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Abstract

Hydrogen production using an Anion exchange membrane (AEM) electrolyzer allows the use of
nonplatinum group metal (PGM) catalysts for oxygen evolution reaction (OER). Nickel and
Cobaltbased oxides are active in an alkakem¥ironment for OER and are relatively inexpensive
compared to Ir@catalysts used in Polymer electrolyte membrane (PEM) electrolysis. This study
explores the catalytic performance and stability of nickel and cbbhak#d oxides, particularly

NiFeQ, NiFexOs, and NiFeCoQ in OER and AEM water electrolysis.

In the first studymixed metal oxide catalysts NiFe@nd NiFeCoQ catalysts were synthesized

by coprecipitation method using NaOH. The catalysts were characterized throuapn X
diffraction (XRD) and scanning electron microscopy (SEM). The NiFeCa@talysts
demonstrated superior performance in AlMter electrolysis compared to NiFeGnd NiO,
achieving the highest current density of 802 mA <at 2 V and 70°C using 1M KOH as the
electrolyte. Electrochemical Impedance Spectroscopy (EIS) and equivataiit fitting were

used to assess ohmic and activation resistances. Results indicated a reduction in both ohmic and
activation resistances with increasing electrolyte concentration. Additionally, the performance of
commercially available AEMs, Fumasep FA260, and Sustainion X37-50 grade T, was
evaluated under similar conditions. EIS results showed that {8850 membrane had lower

ohmic resistance compared to the F840 membrane.

The investigation of catalytic activity and performance of nickel cobalt oxide (NiCza®alysts
in AEM water electrolysis for hydrogen production was performed in the second study. The
catalysts were synthesized with different ratios of Ni to Co and applied to a nickel foam gas

diffusion layer (GDL) at the anode. Scanning electron mio@g¢SEM) revealed a distinct flaky
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structure of the NiCoQcatalyst, while Xray diffraction (XRD) confirmed the presence of a
NiCo204 spinel crystal structure. Linear sweep voltammetry (LSV) measurements for the OER in
a threeelectrode system indicated that NiGoQ:3) had the highest catalytic activity, with a
current density of 238 mA cfwat 1.8V. Tafel analysis showed that NiCe(:3) had the lowest

Tafel slope, indicating faster reaction kinetics and a lower overpotential for higher current
densities. Chronoamperometry tests dertrated the stability of the catalysts at different current
densities, with longerm stability testing of NiCog(1:3) over 500 hours showing minimal voltage
increase during OER, confirming its stability in prolonged operation. NiGbQ) displayed the
highest activity among the tested catalysts at different temperatures, achieving current densities of
1700 mA cn? at 2.2V and 70°C in &M electrolysis. Nyquist plots and equivalent circuit analysis
revealed that NiCoQ (1:3) had lower activation resistance compared to other catalyst
compositionsfor AEM electrolysis Temperatur@lependent measurements showed decreased
resistances (ohmic, activation, and membrane) with increasing temperature, indicating improved
reaction kinetics and ion conductivity. Lotgym durability tests confirmed the stable operation

of the caalyst, while shorterm tests verified its effectiveness at higher currensiies in single

cell AEM electrolyzer operation.

In the third studyNiCoOx catalystsvere modified using Fe in differeptoportionsranging from

2.5 to 12.5w®6. and keeping the Ni to Co ratio to 2:1. Evaluation of the catalytic activity of
NiFeCoQ catalysts was conducted by linear sweep voltammetry (LSV) and chronoamperometry
(CA) experiments for the OER. The catalyst containing 5% Fe exhibited the highest catalytic
activity, achieving an overpotential of 228 mV at a current density of 10 mA with activity
declining with further increases in Fentent. Longterm testing for OER at 50 mA c¢m

demonstrated stable electrolysis operation for 100 hours. Further analysis in an AEM water
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electrolyzer test revealed that the NiFeGa@@talyst with 5% Fe at the anode demonstrated the
highest current densities of 1516 mA'érand 1620 mA cht at 55°C and 70°C at 2\, with a
maximum current density of 1880 mA thachieved at 2.¥ and 70°C. Nyquist plot analysis of
electrolysis at 55°C indicated thidte NiFeCoQ catalyst with 5% Fe exhibited lower activation
resistance compared to other Fe loadings, suggesting enhanced performance. This study compared
the performance of NiFeCo(OHand NiFeCoQ® catalysts for AEMwaterelectrolysis, revealing

that NiFeCoQ@ demonstrated significantly higher current densities at various temperatures
compared to NiFeCo(OK)The durability test conducted for 8 hours demonstrated stable AEM
water electrolysis with minimal degradation, achieving an overall cell efficien¢9.6%6 during

operation at a higher current density of 0.8A%m

The final study investigated the catalytic activity and performanbirafO; catalysts in OER and

AEM water electrolyzer These catalysts were synthesized with varying iron conteight
percentages and at the stoichiometric ratio for nickel ferrite gRUFeThe stability of NiFeOs

catalyst over a 66Bour period at 5&nA cni? was demonstrated for OER, with a degradation rate

of 15 ¢€V/ h. | n  AEM -3 T membrane,| Nyz84icatalyst exhilmitgd highh e X
activity, achieving a current density of 1100 mA-tat 45°C, increasing to 1503 mA &nat

55°C. The performance of various membranes was assessed, with Fumate8tb8&aAd FAS

50 membranes showing the highest penfance, indicating a strong correlation between
membrane performance and conductivity. Analysis of Nyquist plots and equivalent circuit analysis
revealed that ohmic resistance decreased with increasing temperature, indicating a positive effect
on AEM electolysis. FAA3-50 and FASS0 membranesffered lower activation and ohmic

resistances, suggesting higher conductivity and faster membrane charge trans$€); iNige
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AEM water electrolyzer demonstrated strong stability, with a voltage degradation rate of 0.833

mV/h over a 1zhour durability test.
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1 Introduction

1.1 Motivation

Hydrogen is considered the fuel of the future and with the advancement of fuel cell technology,
there is a renewed interest in hydrogen production by electrolysis of [/a8jr Hydrogen is
energydense and clean fuel and provides 140MJ/Kg upon oxidation, the only byprodaters

[4]. Hydrogen is mainly produced by steam methane reforming which can ptudbqeessure
hydrogen along with CO and G@b]. Hydrogenis predominantly used in making NHy the

Haber Bosch process, which is then used for making urea (fert[i¢eth addition, hydrogen is

used extensively in petrochemical processes and petroleum refining. Steam methane reforming is
not a renewable route to get hydrogen and thus water electrolysis is the mosasugbute to

get clean and renewable hydrogéiimate change is also linked to burning fossil fuels and
greenhouse gases. Hydrogen from renewable sources will also decrease the effect of global
warming[7]. The energy source fatectrolysismust be from renewable sources, such as wind
turbines and photo voltaic cells to geD.-free H> from the electrolysis. This hydrogen can also

be utilized for transportation purposes such as fuelpmilered vehicles.

