV binding energy
typical of Ni?. Due to the surface character of the XPS technique and the
XRD data in Figure 6.4 for this sample, we attribute this feature to the fact
that in the original samples the pristine oxide layer is very thin and the
metal core of the nanocolumns is still visible with this surface technique.
In agreement with this attribution, the O 1s spectra of the as prepared Ni-

5400/CP samples in Figure 6.5 c) depicts a main contribution at 531.7 eV

attributed to OH- groups (adsorbed carbonates might also contribute to

this peak) and another one at 529.7 due to O-ions (i.e., oxide anions from

the network). Unlike this situation in the metallic nickel sample, the OH-
contribution is majority in samples NiO-5400/CP and NiOOH-5400/CP.
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Figure 6.5. a) Ni 2psp, ¢) O 1s, e) C 1s and K 2p XPS spectra of Ni-5400/CP, NiO-
5400/CP and NiOOH-5400/CP as prepared samples and b), d), f) after their
electrochemical activation, respectively. Normalized g) Ni Ly s and h) O K XAS spectra
of Ni-600/CP sample as prepared and after 30 minutes immersion in 1 M KOH.
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The spectra of the electrochemically activated samples (Figure 6.5, b)
and d)) reveal changes in the Ni 2p;/2 and O 1s spectra. The shape of the
former, rather similar for all samples, is characterized by a main peak and
a satellite as those depicted by nickel hydroxides and oxyhydroxides [37-
39]. Meanwhile, all O 1s spectra appear now formed by a single band at

530 eV due to OH- groups [38,40]. The built up of an hydroxide layer has
been previously observed in other OER oxide anodes electrochemically
cycled in a basic medium [25]. This finding also suggests that the active
catalytic phase for the OER is a nickel oxide/hydroxide formed at the
surface of the electrodes. It is also noteworthy that XPS also showed the
incorporation of K* ions onto the surface of activated samples (K 2p and

C 1s are shown in Figure 6.5 e) and f)).

The oxide character of the surface of nanostructured nickel electrodes
is further confirmed by the XAS analysis of sample Ni-600/Si. This sample
was thinner than that utilized for the XPS analysis both to verify the
extension of oxidation and to adjust its thickness to the proving depth of
the technique. Figures 6.5 g) and h) show the typical XAS spectra at the
Ni L3 and O K absorption edges for this kind of films. The Ni L3
spectrum (Figure 6.5 g)) is composed by two regions, the Ni Ls at ~855 eV
and the Ni L, at ~872 eV, resulting from dipole excited electronic
transitions from the Ni 2ps/> and Ni 2p1,2 core levels of nickel to empty
states in the conduction band. The intensity ratio of the double-peak in
Ni L; region depends on the oxidation state of the Ni atoms [41] and it is
similar to other electrodes where Ni occupies octahedral sites with an
oxidation state of Ni*2 [42-44]. On the other hand, the O K absorption
spectrum in Figure 6.5 h) corresponds to electronic transitions from a O
1s core level to the empty O 2p states at the conduction band of the system

[45]. The four features observed in the recorded spectrum (labelled as A,
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B, C and D) can be attributed to the transition into O-p state hybridized
with Ni-3d state (feature A) or O-p states hybridized with Ni-4s and Ni-
4p states [46] (features B, C and D). These spectral shapes of the Ni L23
and O K spectra confirm the formation of an oxidized layer in this sample
that likely extents through the whole thickness of these films. The similar
spectra recorded for sample Ni-600/Si as prepared and after its immersion
in KOH solution indicate that changes are slight and only give rise to
subtle differences on the high-energy side of Ls and L. spectral edges.
These changes can be related to a modulation in the ligand-to-metal
charge-transfer and a modification in the electronic structure at the Ni site
[47], which we attribute to an additional hydroxylation of the surface.
However, the most important from this analysis is the fact that this very
thin sample appears to be fully oxidized, which we relate to a result of
the exposure to air of this type of highly porous and nanocolumnar OAD

samples.

A premise for a straightforward comparison of the performance of
electrodes with different chemical composition in the bulk is to ensure
that they present a similar microstructure. Figure 6.6 a-f) shows SEM
images of as deposited Ni-5400/CP, NiO-5400/CP and NiOOH-5400/CP
samples. These images confirm that all MS-OAD electrodes present a
similar microstructure consisting of a nanocolumnar layer with some
minor differences in column size and shape depending on plasma
discharge characteristics. This microstructure remained intact after the
CV activation although, in some cases, a small area delamination of the
nickel phase was found in samples NiO-5400/CP and NiOOH-5400/CP
(see Figure 6.6 g-i)).
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Figure 6.6. SEM images of a) and d) as deposited Ni-5400/CP, b) and e) NiO-5400/CP
and c) and f) NiOOH-5400/CP samples at low and high magnifications. SEM image
details of activated g) Ni-5400/CP, h) NiO-5400/CP and i) NiOOH-5400/CP electrode
samples taken in zones where a partial delamination has taken place.

The electrode chemical state had much influence on the electrode
performance. Figure 6.7 a) shows a series of CVs for samples with a
similar equivalent thickness but different bulk compositions. Unlike the
relatively low anodic redox voltage found for sample Ni-5400/CP, a shift
to higher voltages was observed for samples NiO-5400/CP and NiOOH-
5400/CP. In addition, the Ni-5400/CP electrode presented a higher
electrocatalytic intensity yield at 700 mV vs. Ag/AgCl (ie. under
conditions of the OER). Similarly to previous analysis for Ni electrodes,
the influence of the chemical nature in the OER performance has been
studied by monitoring the Tafel slopes in the CV diagrams. In this case,
values of Tafel slopes for Ni-5400/CP, NiO-5400/CP and NiOOH-5400/CP
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electrodes were 157, 299 and 311 mV dec’, respectively (see Figure 6.7 c)).
The lowest Tafel slope obtained for the Ni-5400/CP electrodes supports
that they perform faster and more efficiently regarding the OER process
[27] than the electrodes manufactured in the form of oxides or

oxyhydroxides.
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Figure 6.7. a) CVs of Ni-5400/CP, NiO-5400/CP and NiOOH-5400/CP samples. b)
Morphological scheme of the OAD thin films and of the involvement of the most
external layers of nanocolumns in the electrocatalytic processes. c) Log (j) vs. mV Tafel
plots of Ni-5400/CP, NiO-5400/CP and NiOOH-5400/CP samples. The Tafel slopes
obtained from the linear fits to the initial rise of the OER curves are indicated in the
plots.

A morphological scheme of the structure of the nanocolumnar films
and the participation of the most external layers of nanocolumns in the

electrochemical processes is reported in Figure 6.7 b) showing the
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formation of an outer oxidized layer covering the nanocolumns. From the

areas of the redox oxidation peaks (i.e. the transferred charge due to the

reaction Ni(OH)> + OH- S NiOOH + e), it is possible to estimate the
atomic ratio between the surface nickel ions that are oxidised to NiOOH
according to the reaction and the total amount of nickel atoms present in

the electrodes as determined by RBS (see Figure 6.8).

The thickness of the oxidized layer built up by electrochemical
activation of the as prepared nickel-based catalyst (letters a-c in Figure
6.8) is estimated according to the following considerations. First,
considering the scan rate and the area of the oxidation peak of the curves
reported in Figure 6.7 a) and knowing that a coulomb is equivalent to the
charge of 6.24 108 electrons, it is possible to calculate the number of
atoms that become oxidized per cm? of sample. Then, considering the
atom surface density (i.e. number of atoms per cm? obtained by RBS) in
the original samples, it can be calculated the percentage of atoms that
become oxidized. Using the SEM measurements, it is possible to estimate
the width of the nanocolumns (Ds-Ds in Figure 6.8) and from this and the
geometrical model in Figure 6.8, the approximate thickness of the NiOOH
layer. This calculation renders values of 3.6 %, 5.2 % and 7.8 % atoms for
the Ni-5400/CP, NiO-5400/CP and NiOOH-5400/CP samples, respectively.
From this data it is possible to estimate a thickness of the surface layer
undergoing the redox reaction. Assuming that the films microstructure is
formed by cylindrical nanocolumns (under this oversimplified
assumption, we have considered cylinders with diameters of 86, 100 and
120 nm as deduced from the SEM observation of the head terminations of
nanocolumns at the surface of the films), the thickness of the
nanocolumns layer affected by redox reaction at the surface has been

estimated in 1.0, 1.8 and 3.2 nm for the Ni-5400/CP, NiO-5400/CP and
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NiOOH-5400/CP samples, respectively. These values must be taken as a
crude approximation just useful for comparative purposes because the
width of nanocolumns in OAD thin films use to evolve from a very
narrow distribution at the beginning of the deposition process to larger
width after a kind of cannibalization mechanism by which some
nanocolumns grow in width and height in detriment to other [48] (see

scheme in Figure 6.7 b)).

NiOOH a i
L NiOOH | [ b NiOOH IC

OIN
A X
HO OIN

Figure 6.8. Scheme of the nanocolumnar structures proposed for the different electrodes
after electrochemical redox partial oxidation.

It is thus likely that the very thin and highly porous nanocolumns (see
Figure 6.9) formed at the initial stages of the deposition process of the Ni
electrodes may become completely oxidized as revealed by the XAS
analysis of sample Ni-600/Si (c.f., Figure 6.5 g) and h)). The width of the
nanocolumn heads in sample Ni-600/Si is about 15 nm making the

initially deposited layer of Ni more prompt to complete oxidation.
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Ni-600/CP

Figure 6.9. SEM images of Ni-600/Si supported on SisNs membrane

To avoid possible delamination problems (see Figure 6.6 h) and 1i))
which seem to affect the Carbon-NiO (NiOOHy) interfaces in the
examined samples, two more electrodes were fabricated and tested in the
half-cell configuration. They consisted of a bilayer structure formed by
metallic Ni (140 nm equivalent thickness) in contact to the carbon fibers of
the GLD and in a second layer of either NiO or NiOx(OH)y until achieving
a total equivalent thickness of 540 nm. It is noteworthy that preparation of
this bilayer structure is straightforward with the MS method of
preparation and that delamination problems of the active nickel phase
were avoided in these bilayer electrodes. However, from the point of
view of their electrochemical performance these bilayer electrodes
behaved similarly to samples NiO-5400/CP and NiOOH-5400/CP (see
Figure 6.10 a)).
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Figure 6.10. a) CV measurements in the half-cell configuration taken for nickel single
layer and bilayer based electrodes (1.0 M KOH solution using a scan rate of 20 mV s-1).
b) EIS analysis in the form of Nyquist plots for the indicated single layer and bilayer
nickel-based electrodes carried out in the three-electrode cell at 700 mV vs. Ag/AgCI.
The equivalent electrical circuit used for fitting the Nyquist plots is included as inset.

The XPS analysis of the cycled electrodes in Figure 6.5 and their
electrochemical CV characterization in Figure 6.2 and Figure 6.7 might
seem contradictory in the sense that a similar surface composition of the
active catalytic surface layer renders a different electrochemical

behaviour depending on the bulk composition of the nickel phase. To
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shed some light into this point we have carried out an EIS analysis of the
electrochemical process. Figure 6.10 b) shows the corresponding Nyquist
plots and the equivalent circuit. The values of the electrical resistances
within the fitted equivalent circuit determined for the three single layers

and bilayers electrodes are shown in the inset table.

The lowest polarization resistance R» was found in sample Ni-5400/CP,
indicating that charge transfer through the nickel film presents minimum
restrictions in these samples. The higher electrical conductivity of the
metallic vs. the oxide and oxyhydroxide phases might be invoked to
account for this difference [49]. This also agrees with the fact that the
outer active nickel oxide/hydroxide catalytic layer involved in the
electrochemical process is the thinness in sample Ni-5400/CP where the
calculations above have predicted a thickness of approximately 1 nm
against 1.8 and 3.2 nm calculated for the oxide and oxyhydroxide
compositions. In this regard it is also noteworthy that Rz is much higher
for the bilayer electrodes which likely respond to the existence of a
minimum of three different interfaces in these layer systems (i.e., C-Ni,
Ni-NiO (NiOxOHy), NiO-active catalytic layer). The higher values for the
Rs parameter found in samples NiO-5400/CP and NiOOH-5400/CP
(sample Ni-5400/CP presents a zero value for this parameter) also
supports the higher activity of the nickel metal electrode and suggests a
more effective formation of active catalytic intermediate species for the

OER.

At this point, it is also noteworthy that applying the aforementioned
procedure of Watzele et al. [31], the calculation of the ESCAs of electrodes
NiO-5400/CP and NiOOH-5400/CP was carried out. The C, values
determined were 1.69 and 1.59 mF for NiO-5400/CP and NiOOH-5400/CP
samples obtaining ECSAs values of 5.63 and 5.30 cm?, slightly smaller
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than that of Ni-5400/CP electrode (i.e., 6.13 cm?). This means that the
intrinsic surface parameter of electrodes contributes in the same manner
that the electrical conductivity in favouring that metallic nickel electrodes

prepared in an OAD configuration presents the highest reactivity for the
OER.

6.3.3. Electrode performance in full anion exchange membrane water

electrolysis cells. Influence of the active phase load in the anode

Once identified that the most reliable and efficient anode for the OER
consists of a nanocolumnar Ni film prepared by MS-OAD, we address in
this section the influence of the thickness of this electrode on the
electrocatalytic performance of an electrolyzer (i.e., including both anode
and cathode of an AEMWE). The aim of this study is to optimise the
electrodes load to achieve the most efficient and reliable performance of

the cell [50].

Figure 6.11 a) shows the linear sweep voltammetries (LSVs) obtained
for different nanostructured metallic nickel anodes with equivalent
thicknesses ranging between 140 and 2000 nm (i.e., between 0.09 mg cm-2
for Ni-1400/CP sample to 1.45 mg cm?2 for Ni-20000/CP sample). The
cathode in these experiments was a Ni-2800/CP electrode. The
experiments were carried out in 1.0 M KOH solution at 40 °C, conditions
that correspond to an optimal electrolyte concentration and working
temperature of previous Chapters 4 and 5. For a fixed cell potential, the
LSV plots in Figure 6.11 a) show that the current density run parallel to
the electrode thickness until a maximum value of approximately 1080 nm.
Meanwhile, cell voltage in Figure 6.11 b) at a constant current of 32 mA

cm? remains almost constant all along the experiment (only a slight
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increase of 2-5% was found after 14 hours) and confirms that cell voltage
is minimum for anodes with an equivalent thickness of 1080 nm. We
attribute this behaviour to the nanocolumnar character of the OAD nickel
layers and the fact that the available surface area and electrocatalytic sites
of the anode will increase with its equivalent thickness of the nanocolumnar
nickel films [23,51]. The breakdown of this tendency above 1080 nm must
be linked with the particle agglomeration and degradation of
nanocolumnar microstructure (see Figure 6.12), [23,52], commonly found
in thick OAD thin films [12]. The thickness dependence found for the
MEAs is consistent with the OER measurements performed with the half-
cells where a broadening of the redox peaks sustains a higher electrical

resistance through the electrode (see Figure 6.13 a)).
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Figure 6.11. a) LSVs and b) constant-current (32 mA cm-2) chronopotentiometries
measured for MEA integrating Ni-YYo/CP anodic electrodes. c) LSVs and d) constant-
current (32 mA cm2) chronopotentiometries measured for MEA assemblies with Ni-
YYo/CP cathodes and the optimum Ni-10800/CP anode. All measurements were
carried out in a 1.0 M KOH electrolyte solution at 40 °.
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Ni=2000¢/CP

Figure 6.12. SEM images of a), b) Ni-5400/CP, c), d) Ni-10800/CP and e), f) Ni-
20000/CP samples at high and low magnification.
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Figure 6.13. a) CV electrochemical measurements (1.0 M KOH, room temperature,
scan rate of 20 mV s1) in a half-cell configuration used to monitor the OER with
nanostructured Ni metallic electrodes prepared by MS-OAD. b) CV’s for various Ni-
YYo/CP cathodes used to monitor the HER in a half-cell configuration (1.0 M KOH
solution, room temperature and scan rate of 10 mV s).