Alkaline water electrolysis (AWE) @conventionalvater electrolysis technology, large Megawatt
scale electrolysisetupsare available in the market. It runssaémperature of 680°C, with liquid
KOH as an electrolyte witavery high concentration of 280wt.% [8,9]. Non-noblemetals such

as (Ni,Co, and Mo) can be utilized asatalystsat high pHenvironmentsof AWE, which also
decreases the overall cost of the catalysiconventional electrolyzer a porous diaphragm is used
to separatehe anode and cathode compartment and to conduct water ahth@high it. The

generated oxygen and hydrogen gases can cross over through the diaphragm thus decreasing the



purity of hydrogen. The large gap between the electrodes also increases the ohmic resistance which
causeadecrease itheoverall efficiency of the electrolysis. The KOH electrolyte exposed to the
atmosphere can combine with €0 form K-COs which decreases the concentration of @GHd
decreases the ionic conductivity. The precipitation £2® can clog the gas diffusion electrodes

and hinder the transfer of ions through the diaphr@g®)11] The current density of water
electrolysis is an important mameterthat shows the hydrogen production ratethe electrode

with the specific surface area. For AWE the current densities are lower compaetynter
electrolyte membrand”@M) water electrolysisthe lower current densities in AWES are doe

the use oa highly porous and thick diaphragm which reduces the overall efficiency of the process.
PEM electrolyzershave many advantages compared to other electrolysis methods, the biggest
advantagesre high purity hydrogen, small footprint and compact design, application of higher
current density on the electrodesd highpressure operation up to 200 HaR]. The high
pressure operation allows the hydrogen to be delivered and used at high pressure and minimizes
the extra cost of pressurization. These arer¢lasonsvhy PEM electrolyzersare the preferred

choice to producdigh-purity hydrogen[13i 15]. The PEMWater electrolyzeutilizes a solid
electrolyte membrane made up of perfluoro sulfonic acid (PFSA) with high proton conductivity
and minimizes thehortcomingsf AWES. The thickness of the membrane is in microns which
reduces the ohmic resistance and thecgassoverDue to that PEM electrolyzer can be operated

at higher current densities with higher hydrogen produat@sand higher energy efficiency
compared to AWEs. Due to the highly acidic environment in Réerelectrolyzersexpersive

noble metals such as Rireused forHydrogen evolution reactiorHER), and Ir, IrQ, Ry, and

RuG; are used for Oxygen evolution reaction (OER) as catalysts. The high cost of the catalyst

limits the overall adaptability and commercialization of Piakter electrolyzerglL6].



AEM waterelectrolyzersareanew generation of water electrolyzers with solid polymer electrolyte

membraneseplacing the diaphragm and are receiving much attention due to their several

advantages, such as low ohmic resistance, good gas separation and usebferoatalysts. The
thin anion quaternary ammonium ion exchange membrane is used to condumh€khich is
cheaper thathe PEM[17i 19].

The AEM water electrolyzergan be used at lowoncentration®f electrolytessuch as Wt.%
KOH or distilled watef[19]. Due to lessorrosive conditionsSAEM water electrolyzersan use
less expensive Ni ando-basedcatalystghat are used in conventional AWE. In addition, due to
the low concentration of the electrolytebuildup of KxCOs precipitates by the reaction of KOH
and CQ in the atmosphere is minimiz¢2D,21] ForAEM waterelectrolyzerssimilar fabrication
methods can be used which are developed fdvl REter electrolyzerso improve the current
densities and efficiency. THEEM waterelectrolysis with zero gap alkalimdectrolyzethas been
shown to achieve higher than 500 roiv? atavoltage lower than 1.8 V with 1 M KOF8].
Compared to PEMvater electrolyzerbmited research has been conducted in this field. The HER
kineticsis two to three times lower at high pHs (alkaline conditions) in Akkdder electrolyzers
compared to PEMvater electrolyzerf22,23] The slow kinetics of OER at the anode is the major
cause of the large overpotential in water electrolysis, due to theeliettron process for the
generation of gaseous oxygen. In AEWdter electrolyzerdue to the use of nemoble metalthe
OER is also sluggish compared to PEdter electrolyzer$8]. The main challenges in the
research of AEMvaterelectrolyzerevices ar¢o decrease the overpotential of the catalyst, which
can achieve high current densities and improved hydrogen produatigandreduce the cost of

electrolyzer components including catalyst cost.



1.2 Thesis Objectives

Development ofnon-preciouscatalyst:

This objective involves the development of oxygen evolution reaction (OER) catalyst consisting
of Ni Fe and Co for AEM water electrolysis. One of the objectives is to use nonprecious elements
to replace iridium for the OER. Nonprecious catalysts are drisciaeducing the overall cost of

electrolysis processes, making hydrogen production more economically viable.
Improvement of catalyst activity for AEM water electrolysis:

AEM water electrolysis is a promising method for hydrogen production, but it requires catalysts
with high activity to facilitate the electrochemical reactions efficiently. This requires enhancing

the catalytic activity of the chosen materials specificatyAEM electrolysis conditions.

The objective involves varying the iron content in the NiFeCax@ NiFeOs catalysts to study
the effecton catalyst performance. Different compositions oieeeexplored to understand their
effect on the catalytic activity and stability for AEM water electrolysis. This variation inglude
differentweight percentage of Fe Mi:Fe:Co in the case of NiFeCqe@nd Ni:Fe in the case of
NiFexOa. In the case of NiCoQcatalyststhe Ni to Co ratio was changed and their performance
was studied. Overpotential and current dengsigre used as metrics to compare the catalyst

performance
Catalyst stability:

Catalyst stability is essential for ensuring lelegn performance and reliability in electrolysis
systems. This objective focuses on assessing the stability of the developed catalyst under various

operating conditions, such as high current densitiesaaadge of different operating voltages



Understanding how the catalyst behaves over time is crucial for predicting its lifespan and

maintenanceequirements.

Durability studies of AEM electrolyzer operation:

In addition to catalyst stability, the overall durability of the AEM electrolyzer system is critical for
its practical implementation. This objective involves conducting durability studies to evaluate the

performance and analyze the degradation rate.

1.3 Thesis Outline

Chapter 1introduceshydrogen production using AEM electrolysis and outlines the objectives of
this study.Chapter 2 providesa literature review on water electrolysis technology, Oxygen
evolution reaction (OER)and Hydrogen evolution reaction (HER) catalysts and different
components of AEM electrolyze€Chapter 3 provides the experimental part of the work and
characterization technigues used in this study.

Chapter 4 is the first study in which NiO, NiFeCaQand NiFeQ catalysts werevaluatedn

AEM electrolyzers. Parameters such as the effect of temperature, Anion exchange mentrane
electrolyte concentration on AEM electrolyzer performance were studied.

Chapter 5 deals with the study in which NiCa@atalysts composition was varied to study the
effect of Ni to Co ratio on OER and AEM electrolysis was studied. In addition, Electrochemical
Impedance spectroscopy (EIS) was also used to analyze different resistances associated with AEM
electrolysis in dferent operation conditions.

In Chapter 6 NiFeCofcatalyst was studied for OER and AEM electrolysis, the composition of

the catalyst was varied by changing the Fe content. The catalyst durability was studied in OER and



AEM electrolysis. EIS and other electrochemical aresysvere conductedto assess the
performance of the catalyst.

In Chapter 7 NiFeCQ catalysts with Fe content ranging fror18.5% and NiFg catalysts were
studied. The OER and AEM electrolysis performanceagasssedn all the catalysts, in additipn
the performance of commercially available AEMastested. Durability testof the catalyst for
OER and AEM electrolysis were performed to evaluate the-temg performance of these

catalysts.



2 Literature Review

2.1 Water Electrolysis Technologies

2.1.1 Alkaline Electrolyzer
Hydrogen production from Alkaline electrolysis is a mature technology, commercial electrolyzers

aremegawatt (MW) scale. The alkalinelectrolyteconsists of anode and cathode immerseal in
concentrated aqueous alkaline electrolyte, withncentration of 26880wt.% of KOH. In alkaline
electrolyzersanode and cathode are kmwst steel or nickehlloy materials. The electrodes are
separated with a thin diaphragm which helps to get-gapoformation, the separation helps to
separate the hydrogen and oxygen produced during the electrolysis. Water and hydroxide ions can
pass through the diaphragm. Thessover of hydrogen and oxygen through the diaphragm is one

of the issueshatreduces the purity diydrogen Due tothe low conductivity ¢ hydroxide ions
throughthe diaphragm, the electrolyzer can operate at lower current densities. The use of highly
concentrated aqueous KOglectrolytesalso poses challenges to handle the electrolyte safely

[9,24,25]

2.1.2 PEM Electrolyzer

PEM water electrolysis iiemost efficient and practical technology for producing hydrogen with
high purity [26]. There is renewed interest lydrogen production from water by utilizing
renewable energy sources and by applyiegy technologies in catalysis and material scielmce.
PEM electrolyzer Ir@Qand Pt are used #teanode and cathode aatalyss$, respectively. The
acidic membrane enables the electrolyzer to be operated without the use @léqgtrimlytes The
membrane conducts the'libns from the anode to the cathode, membrane also functions as a
separator and avoidbe crossoverof hydrogen and oxygem.he PEMelectrolyzer is usually

operated at a current density ofn2 cni? at 50 to 80C. As compared tanalkaline electrolyzer



the kinetics of hydrogen evolution reaction (HERRIREM electrolyzer is fast due to the acidic
medium anchigh surface area of Pt electrodes. In terms of satletyPEMelectrolyzer is safer
because it does not use corrosive caugéctrolytes Due tothe acidic environment inthe PEM
electrolyzerspecialized materials are used for the gas diffusion layer (GDL), bipolar plates (BP),
and currentollectors PEM electrolyzer can also be operated at high pressure at the cathode (for

hydrogen generation), while keeping the anode at atmospheric prigsure

A PEM electrolyzer consists cd catalysicoatedmembrane (CCM) whichs fabricated by
spraying catalyst on the ion exchange resin membrane. The Perflurosulfonic (PFSA) membranes
are usually used in PEMlectrolyzersdue to their high conductivity and stability in corrosive
environmentsThe CCM is sandwiched between anode and cathode electrodes. Each catalyst layer
is made up of a catalyst layer, gas diffusion layer (GBhYl BPs which transfer gas and liquid in

and out of the cell andctas a current collector. Some other configurations are also used in the
literature wherehe catalyst is coatedntothe metal GDL to improve the dispersiortlodé catalyst

and to decrease the passivation of GPL].

Water electrolysis ia PEM electrolyzer involves the splitting of water to hydrogen and oxygen
with the application of an electric currg@8]. HER takes place on the cathode side and OER takes
place atheanode[29,30] The minimum voltage required across electrodes to split water is 1.23
V based on low heating value, which resultshieevolution of hydrogen and oxygen. &real
scenarigthis voltage is always higher because of the overpotential at both eled8b@ To
decrease the overpotailf research efforts have been directed to develop catalysts with low
overpotential. AshePEM electrolyzer utilizes expensive PQldtalystsatthecathode and anode,

it increases the cost of hydrog@3i 36]. Moreover, the material of construction is also expensive

such as Titanium used to avoid corrosion of the componetite BEM electrolyzer.



2.1.3 AEM Electrolyzer

AEM electrolysis is one of the developing technologies that combines the knowledge attained from
conventional alkalinelectrolyzersand PEMelectrolyzers There are not many research articles
published on AEM electrolysis and researchers are now giving more attention in this direction.
One of the biggest barriers KEM water electrolyzertechnology is the instability of the AEM,
low conductivity of the membranand slow kinetics of the catalysts. Research on AEM has been
focused mainly orab-size electolyzer setup and development of AEM, electrocata)yestsl
evaluating the operational conditions. The aim is tdggtefficiency, low-cost and stabl&AEM

water electrolyzerf9].

Figure2.laillustrates the AEMwvater electrolysis process and the componentisedhEM water
electrolyzer AEM waterelectrolysis is the electrochemical splitting of water into hydrogen and
oxygen in which AEMtransportsOH to complete the water splitting process. The complete
reaction is the sum of both OERtheanode and HER #he cathode. The anode and cathode are
connected wittan external DC power supply which provides the required voltage to split water.
Water is usually circulated from the anode side, but other configusataimalso be used. At the
cathode water is dissociated into™Hon and OH, H* ions arereduced to form Hydrogen. The
hydroxyl ions diffuse through AEM from cathode to anode, wherei@tdloseelectronsand Q

and BO are formed. Both reactions are combined to give the oweaddlrsplitting reaction.
Figure 2.1kshows the corresponding PEM electrolyzer which works with the transpoftiofis
Equatiors 2.1 to 2.3 showthe halfcell reactions at both electrodes d@hdoverall reaction. The
overall water electrolysis reaction requires 1.23 V, to produce hydrogen and oxygéa.a @5

due to the overpotentiahe cell voltage is higher than 1.23 V. Extra voltafjenore than 1.23 V

is needed to overcome the reaction kinetics and ohmic resistances of the electrolyte and other



components of the electrolyZ&7]. In practice operational cell voltages are in the ranges of 1.85

2.05V and at 7®0°C are 1.75 \[37,38]

a A Vater Electrolysis I\ ater Electrolysis

EM W El lysi b PEM W. El lysi
0,+H,0 —I |— H, 0,+H,0 —I |- H,
i AEM i i PEM !
. (I] om i i e i
; ¢— | : —) :
Anode | |€ ! Cathode Anode ! |€ ! Cathode

| — : ! :
| mo s |
H,O ' H,0 '

Figure2.1. (a) AEM water electrolyzeconfiguration with AEM transporting the Okb anode,
(b) PEM electrolyzer with PEM where'lis transported to the cathode side.

Anode 40H, O;+2H.0 +4e E=0.401v Equation2.1
Cathode 4O + 4¢  +2H, +40H E=-0.828 V Equation2.2
Overall 2HO, 2H:+ O E=123V Equation2.3

Table 2.1 shows the main difference between the three electroly8@%F the big difference
between PEM and othezlectrolyzersis the higher current density PEM can operate. The
disadvantagef a PEM electrolyzer is the use of expensive corrosion resistance components such
as Pt and Ir@catalysts and Ti bipolar plat§®9,40] AEM electrolyzeron the other hand is set to

achieve comparable higher current densities with cheap catalyst md#drjay
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Table2.1. Comparison of Alkaline, PEMand AEM water electrolyzef8,9].