In the quest for an optimization of cell performance, additional

experiments were carried out as a function of operation temperature for

the optimal anode thickness of 1080 nm. Results (summarised in Figure

6.14) indicate that the OER current density increases with temperature, a

fact commonly attributed to an increase in the hydroxyl ion conductivity
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through the membrane and a positive effect on the kinetics of the

electrochemical [25,53].
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Figure 6.14. Influence of the temperature on the performance of a MEA prepared with a

Ni-10800/CP electrode as anode and Ni-2800/CP electrode as cathode (1.0 M KOH
solution and scan rate of 5 mV s1.)

6.3.4. Electrode performance in full anion exchange membrane water

electrolysis cells. Influence of the active phase load in the cathode

Cathode thickness is another parameter controlling the performance
of the cell. Figure 6.11 c) shows a series of LSV curves obtained at 40 °C
with the optimized Ni-10800/CP anode and cathodes of different
equivalent thicknesses. Results show that cell performance increases with
the cathode thickness until a saturation value of 540 nm (Ni-5400/CP
sample). Moreover, the constant-current (32 mA cm?)
chronopotentiometries in Figure 6.11 d) show a minimum voltage value
for the 540 nm thick cathode and that, as usually observed in this kind of
experiments [54,55], cell stabilization occurs after one hour of operation.

The optimum cathode thickness determined with the MEA assembly was
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confirmed in experiments with the three-electrode cell (see Figure 6.13 b))
where it was also found an onset HER voltage of approximately -1050 mV
vs. Ag/AgCl, in good agreement with other studies with similar
electrodes [23,56]. It is noteworthy that the stability study carried out with
the different electrodes (see results in Figures 11 b) and d) and Table 6.1)
only showed a little decrease in performance with time for the different
MEA assemblies (i.e., including anodes, cathodes, and membranes). The
obtained data showed a change of 2.68 % for the optimum thickness and
5.66 % for thinner electrodes after 13 hours continuous operation. This
performance decrease is low compared to other previous studies reported

in literature [57-59].

Table 6.1. Percentage of voltage raise per hour of operation during

chronopotentiometry measurements (at 32 mA cm-2) for each anode, cathode and

Anode
Ni-1400/CP
Ni-2800/CP
Ni-5400/CP

Ni-10800/CP

Ni-20000/CP

membrane considered in this work.

Cathode
Ni-2800/CP
Ni-2800/CP
Ni-2800/CP
Ni-2800/CP

Ni-5400/CP

Ni-10800/CP
Ni-2800/CP

Membrane
Fumapem
Fumapem
Fumapem
Fumapem
Fumapem
Sustainion
Fumapem

Fumapem

Voltage rise /% V h1
0.43
0.43
0.34
0.21
0.21
0.25
0.39
0.27

6.3.5. Operation, stability tests and vyield of full cells

Since the performance of MEA electrolysers may be also affected by
the characteristics of the anion exchange membranes, comparative

experiments were carried out with Fumapem and Sustainion membranes.
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Although a slightly better performance was obtained with the latter type
of membranes (see Figure 6.15), the rather complex conditioning
procedure required for its implementation in the MEA precluded its
systematic use and, therefore, most results reported here have been taken
for MEAs incorporating the Fumapem membrane. This choice was
further supported by the fact that the time performance decrease of the
complete cell was lower for the Fumapem membrane (2.68 vs. 3.3. % after
13 hours, see Table 6.1). Cycling stability of the complete cell
incorporating this membrane was tested for MEAs incorporating Ni
anodes and cathodes of different thickness (see Figure 6.16).
Independently on electrode thicknesses, no distinctive differences were
found after 200 CVs, thus demonstrating the high stability of the metallic
Ni cathodes and anodes prepared by MS-OAD. The optimized MEA
prepared with the Fumapem membrane (i.e., Ni-10800/CP as anode and
Ni-5400/CP as cathode) rendered maximum current density values of 87
mA cm?2 at 2.2 V operating voltage. Despite the smaller absolute value of
current density per geometrical area of these electrodes than other
reported in literature for similar electrode compositions [59-61], this yield
is equivalent to an electrocatalytic activity per anodic catalyst load of 38
mA mg? (at 1.9 V), higher than that reported in these previous studies
using nickel based systems prepared by chemical and similar techniques,
such as NiCo,0s (i.e., 10 mA mg? [1]) or Ni-Fe alloy electrodes (8 and 15
mA mg[58,62]).
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Figure 6.15. a) LSV obtained for MEA assemblies with Sustainion® and Fumapem®
anion exchange membranes and b) constant-current (32 mA cm2) chronopotentiometry
response obtained for these two membranes. Both sets of measurements were carried out

in a 1.0 M KOH electrolyte solution at 40 °C, using a Ni-10800/CP anode and a Ni-

5400/CP cathode.
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Figure 6.16. Cyclic voltammetry experiments of Ni metallic electrodes with different
equivalent thickness used as anode and cathode electrodes and different membranes (1.0
M KOH solution at 40 °C and scan rate 50 mV s1).
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6.4. Conclusions

In this chapter, we have shown that the MS-OAD technique is a
suitable methodology for the fabrication of nickel nanostructured
electrodes for water electrolyzers. Both anodes and cathodes can be
prepared at room temperature with this technique, a feature representing
a significant advantage for the point of view of the processing of complete
electrochemical cell devices. The possibility offered by the MS-OAD
technique to prepare electrodes with a similar nanostructure but different
chemical formulations (in particular metallic nickel, nickel oxide and
nickel oxide/hydroxide) or a bilayer profile has served to prove that the
best anode configuration corresponds to a nanostructured metallic Ni
anode activated electrochemically before its use to catalyse the OER. It is
found that in this metallic nickel electrode the active catalytic phase is a
kind of nickel oxide/hydroxide surface layer of some nanometers of
thickness covering the metallic nickel nanocolumns obtained by oblique

angle deposition.

Analysis of the activated electrodes and the evaluation of the
impedance curves obtained for the different types of anodes under OER
conditions support that the enhanced performance of the metallic nickel
anode with respect to the nickel oxide and nickel oxide/hydroxide
compositions resides in the easier electron transfer and movement
through the electrodes and the various interlayers built up during their
fabrication and activation (i.e., basically because a lower electrical
resistivity). Meanwhile the spectroscopic analysis of the different
electrodes support that the active catalytic layer involved in the OER is
similar for the three anode compositions and consists basically of a kind

of Ni oxide-hydroxide.
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The activity assessment based on the results obtained with the half-cell
array was confirmed with a full electrochemical cell where both anode
and cathode consisted of metallic nickel fabricated by MS-OAD.
Optimum operating thicknesses for the two electrodes were determined
in a full cell where their high stability was proved by electrochemically
cycling the system for more than 200 times. When refereeing the
maximum cell performance obtained for the optimum operating
conditions to the weight of active phase incorporated in the electrodes,
the obtained values were higher than those reported for electrodes made
of complex bimetallic compounds and alloys prepared by alternative

chemical or electrochemical routes.
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7.  NICKEL-IRON BIMETALLIC ELECTRODES FOR ANION EXCHANGE
MEMBRANE WATER ELECTROLYSIS

7.1. Introduction

In the previous chapter, we have demonstrated the viability and good
performance of nanostructured nickel electrode catalysts prepared by
MS-OAD as anodes for AEMWE cells. To progress in the search of
improved performance of this type of electrolyzers, several nickel alloy-
based catalyst formulations have been proposed in the literature [1-3]. In
particular it is reported that adding Fe to structure of nickel catalysts
decreases the OER overpotential [4], resulting in a highly active and low
cost AEMWE electrocatalytic system compared with other non-platinum
catalysts [5]. Thus, in this chapter we report on the performance of
bimetallic Ni-Fe catalysts electrodes prepared by MS-OAD. Among the
new results of the present study, we also demonstrate the compatibility
of this procedure with an efficient synthesis of nanostructure bimetallic

electrodes providing high hydrogen production.

Traditional preparation methods of AEMWE electrodes often involve
the addition of polymeric organic ionomer binder molecules to the
catalytic inks to increase the cell performance [6,7]. The ionomer function
is to increase the number of ion transport pathways at the reaction sites
between the catalyst layer and the anion exchange membrane. It

improves the gas permeability and, thanks to its charged functional

groups, it facilities the exchange of water and OH~ anions at the catalyst
surface [6,8]. However, ionomers may also be disadvantageous if,
through electrostatic/covalent interactions, their charged groups occupy
some catalyst active sites, leading to an increase in the HER and OER
potentials [6]. Over time, ionomers may also undergo chemical
degradation, resulting in a deterioration of the effective catalyst-ionomer

interface and, therefore, the electrochemically active electrode surface [9].
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In this chapter, we report the OER performance of several ionomer-
free Ni-Fe nanostructured anodes in a three-electrode cell. A thorough
structural, microstructural, chemical, and electrochemical
characterization of electrodes with several Ni/Fe atomic ratios is carried
out by XPS, SEM, XRD, Raman Spectroscopy, EDX and EIS. As a result of
these studies, it is realized that the bimetallic character of the electrodes,
their mixed oxide/hydroxide surface oxidation state and high surface
area are key points accounting for their outstanding performance

towards OER.

The most performance Ni-Fe anodes towards OER in half-cell
electrochemical measurements have been selected and scaled up for its
integration in a MEA configuration to study the influence of assembly
conditions, operation temperature, electrolyte concentration and ionomer
addition. The obtained results have demonstrated the outstanding
properties of the fabricated bimetallic films in terms of activity, stability,
and operation under ionomer-free conditions. Current density values
around 400 mA cm? and 600 mA cm=2 at 40 °C and 60 °C (2.0 V) were
obtained respectively, much higher than those obtained with pure Ni
electrodes. The high yield obtained with these electrodes gains further
relevance when considering that the current yield per unit mass of the
anodic catalyst (i.e., 1086 mA mg?' at 2.0 V and 40 °C) is the highest among
equivalent values reported in literature. The possibilities and prospects
of the use of bimetallic catalyst films prepared by MS-OAD for AEMWE

are also discussed in this chapter.
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7.2.  Experimental

Bimetallic Ni/Fe catalyst electrodes were prepared by MS-OAD at
room temperature previously explained in Chapter 3. Carbon paper
substrates were used as conductive gas diffusion layer (GDL) supports to
carry out the electrochemical experiments. Morphological
characterization by SEM was carried out for films deposited on polished
silicon wafer substrates. An equivalent thickness for the electrodes (540 nm
for most films in this study) was obtained by cross-sectional SEM analysis
of the films deposited onto the silicon substrates. Argon was used as

plasma gas to obtain Ni/Fe metallic alloy electrodes.

In this chapter, samples will be identified in the paper as follows: XX-
NiFe-thickness/ZZ, where XX refers the Ni/Fe at. ratio determined by EDX
Spectroscopy and ZZ is the support used in each electrode. Ni electrodes
are designated by Ni-thickness/ZZ. Thus, 10.1-NiFe-540/CP and Ni-540/CP
refer to electrodes with 10.1 Ni/Fe at. ratio and pure nickel, respectively,
deposited on carbon paper with an equivalent thickness of 540 nm. Note
that XX is just a way to label the manufactured samples according to their
Ni/Fe stoichiometry determined by EDX. We denoted as as prepared
electrodes those pristine samples that have not been used in any
electrochemical test and wused samples those used in electrochemical

experiments.

All the physico-chemical characterization techniques used in this

study have been briefly described in Chapter 3.

To assess the influence of the Ni/Fe at. ratio on the OER performance
of anodes, a series of electrochemical experiments were carried out in a
three-electrode cell (i.e., half-cell configuration, previously explained in

Chapter 3).

205



DEVELOPMENT OF NANOSTRUCTURED ELECTRODES BY MAGNETRON
SPUTTERING FOR ANION EXCHANGE MEMBRANE WATER ELECTROLYSIS

Electrodes prepared with the Ni/Fe stoichiometry depicting the
highest OER yield with the three-electrode cell were scaled-up to a MEA
configuration to study the influence of additional parameters
(incorporation of ionomer, cell temperature, electrolyte concentration) in
the performance of an AEMWE electrolyzer cell. Thus, a 10.1-NiFe-540/CP
electrode (catalyst load of 0.35 mg cm2, equivalent thickness 540 nm) was
used as anode and a Ni-540/CP electrode (load of 0.38 mg cm?2, equivalent
thickness 540 nm) as cathode. The electrodes were separated by an anion

exchange membrane (Fumapem®FAA-3-50).

Typically, ionomers are mixed with the catalyst inks before their
impregnation onto the corresponding gas diffusion layer [6,14,15], often
with an optimized 20 % ionomer/catalyst ratio [7,8,16]. Herein, to study
the influence of ionomer addition, we have incorporated the ionomer on
the anode surface after the catalyst deposition on the carbon paper GDL.
A 10 % Fumion FAA-3 solution in N-Methyl-2-pyrrolidone (NMP) from
Fuel Cell Store was selected as ionomer. Three situations have been
explored: i) ionomer-free anodes; ii) anodes impregnated with previously
mentioned optimised ionomer/ catalyst load (in our case dripping 4.4 mg
of ionomer with a micropipette onto de catalyst deposit), labelled as
I/C=0.2 in the text); iii) anodes fully covered with ionomer solution
(labelled Ionom. Surf. in the text). In all cases, the ionomer solvent was
removed from the electrodes surface by drying in a muffle furnace at 210

°C for two hours.

In these cases, experiments consisted of linear sweep voltammetries at
various fixed temperatures between 30 and 60 °C. Several electrolyte
concentrations, 0.10, 0.15 and 1.0 M KOH, were used in both anode and
cathode compartments. The torque applied to close the cell was varied

between 1.0 and 3.0 Nm. In addition, the stability of the cell was
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investigated by constant-current chronopotentiometric experiments at
400 mA cm?2 for 2 days and 200 cyclic voltammetry experiments, both at
40 °C.

EIS measurements were also performed for the MEA configuration
(1.0 M KOH, 40 °C) at 2000 mV for a potential perturbation amplitude of
10 mV, varying the AC frequency from 100 kHz to 10 mHz.