Alkaline PEM AEM
Electrolyte 10-30% KOH Deionized water 1-5% KOH
Charge carrier OH H* OH
Temperature rangéQ) 65-100 70-90 50-70
OER catalyst Ni, Nii Co alloys | IrO2, RuG® Ni, Fe, Co oxides
HER catalyst Ni, NiT Mo alloys | Pt, Pi Pd Ni and Ni alloys
Current collectors Ni Titanium Ni
Cell efficiency % 60-70 7585 70-80
Current density (mAm?) | 200500 800-2500 200-1000
Cell voltage (V) 1.82.4 1.82.2 1.82.2
Operating pressure (bar)| 1i 30 30 76 1i 30
Technology status Mature Commercial R&D

Research on AEM systems to date has been limited to the laboratory scake fagths on
developing electrocatalystahndmembranes and understanding operational mechanisms with the

general objective of obtaining high efficiency, low ¢@std stable AEM devices.
2.2 Mechanism of water splitting reaction in alkaline electrolyzer

2.2.1 HER Mechanism

The reaction mechanism for HER is not completely understood as it depends on reaction
conditions and the catalyst. A simple mechanism for water electrolysis is showr[4&jé4] In
analkaline medium the HER proceeds by the following readdér6]

2H,0 +2é_ Ho+20H Equation2.4

The HER completes by following the two successive steps.
TheVolmer reaction step for HER ianalkaline medium involves the dissociation of water,
which results irtheformation of adsorbed hydrogen at the electrode surface M.

M+H0O+¢&, MHag+ OH Equation2.5

The reaction is completed with the desorption Jiafel reaction.

M+H"+€d, MHag Equation2.6
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MHad ., 2M + H Equation2.7

or by theHeyrovsky reaction:

H20 + MHag+ €,  M+H2 +OH' Equation2.8
MHag+ H + €, Hx+M Equation2.9

To produce hydrogen via these adsorption and desorptiontsyelpsgen mustnhind too strongly
with the electrode/catalytic material. The dissociation @OHs a slow reaction, and it is
considered theatelimiting step. The HER imn alkaline medium requires the dissociatioraof
strong covalent bond of @ which is a difficult step. Therefore, alkaline HER is considered as

more complex than HER mnacidic mediuni45,47]

2.2.2 OER Mechanism

For OER in alkaline conditions, the reaction invaltlee consumption of OHons atthe anode.

The OH ionsaretransported through the membrane from the cathode side. OER reaction is the
main reaction in water electrolysis and has higher overpotential than thpiBERhe mechanism

of oxygen evolution involves several intermediate steps, and it is kinetically unfavorable due to
thefour-electronprocess for the evolution of one mole of oxygen gas. This sastlte formation

of energy barriers anchusesslower kinetics and high overpotential. The development of active,
stable, andosteffectiveOER catalysts is necessary to achieve higher electrolysis efficiencies.

The OER is not completelynderstoodind depends on reaction conditions and catalyst. Different
reaction mechanisms have been proposed for OER in alkaline and acidic ngliuhable 22
shows the OER pathways wher e arakalinemediumtee act i v
first step of the mechanism is the adsorption of hydroxide iongnatctive site. This step is
proposed to take place first in each of the proposed mechanisms, followed by different intermediate
steps. Inan acidic medium eldcochemical oxide path and oxide path are mostly considered

mechanisms as shown in Tal®8. In both acidic and alkaline conditions, the suggested

12



mechanistic models for the OER consist of several individual reaction steps and include various
intermediate species that are absorbed onto the surface. The sum of each kinetic cohstraint
theintermediate stefs the overpotential for the OHR9,50]

Table2.2. Oxygen evolution mechanism in Alkaline medi{#8,50]

Electrochemical oxide path
(@Q)S+0OHY OH+e

(b)) SOH+OHY +HO+e
(290 Y 28 + O
Oxide path

(@) S+OHY SIOH+e
(0)290H YiO$S+HO
()230 Y 258 + O

Table2.3. Oxygen evolution mechanism in Acidic medi{49,50]

Electrochemical oxide path
(@QS+HO YiOH+H +e
(b)SOH YiOSH +e
(c)290 Y 28 + O
Oxide path

@S+HO YiO8+H +e
() 290H YiO$S+HO
(c)290 Y 28 + O

2.3 Thermodynamic Consideration

2.3.1 Theoretical Cell Voltages

Water is a very stable molecutbe splitting of water is an endothernm@action,and energy is
required to carry out the reaction. To split water into hydrogen and oxygen, equilibrium cell
voltage E must be provided, which is the potential difference between the anode and cathode.

EO = Eanode]. Ecathode Equa'[ionZ.lO
The Gibbs free energy of the reaction is related to the Equilibrium cell voltagee iNernst
equation.

G =°nFE Equation2.11
13



Where n is the number of moles of electrons transferred during the reaction, F is the Faraday
constant and Eis the equilibrium cell vaage. The standard Gibbs free energy change of the
reaction is 237.2 kj/mol and thé 5 1.23 V at 2%C. This is the minimum voltage required for
water electrolysis. The electrolysis of water cannot take place at room temperature without
providing sufficient electrical energy. When the electrolysis takes place at adiabatic conditions,
the enthalpy is prodied by the electrical current. The thermoneutral voltage is required to carry
out the reaction without the need of heat generation or adsorption. Even when the equilibrium
potential is applied, the reactions at the anode and cathodeoarersti an overpotential n is
required in addition to equilibrium cell voltage to perform the reaction. This overpotential is
required to overcome the activation energy barrier and other resistances during the electrolysis
reaction. There are three kindsrekistances associated with electrolgaghich are electrical
resistances, transport resistanegsl electrochemical resistances.

The relation between temperature and electrolyzer potential is shown in Figis&,32] The

Figure is divided into three zones by the equilibrium voltage and thermoneutral voltage lines.
Equilibrium voltage is defined as the theoretical minimum voltage to split water into hydrogen and
oxygen, atvoltage lower thathe equilibrium voltage thelectrolysis of water cannot take place.

The thermoneutral voltage is the minimum voltage required for the electrolyzer to produce
hydrogen andxygen;the electolysis is endothermic at lower voltages than the thermoneutral

voltage. At higher voltages than the thermoneutral voltage the electrolysis is exofa&jmic
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Figure2.2. Water electrolysis Cell potential for hydrogen production as a function of
temperaturg53].

2.3.2 Electrical Resistances

Electrical resistances are due @bmic losses while conducting the current through wires,
separators and el ectrode materi al. It can be cal
potential, and | is the current. It can also be evaluated using equation R = L/(kA) where L is the
length, k is the specific conductivity and A is the crssstional areaf the metallic conductor

[53,54]

2.3.3 MassTransport Resistances

These are caused by diffusion limitations, sucthe@rmationof bubbleghatcover the electrode
surfaces and resistances due to the ionic transfer through the membrane. The ion transfer is
dependent on the concentration of the electrolyte and the type of membrane usedrim<phHirt.

An increasen mass transport resistance decreases the overall efficiency of the [B8¢ess
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2.3.4 Activation Loss

Activation losses are due to the overpotentiaHER and OER at the cathode amadode,
respectively. Activation losses also increase the overall resistance of the electrolyzer. The
activation losses can be overcome by using the proper catalyst which reduces the activation energy
of the HER and OER reaction. Figur& 8hows various resistances during the electrolysis process.
Activation resistance due to reactiorttecathode and anode is the major cause of loss of voltage

and can be minimized wittme use ofa highly active catalygis5].
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Figure2.3. Comparison of different resistances during the electrolysis opefa&pn

2.4 Cell Efficiencies

2.4.1 Efficiency

The cell efficiency can be calculated as the ratio of power input to the electrolyzer to the molar
flow rate of hydrogen multiplied by the oH
the AEM electrolyzer power input was calculated by multiplyihg cell voltage and current

density as expressed in equatibh2
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Cell efficiency (%) =molar flowrateo f hy dr ogen BquatphR.lX 100

AEM electrolyzer power input

This efficiency igermedcell efficiency @ energy efficiency.

Voltage efficiency is expressed as one of the major indicators of the electrolysis process, it can be
calculated as the ratio of cell voltage:iBo the water splitting voltages at lower heating value

(LHV) and higher heating val(&lHV) as shown irequation®.13 and 2.14.

Quv = 1.23/Rell Equation2.13
‘Qrv = 1.48/Eel Equation2.14

2.5 Anion Exchange Membrane (AEM)

The AEM is the main component of the electrolysis cell. It is made apafmer backbone and
functionalized with anion exchange groups, mostly with quaternary ammagnawp[56,57] The
membrane should have the properties of high ionic conductivity, good thermal and mechanical
stability, gas impermeability, and losigrm stability [21,58,59] Its main role is to transport
hydroxyl ions fromthecathode taheanode side and to also avoid gas crossover. To be considered
for commercial use AEM should be of low cost to increase its feasibility.

Membrane conductivity increases with the nucleophilic substitution of the ammonium group and
by substituting methyl group to hydroxyl ions. High conductivity can be achieved with the increase
in the incorporation o&n anionexchange group, but it may also increase the water uptake and
deteriorate the mechanical strength of the membGije

The polymer backbone utilized in the literature for AEM electrolysis are polys{fbhe
poly(ether ketone)62], poly(phenylene oxiddb3], polybenzimidazolg64], polyethylend65],
polystyrene [66], polyethylenepyrroleo-polyethyeneketone [67,68] poly(ethyleneco-

tetrafluoroethylene) [69], and poly(vinylbenzyltrimethylammoniunri}poly(methylbutylene)
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[70]. Polyphenylene base AEMs have been reported to show high current densities for AEM
electrolysig10].

2.5.1 AEM Performance and Stability

Several studies shothe performance and stability of membranes. Electrochemical impedance
measurement was carried out to compare different membranes, Sustaini60®&3wed lower
resistance compared to Fumasep® FASFumasep® FAPW, AMI 7001 and Nafion 115. There
are sevml reports where Sustainion-3D is reported to be better membrane in terms of stability
and performance. When it was compared with Aeftfoand Tokuyama A201 membranes at
differenttemperatureselectrolyte, and current density, tBastainion membrane showed higher
performance with 3Am? current density with 1 M KOH at 8G [71]. Sustainion® membrane
showed higher stability in the test with a degradation rate ofrf5lfgr 2000 h operation atfixed
current density of 1 Am? [58]. Tokuyama A201 showea degradation rate of 150 pVior

1000 h at 470 mAm?[72], Fumasep® FAA3-50 had alegradation rate of 800 p\Vin 1000 h

[73]. The comparison of AEMelectrolyzeractivity on different commercially available AEM
shows d membranes performed well with Platinum group megahlysts however with theon

PGM catalysts such as Ni, CandFe-basedcatalyststhe activity decreased drasticalmong

the AEM tested the membranes studied Sustainion® showed relatively higher current density in
water electrolysi§s9].

AEM from AemiorE wastested for water electrolysis using Pt/C and Ir (black) eatalyst at

the cathode and anode respectively. The electrolysis performance was correlatemuithane

ion exchange capacities and thickness. The membrane with ion exchange capacigymofied
OHg'and thickness of 50 e&em att ai?mtsl.823VhFAA-BI i ghes't

ionomer was used and 1M KOH was used as an electrolyté@G{a4.
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The major issue with the AEM is the thermal stability at high[pH5]. At high temperatures
AEM degradation follows two main mechanisms of Hofmann elimination and nucleophilic
substitution of hydroxide to the alkyl groups of the polymer backbone in alkaline confinédns
Electrochemical oxidation ahe phenyl group in the polymeric ionomer on oxygen evolution
catalysts has been reported as also one of the forms of degradation during AEM elefti@lysis

It has been established thatn-quaternizednembrane needsmore concentrated KOH solution

(3.6-6M) to achievea higher hydrogen generation rate [91].

Shortterm stability tests were performed at 0.5 A€nin 0.1 M KOH at 58C usingAemionE
membranesAemiorE ionomer was used in making the electrode. The membranes with high IEC

(ion exchange capacity) of (2.5 meq OH g?) which are AFIHNNS8-25 and AFIHNNS-50

showed a lower rate of degradation of 2.39 mV/h and 3.21 mV/h compared tonetméranes

[74]. Long-term durabilitytestsata high current density of 1 Am? werereported on commercial

AEMs (Sustainions) using nonprecious catalysts. Sustainion grade T AEM was stable for 12000 h
with a degradation rate of 0.7 mV!{17]. The norquaternized membrane with concentrated
electrolyte has alsshownlong-term durability withad e gr adat i on fam700h of 30

operated at #80°C [78,79]

2.6 Gas Diffusion Layer (GDL)

(GDLs) are importanpartsof PEM and AEMelectrolyzersthey control the diffusion of water
into the catalyst layer and hydrogen and oxygen out from the catalys[88y&t] Carbon paper
andcarbon cloths are usedtae cathode while Nickel foam, Titaniymand Stainless steel felt or
mesh, are used at the anof@. The GDL experiences a highly oxidizing and corrosive
environment athe anode and needs more research efforts to optimize the propartetalyst

coated on the gas diffusion electrode is commonly used and the electrode ia galiadiffuson
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electrode (GDE). The GDLs alsifer ohmic resistance due to the random pore size and shape

and uneven surface in contact with the catalyst IEB#184].

The durability and stability of the GDldependupon the chemical and electrochemical
environment, wettability, low permeability, and excess compression of the membrane, these all
can cause the degradation of GarbonbasedGDLs are not used #te anode because of the

high concentration of Otat the anode that can oxidize the GDLs, therefore metallic GDLs are
used at anode to avoid fast corrosion. The passivation layers formed on metallic GDLs such as Ni,
Stainless steghnd Titanium protect the GDicom further oxidation but also cause an increase in
interfacial contact resistance. In addition, the corrosion of metallic GDLs is reported to take place
at higher voltages of 2 V or aboj@5]. Operating the electrolyzer atower voltage can reduce

the corrosion of GDL but in the meantiptee hydrogen production rate will be lowered due to

the lower current density operation. The corrosion of GDLsaaseshe degradation of catalyst

contact layers with the GD|86].

PoregradedGDL has been shown to improve the efficiencelaictrolysis operationg he pore

graded Titanium GDL with tunable pore morphologieproves interfacial contacts, enhances
mass transportand increases activation of reaction sites. The study showed enhanced current
density using th@oregradedGDL, the current density of 2.0 ém?2 at 1.8 V with an efficiency

of up to 81.9% at 60°C was reported using 0.1 M NaOH as an elec{@iyte

The conductivity of the GDL also affects the performance of the electrolyzer. In one of the works
modified oxidized Ni anode witgrapheneoxide was used as GDLFor testing electrolytic cell
ternary alloy cathode is used wipolystyrenebasedAEM. The AEM water electrolysis current

density with the modified anode was 8@ cm? at 2V, whereaswith the unmodified anodgit
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was 60 mA crif. The graphene oxide anode offers lower resistance andegiigiser surface area

which improves the electrochemical performaj8&j.