7.3. Results and discussion

7.3.1. Composition and microstructure of Ni/Fe bimetallic electrodes

The surface microstructure of the Ni/Fe electrodes is exemplified with
the SEM analysis of sample 10.1-NiFe-540/CP before (Figure 7.1 a)) and
after their use (Figure 7.1 b)) in a series of 25 cyclic voltammetries
experiments. In both cases, a similar porous and rather homogeneous
microstructure can be observed, without any appreciable degradation or
delamination after use, clearly evidencing the great stability of the
electrodes. Furthermore, this stability can be confirmed because no traces
of Fe and Ni have been observed after performing an ICP analysis of the
solution after experiments. Figure 7.1 c¢) shows a cross-sectional image of
the same catalyst film deposited onto a polished silicon substrate to
measure its equivalent thickness. This image confirms that the film is
composed of nanocolumns that, separated by large voids, provide a high
porosity and straightforward liquid electrolyte accessibility to the whole
electrode [17]. Figures 7.1 d-f) show SEM images for three Ni/Fe at. ratio
films deposited onto polished silicon substrates. It is apparent in these
images that the addition of increasing amounts of Fe to the Ni based

electrodes do not significantly modify the microstructure of the films.
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Figure 7.1. SEM images in normal view of a) 10.1-NiFe-540/CP sample as prepared
and b) after its usage in the three-electrode cell. c) Cross-sectional view SEM image of
10.1-NiFe-540/Si sample. Front view SEM images of d) 20.6-NiFe-540/5i, e) 10.1-
NiFe-540/Si and f) 2.9-NiFe/Si catalyst thin films.

Table 7.1 gathers the values of equivalent thickness determined from the
cross-sectional SEM images of the samples deposited on flat silicon
substrates, as well as the Ni/Fe at. ratio of as prepared and used
electrodes, determined by EDX and XPS analysis. The differences in
atomic ratios obtained for the same sample by XPS can be attributed to
the different probing depth of these techniques (~3 nm depth for XPS and
whole film thickness for EDX). XPS data will be discussed later. It is
noteworthy that the equivalent thickness was similar for all electrodes (i.e.,

they had similar metal loadings), supporting that the electrochemical
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performances of electrodes with different Ni/Fe ratios can be properly

compared.

It is also remarkable that the procedure utilized to control the Ni/Fe
content in the electrodes (see Chapter 3) is quite versatile and permits a
straightforward control of composition. Meanwhile, the elemental
mappings in Figure 7.2 obtained for sample 10.1-NiFe-540/CP confirm a
homogeneous distribution of Ni and Fe across the whole deposited area
of the electrode, supporting the existence of an atomic mixture of
elements in the electrodes. The observation of oxygen in these maps, even
if not homogeneously distributed, suggests that the surface of the
bimetallic electrode nanostructures is oxidized because of its exposure to

the air. This surface oxidation was confirmed by XPS as discussed below.

Table 7.1. Table of the physico-chemical characterization of the Ni/Fe anode electrodes.

Equivalent Ni/Fe at. ratio
Sample Thickness / XPS
m EDX As prepared Used
20.6-NiFe 520 20.6 13.9 20.2
10.1-NiFe 540 10.1 8.3 11.5
7.1-NiFe 530 7.1 5.9 8.1
4.5-NiFe 550 4.5 4.6 6.4
2.9-NiFe 520 29 2.4 5.0
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a) [ 1))

Figure 7.2. a) General and b) O, c¢) Ni and d) Fe elemental EDX mapping images of
10.1-NiFe-540/CP sample.

7.3.2. Ni/Fe atomic ratio and oxygen evolution reaction activity in a

three-electrode cell configuration

To study the influence of the Ni/Fe atomic ratio in the OER,
electrochemical experiments were carried out in the three-electrode cell.
Figure 7.3 a) shows a series of cyclic voltammetries recorded for
electrodes with several Ni/Fe at. ratios. These curves are compared to
that of a pure Ni anode with a similar thickness, taken as reference. Two
well-defined peaks can be observed in the curves. One of them is an
anodic peak (around 400 mV vs. Ag/AgCl), which is generally attributed
to the electrochemical oxidation of Ni(OH), to NiOOH and the other one,
the corresponding cathodic peak attributed to the reversible reaction of
NiOOH to Ni(OH)> (previously detailed in Chapter 6) [18,19]. Some
modifications in these redox peaks are induced by the incorporation of

iron to the electrodes. Changes consisting of a shift in the Ni*2/Ni*?
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oxidation potential to higher potentials values [20,21] are typically
attributed to the formation of a Ni/Fe mixed oxyhydroxide [22,23]. In
addition, the incorporation of iron has a positive effect in the OER
activity, leading to a significant increase in current density values with
respect to those obtained for a pure Ni anodic catalyst. This effect has
been accounted by the higher OER catalytic activity of the Ni/Fe mixed
oxyhydroxides with respect to that of NiOOH [23]. This enhancement has
been related to the substitution of Fe*3 for Ni*2 sites in Ni(OH). and
NiOOH [24,25], leading to new Ni-O local environments with a superior
activity for the OER [26]. Our results in Figure 7.3 a) show that the
addition of increasing amounts of Fe to the Ni catalyst favours the OER
activity until a plateau is reached for a Ni/Fe at. ratio around 10. It is
likely that this value corresponds for the solubility limit of iron in the
mixed oxide-hydroxide and, once this limit is exceeded, a separated
FeO.Hy phase may segregate onto the surface [27]. In the course of these
cyclic voltammetry experiments with the three-electrode cell, Tafel slopes
were also calculated using the Butler-Volmer equation (see Figure 7.3 b)).
According to this equation, smaller Tafel slope values can be related to a
higher electrocatalytic activity or a faster kinetics of the electron exchange
process [28]. Figure 7.3 b) shows that a minimum value of 112 mV dec? is
obtained for electrodes 10.1-NiFe-540/CP. The slope value for this at. ratio
is much smaller than that obtained for the pure Ni reference sample (161
mV dec?) and agrees with other published Tafel slope values reported in
the literature for Ni/Fe anodes [29-31]. The improvement in the
electrocatalytic activity due to the incorporation of iron also affects the
onset potential values, which decrease from 530 mV vs. Ag/AgCl for
pure Ni to 480 mV vs. Ag/AgCl for the 10.1-NiFe-540/CP anodic catalyst

(see Figure 7.3 c) (note that these values are approximate since the onset
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partially overlaps with the anodic peak). In the same line, the
overpotential value required to reach 10 mA cm (see Figure 7.3 d)) was
the lowest (i.e., 307 mV) for the 10.1-NiFe-540/CP anode, in good
agreement with literature [5,32,33] (since overpotential values in our
experiment are obtained in mV vs. Ag/AgCl, they had to be converted to
mV vs. RHE, according to Erue = Eag/agal + 0.059 pH + Efxg/agc, where
Efag/aga= 0.1979 V [34] taken a pH of 13.9 for the 1.0 M KOH solution).
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Figure 7.3. a) Cyclic voltammetry experiments carried out for electrodes with different
Ni/Fe at. ratios in a three-electrode cell (room temperature, 1.0 M KOH electrolyte and
20 mV s of scan rate). b) Corresponding Tafel plots (Tafel slopes obtained by linear
regression of the initial rise of the OER are included). c) Onset potential values for
OER and d) overpotential values evaluated at 10 mA cm2 as a function of the Ni/Fe at.
ratio in the samples.

The results above clearly demonstrate that, from the whole series of

prepared electrodes, the 10.1-NiFe-540/CP anode presents the maximum
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OER activity. To further investigate the causes of the high electrocatalytic
activity of this electrode, a comparative EIS analysis was carried in the
three-electrode cell at 700 mV vs. Ag/AgCl. Figure 7.4 shows the Nyquist
plots obtained for Ni-540/CP and 10.1-NiFe-540/CP electrodes, as well as
the equivalent Ri(R2Ci) electrical circuit that, according to literature,
accounts well for the impedance behaviour of this type of anodes [35-37].
The table inserted in the figure shows the values of the electrical elements
parameters obtained from the fitting of the experimental Z"* vs Z’ curves.
In this equivalent circuit, R; is usually related to an ohmic resistance
between the surface of the working electrode and the reference electrode
and it is associated with the sum of contributions due to the resistance of
the electrolyte, the electrode catalyst surface and the contacts [36]. Values
of this resistance parameter are rather similar for the Ni-540/CP and 10.1-
NiFe-540/CP electrodes, though its slightly higher value for the former
electrode points to a small increase of the resistance at the electrolyte-
catalyst interface in that case. On the other hand, R; is commonly
associated with the charge transfer resistance through the electrode
during the OER [36]. The observed decrease of R, by a factor of more than
two for the 10.1-NiFe-540/CP electrode with respect to pure nickel can be
related to the highest electrocatalytic activity of the bimetallic electrodes

[38], agreeing with similar tendencies found in other studies [35].

The EIS analysis can be also utilized to deduce other activity-related
parameters for the electrode catalysts. Watzele et al. [39] have recently
proposed a procedure to determine the ECSA using an alternative
interpretation of Nyquist plots (more details in previous chapter). Using
the same model, we have calculated the ECSA values for the Ni-540/CP
and for 10.1-NiFe-540/CP electrodes and got values of 6.13 and 10.13 cm?,
respectively. These values suggest that the surface available for the OER
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reaction will be higher for the 10.1-NiFe-540/CP electrode. Remarkably, it
is also higher than others values reported in the literature for Ni-Fe

electrode catalysts prepared by other methods [40].

2.0
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Figure 7.4. Nyquist plots of Ni-540/CP and 10.1-NiFe-540/CP samples obtained in the
three-electrode cell (frequency from 100 kHz to 10 mHz). Equivalent electrical circuit
and fitting values are included as insets.

7.3.3. Chemical and structural characterization of Ni/Fe electrodes

before and after cyclic voltammetry analysis

Chemical compositions and oxidation states at the surface of electrode
samples were investigated by XPS analysis. Figures 7.5 a-c) show the Ni
2p, Fe 2p and O 1s spectra obtained for as prepared samples with different
Ni/Fe at. ratios. Figures 7.5 d-f) show a comparison of Ni 2p, Fe 2p and
O 1s spectra for the 10.1-NiFe-540/CP electrode in its as prepared state and
after electrochemical cycling in the three-electrode cell. Since electrodes
were deposited by MS from metallic targets using pure Ar as plasma gas,
the observation of oxygen by XPS must be attributed to the surface

oxidation upon exposure to ambient air [41]. In this regard, the
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observation in all samples of Ni 2p shoulders at 869.8 and 853.0 eV in
Figure 7.5 a) due to Ni° [42] confirms that surface oxidation has not
progressed to the interior of the films, which must have preserved a
metallic character. Ni 2p spectra are dominated by two satellite peaks at
880.5 and 861.7 eV and two main peaks at 873.5 and 8559 eV
corresponding to Ni 2p1/2 and Ni 2ps/2levels, respectively, that must be
attributed to Ni*2 species [43]. It has been previously also observed in
Chapter 6. In the Ni/Fe bimetallic electrodes, the Fe 2p spectra depict two
peaks at 725.0 and 711.4 eV corresponding to Fe 2p1/2 and Fe 2p;/2 core
levels of Fe*3 [44]. Meanwhile the O 1s spectra depict a contribution at

531.5 eV binding energy, attributed to the OH- groups, and another at
530.2 eV attributed to O groups [37]. Although differences depending

on sample are observed in the relative intensity of these two contributions
(c.f., Figure 7.5 c)), no clear conclusions can be derived from this

observation for samples exposed to air.

However, the comparison in Figures 7.5 d)-f) of the spectra of the as
prepared and used 10.1-NiFe-540/CP sample provides a valuable
information regarding the electrochemically cycling effect on the surface
state of samples. For example, the spectra of the used sample lack any Ni¢
contributions, indicating that surface oxidation has progressed beyond
the probing depth of XPS (3-4 nm). A similar effect was observed in the
previous chapter with pure Ni [37]. Thus, by XPS analysis, Ni*2 and Fe3*
seem to be the sole cationic species present at the surface of the used
samples exposed to air, being likely that these cationic species were

involved in the OER. Meanwhile, the O 1s spectrum in the used sample

appears dominated by a single band due to OH- groups (i.e. BE 531.5 eV).
This agrees with the use of potassium hydroxide solution as electrolyte

and strongly supports the involvement of a hydroxide and/or
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oxyhydroxide of Ni and Fe in the OER [37,45]. Spectra from the other
samples after their use in the three-electrode cell depict a similar
evolution of chemical states (see Figure 7.6) as those reported in Figure
7.5 for sample 10.1-NiFe-540/CP. However, it is interesting that the Ni/Fe
at. ratio the surface of all samples, as determined by XPS, increases after
electrochemically cycling in the basic electrolyte (c.f., Table 7.1). This
feature suggests that the surface of electrode experiences a partial
enrichment of Ni at the outmost surface layers during cycling. Similar
surface enrichment phenomena have already been observed in previous
Chapters 4 and 5 on the OER with Co/Cu oxide electrodes prepared by
MS-OAD [45]. For sample 10.1-NiFe-540/CP, the Ni/Fe determined after
cycling is 11.5, relatively close to the nominal composition determined by
EDX for the whole electrode. The possibility that during cycling there can
be segregations and mobilization of elements at the surface will be further
discussed below when presenting the XRD characterization of the

investigated samples.
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Figure 7.5. a) Ni 2p, b) Fe 2p and c) O 1s XPS spectra of several Ni/Fe at. ratio as
prepared electrodes; d) Comparison of the Ni 2p, e) Fe 2p and f) O 1s spectra of 10.1-
NiFe-540/CP sample before and after electrochemical cycling in the three-electrode cell.
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Figure 7.6. a) Ni 2p, b) Fe 2p and c) O 1s spectra of used samples as indicated.