GDL also functions to transport water and evolved oxygen and hydrogen gases, mass transport of
liquid and gas products also impacts the stability and activity of the process. The gas bubbles
formed at the electrodes should be removed to preventftbemblocking the active area of the
electrode, this condition becomes more important at higher current densities. It was reported that
GDLs based othefoam can have higher transpmsues thathe felt base GDLs, the microscopic
images revealed that the bubbles were trapped in porous[&3#nit was also reported that the
accumulation of bubbles was also related to the porosity, pore diaametéhickness of the GDLSs.

One of the studies showed that trapped bubbles decrease the aclimitg-ierm operation, the
electrolysis operation usiranAEM electrolyzewith a flow rate of 60 ml mi was stopped after

10 hours. The flow rate of the water was not stopped and continued for anotinéarui@sto

remove the trapped bubbles, once the electrolysis was started agach&dhe same activity as

it had at the start of the operation. This study shows that the accumulation of gas bubbles negatively
affects performanceand bubble management needs to be performed to improve thétang
activity [90]. The other associatguoblemwith theaccumulation of bubblds thedehydration of
thecatalyst layer and membrane adjacent to the GDLs. This not only causes the blockage of active
surface area for both OER and HER reaction but also decreases thea@idort through the

membrane, these processes cdmsgtermdegradation and activity |0$8].

Stainless steel meshes have also been reported as GDLs for AEM water electrifigsiacde.
It was reported that the stainlesteel mesh with small pore size, graded pane smooth surface
have shown higher electrochemical properties. The AEM water electrolysis using pure water at

50°C with commercially available stainless steel meshas studied byu et al. The SS10 as
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the lowest porsize,andthesmooth surfachasacell voltage of 2.24 V at 0.5 A cfaln all cases
the total thickness of the GDL was 0.60 mm, obtained by pressing the stainless steel meshes. It
was proposed that the higher performance was due to the improved contact area between the AEM

and the SS10 mesh GD21].
2.7 AEM Water Electrolysis Catalyst

Water electrolysis requires a theoretical thermodynamic potential of \1,.230th haltcell
reactions OER and HER require an electrocatalyst to decrease the overpotential and to overcome
the kinetics. Catalysts are designed to reduce the overpotential of HER and DER92] To

reduce the cost of AEMvater electrolyzerthe development of nemoble metal catalysts is
required for HER and OER. The main challenges in catalyst development are the activity, stability,
and composition of the catalysts. Duethe low masspecific activity of nomoble catalysts,

higher loadings of the catalysts are used in MEA fabrications which may cause ohmic resistance.
Transition metal oxide catalysts such as Cq,axid Fe are mostly used for AEM electrolysis.
These catalysts are relatively lower in cost compared to At@pdbasedcatalysts and are stable

in alkaline condition$9]. Table2.4 provides the catalysts used in recent studies along with their

performance and the type of membrane ySé{l

2.7.1 HER Catalysts.

Under Alkaline conditions, HER reaction is slower compared to acidic gt¢ PEM electrolyzer.

HER kinetics are two to three times lower in alkaline conditions in AEM electrolysis compared to
PEM electrolysid22,23] Most activenon-noble catalysts for HER are the elementstlod iron
group, which are Nickel, Cobalt, and Irf98,94] Nickel-basedHER catalystfhiavebeen studied

aslow-costnon-noblemetalcatalysts Their activity is lower than Pt benchmark catalysts.
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It was reported that when commercially availablenBliho powdewith the loading of 2mg.crh

was used if\EM electrolysis with pure water, the electrolyzer achieved @3A& at 1.8 V[95].

In another study, Ni nanoparticles were electrodeposited onto carbon paper for AR vmater
electrolyzer with a feed of 1 M KOH current density of 0.15cAr? wasachieved at 1.9 V. To
improve the performance of Niased catalysts different compositions with other transition metal
oxides were also studied in the literat[g€]. NiCu alloycatalystdfor HER in alkaline electrolysis
were prepared by Sang Hyun Ahn ef@r]. The composition of the catalystaried by changing

the deposition potential. The activity was measured by cyclic voltammetry in a 6 M KOH at
298K. The catalyst witlthe composition of NiCu gave the highest activity. The HER activity of
the catalyst with the composition ofxMi1x (where M is Cr, Mpand W and x is 0.2)astested

in alkaline and acidic conditi@nCrNi1x showed higher activity compared to other catalysts in
the series withan overpotential of 106 mV in 1.0 M KOH at 18A cm? current density41].

NiMo alloy nanowire catalyst supported on Ni foam was developed by hydrothermal method
followed bythermal reduction. A hierarchical structure was obtained and showed high activity of
HER in alkaline conditions. The catalysts achievedn¥0cm? at the overpotential of 3@V in
alkaline solution with a Tafel slope of 86 mV dg88].

Ni2P nanosheets supported on nickel foam were doped with Cu atoms. The Cu atom was reported
to improve the physiochemical properties ofNcatalystsimprovethe electrical conductivity

and increase the surfaeetive site. The HER activity of NiCuP showed high performance with
the Tafel slope of 70mVdet for overpotential of 78 and 245mV with the current density of 10
and 100 mAcnmi? respectively[99]. Ni-Co microporous cathodes were developed using galvanic

deposition at high current densities. HERevearried out at 30v# KOH solution[100].
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The electrodeposition method was used to deposiIdNCu alloy catalyst on copper substrate.
The HER activity of NiMo-Cu catalyst was higher than the-Mb, andthe addition of Cu also
resultedin a cauliflowerlike structure. The increased activity was attributed to the high surface
area of the NMo-Cu catalys{101].

Commercially available Ni/(Cef2La>03)/C have been tested with 1 M®Oz as a mild electrolyte
with a pH of 1011. For OER catalyst commercially available CuQw@s used at the anode. The
loading ofthe cathode catalyshcreasedrom 0.6 to 7.4 mg.cthand the cell potential was 2.01

to 1.89 V at 0.470 Am? respectively with catalyst loading. This study showed that with the
increase in catalyst loading the cell voltage decreased and higher current density was achieved at
a lower cell voltageg72]. Nickel alloyed with Molybdenunmasshownhigh activity with pure
water [37,102] A mixedphaseNi-Mo catalyst with Ni rich and NMo alloy nanoparticles
embedded in Mo rich oxide matrix has been devel¢pead.

It has been investigated in several studies that binary alloys of Nickel with Cbb4li08],
Molybdenum [109i 112], Iron [108,111,113] and W [111,114] have shown higher catalytic
activity compared to pure Nickalatalysts The improved activity was attributed somore
developed surface structure and synergistic effect. It was also proposed thateftdsate
elements inthetransition metal group ithe periodic table, with empty-drbital, are alloyed with
metals of the right side with complete intalty coupled dorbitals, the resultant metallic alloy
shows lower binding energy whicausesnincrease in catalytic activifyl 15].