218



7.  NICKEL-IRON BIMETALLIC ELECTRODES FOR ANION EXCHANGE
MEMBRANE WATER ELECTROLYSIS

A XRD analysis (see Figure 7.7) of the as prepared Ni/Fe bimetallic
anodes has been performed just a fingerprint analysis of the different
prepared catalysts, to illustrate that the deposited catalysts are mostly
amorphous (very weak diffraction peaks are detected and note that the
deposition process is at room temperature), and also to illustrate the
incorporation of the iron atoms within the nickel network. In general,
only a clear feature can be associated to a given phase, although in some
cases two peaks or shoulders can be appreciated as for Ni, FeOOH or
KOH. In addition, a comparative analysis has been carried out for sample
10.1-NiFe-540/CP before and after its use as OER electrode. The series of
diffractograms in Figure 7.7 a) depict a characteristic very intense
diffraction peak at ~54.6 ° attributed to the carbon paper used as substrate
[46] that is labelled as [a] in the figure. In addition, two smaller diffraction
peaks at approximately ~44.5 © and ~51.9 °, labelled as [b] in the figure,
can be attributed to metallic nickel or a Ni containing alloy [47]. An
enlarged view of these peaks is included in Figure 7.7 c) to clearly show
the evolution of the intensity and width of this peak depending on
sample. Thus, it is apparent that the intensity of these peaks decreases
and their width increases for lower Ni/Fe ratios, as expected if Fe has
become incorporated within the fcc structure of Ni, forming a kind of
alloy (a certain displacement of the peak at 44.5 ° further supports this
assumption) [48-50]. Meanwhile, quite small, but still observable peaks
appear at ~42.6 ° and ~43.1 © (labelled as [c] and [d]) that can be attributed
to NiO and NiOOH [51]. It is noteworthy in this regard the observation
of a small diffraction peak at ~37.2 © (labelled as [h]) both in the as
prepared and used samples, that can be attributed to NiFe,O4[52]. Peaks
corresponding to the oxyhydroxides of Fe, ~36.0 °, ~36.5 °, ~31.7 © and
~41.4 ° [53,54], labelled as [f] and [g]), appear rather intense in the 10.1-
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NiFe-540/CP used sample (Figure 7.7 b)) and must be linked to the effect
of the KOH electrolyte in the chemical state of elements at the surface of
samples. Interestingly, the diffraction peaks at ~34.9 ° and ~40.5 °, likely
due to Fe;Os [55] (labelled as [e]), only appear in the 10.1-NiFe-540/CP
used electrode. In this case, two new peaks attributed to residual KOH
were observed at ~32.4 © and ~39.4 © [56] (labelled as [i]). The lack of XRD
peaks attributable to metallic Fe confirms the incorporation of Fe into the
Ni structure in the form of a kind of metal alloy. Overall, this XRD
analysis shows that bimetallic electrodes consist of a metallic alloy, which
can be partially oxidized in agreement with the surface oxidation
observed by XPS, particularly in the used samples. The observation of
XRD peaks due to segregated iron oxides and hydroxides confirms the
evolution of the surface of samples with the formation under certain
conditions of a mixture of separated Ni and Fe oxidized phases. In
agreement with the electrochemical analysis in Figure 7.3 this effect,

though, should be lower in sample 10.1-NiFe-540/CP.

The Raman analysis of samples confirms the previous view and
support the existence of a mixed oxide/hydroxide phase in the Ni/Fe
electrodes. The spectrum of the Ni-540/CP sample in Figure 7.8 shows a
characteristic peak at 521 cm attributed to Ni-O lattice vibrations in
NiOOH [57]. In comparison, the spectra of 4.5-NiFe-540/CP and 10.1-NiFe-
540/CP electrodes show a new characteristic peak shifted positively with
respect to the peak due to Nil-O vibrations. This additional band
confirms the incorporation of Fe atoms in the structure through the
formation of Ni(Fe)O.Hy [57,58]. We assume that this phase formed at the
surface is responsible for the higher performance of Ni/Fe in comparison
with that of Ni electrodes. For the metallic Ni/Fe electrodes prepared by

MS-OAD in this chapter, this enhancement of surface reactivity combines
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with the metallic character of the bulk of the catalyst film, a feature that
diminishes the electrical resistance of the electrode, further contributing

to the observed enhancement in reactivity.
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Figure 7.7. X-Ray diffractograms of a) several as prepared Ni/Fe electrodes and b) as
prepared and used 10.1-NiFe-540/CP sample. c) Zoom of the XRD of the peaks around
44.5 and 51.9 ° characteristic of metallic Ni in the different Ni/Fe catalyst thin films.
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Figure 7.8. RAMAN spectra of Ni-540/CP and XX-NiFe-540/CP anodic electrodes.

7.3.4. Electrode performance in the anion exchange membrane water

electrolysis cell configuration

The enhanced electrochemical activity of the bimetallic catalyst films,
particularly that of sample 10.1-NiFe-540/CP, determined in the three-
electrode cell justifies their integration in a full AEMWE cell to determine
whether this high activity remains under close to real conditions of
operation. From the point of view of electrode manufacturing, this
integration possesses some challenges related to the increase in the
electrode area, the need to keep the microstructure and chemical
behaviour described in the previous sections and the preservation of their
high performance at temperatures and working conditions different than

in the three-electrode cell.

222



7.  NICKEL-IRON BIMETALLIC ELECTRODES FOR ANION EXCHANGE
MEMBRANE WATER ELECTROLYSIS

Influence of working parameters in the performance of the AEMWE cell

The 10.1-NiFe-540/CP electrode type was incorporated in a full
AEMWE cell to prove its reliability under close to real operation
conditions. For this purpose, a MEA composed by sample 10.1-NiFe-
540/CP as anode, Ni-540/CP as cathode (in previous chapter, we showed
that these MS-OAD nickel electrodes act as optimum cathodes for the
production of hydrogen [37]) and a Fumapem® membrane were
sandwiched as explained in Chapter 3. In the resulting AEMWE cell we
studied the influence of several operation parameters, namely the torque
applied for cell assembly, the working temperature, and the KOH
concentration. Figure 7.9 a) shows that for low assembly torque values
(<2 Nm), current density increases with assembly pressure likely due to
contact improvement between membrane and catalysts. For assembly
pressures resulting from torques higher than 2.5 Nm, the observed
decrease in current density was attributed to a decrease in gas transport
through the carbon paper and the partial coverage of electrode surface by
gas bubbles [59]. A torque of 2.5 Nm was therefore taken as the optimum
value for cell assembly and this value was applied for the characterization

studies as a function of temperature and KOH concentration.

Figure 7.9 b) shows that global performance improves with
temperature. This is a well-known effect in AEMWE usually attributed to
an increase in the kinetics of the electrochemical reactions and in the
mobility of hydroxyl ions [60]. Assuming an Arrhenius behaviour for the
electrochemical reaction [61], the activation energy (E.) of the process can
be calculated from the slope of the plot of the logarithm of current density
vs. the inverse of the temperature. This slope corresponds to E/R, with R
the gas constant value of 8.314 ] (mol K)-, and renders E, values of 19.1,

20.3 and 20.9 k] mol?! for operating potentials of 1.9, 2.0 and 2.1 V,
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respectively. These activation energies are similar to other values

reported in the literature for the same process [61,62].

Figure 7.9 c¢) accounts for the influence of the KOH electrolyte
concentration in the polarization curves. At low KOH concentration (i.e.,
0.1 M), when the process is kinetically controlled [63], the electrolyte
concentration does not significantly affect the polarization curves.
However, at high KOH concentrations the current density increases for
V>1.9 volt, pointing to that an increase in the ion conductivity through

the membrane contributes to diminish the ohmic overpotential required

for the OER [64].

Stability of the AEMWE cell was also analysed monitoring its response
along a chronopotentiometry experiment. For a constant current of 400
mA cm?and 40 °C of operating temperature, the curve reported in Figure
7.9 d) evidences a slight decrease in the cell potential over time (0.3 % V
h-1). This slight decrease in performance is similar to that reported in other
studies with anodes prepared by MS [37,65], but lower than results
corresponding to cells incorporating anodes prepared using other

methods [66-68].
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Figure 7.9. LSVs obtained for a MEA integrated by 10.1-NiFe-540/CP and Ni-540/CP
as anodic and cathodic electrodes, respectively, a) for various cell assembly torques at 40
°C and 1.0 M KOH, b) for various operation temperatures at an assembly torque of 2.5
Nm, 1.0 KOH, and c) for different electrolyte concentrations at 40 °C and 2.5 Nm. d)
Constant-current chronopotentiometry curve at a fixed current of 400 mA cm=2, 40 °C,
1.0 M KOH, and an assembly torque of 2.5 Nm.

Influence of ionomer addition to the electrodes in the performance of AEMWE

cell

As previously mentioned, the addition of an ionomer is commonly
used to increase the performance of AEMWE electrolyzers [6]. When
applying traditional electrode preparation methods, the ionomer is
added to the catalyst ink and as binder and to favour the ion transfer
transport up to the reaction sites. Conversely, the ionomer can be added
after the electrode manufacturing, in most cases also resulting in an

increase in performance [1,69]. Considering that no delamination of the
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active catalyst layer has been detected after long-term operation, it
appears that MS electrodes do not require any binding agent to fix the
catalyst layer to the GDL support. Therefore, we hypothesize that the
addition of ionomer to the electrodes might principally contribute to
favour the ion diffusion. To check possible improvements in performance
due to ionomer addition, three different cell configurations have been
tested as previously explained in the experimental section of this chapter.
In general, the amount of added ionomer is optimized to maximize the
electrochemical yield of the cells, with an Ionomer/Catalyst (I/C) ratio of
0.2 being an optimum value in various studies on the subject [7,8,16].
However, the AEMWE cells incorporating MS-OAD electrodes seem to
behave differently. Linear sweep voltammetries in Figure 7.10 a) show a
maximum performance for sample 10.1-NiFe-540/CP without ionomer,
and that the electrochemical response is not affected by the addition of
ionomer for a I/C ratio of 0.2 (i.e., 4.4 mg of ionomer). Moreover, the
performance drastically decreased adding more ionomer to cover the
entire surface of the catalyst. A similar effect can be deduced from Figure
7.10 b), where chronopotentiometry stability tests show that, for a
constant current density of 400 mA cm2 and 40 °C, a lower potential is
required for the electrodes without ionomer. Moreover, for long
operation times, the cell voltage increase was 0.3 % V h! for the electrode
without ionomer and 0.6 % V h and 0.9 % V h for the electrode with
I/C=0.2 and its full surface covered with ionomer, respectively. We

believe that the inefficiency of ionomers with the MS-OAD electrodes is

related to a morphology where diffusion constrains towards OH- seem to
be unimportant and the fact that the ionomer is added once the electrode

has been prepared and will likely cover part of the catalyst active sites [8].
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Figure 7.10. Effect of the addition of ionomer to a 10.1-NiFe-540/CP electrode in a
MEA (1.0 M KOH electrolyte solution, 40 °C operation temperature) on a) LSV
polarization curves, b) constant-current chronopotentiometry measurements (@400
mA cm?), and c) impedance spectra of the cell evaluated at 2.0 V.

This hypothesis was confirmed through various electrochemical tests
as, for example, the fact that while the cyclic voltammetry curves did not
change after 200 cycles with the 10.1-NiFe-540/CP cell electrode, slight and
high increases in density current were found, respectively, for the
electrodes covered with ionomer at I/C=0.2 or total coverage,
respectively (see Figure 7.11). This behaviour is consistent with a
progressive dragging out of ionomer molecules from the electrode
surface after the successive cycles. The detrimental role of the ionomer
also agrees with the SEM observations (see Figure 7.12) showing that
ionomer agglomerates form onto the Ni/Fe nanocolumnar structure and

likely block some of the catalyst active sites. Electrochemical evidence of
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this blocking effect was provided by the EIS analysis of the complete
MEAs. Figure 7.10 c¢) shows the measured Nyquist plots for the three
MEAs and the equivalent circuit (inset in the figure, similar to ref [22])
utilized to retrieve resistance parameters. In this representation, the
intersection to the X axis at high frequencies is related to the ohmic

resistance of the membrane (Rer) or with the electrolyte resistance

associated to the availability of OH- ions [22]. The charge transfer
resistance (Rc) is obtained by the difference between the two intersection
at a high and low frequencies (diameter of the semicircle) and is related
to the polarization resistance or to the kinetics of the electrochemical
reactions [22,37]. Fitting values are included in the table inserted in the
figure. The obtained values are similar to values reported for other
systems including ionomers [22] and can be easily interpreted assuming
that the relatively higher ReL values found for the ionomer containing
electrodes respond to an increase of thickness of the catalyst-ionomer
layer. Similarly, the lowest R.: value found for the 10.1-NiFe-540/CP
ionomer-free electrode, agrees with the little restrictions to the transfer of

charge through the catalyst film in this case.
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Figure 7.11. Influence of the ionomer in MEA stability tests consisting of iterative LSV
cycles. Experiments were carried out at 40 °C with a 1.0 M KOH solution. The figures
compare the 1 and the 200" LSV cycle acquired in a) ionomer-free electrodes, b)

1/C=0.2, and c) Ionomer Surf.
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Figure 7.12. SEM images of the 10.1-NiFe-540/CP sample after adding ionomer.

7.3.5. Comparison with other anion exchange membrane water

electrolysis cells

To put in context the AEMWE cell performance with Ni-Fe MS-OAD
electrodes, we compare the obtained results with others recently reported
in the literature. A first remark is that, although the current density value
obtained here (i.e., 400 mA cm2at 2.0 V and 40 °C, increasing to about 600
mA cm?2 at 60 °C) is somehow smaller than reported values for electrodes
prepared with an ink spraying coating process, e.g. 1900 [22], 720 [3] or
1400 mA cm2[7], it is higher than most published data in the literature,
where values ranging between 140 and 250 mA cm2 [1,70,71] are rather

common (all current density values at between 40-50 °C).

However, the performance of the Ni-Fe anodes developed here gains

a particular relevance when expressing their activity in terms of current
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density per amount of catalyst (specific activity). Figure 7.13 summarizes
some of the results mentioned above formulated in these units. It is
noteworthy that the current yield per amount of 10.1-NiFe-540/CP catalyst
(1086 mA mg?) is superior to any other of the values reported in the
literature for Ni/Fe [1,22], Ni [3,37,70,71], cobalt-based oxides [8,45,72,73]
or those obtained with a novel IrO; anodes [1,7,74]. Moreover, this result
is especially outstanding considering that the AEMWE electrodes in this
thesis are ionomer-free and therefore simpler from the point of view of

their manufacturing and processing.

20V
1000 4 1.0 M KOH
Ni-Fe 40-50 °C
800 - anodes
Other Co-based IrO,
600 q .
Ni-alloys oxides anodes

anodes anodes

400 4

Specific activity / mA mg?!
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Figure 7.13. Electrochemical performance of our 10.1-NiFe-540/CP anode based
AEMWE, characterised by its specific activity, compared to other reported results from
literature.

7.4. Conclusions

The previous results and discussion have pointed out that the MS-
OAD technique is a suitable method of fabrication of Ni/Fe anodes for
water electrolysis cells. Incorporation of Fe within Ni based anodes

improves the OER performance and we have demonstrated that a
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maximum performance is reached for a Ni/Fe at. ratio of around ten (400
mA cm? at 2.0 V at 40 °C and around 600 mA cm? at 60 °C). The
modifications introduced in this physical vapour deposition procedure,
in terms of deposition geometry and other operating conditions render
nanocolumnar thin films with a high porosity and good conformality
onto the carbon paper used as GDL support. This has been demonstrated
through an outstanding electrochemical response, particularly for the
electrodes with the optimum composition. These electrodes presented a
high reaction yield, good repetitively upon cycling and high stability,
features that have been accounted for by the particular microstructure
and high surface area of these electrodes and the mixing at atomic scale
of their constituent elements both before and after their activation to

generate a catalytically active oxide/hydroxide surface layer.

The good properties of the electrodes when tested in a three-electrode
laboratory cell, have been confirmed upon their integration in a MEA for
their testing in a complete AEMWE cell. In particular, it has been
demonstrated that the addition of ionomers, a critical issue for most
conventional AEMWE cells, does not improve the performance of MS-
OAD Ni/Fe electrodes, thus simplifying the manufacture and integration
of cells and reducing the costs and other problems (stability,
reproducibility) associated with the incorporation of this kind of

additives.

The high stability and specific activity (1086 mA mg?tat 2.0 V and 40
°C) depicted by the MEA integrated 10.1-NiFe-540/CP anode in
comparison with other results recently reported in the literature, confirm
the MS-OAD technique as an appropriate method to fabricate ionomer-

free nanostructured electrodes for AEMWE.
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8. TOWARD AN OVERALL OPTIMIZATION OF THE ANION EXCHANGE
MEMBRANE WATER ELECTROLYSIS CELL

8.1. Introduction

In the previous results chapters of this thesis, different Co-Cu, Ni and
Ni-Fe electrodes have been tested as anodes for AEMWE cells. Thus,
comparing the performance towards the OER in the three-electrode cell
of the different optimized electrodes of each chapter, an optimal
performance was obtained for the Ni/Fe electrodes with an atomic ratio
of 10.1 (see Figure 8.1). To progress in the search of improved
performance of our AEMWE cell, in this chapter we have compared the
performance of several membranes, gas diffusion layers (GDLs) and
catalyst loads or equivalent thicknesses to determine how each isolated

component affects in the global activity.

504 —— 1.8-CuCoO-500/CP (Chapter 4)
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Figure 8.1. Comparison between the optimized electrodes of the previous chapters of
this thesis toward the OER in the three-electrode cell.

The optimization of the GDL support used in the AEMWE cell is an
essential parameter that requires understanding their porosity, surface
morphology, gas permeability, etc. [1]. One of the main problems

associated with the commercially available GDLs is the use of carbons as
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carbon paper or carbon cloths as anodic GDL support. These supports
provide an excellent electrical conductivity and a high available surface
area. Nevertheless, although we have demonstrated some stability under

mild-term operation conditions (hours), carbon is not stable in high

anodic potentials for long-term use (days/weeks) due to the OH- ions are
excellent nucleophilic intermediate and accelerate the carbon
degradation [2], providing a decrease in the electrical conductivity and in
the active surface area. In addition, the gradual decomposition of the
anode produces a degradation of the membrane electrode assembly
decreasing the stability of the system [3]. For this reason, some gas
diffusion layer as stainless-steel paper (SSP), titanium paper or nickel

foam as emerged to solve these problems [4-7].

First, carbon paper and stainless-steel paper gas diffusion layers have
been tested with the same catalyst layer deposited and using the same
membrane and compared. The catalyst thickness of the catalyst layer
deposited by magnetron sputtering on the optimum gas diffusion layer
has been also optimized. Finally, with the optimum anodic and cathodic
electrodes (GDL and catalyst thickness), some commercially membranes
as Sustainion® X37-50, Fumapem® FA A-3-50 and Fumasep FAA-3-PK-75®
have been used for the preparation of the membrane electrode assembly
(MEA) and compared between them. In addition, other parameters as the
torque pressure to close the cell have been studied with the objective of
increasing the performance of the AEMWE cell. A detailed
characterization of the electrodes has been also carried out by SEM, XPS
and EIS. Using the optimal cell configuration, an excellent performance
with current density values around 670 mA cm2 at 2.2 V and 40 °C was
obtained. A long-term chronopotentiometry experiment for 7 days with

a very weak degradation of 0.05 % V h' (at fixed 400 mA cm?) has
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demonstrated the high stability of the cell based on the use of an ionomer-
free no noble metal catalyst-based Ni-Fe and Ni as anode and cathode

prepared by MS-OAD.

8.2.  Experimental

Bimetallic Ni/Fe and Ni catalyst electrodes were prepared by MS-
OAD at room temperature as has been previously explained in Chapters
3 and 7. Carbon paper (CP) and stainless-steel paper (SSP) substrates
were used as conductive GDL supports to carry out the electrochemical
experiments. Polished silicon wafer substrates were used to measure the

equivalent thickness by cross-sectional SEM analysis.

In this chapter, samples will be identified in the paper as follows: XX-
NiFe-thickness/ZZ, where XX refers the Ni/Fe at. ratio determined by EDX
Spectroscopy and ZZ is the support used in each electrode. Ni electrodes

are designated by Ni-thickness/ZZ.

All the physico-chemical characterization techniques used in this

study have been briefly described in Chapter 3.

The influence of anodic and cathodic GDL support and the amount of
catalyst in the electrode (catalyst equivalent thickness) were studied in the

three-electrode cell described in Chapter 3.

To demonstrate the integration of the electrodes in a complete system,
the performance of AEMWE cells were studied. Linear sweep
voltammetries (LSVs) were performed between 1.0 to 2.2 V with a scan
rate of 5mV s. All experiments were carried out in a 1.0 M KOH solution
at 40 °C. The torque pressure applied to close the cell was optimized for

each individual cell. The stability of the complete system was studied by
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constant-current chronopotentiometry experiments at fixed 400 mA cm-2
for 32 hours and cyclic voltammetry experiments (200 cycles, scan rate of
50 mV s7) in all cells. For the final optimum system, a stability constant-
current chronopotentiometry test was carried out at fixed 400 mA cm-

for 7 days.

8.3. Results and discussion

8.3.1. Influence of the gas diffusion layer support

Influence of the anodic GDL support in the OER

Due to the problem associated with the carbon degradation of
traditional carbon papers and cloths gas diffusion layers detailed in the
introduction section, the first aim of this chapter was to study the
influence of a new gas diffusion layer of stainless-steel and to compare its

performance with the traditional carbon paper support.

The surface microstructure of the SSP and CP GDLs without catalyst
are exemplified by SEM analysis in the Figure 8.2. It can be observed the
large porosity of both supports, providing higher pore sizes and diameter
fibers in the SSP. Figures 8.3 a) and b) show the surface microstructure of
as prepared nickel-iron catalyst deposited on SSP and CP supports,
respectively. A great porous and homogeneous microstructure can be
observed, without degradation or delamination after the use in the three-
electrode cell (see Figures 8.3 ¢) and d) for SEM images after use),
evidencing the high stability of the electrodes. A smaller particle size can
be observed in the Ni-Fe film deposits on SSP GDL vs. the same film
deposits in the CP GDL (Figures 8.3 a) and b)), leading to a higher
electrochemical surface area (ECSA) for the 10.1-NiFe-540/SSP electrode

as will be confirmed below.
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20 pm

Figure 8.2. Front view SEM images of a) and b) SSP and c) and d) CP GDL supports.

10.1-NiFe-540/SSP 10:1-NiFe-540/CP
As prepared As preparéed

500 nm 500 hm

10.1-NiFe=-540/SSP 10.1-NiFe=540/CP:
Used Used

500nm 500 nm

Figure 8.3. SEM images of a) and b) as prepared and c) and d) after use in the three-
electrode cell of 10.1-NiFe-540/SSP and 10.1-NiFe-540/CP anodic electrodes,
respectively.
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Chemical compositions and oxidation states of the electrode surfaces
were studied by XPS analysis. Figures 8.4 a-c) show the comparison of Ni
2p, Fe 2p and O 1s spectra for the 10.1-NiFe-540/SSP and 10.1-NiFe-540/CP
before and after using in the three-electrode cell. The spectra of Ni-Fe
catalysts supported on carbon paper have been previously described in
Chapter 7. All samples show surface oxidation by XPS due to the
exposition to ambient air [8]. The as prepared samples, due to the
preparation of the film was carried out using pure Ar as plasma gas,
revealed shoulders in Ni 2p spectra (see Figure 8.4 a) at 870.2 and 853.0
eV due to Ni? contribution [9,10] that confirmed the oxidation was only
in the surface of the electrode. The two peaks at 874.0 and 856.4 eV with
their two satellites at 880.7 and 861.9 eV are attributed to Ni 2p1,2 and Ni
2p3/2 for Ni*2 species [10,11]. In the used samples, the Ni° contribution
disappears due to the oxidation of the catalyst surface by the KOH
solution. Figure 8.4 b) shows no variations between the Fe 2p spectra
before and after the use of the electrode in the three-electrode cell. In all
cases, two peaks at 725.1 and 711.4 eV correspond to Fe 2p1/2 and Fe 2p;,>
of Fe*3[11]. In Figure 8.4 c) two peaks at 531.8 and 530.0 eV corresponded
to OH-and O2- groups [12] can be observed in the as prepared samples,
maintaining a single band for OH- groups for the used samples. This is in
agreement with previous chapters and with the involvement of the
hydroxide/oxyhydroxide of Ni or Ni-Fe in the oxygen evolution reaction
[13] and confirms that the type of GDL support does not affect the
chemical state of the Ni-Fe electrodes, neither before nor after carrying

out electrochemical experiments.
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Figure 8.4. a) Ni 2p, b) Fe 2p, and c) O 1s XPS spectra of 10.1-NiFe.540/SSP and
10.1-NiFe-540/CP as prepared and used electrodes for OER in the three-electrode cell.
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Figure 8.5 a) shows the cyclic voltammetry curves recorded for 10.1-
NiFe-540/CP and 10.1-NiFe-540/SSP in the three-electrode cell under 1.0
M KOH solution at room temperature. As already explained in Chapter
7, two well-defined peaks were observed, an anodic peak related to the
oxidation of Ni(OH). to NiOOH (at approximately 450 mV vs. Ag/AgCl),
and other cathodic peak attributed to the reversible reaction of NiOOH
to Ni(OH)a2 (at approximately 320 mV vs. Ag/AgCl) [14-16]. It is observed
that 10.1-NiFe-540/CP sample is oxidized before than 10.1-NiFe-540/SSP
sample, where a shift in the redox peak to higher potential values is
detected. This shift could be related to the presence of iron in the SSP
substrate itself (SSP without catalyst contains 55.98 at. % of iron in their
structure determined by EDX, see Table 3.1 in Chapter 3), since it has been
observed in previous studies that the presence of Fe shifts the oxidation
peak to NiOOH towards higher potential values [17]. The onset potential
is observed at approximately 500 mV vs. Ag/AgCl for both electrodes,
similar value to others reported in the literature [13,18,19]. Concerning
the overpotential value required to reach 10 mA cm2, 10.1-NiFe-540/SSP
anode provides a required overpotential value of 326.7 mV vs. RHE
compared to 345.1 mV vs. RHE required for 10.1-NiFe-540/CP anodic
electrode. These values are in good agreement with literature for similar
electrodes [20,21]. The overpotentials have been converted to mV vs. RHE
to use in calculations, according to Erug = Eag/agal + 0.059 pH + Elag/aga,
where E%g/agct = 0.1979 V [22,23] taken a pH of 13.9 for the 1.0 M KOH
solution. In addition, a higher catalytic activity for OER for 10.1-NiFe-
540/SSP was found. This superior activity could be related to the higher
electrochemically active area found in the 10.1-NiFe-540/SSP electrode

calculated below. Bare carbon paper and stainless-steel supports used do
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not provide any activity, associating the totality of the activity to the

deposited catalyst.

To confirm the higher performance of 10.1-NiFe-540/SSP, EIS analysis
was carried out. Figure 8.5 b) shows the Nyquist plots obtained for 10.1-
NiFe-540/CP and 10.1-NiFe-540/SSP anodic samples and the fit to the
equivalent electrical circuit Ri(RxCy), typical equivalent circuit for these
types of anodes [24,25]. Values of the electrical fitted parameters are
collected in the inset table. Ry is usually related to an ohmic resistance
between the surface of the working electrode and the reference electrode.
It is related to the sum of resistances associated to the electrolyte, the
electrode catalyst surface, and the contacts [15,24]. R, is commonly
associated with the charge transfer resistance through the electrode
during the oxygen evolution reaction [15,24]. It can be observed that R is
similar for both electrodes. This supports that the ohmic loss is the same
in both electrodes, being able to associate the change in activity with
morphological variations. Nevertheless, R, was lower for the 10.1-NiFe-
540/SSP electrode, that could be related to the highest electrocatalytic

activity of this electrode leading to an improve kinetics of OER.
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Figure 8.5. a) Cyclic voltammetry curves of 10.1-NiFe-540/SSP and 10.1-NiFe-540/CP
in a three-electrode cell at room temperature under 1.0 M KOH electrolyte and 20 mV
s of scan rate. b) Nyquist plots of 10.1-NiFe-540/SSP and 10.1-NiFe-540/CP samples

obtained at 700 mV vs. Ag/AQCI. Equivalent circuit and table with fitting values are
included as inset in the figure.

EIS experiments can be also used to determine the ECSA using the
alternative interpretation of Nyquist plots proposed by Watzele et al. [26]
(see details in Chapter 3). By the use of the same model, we have
determined an ECSA value for 10.1-NiFe-540/CP of 10.13 cm? and of 27.4
cm? for 10.1-NiFe-540/SSP anodic electrode. These values suggest that the
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surface available for the OER reaction will be higher for the 10.1-NiFe-
540/SSP electrode and can justify the best OER activity shown in Figure
8.5 a).

Influence of the cathodic GDL support

Similarly to Figure 8.3, Figure 8.6 shows the surface microstructure of
Ni catalyst deposited on SSP (Figure 8.6 a) and c)) and CP (Figure 8.6 b)
and d)) GDL support. A great porous and homogeneous microstructure
can be also observed, with a high stability of the electrodes after the use
in the half-cell configuration (see Figures 8.6 c) and d)) due to the lack of
visible degradation or delamination in the electrodes after their use in the

three-electrode cell.

Ni540/SSP Ni-5407CR
Used Used

500 am 500 nm

Figure 8.6. SEM images of a) and b) as prepared and c) and d) after use in the three-
electrode cell of Ni-540/SSP and Ni-540/CP cathodic electrodes, respectively.
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Figure 8.7 a) and b) shows the comparison of Ni 2p and O 1s spectra
for the Ni-540/SSP and Ni-540/CP as prepared and used in the three-
electrode cell. The spectra of Ni catalysts supported on carbon paper have
been previously described in Chapter 6. In the as prepared samples can
be observed the contribution of Ni® at 870.2 and 853.0 eV (Figure 8.7 a))
due to the catalyst layer preparation using argon as plasma gas (see
similar contribution in Figure 8.4 a)) [9,10]. Other two peaks at 874.0 and
856.4 eV with their two satellites at 880.7 and 861.9 eV were attributed to
Ni 2p1/2 and Ni 2ps/2 for Ni2* species [10,11]. Compared to the used
samples, no Ni? contribution was observed, attributed to the surface

oxidation effect of the potassium hydroxide solution. Two peaks at 531.8

and 530.0 eV in Figure 8.7 b) corresponded to OH-and O groups [12]

can be observed in the as prepared samples, maintaining a single band

for OH- groups for the used samples related to the KOH effect.
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Figure 8.7. a) Ni 2p, b) O 1s XPS spectra of Ni-540/SSP and Ni-540/CP as prepared
and used cathodic electrodes.