NiFe catalysts have been reported to have high activity for HER atkaline medium. Alaa Y.
Faid et al. synthesized NiFe and NiCatalystsoy coprecipitation method followed by reduction

in the 5% H-95% Ar mixture to convert the hydroxide precipitate into metallic alloy. The Raman

analysis showed the presence of NiBgand NiCoO4 spinel oxides in all the catalyst series except
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the NiO catalyst, which had the rocksalt structure. The mass electrochemical activity was highest
for 33mol% Ni catalyst, which was due to higher electrochemical surface area and lower crystallite
size. The study did not show the catalyst performance o #hter electrolyzeand was limited

to the evaluation of the catalyst for HER in 0.1 mof &®@H [116].

NiFeCois also reported to have high activity in alkaline medium for HER reaction. One of the
studies reported electrodeposited cathode using a bath of, EeCh, NaCl, boric acid, ascorbic

acid, and saccharin, with pH adjusted to 3. Commercially available NiFeCo catalysts were used as
acathode to fabricate MEA with Sustainion ion membrane and-Ni& the anode. The AEM

water electrolyzewas tested at 6C with 1 M KOH, the currentensitiesachieved at 2 V and 1.9

V were 0.94 and 0.47 Am?[71]. In a similar work NiFeCo cathode and NiFe as anode were used

to fabricate MEA with Sustainion-87-50 anion membrane. The currel@nsitieseported were

1.0 and 175 mAcm?for 1.9 V and 2 V respectively, for AEMater electrolysisperation at 6TC

with 1 M KOH [117].

2.7.2 OER Catalysts.

Several materials and differecdmpositionshave been used for the OER, in alkaline conditions
first row transitionmetalsshowed highactivity andin addition they showed good stability in
alkaline environment. Ni, Feand Co based catalysts have been known to decrease the OER
overpotential[118/ 120]. Transition metal oxides, hydroxideand oxyhydroxides have been
studied and their activities have been reported in the literature.

2.7.2.1 Spinel

Spinel compounds have good electric conductivity and are stable in alkaline medium for OER and
at high anodic potential$he mostommon spinel oxides for OER are Ni,,@ad Fe based which

can also include other metals such as Cu, Zn,avid Li[121i 124]

25



Spinel materials have a cubic crystal symmetry with a general formula:.AB/here A and B

are group 2, group 13 and first row transition metal elements. The crystal structure is shown in
Figure2.4[125], which shows two different crystallographic sites octahedral (Oh) and tetrahedral
(Td) sites. Due to that, two types of spinels are formed, @amarisl,and the other is inverse spinel.

The configuration for normal spinel is $Adq)(B* on)204 with divalent cation in A* at the
tetrahedral coordination. The inverse spinel has the configuration®a$nAB3*14) (B3*on)204

with divalent £* in octahedral coordinatioi26].

Figure2.4. Crystal structure of spinel (AB4) with octahedral and tetrahedral sif225].

New compositions of transition metal oxides with different morphologies are also reported.
NiC0204 has been investigated @ER catalystdue to its higher conductivity and tunable active
sites[127 129]. NiCo0Os wasalso used as a support to deposit other catalysts, one such example
is Ca0O4/NiC0204 [130]. Other catalysts such as Au/Nitn [131] and NiCeOa4/graphend132]

were also developed. The overpotentiahis series of catalysts is still higher than the benchmark
catalysts.

Many research works have shown thpineloxide based on cobaltite as a bifunctional catalyst
for OER and oxygen reduction reaction for high pH condit[@88]. MnyCozxOs mixed valency

spinel oxides are also known to have good OER acfi¥/8¢]. Cheng et al. synthesized CoMnO
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by rapid room temperature synthesis method and reported thdh&@4 had high OER activity

due to the high surface area and defect $it85]. CuCaos 1 Q4 was also shown to have good
activity for OER[136], it was also proposed that the Mn doped CG@zaould improve the
activity of the cobaltite oxide doped with C1B87].

Co-based oxides have high catalytic activity, and their performance could be enhanced by the
addition of different transition metals. Fe, Ni, Mn,,Znd Cu are reported to improve the activity

of Co catalysf138i 144]. CuCooxide materialhave been evaluated for alkaline electrolysis and
showed high activity. The ratio of Cu to Co also plays an important role and Scott et al. reported
enhanced activity for GuCo2.304 deposited on Ni foarfil40]. CuCaeO4 catalysts fabricated on

Ni foam by hydrothermal ntkod are reported to have high OER actiyit$0,141]

There are alsoeports of doping spinel GO4 with Li, 30-40 nm particles byitrateassisted
thermal decomposition method were synthesized. Li doping resulgesbird solution of CgO4

with Li, the OER potential also shifted to negatiVéis was attributed to the changes in cation
distribution in the lattice and changes in the binding energy of surface oxygen. Among the series
of catalysts prepared, d.4:Co.7d04 showed the highest electronic conductivity and OER activity.
When the same catalyst was used as anod@Hd/ water electrolysis, it achieved a current
density of 300 mAcnm2 with avoltage of 2.05/ at 45 C [85].

Nickel has been proposed to be the most efficient catalyst for OER based on adsorption energies
and bond strength of the reaction intermedi§tdsi 148]. To further improve the activity of Ni
hydroxides and oxyhydroxides, other transition metals are incorporatedsaer amountso
enhance the activity of the catalyst. The addition of transition metals as impurities intd Nicke
oxide improves the conductivitycreasesactive sites anddecreaseshe binding energy of the

intermediates[149i 151]. Multiple oxidation states are also possible with this method of
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modification of the catalyst. Nfe binary catalyst was modified withthird metaland showed
higher activity compared to the {Rie oxide catalyqtl52i 154] Figure 25 shows the volcano plot
for OER, thex-axis shows the energy difference between oxygen intermediatesthend
overpotential is orthe y-axis The catalystshat fall at the volcano's peak are considaxetive
catalyss due totheintermediate binding energy of the intermediates. Among those matiials

and CaO4 are the most active catalytic materials in {pdetinum group materiald 55].
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Figure2.5. Theoretical overpotential of oxygen evolution reaction vs. the difference between the
standard free energy of % iwod®)obvarieus birary bxidésnt e r m
[155].

The AEMwater electrolyzeperformance over Nire nanoparticles as anodessevaluated using

1 M KOH, Nio.dFen.1 showed the cell voltage of 1.72 V at 0.8/, Nio.sd&.1 with 10% CeQ
hadavoltage of 1.6% with 0.4 Acm? using 0.1 M KOH. In durability testing bléFer 1 showed
the stability of 12 h at 0.5 Am?[156]. In another studyNiFe bimetallic anodes were fabricated
usingthemagnetron sputtering technique. Tivsrk showed the enhancement in electrochemical
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activity with the addition of Fe to Ni based catalysts. The highest performance repasgted
Ni/Fe catalyst withan atomic ratio of 10/1, on this catalyst at 2 V the current density was 0.6 A
cmi2 and 0.4 Acmi2 at 60°C and 40C respectively157].