Figure 8.8 shows the electrocatalytic activity of these characterized
electrodes for HER evaluated by CVs in the three-electrode cell under 1.0
M KOH solution at room temperature. For comparison, bare SSP and CP
GDL were measured under the same conditions. CP support does not
show an increase in the current density in the potential range studied,
indicating a low activity towards HER and associating the total of current
density to the catalyst film. However, some activity can be observed for

the SSP GDL, associated with the nickel and iron contain in its
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composition. The best HER activity and the lower onset potential (at
about -1100 mV vs. Ag/AgCl) were observed for the Ni-540/SSP sample,
chosen this cathodic electrode for subsequently experiments. Comparing
both electrodes, an overpotential of 1290 mV vs. Ag/AgCl (272 mV vs.
RHE) to reach -10 mA cm? was obtained for the Ni-540/CP cathodic
electrode vs. 1180 mV vs. Ag/AgCl (162 mV vs. RHE) obtained for the
Ni-540/SSP at the current density of 10 mA cm=2 To compare to the
literature, the overpotentials have been converted to mV vs. RHE,
according to the conversion equation previous defined. These

overpotential values are consistent with other reported in the literature

[27,28].
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Figure 8.8. Cyclic voltammetry curves for Ni-540/SSP and Ni-540/CP cathodes used
to monitor the HER in the three-electrode cell configuration. Working conditions were
fixed at 1.0 M KOH solution at room temperature with a scan rate of 10 mV s,

Influence of the anodic and cathodic GDL in the AEMWE performance

To test the influence of the gas diffusion layer in a membrane electrode

assembly, full AEMWE cells were prepared. For this purpose, a MEA
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composed by 10.1-NiFe-540/CP as anode, Ni-540/CP as cathode and a
Sustainion anion exchange membrane between the anodic and cathodic
electrodes was prepared as previously explained in Chapter 3. A similar
MEA using SSP as GDL support was also prepared. All the experiments
were carried out using a 1.0 M KOH solution at 40 °C. First, an
optimization of the torque applied to close the cell was carried out. This
torque pressure depends on the gas diffusion layer, membranes or kind
of bipolar plates. For this reason, this optimization has been carried out
for each specific cell used in this work. Figures 8.9 a) and c) show that for
low assembly torque values, current densities increase with the increase
of pressure due to an improvement in the contact between the catalyst
surface and the membrane. Nevertheless, there is a breakdown in the
tendency from which current densities decrease with increasing torque
pressure. This fact can be attributed to the decrease in gas transport
through the pores of the gas diffusion layers and the partial covering of
the electrode surface by bubbles [29]. Therefore, optimum values of 4.0
Nm and 4.5 Nm were found for the CP GDL cell and SSP GDL cell,

respectively.
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Figure 8.9. Polarization curves obtained for MEA with electrodes deposited on a) CP
and c) SSP GDL support for various cell assembly torques at 40 °C and 1.0 M KOH. b)
and d) 200 cycles voltammetry curves for MEA with electrodes deposited on c¢) CP and

d) SSP GDL support at 40 °C and 1.0 M KOH.

Concerning the AEMWE cell performance, a slight increase in the
electrocatalytic activity was observed for the stainless-steel gas diffusion
layer MEA accroding to the obtain LSV experiments (see Figure 8.10 a)).
The higher electrocatalytic activity was not very pronounced despite
observing a great improvement in the behavior of the cathode towards
HER in the three-electrode cell. This could be explained considering that
the OER is the higher overpotential reaction, being the results obtained
for the different anodes in the OER experiments in the three-electrode cell

not very differents [30,31].
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Figure 8.10. a) Linear sweep voltammetry curves obtained for 10.1-NiFe-540/2ZZ and
Ni-540/ZZ used as anodic and cathodic electrodes, respectively, and Sustainion
membrane sandwiched between both electrodes. b) Constant-current (400 mA cm-2)
chronopotentiometry measurement for the different MEAs. c) Energetic efficiency for
several cell potential and current density values. All experiments were carried out at 40
°Cin 1.0 M KOH electrolyte.

However, despite not observing a great improvement in LSV curves,
a great improvement in stability test (half voltage degradation compared
to carbon paper) was observed using stainless-steel as gas diffusion layers
(see Figure 8.10 b)). It is remarkable that although the initial cell potential
values are similar for both cells, after 34 hours of operation, the cell with
a carbon paper GDL needs 2.74 V of potential vs. 2.32 V required for the
cell with a stainless steel GDL. This confirms the theory that carbon is not
stable in high anodic potentials for long-term use [2], and it can be

observed that it is better to work with the MEA composed of 10.1-NiFe-
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540/SSP as anode and Ni-540/SSP as cathode instead of the same catalyst
film deposited on carbon paper substrate. The great stability of our
systems has been also demonstrated by 200 cycles during cyclic
voltammetry experiments (see Figure 8.9 b) and d)), obtaining similar
current densities for the first and last cycle, especially for the system of
SSP as GDL. In addition, SEM images of the anodic electrodes after their
use in the AEMWE cell shows a color change that could suggest

degradation or corrosion by OH- ions on carbon paper compared to the

catalysts deposited in SSP (see Figure 8.11).

Figure 8.11. SEM images of a) 10.1-NiFe-540/CP and b) 10.1-NiFe-540/SSP anodic
electrodes after use in the AEMWE cells.

The theorical cell voltage required for water electrolysis is 1.23 V under

1 atm and 25 °C. However, to overcome the kinetic barrier for the reaction,
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water splitting requires higher potentials than 1.23 V. Energy efficiency

of an electrolyzer could be defined as follows [32]:

ne I
_De (%)HHVHz _ 148 .
nc Ve 1 Vet 'F

(8.1)

where nr is the Faradaic efficiency (we have demonstrated that this
efficiency is 100% in other previous studies in our group as [33]), n. is the
number of electrolysis cell connected in serie, I is the current intensity, F
is the Faraday constant (F = 96485 C), HHVm> is the higher heating value
of hydrogen (HHV = AH° = 285.8 k] mol'=3.24 kWh (Nm?)?), and Vcen is
the cell voltage.

Figure 8.10 c) shows the energetic efficiency of the cell to reach the
different current density values. It is observed that the energy conversion
efficiency decreases with the increase of the cell voltage required to obtain
a determined current density value. However, as the LSV curves are
similar for both cell configurations, the evolution of energy efficiency is
also similar. The obtained efficiency at 2.0 V at arount 74 % is superior
than others efficiencies at similar potential values reported in the

literature as 66 % [32].

8.3.2. Influence of the amount of catalyst in the oxygen evolution

reaction

Taking into account the previous chapters in which the optimum
equivalent thickness for metallic nickel and copper-cobalt oxides electrodes
was fixed at approximately 1000 nm [13,34], we have tested the influence
of use this amount of catalyst (equivalent thickness) in the new electrodes

used in this chapter. First, Figure 8.12 shows the SEM cross-sectional
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images of the 10.1-NiFe-540/Si (Figure 8.12 a)) and 10-1-NiFe-1000/Si
(Figure 8.12 b)). It can be confirmed the nanocolumnar structure typical
from the OAD-MS fabrication technique observed in previous chapters in

this thesis.
10.1-NiFe-540/Si
: [ r ‘

o 44’1 ¥, 14
1000 nm

’

1000 nm

Figure 8.12. Cross-sectional view SEM image of NiFe samples with different
equivalent thickness deposited on flat silicon substrate.

Figure 8.13 a) shows the cyclic voltammetry curves recorded for 10.1-
NiFe-540/SSP and 10.1-NiFe-1000/SSP in the three-electrode cell under 1.0
M KOH solution at room temperature. The oxidation and reduction
observed peaks have been explained before for Figure 8.5. In both cases,
the onset potential for the OER appears at approximately 500 mV vs.
Ag/Ag(Cl, in line with values reported in the literature [13,18,19]. Finally,
comparing the OER voltage range, the yield is similar for both electrodes.
For this reason, we have chosen the anodic electrode with the lowest

catalyst load (10.1-NiFe-540/SSP) for subsequent experiments. This
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similar behavior is attributed to a balance between two effects: an increase
in the electrocatalytic active sites with the increase in the amount of
catalyst, and an increase in the particle agglomerations of the
nanocolumnar structure of the film, that reduce the number of active sites
in line with the increase in the amount of catalyst (see Figure 8.14) [29,35].
Furthermore, it can be observed that the bare stainless-steel support used

does not provide activity, associating the totality of the activity to the

deposited catalyst.
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Figure 8.13. a) Cyclic voltammetry experiments of 10.1-NiFe-thickness/SSP samples
tested as anodic electrodes in the three-electrode cell for OER at room temperature
under 1.0 M KOH solution. b) Linear sweep voltammetry curves obtained for 10.1-
NiFe-thickness/SSP anodic electrodes, Ni-540/SSP cathodic electrode, and Sustainion
membrane sandwiched between both electrodes. b) Constant-current (400 mA cm-2)
chronopotentiometry measurement for the different MEAs. All experiments in
AEMWE cell were carried out at 40 °C in 1.0 M. KOH electrolyte.
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10.1-NiFe-1000/SSP

Figure 8.14. SEM images of a) 10.1-NiFe-540/SSP and b) 10.1-NiFe-1000/SSP as
prepared anodic electrodes.

To test the behavior of these electrodes in a membrane electrode
assembly, full AEMWE cells were tested. For this purpose, two MEAs
composed by 10.1-NiFe-540/SSP and 10.1-NiFe-1000/SSP as anode, Ni-
540/SSP as cathode and a Sustainion anion exchange membrane between
both electrodes were prepared. Figure 8.13 b) shows LSVs obtained for
the two different amounts of catalyst cells carried out at 40 °C under 1.0
M KOH solution. It can be observed similar current density values for
both electrodes confirming the results observed in the half-cell and
selecting, therefore, the electrode with less amount of catalyst for next

experiments.

Figure 8.13 c) shows the long-term stability test of the cells. For a
constant current density of 400 mA cm?, the potential response was

monitored for 32 hours and data evidence a slight decrease in the cell
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potential over time (0.2 % V h? for 10.1-NiFe-540/SSP and 10.1-NiFe-
1000/SSP cells) similar than other previous studies with electrodes
prepared by magnetron sputtering [13,34]. Figure 8.9 d) (previously
explained) and Figure 8.15 show the cycling stability test of the complete
cells, demonstrating the high stability of the system in these degradation

conditions due to no distinctive differences were found between first and

200t cycle.
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Figure 8.15. 200 cycles voltammetry curves for a MEA with 10.1-NiFe-1000/SSP as
anodic electrode, Ni-540/SSP as cathodic electrode, and Sustainion membrane
sandwiched between both of them at 40 °C and 1.0 M KOH.

8.3.3. Influence of the membrane in the anion exchange membrane

water electrolysis performance

To study the influence of the membrane in the global AEMWE
performance, three commercial membranes were tested, Fumapem®
FAA-3-50, Fumasep FAA-3-PK-75®, and Sustainion® X37-50. First, similar
to the previous cells, the torque pressure to close the cell has been
optimized for each cell (see Figure 8.16 and previous optimization for

Sustainion membrane in Figure 8.9 c)). Optimum values of 3.0 Nm for
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both, Fumapem and Fumasep membranes cells, were found vs. 4.5 Nm

for Sustainion membrane system.
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Figure 8.16. Polarization curves obtained for a MEA with 10.1-NiFe-540/SSP as
anodic electrode, Ni-540/SSP as cathodic electrode and a) Fumapem and b) Fumasep
membrane for various cell assembly torques at 40 °C and 1.0 M KOH.

LSVs observed in Figure 8.17 a) demonstrated that, under the same
operation conditions and electrodes, Sustainion membrane presented the
higher performance. The same tendency was found for the energetic

efficiency (see Figure 8.17 b)), where the cell with 10.1-NiFe-540/SSP as

268



8. TOWARD AN OVERALL OPTIMIZATION OF THE ANION EXCHANGE
MEMBRANE WATER ELECTROLYSIS CELL

anode, Ni-540/SSP as cathode and Sustainion as AEM presented the best
results. Other studies reported in the literature have also demonstrated
that Sustainion membrane had lower resistance than other commercial
membrane tested [5] or a better performance than other tested

membranes as Aemion™ or Tokuyama A201 [36].

Finally, to demonstrate the stability of the optimum water electrolysis
cell in a near real conditions, a long-term stability test of 7 days was
carried out (see Figure 8.17 c)). In the figure it can be observed the
excellent stability of the system with only 0.05 % V h (at 400 mA cm-?)
degradation, similar or even inferior to other values reported in the
literature for similar electrodes as 0.04 % V h- (24 hours, at 300 mA cm-?)
[37],0.13 % V h- (46 hours, at 500 mA cm-2) [38], or 0.06 % V h-1 (100 hours,
at 200 mA cm?) [39]. In addition, it is important to mention that most of
the works reported in the literature have carried shorter stability
experiments or working at lower current density values conditions. On
the other hand, it is important to emphasize that we use a novel electrode
preparation technique in one stage, without generating waste and
without the need to use ionomer, reducing costs and problems associated

with this compound.
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Figure 8.17. a) Linear sweep voltammetry curves obtained for 10.1-NiFe-540/SSP and
Ni-540/SSP used as anodic and cathodic electrodes, respectively, and several kinds of
commercial membranes sandwiched between both electrodes. b) Energetic efficiency for
several cell potential and current density values. c¢) Constant-current (400 mA cm2)
chronopotentiometry measurement for final optimum cell for 7 days. All experiments
were carried out at 40 °C in 1.0 M KOH electrolyte.

8.4. Conclusions

In contrast to the most used gas diffusion layer in the literature, the
carbon paper, other no carbonous supports as stainless-steel GDL
provide more stable results avoiding the problems associated with the
oxidation or degradation of the carbon paper. In this chapter, it has been
demonstrated that with MS-OAD technique it is possible to work with
different metallic GDL. In addition, it has been confirmed that the type of
support does not affect the chemical state of the Ni-Fe electrodes, neither

before nor after carrying out electrochemical experiments. Concerning
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the catalyst thickness, it has been demonstrated that an increase of above
540 nm does not provide any improvement in the cell performance. The
influence of the kind of membrane was also studied using several
commercial membranes and obtaining better performance and stability
with the Sustainion membrane. The low contribution of HER to whole

cell activity has been also demonstrated.

As conclusion, the influence of the equivalent thickness of the catalyst
layer, gas diffusion layer and membrane has been studied reaching an
optimum AEMWE cell. The maximum performance for the optimum cell
reached current density values of 670 mA cm2 at 2.2 V. Finally, we have
demonstrated an excellent stability for 7 days with a slight degradation
of 0.05 % V h1 (at 400 mA cm2), one of the lower degradations found in
the literature for AEMWE cells. These results are very relevant when
testing the cells in conditions close to the real ones in view for their

possible practical application.
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9. NANOSTRUCTURED NICKEL-BASED ELECTRODES FOR HYBRID
ETHANOL-WATER ELECTROLYSIS

9.1. Introduction

In Chapters 6-8 we have studied and optimized the behaviour of
different nickel-based electrodes under water electrolysis conditions. In
addition, it has been observed that the OER is the bottleneck of the whole

electrolysis process due to its sluggish kinetic involving a four proton-

coupled electron transfer (4OH—2H,O+O,+4e") [1,2]. This process
requires a high redox potential that impairs the entire H> production
effectiveness. To overcome this limitation, hybrid water electrolysis has
emerged in recent years as a suitable technology encompassing the
advantages associated to the more favourable thermodynamics and

kinetics of the oxidation reactions of organic substances [1].

The main advantages associated to the addition of organic substances
to the electrolyte solutions are the reduction of the operation voltage
required for the electrolysis process and the possibility to obtain valuable
products in the anode, completely separated from the pure hydrogen
stream produced at the cathode [1]. In this context, ethanol electrolysis
has been proposed as a promising method to produce hydrogen at low
power consumption, a feature linked to the fact that the organic
molecules provide part of the potential energy required for electrolysis
[3]. Ethanol is easy to produce [1], has low toxicity and high availability
[4]. It can be produced by fermentation of biomass, without changes in
the natural balance of carbon dioxide in the atmosphere [5]. In addition,
the possibility to produce value-added organic compounds (e.g., acetic
acid or acetaldehydes) at the anode and H», the sole gas product of this
electrochemical reaction, at the cathode makes this process extremely

attractive.
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Conventionally, precious metals such as Au, Pt, Pd or their alloys have
been used to act as ethanol oxidation reaction (EOR) electrocatalysts [6-
8]. However, their high cost and scarcity limit their use for practical
applications. Unlike most studies utilizing precious metals for the EOR
electrode, in this chapter we propose the use of cheaper and more
abundant metals as electrocatalyst. In concrete, we have used the nickel
and nickel-iron catalyst electrodes prepared by MS-OAD for the previous
chapters of this thesis for the hybrid ethanol-water electrolysis.

The influence of the nickel loading, the amount of ethanol in the
electrolyte solution or the addition of Fe to the Ni electrode on the EOR
performance have been studied in a three-electrode cell configuration. A
complete characterization of electrodes has been carried out by XPS, SEM
and XRD. The anode type and operating conditions optimized in the
three-electrode cell were then transferred to a complete and scaled-up
anion exchange membrane (AEM) cell using a similar nickel electrode as
cathode. The obtained results have evidenced the high performance and
stability (for 3 days) of the electrodes prepared by MS-OAD for this kind
of hybrid ethanol-water electrolysis. It has been also proved that no Oz is
produced in the anode (i.e., discarding any contribution from OER) and
that there is a clear enhancement of current density with respect to that
for pure water electrolysis at the same voltage (242 mA cm2 at 2.0 V with

1.0 M KOH vs. 343 mA cm2in a 1.5 M EtOH and 1.0 M KOH solution).

9.2.  Experimental

Nanostructured nickel and nickel-iron electrocatalysts (Ni/Fe at. ratio

=10) were deposited by MS-OAD as described in Chapters 3 and 6 to 8.

280



9. NANOSTRUCTURED NICKEL-BASED ELECTRODES FOR HYBRID
ETHANOL-WATER ELECTROLYSIS

Electrocatalysts were simultaneously deposited on carbon paper GDL
substrates (used in the electrochemical experiments) and on polished

silicon wafers (to determine its equivalent thickness of the deposited films).

Along this chapter, the different electrodes (i.e., the catalyst loads
deposited on the carbon paper GDL support) will be identified as XX-
thickness/YY, where XX refers to the catalyst (either Ni or 10.1-NiFe),
thickness refers to its equivalent thickness (in nanometers) and YY refers the
support used in each electrode. Thus, a Ni-1080/CP refers to a Ni electrode
with an equivalent thickness of 1080 nm and 10.1-NiFe-540/CP refers to a
NiFe electrode with a Ni/Fe at. ratio about 10 (as determined by EDX

analysis) with an equivalent thickness of 540 nm both deposited on carbon

paper.

All the physico-chemical techniques used in this chapter have been

described in Chapter 3.

The performance towards the EOR as a function of the ethanol content
in the electrolyte, the catalyst nature and load in the electrodes were
assessed by means of electrochemical experiments carried out in the
three-electrode cell described in Chapter 3. All measurements were
carried out at room temperature applying a scan rate of 20 mV s and a
voltage range from 0 to 750 mV vs. Ag/AgCl. Aqueous 1.0 M KOH
electrolyte solutions with ethanol contents ranging from 0.0 to 2.0 M

EtOH were investigated to optimize the EtOH content.

The optimal anodic electrode and ethanol content in the electrolyte
required for the EOR in the half-cell configuration were transferred to a

MEA configuration. The influence of the KOH content in the electrolyte
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solution on the electrochemical performance was also studied in this

configuration.

Ni and Ni-Fe deposits (equivalent thickness of 540 nm, equivalent to 0.38
mg cm? and 0.35 mg cm? of catalyst load) supported on carbon paper
were used as electrodes. In the MEA, electrodes were separated by a
Fumapem FAA-3-50 AEM. The same nickel catalyst film, already
optimized in previous Chapter 6 [9], has been used as cathode to simplify
the manufacturing process. The cell was tightly closed with screws

applying a torque pressure of 2.5 Nm.

Linear sweep voltammetry (LSV) experiments were done varying the
potential from 1.0 to 2.0 V (40 °C, scan rate of 5.0 mV s?). In these
experiments, 1.5 M EtOH solution was used with several KOH electrolyte
concentrations (from 0.1 to 4.0 M KOH) to optimize the KOH content for
the hybrid electrolysis process. In addition, CV experiments (voltage
range from 0.0 to 2.2 V, scan rate of 50 mV s, 200 cycles) and constant-
current chronopotentiometric measurements (current density fixed at 300
mA cm? for 72 hours, electrolyte solution replaced every 24 hours) were
carried out with a 2.0 M KOH and 1.5 M EtOH electrolyte solution to
investigate the stability of the cell.

To visually check in an unseparated electrochemical cell the
production or lack of oxygen production, both electrodes (anode and
cathode) were immersed in a vessel to simulate a membrane-less cell,
where the production or lack of bubbles of oxygen were observed. For
these experiments, a 1.0 M KOH or 1.0 M KOH + 1.5 M EtOH solutions
(at 1.8 V) were used.
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9.3. Results and discussion

9.3.1. Physico-chemical characterization of the electrodes

The surface microstructure of nickel and nickel-iron electrocatalysts
layers have been previously studied in Chapters 6 and 7 of this thesis. It
had been showed that the films present a nanocolumnar structures with

a high porosity.

The chemical state at the surface of the electrodes was studied by XPS
analysis of the Ni and Ni-Fe electrocatalysts as prepared (already studied
in previous chapters) and after a series of electrochemical CV experiments
(i.e., used electrocatalyst) in the three-electrode cell in KOH-EtOH
electrolyte solutions. Regarding the Ni and O signals, both Ni-540/CP and
10.1-NiFe-540/CP electrocatalysts presented a quite similar behaviour.
The spectra in Figure 9.1 a) and c) correspond to the Ni 2ps/2 signal of the
as prepared and used Ni-540/CP and 10.1-NiFe-540/CP electrodes,
respectively. The Ni 2ps/> spectrum of the used samples are characterized
by a main peak at 856.5 eV of binding energy, and their corresponding
satellite, at ~6 eV higher binding energy, which are characteristic features
of oxide and hydroxide nickel phases [12]. Meanwhile, the spectrum of
the as prepared samples shows an additional contribution at 853.4 eV due
to metallic Ni° [13]. The metallic contribution disappears in the used
sample because of the partial oxidation produced by immersion in the
KOH electrolyte solution and the electrochemical cycling. Figure 9.1 b)
and e) show the O 1s spectra of the same samples. Peak at 531.7 is

attributed to OH- groups [14] and peak at 529.9 to O2- anions [15]. In the

O 1s of the used sample, the contribution of this O2?- ions disappear, and

the spectrum depicts a single band at 531.7 eV, resulting from a surface

enrichment in OH- groups. This behaviour is attributed to the formation
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of a hydroxide layer during the EOR electrochemical cycles in an alkaline
medium and has been previously observed by us under OER conditions
in previous chapters [9,16]. This effect also suggests that the active
catalytic phase for the EOR is a nickel oxide/hydroxide formed at the
surface of the electrodes. We will show later that this attribution agrees
with the development of redox oxidation peaks in the CV diagrams. In
Figure 9.1 d), the Fe 2p spectra before and after electrochemical testing
depict two peaks at 725.0 and 711.4 eV corresponding to Fe 2p1/> and Fe
2ps/2 core levels of Fe*?as it could be observed in Chapter 7 [17]. This
finding is in line with the detection of a Ni-Fe oxide phase by XRD also
observed in Chapter 7 and indicates that an oxidized external layer is the

active phase in the EOR.
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Figure 9.1. a) Ni 2psp and b) O 1s spectra of Ni-540/CP and c) Ni 2psp, d) Fe 2p and
e) O 1s spectra of 10.1-NiFe-540/CP catalyst samples as prepared and used after the
experiments in the three-electrode cell.

9.3.2. Oxygen evolution reaction vs. ethanol oxidation reaction

Figure 9.2 a) and b) show the electrochemical cyclic voltammetry
curves of Ni-540/CP and 10.1-NiFe-540/CP electrodes, respectively, for
several feeding solutions (1.0 M KOH without ethanol, 1.5 M EtOH
without KOH and 1.0 M KOH + 1.5 M EtOH). These concentrations of
reactants have been taken for a preliminary proof of concept example and

will be optimized as explained later.
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A first point deserving a comment in the diagrams for the Ni-540/CP
electrocatalyst in Figure 9.2 a) is that an ethanol solution without KOH is
completely inactive, a feature supporting that a basic pH is needed for the
ethanol/water electrolysis. In the experiments with a 1.0 M KOH
electrolyte solution without ethanol, a well-defined peak at
approximately 380 mV vs. Ag/AgCl develops during the positive scan.
This peak is attributed to a redox oxidation process of Ni(OH). to NiIOOH
previously explained in other chapters [9,18,19]. The corresponding
redox reduction peak obtained during the negative scan appears at
approximately 180 mV vs. Ag/AgCl, and itis attributed to the reversible
reaction from NiOOH to Ni(OH): [9,18,19]. Meanwhile, the onset
potential for the oxygen evolution reaction (OER) appears between 500-

600 mV, in agreement with previously reported values [9,20,21].

When EtOH is added to the feeding electrolyte solution containing 1.0
M KOH, ethanol electro-oxidation to intermediate species such as
acetaldehydes and/or acetic acid are expected to occur associated to the
NiOOH formation in the positive voltage sweep. It is also interesting here
that the onset potential for the EOR appears at about the same value than
the potential for the nickel redox oxidation peak, thus suggesting that the
formed NiOOH is involved in the EOR, probably acting as electron
transfer mediator of the oxidation process [22]. It is likely that the ethanol
oxidation by chemical reaction with NIOOH may induce a decrease in the
amount of nickel oxyhydroxide species at the surface of the electrode. A
decrease in the formation of this kind of species can be visualized by the
observed decrease in the intensity of the negative peak at ~250 mV
(attributed to the electro-reduction reaction of the NiOOH to Ni(OH)»
[23]), measured in the reverse scan, in comparison with the equivalent

peak in the curve for the pure KOH electrolyte.
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In agreement with these experimental findings, the oxidation of
ethanol and other simple alcohols has been proposed to occur through

the following mechanism [24-26]:
Ni(OH),+OH" = NiOOH+ H,0+e" 9.1

NiOOH+ CH3CH,0OH —Ni(OH),+ Intermediate species 9.2)

According to these reactions, the Ni surface becomes immediately

hydroxidized when it is immersed in a KOH solution [27]. Then, in a first

redox step (Eq. (9.1)), Ni(OH). species react with OH- and become
electrochemically oxidized to NiOOH. In a second reaction (Eq. (9.2)),
these NiOOH species promote the oxidation of ethanol to compounds
such as acetaldehydes and/or acetic acid. It is noteworthy that these two
processes, the formation of nickel oxyhydroxides and the oxidation of

ethanol, seem to occur at the same potential values.

Most significant evidence in Figure 9.2 a) is the higher current density
obtained for the hybrid ethanol/water electrolysis in comparison with
the values obtained by the standard water electrolysis at polarization
voltages above 600 mV vs. Ag/AgCl (i.e., when the OER occurs in
standard water electrolysis in basic media). The more favourable
thermodynamics and kinetics for the oxidation reaction of organic
substances (ethanol in this case, EOR) have been previously claimed to

account for similar differences between EOR and OER [1,28].
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Figure 9.2. Cyclic voltammetry curves obtained for a) Ni-540/CP and b) 10.1-NiFe-
540/CP electrodes, respectively, in the absence and presence of ethanol, KOH and
mixtures in a three-electrode cell. c) Pure water electrolysis and d) hybrid ethanol-water
electrolysis tests, with Oz and lack of O production at the anode, respectively. Both
experiments at 1.8 V in an unseparated electrochemical cell.

An equivalent analysis for the water and hybrid ethanol/water
electrolysis with a 10.1-NiFe-540/CP electrocatalyst is presented in Figure
9.2 b). A well-known effect of the addition of iron to a nickel structure is
an increase in the OER activity [29,30] for standard AEM water
electrolysis. Herein, we have tested the 10.1-NiFe-540/CP electrocatalysts
for both OER and EOR reactions to determine whether the incorporation
of iron is also beneficial for the latter process. Figure 9.2 a) and b) show
that the incorporation of iron in the structure of the catalyst electrode

produces some changes in the CVs: a shift in the Ni*2/Ni*3 oxidation peak
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to higher voltage values and an enhancement of performance for the OER
(previously observed in Chapter 7). In relation with the XPS analysis in
Figure 9.1, this supports a higher catalytic activity for OER of nickel-iron
mixed oxyhydroxides than pure nickel oxyhydroxide [31]. The
substitution of Fe*3 for Ni*3 sites at the edges of NiOOH particles has been
claimed to account for the observed enhancement of OER activity [32].
Unlike this behaviour for OER, the electrode containing Fe presents a
lower electrocatalytic activity for EOR. This smaller activity can be related
with the shift of the NiOOH formation peak to a higher potential value
and the fact that NiOOH seems to play an essential role as electron
transfer mediator in EOR processes. A decrease in catalytic activity has
been previously associated to the higher onset potentials for EOR in Ni-
Fe in comparison with Ni pure films [33]. Herein, we have confirmed this
difference determining the Tafel slopes from the plots in Figure 9.2 a) and
b) applying the Butler-Volmer equation (see Figure 9.3). Smaller Tafel
slope values indicate either a higher electrocatalytic activity or a faster
kinetics for the electron exchange process [34]. Comparing both
electrodes, the trend observed in the CV experiments in Figure 9.2 a) and
b) agrees with the calculated values of the Tafel slopes determined for
water or hybrid ethanol/water electrolysis conditions. Thus, when the
electrolyte is a KOH aqueous solution, the Tafel slope was lower for the
Ni-Fe electrode (113.0 mV dec?) than for Ni electrode (152.3 mV dec?)
(Figure 9.3 b)). This behaviour was the opposite when ethanol was added
to the electrolyte, when a Tafel slope of 48.4 mV dec?! was obtained for
the Ni-Fe electrode and 45.5 mV dec! for the Ni electrode (Figure 9.3 c)).
It is also noteworthy, that for the Ni-540/CP electrocatalyst, a great
decrease in the Tafel slope was found when EtOH was added to the

electrolyte, (i.e., 45.5 mV dec? vs. 152.3 mV dec! with only KOH) (Figure
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9.3 a)), supporting the increase in activity already evidenced by the
diagrams in Figure 9.2 a). As a result of this comparative analysis of
electrodes behaviour and due to the decrease in reactivity for the Ni-Fe
electrocatalyst, pure nickel was selected for subsequent ethanol-water

electrolysis experiments.
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Figure 9.3. Tafel plots of a) Ni-540/CP ina 1.0 M KOH and 1.0 M KOH + 1.5 M
EtOH solution and comparative between Ni-540/CP and 10.1-NiFe-540/CP electrodes
b) in a 1.0 M KOH solution and c) in a 1.0 M KOH + 1.5 M EtOH solution. The Tafel
slopes were obtained from the linear fits to the initial rise of the OER and EOR curves.

A key point for the optimization of EOR is that no OER takes place
simultaneously during hybrid ethanol/water electrolysis. In the
experiments carried out in this work, this is actually suggested by the

common slope of the curve for the up and down cycles in Figure 9.2 a).
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This common trend supports that the involved electrochemical process is
similar or, in other words, there is no OER but EOR under the used
operating conditions. Additional evidences proving this fact were
obtained directly observing the behaviour of an unseparated electrolysis
cell as shown in Figure 9.2 ¢) and d). The experiments were carried out
with two Ni-540/CP electrodes used as anode and cathode under
conditions of 1.0 M KOH (Figure 9.2 ¢)) and 1.0 M KOH + 1.5 M EtOH
(Figure 9.2 d)). According to Figure 9.2 c) abundant O, bubbles are
produced at the anode when only KOH is present in the electrolyte
solution. Unlike this behaviour, when EtOH is added to the electrolyte
(Figure 9.2 d)) no bubbles can be seen at the electrode, what confirms that
thermodynamical and/or kinetic conditions are more favorable for EOR

that for OER [35].

To optimize the operating conditions of the hybrid ethanol/water
electrolysis with the Ni electrocatalyst, additional experiments were
carried out. Figure 9.4 a) shows the influence of nickel electrocatalyst load
(expressed in terms of equivalent thickness) in the cyclic voltammetry
experiments. First evidence is that the bare carbon paper substrate does
not induce any electrochemical reaction, proving that the current density
produced with the other electrodes is the result of the deposited
electrocatalyst. The curves in this figure show that the electrocatalytic
activity increases with the catalyst load up to an equivalent thickness of 540
nm. For larger loads, the electrochemical activity stabilises. We attribute
this stabilization to that the number of electrocatalytic active sites
accessible to reactants does not increase continuously with the amount of
catalyst [9,36,37]. For this reason, in this study, an anodic electrode with
this optimal equivalent thickness of 540 nm was selected for further

experiments. Figure 9.4 b) shows the effect of the ethanol content in the
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electrolyte solution on the catalyst electrochemical performance. When
the ethanol concentration in the electrolyte increases from 0.5 to 1.5 M,
the current density slightly increases because more molecules are
available for the electro-oxidation reaction. When the ethanol
concentration increases up to 2.0 M a significative decrease in the current
density takes place. A similar behaviour has been observed in previous
studies in the literature and it can be associated with various
experimental factors. First, to a decrease in the ionic conductivity of the
electrolyte solution due to an increase in the less polarizable alcohol
concentration. Second, that an excess of unreacted ethanol can reduce the

availability of the hydroxide ions at the catalyst sites [38,39].

Maximum EOR efficiency for the Ni-540/CP electrocatalysts was
obtained for 1.0 M KOH aqueous electrolyte solution and 1.5 M EtOH
added as fuel. Under these conditions, when applying a voltage of 1.5 V
vs. RHE (482 mV vs. Ag/ AgCl) a current density of about 27 mA cm=2was
obtained in the three-electrode cell (note that the conversion of the
process is faradaic and that the totality of current gives rise to H»). This
value is similar than that obtained with nickel-cobalt electrodes (i.e., 34
mA cm?for 3.0 M EtOH and 1.0 M KOH) [40], but higher than values
obtained with other nickel or nickel-cobalt electrodes providing about 6.5
mA cm [33] (1.0 M EtOH and 0.1 M NaOH), 12.5 mA cm?2 [23] (0.5 M
EtOH and 1.0 M NaOH), or 6 mA cm2[5] (0.5 M EtOH and 1.0 M NaOH).
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Figure 9.4. a) Cyclic voltammetry curves recorded for Ni anode sample with increasing
equivalent thickness (1.0 M KOH and 2.0 M EtOH solution, scan rate 20 mV s, room
temperature). b) Influence of EtOH concentration vs. current density at different
potential values at room temperature fixed 1.0 M KOH solution by means of a Ni-
540/CP electrode.

9.3.3. Electrode performance in an anion exchange membrane

electrolysis cell

To test the applicability of the nickel electrocatalyst electrodes
prepared by magnetron sputtering for coupled hydrogen evolution and

ethanol oxidation in a complete electrolysis cell, a MEA was fabricated
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using two Ni-540/CP electrodes as anode and cathode and a Fumapem
FAA-3-50 AEM membrane sandwiched between them. The cathode was
optimized in the previous Chapter 6 of this thesis [9]. The use of the same
electrocatalyst for both anode and cathode simplifies the manufacturing
procedure and reduces the costs of the electrolyzer. As shown in Figure
9.5 a), the cell voltage required for hybrid ethanol/water electrolysis is
lower than that needed for standard water electrolysis. This must be due
to the more favourable thermodynamics and/ or kinetics encountered for
the oxidation reaction of organic substances (ethanol in this case) [1,28]
than for water oxidation. For example, the required potential for the
hybrid ethanol/water electrolysis to provide a current density of 50 mA
cm?is about 160 mV less than for the water electrolysis. This voltage
reduction (and therefore power reduction) is similar to that reported in
the literature where, for example, 200 mV were quoted by Wang, W. et al
[4], or 110 mV by Sheng, S. et al [1], under similar working conditions

than in our work.

The effect of the KOH electrolyte concentration on the electrochemical
performance was assessed by linear sweep voltammetries in experiments
carried out for the optimized 1.5 M EtOH fuel concentration (see Figure
9.5 b)). The overall current density of the cell experienced an increase
when the KOH concentration was risen from 0.1 to 2.0 M. This is probably
due to an improvement in the ionic conductivity of the electrolyte
solution and to a higher availability of hydroxide species for the
electrochemical process. The observed change of tendency above 2.0 M
KOH is probably due to that a too high KOH concentration can produce
a large surface coverage of the electrocatalyst by hydroxide ions, thus
restricting the accessibility of ethanol molecules to the catalyst active sites

[38,41]. Hence, in this study, a 1.5 M EtOH concentration and a KOH
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concentration of 2.0 M were selected as optimum operation conditions. A
current density value of 232 mA cm2 was obtained at 1.8 V. This value of
current density is much higher than that obtained by other authors as
Sheng, S. et al [1] (80 mA cm2) or Wang, W. et al [4] (55 mA cm2) under
similar voltage and temperature operating conditions. The higher
efficiency obtained here supports the high potential of the MS-OAD
technology for the manufacture of catalyst electrodes for hybrid water
electrolyzers. In addition to the already mentioned advantages of this
method in terms of a low metal load or the clean character of the
manufacturing method, it must be highlighted that MS-OAD electrodes
do not require the addition of any type of ionomer or binder. lonomer
may cause chemical electrode degradation and deterioration and produce

a progressive decrease in current density [42,43].
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Figure 9.5. a) LSV curves for Ni-540/CP electrodes used as anode and cathode in a
complete cell with and without 1.5 M EtOH and 1.0 M KOH. b) Influence of the KOH
concentration vs. current density at several cell potential under 1.5 M EtOH (both at
room temperature, and 5.0 mV s of scan rate).

To further prove the reliability of MS-OAD electrodes, two stability

tests were carried with MEA cell electrolyzer incorporating the Ni-540/CP

electrocatalysts (used both as anode and cathode). Figure 9.6 a) shows 200

cyclic voltammetry measurements taken for the optimal EtOH and KOH

electrolyte concentrations, at 40 °C. The figure proves a great
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reproducibility in the cell response under these conditions. In addition,
the plot in Figure 9.6 b) demonstrates a high operational stability after 72
hours continuous operation at 300 mA cm=2 By this latter test, it is
noteworthy that we replaced the fuel/electrolyte solution every 24 hours
to remove the secondary intermediate products resulting from the
ethanol electro-oxidation (e.g., acetates molecules among others). Thus,
although a slight increase with time was observed in the cell potential
(about 0.2 % V ht), the replacement of the used ethanol-electrolyte
solution with a new one permitted to recover the initial cell potential and
proved that the slight degradation observed can be linked to the
progressive oxidation of ethanol (for example, after five hours of cell
operation a fourth of the ethanol present in the solution should have been
oxidized assuming a faradaic behaviour), to the development of an
overpotential for the EOR [44] or the stabilization and / or accommodation

on the nickel electrode of impurities present in the medium [45].
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Figure 9.6. Stability tests of MEA cell electrolyzer fabricated with Ni-540/CP catalyst
electrodes (used as anode and cathode). All measurements performed at 40 °C, 1.5 M
EtOH fuel and 2.0 M KOH electrolyte solution. a) 200 cycles voltammetries acquired

with scan rate of 50 mV s (15t and 200% cycles are highlighted, respectively). b)
Constant current chronopotenciometry recorded at 300 mA cm-2. Electrolyte/fuel
solution was replaced every 24 hours.

It has been highlighted above that, for similar currents, the cell voltage
is lower for the ethanol/water electrolysis than for the water electrolysis.
This indicates that less energy is needed to produce the same amount of

hydrogen in the former case. Comparing the energy consumption in kWh
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kgH,? at two fixed current density values (100 and 200 mA cm-2), the
energy decrease amounted to 9.3 % and 8.1 % (Figure 9.7), respectively.
This figure confirms that, from the viewpoint of energy consumption, the
hybrid electrolysis is more competitive than a pure water electrolysis to

produce hydrogen.
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Figure 9.7. Energy consumption in kWh kgH> 7 at different current density for the
hybrid ethanol/water electrolysis and sole water electrolysis.

94. Conclusions

In this chapter, Ni and Ni-Fe catalysts based anodes prepared by MS-
OAD and several operation conditions have been optimized towards
hybrid ethanol/water electrolysis. The following main conclusions are

obtained:

- Ni-Fe based anodes present lower electrocatalytic activity
towards EOR than Ni-540/CP anodes, despite their higher

performance towards OER in standard AEM water electrolysis.
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- The cell operation voltage for hybrid ethanol/water electrolysis is
lower than that for standard water electrolysis for the same
hydrogen production, thus decreasing the overall energy
consumption of the process.

- During ethanol/water hybrid electrolysis and H> production
conditions, OER does not take place on the anode side of the
electrolyzer, providing the possibility to get other value-added
organic compounds (acetic acid or acetaldehydes) at the anode
side of the cell. Since H> produced at the cathode side of the cell is
the only gas product of the EOR, security issues of the electrolysis
process can be released since no explosive mixtures O./Hz may
form.

- The Ni based catalysts electrodes prepared by MS-OAD are
highly efficient towards hydrogen production (relative low
amount of catalyst is required for high H> production) and present
an excellent stability (after 3 days test), both featured
demonstrating the high potentiality of this preparation method

for the manufacturing of electrodes.

Finally, regarding the potential use of this technology for real
industrial application, experiments should be carried out replacing pure
ethanol as fuel/reactant of this hybrid electrolysis process by a real
bioethanol stream or other biomass molecules. These conditions would
take advantage of these wastes and reduce the costs for the hydrogen

production.
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10. CONCLUDING REMARKS AND FUTURE PROSPECTS

The main objective of this thesis was the fabrication of efficient and
low-cost electrodes to be used in anion exchange membrane water
electrolyzers and their validation in cell operation conditions. For this
purpose, an unconventional technology for the preparation of catalysts,
magnetron sputtering at oblique angle deposition (MS-OAD), was used.
As it is described before, comparing to the other traditional electrode
fabrication methods, MS-OAD is an environmentally friendly one-step
method highly reproducible and scalable, that operates at room
temperature. In this thesis work, we have demonstrated that it provides

highly efficient nanostructured electrodes to be considered in AEMWE.

10.1. Conclusions

Partial conclusions of this thesis have been included at the end of each
chapter section of this manuscript. In order to give an overall idea of the

accomplished achievements, they are summarised below:

R/

% Itis demonstrated that MS-OAD technology is suitable to produce
high performance nanostructured catalyst electrodes prepared
directly on suitable backing electrode supports. Thus, it allows
fabrication of catalyst electrodes of different elemental and
chemical compositions (oxides, hydroxides, metallic), loads, or

even layered structures.

% Co/Cu mixed oxides, Ni and Ni-Fe metallic catalyst electrodes
prepared by MS-OAD demonstrated to be, by first time in the
literature, active and stable in form of ultrathin electrodes for their

use in AEMWE cells. In addition, it has been confirmed the best
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Y/
0'0

behavior as anodic catalyst of Ni-Fe electrodes compared to other

Co/Cu or pure Ni electrodes towards OER reaction.

It is obtained better electrochemical performance in amorphous
solid solution of the Co/Cu oxides than in corresponding well

crystallize phases of these mixed oxides.

Nanostructured Ni and Ni-Fe based electrodes prepared by MS-
OAD, can be incorporated in AEMWE cells with an ionomer-free
approach, simplifying the manufacture and integration of cells
and reducing the cost and other associated problems with the
addition of this kind of additives. Besides, these catalyst
electrodes present high electrochemical performance for low
catalyst loads due to their intrinsic nanostructure that bestows

high specific electrochemical active surface area.

The addition of iron atoms within the nickel metallic structure of
nanostructured electrodes improves the electrochemical

performance of the AEMWE cells where they are incorporated.

For the best Ni-Fe anode catalysts, the replacement of carbon
paper by stainless steel GDL supports contributes to improve
long-term electrochemical stability of the AEMWE cell where they
are incorporated. Thus, it is demonstrated the current densities
per amount of catalyst load in this optimized cells are about the
highest found in the literature for similar operation conditions

with weak aging effects.

Nanostructured nickel catalyst electrodes present superior
performance than Ni-Fe electrodes for hybrid ethanol-water

electrolysis process. The AEMWE cell incorporating these Ni
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10.2.

based electrodes presents a reduction in the electrical energy
consumption and excellent stability to produce hydrogen

comparing to water electrolysis.

Future work

The following future points in order to complete the current state of

the investigation of this thesis can be carried out:

@,
0’0

0/
0'0

To prepare trimetallic electrodes by MS-OAD by combining of Ni,
Fe, Co, Cu, Cr, Zn, Mo or Mn in single layers or in multilayers

configurations.

To optimize the rest of the components and conditions (GDL,
membrane, pressure torques...) of the electrolyzer in the hybrid-
water electrolysis conditions. To replace ethanol by a real
bioethanol stream or other biomass molecules in order to take
advantage of these wastes and reduce the costs of the hydrogen

production.

To scale to a more real system to achieve a higher hydrogen
production rate by increasing the electrode area and the number

of cells (stacks).

To test the stability of the cell for some months coupling to a solar
panels system to demonstrate the viability to use this system for

self-sufficiency in a real house.

To use the same electrodes in another electrochemical application
as the already proven good performance as glucose sensors in

order to demonstrate the feasibility of using these electrodes
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prepared by MS-OAD in a wide variety of applications (CO:

electroreduction, ...).

R/

% To combine the N> plasma-activated process to improve the water

splitting performance.
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