2.7.2.2 Metal hydroxides

Layered double hydroxides (LDHs) of npnecious metals have been considered actiwalysts

for OER, due to high surface area, electron distribytmal low cost. LDHs are layered metal
hydroxidesthat have cationic brucite like layerextructuresseparated by interlayers of anions
[158,159] This structure enables fast diffusion of reactants and products with fast-pooioled
electron transfer. In addition, duettze high availability of catalytic active sites electrocatalytic
activity for OER is hgh [160]. Ni(OH)2, Co(OH})», NiFeOOH and NiFe LDH have been studied
in detail for OER. The stability of these catalysts is one ofshigesto be considered for AEM
water electrolysisisthey tend to dissolve when used with pure wHitéd].

Dongyu Xu et al. synthesized transition metal (oxy) hydroxide for OER and tested it invaAEY
electrolysis From these catalysNiCoOx:Fe shows the highest activity with the current density
of 900 mAcm? at 2.4 V[161]. The catalyst wadesigned to be oxyhydroxide because the active
sites for OER are proposed to be transition metal oxyhydroxide.

The redox activity of the layered structure comes from the intercalation of water molecules and
anions. Compared to bulk LDHs, sind#gered double hydroxide has been reported to have higher
electrical conductivity and active siteSingle layer nanosheets of NiFe, NiCo and G&.DHs

were fabricated by liquid phase exfoliation method with high OER activay alkaline medium.

The activity of the catalysivasin the order of NiFe > NiCo > @ for bulk and exfoliated

nanosheetpl62].
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High stability is also reported on LDHs electrocatalysts with low overpotentials at 10 rAAAcm
ternary catalyst based on Fe,,@nd W is reported to hawesynergistic effect and favorable
electronic coordination for OER, DFT calculatipasd Xray absorption spectroscopy analysis
was used to propose these findings. For OER Ni foam, Au(111yaldglatedNi foam were
used with the catalyst for OER amalkaline medium, thgold-platedNi foam electrode showed

higher activitycomparedo other electvdes[163].

2.7.2.3 Perovskite

Perovskitecatalystshave been considered as active QGfaRilyststhey are easily modifiable, low
cost and have high activity. The general structure of perovskite iszAB@hich A is the bigger
Cation and B is the smaller cation. A can be ftbelanthanideseriespr an alkaline earth element
and B isfrom transition metal elements. B is surrounded by 6 oxygen atom$oamd BOe

octahedral structure as shown in FigRre[49].

B-site cation

Oxygen ion

A-site cation

Figure2.6. Structure of AB@ perovskite oxid¢49].

In their work Man et al. use@ volcano plot as shown in Figug7, which used the difference
between two energy states of intermediates duhe@xygen evolution reaction, represented as

( o6 1 pBuo+). According to the Sabatier principle, surfaces with higher binding energy form

30



stable intermediates that do not desamid thereby hinder the reactjomhile surfaces with weak
bonding to the intermediates do metain them long enough for tihheacton. The volcano plot in
Figure 2.7 follows the Sabatier principle, the materials with the bonding energy in between are
predicted to perform well compared to other materials. Therefore, Sr@o® SrNiQ are

materialsof interest for OER155].
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Figure2.7. Theoretical overpotential of oxygen evolution reaction vs. the difference between the
standard free energy of % wo &Gl forsPerquskaenoxidei nt er |
material[155].

Xiang Li et al. compared the OER activity of 0, SrCoQ, CaCoQ in KOH with pH range of
12.5 to 14. The results show that both Srea®d Ca®Os performed better than the &
catalyst. Co oxidation state was +4 in bp#novskitesvhile in CaOa it was +3, which also shows

that the oxidation state of Co in €drrelateswith the OER resultEl64].
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Table2.4. Electrolyzer performance with commercially available membrgs$is

OER HER Membrane/| Temperature Feed Membrane| Cell Current
Catalyst | Catalyst | ionomer (°C) thickness | voltage density Acnr?
(Hm) V)
NiFeO, | NiFeCo | Sustainion | 60 1M 50 1.8 0.16[71]
37-50 KOH
NiFeO, | NiFeCo | Sustainion | 60 1M 50 1.9 0.43[71]
37-50 KOH
NiFeO, | NiFeCo | Sustainion | 60 1M 50 2 0.94[71]
37-50 KOH
IrO2 Pt Sustainion | 60 1M 50 1.7 1.99[117]
37-50 KOH
IrO; Pt Sustainion | 60 1M 50 1.8 3.33[117]
37-50 KOH
CuCoQ | Ni/CeQ- | Tokuyama | 43 1M 28 1.7 0.29[72]
La:0Os3 A201 KOH
CuCoQ | Ni/CeQ- | Tokuyama | 43 1M 28 1.8 0.52[72]
La:Os3 A201 KOH
CuCoQ | Pt/C Tokuyama | 50 10wt.% | 28 1.9 0.87[165]
A201 K2COs
NiFeO, | NiFeCo | Tokuyama | 60 1M 28 1.7 0.1[71]
A201 KOH
NiFeO, | NiFeCo | Tokuyama | 60 1M 28 1.8 0.26[71]
A201 KOH
NiFeO, | NiFeCo | Tokuyama | 60 1M 28 1.9 0.54[71]
A201 KOH
NiFeOs | NiFeCo | Tokuyama | 60 1M 28 2.0 0.92[71]
A201 KOH
NiFeOs | NiFeCo | AEMION 60 0.1 M 38 1.8 0.03[71]
KOH
NiFeOs | NiFeCo | AEMION 60 0.1 M 38 19 0.07[71]
KOH
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NiFeOs | NiFeCo | AEMION 60 0.1 M 38 2.0 0.13[71]
KOH

NiFeOs | NiFeCo | AEMION 60 1M 38 1.8 0.13[71]
KOH

NiFeOs | NiFeCo | AEMION 60 1M 38 1.9 0.31[71]
KOH

NiFeOs | NiFeCo | AEMION | 60 1M 38 2.0 0.63[71]
KOH

Nickel Nickel FAA-30-50 | 60 10 wt% | 55 2.0 0.03[166]

Foam Foam KOH

IrO2 Pt/C FAA-30-50 | 60 1M 50 1.8 0.32[167]
KOH

IrO; Pt/C FAA-30-50 | 60 1M 50 19 0.47[167]
KOH

IrO; Pt/C FAA-30-50 | 60 1M 50 2.0 0.62[167]
KOH
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3 Experimental M ethods andTechniques

3.1 Physiochemical Characterization

3.1.1 X-ray diffraction

X-ray diffraction isanondestructive characterization method to investigate the csystature of

the materials. In catalysiXRD is used to analyze tmeaterial's crystal structure, lattice spaging

and crystallite sizeThe principle of XRD is based on the diffraction efays by the crystal planes
whichactlike the grating material. The interaction ofrXys with crystal structure gives secondary

X-rays which are related to the interplanar spacing of the cry$tisr el at i on i s gi ven

law as follows.

n=2dSi nd Equation3.1

Wher e n i s thewavelengtheofgXeays, d isshe interplanar spacing of the crystal and
d i s t he an gnrteasitiesfof diffracfioh linesdépend on.the &rrangement of atoms in
theunit cell ofthecrystal lattice, this information mainly providaslistinctive description athe
nature of the crystalline phases present. In actual pratiieeliffraction pattern is not trivial as

the catalyst contains many different phases.

3.1.2 Scanning Electron Microscopy

Scanning electron microscopy is used to investigate the morphol@plidMmaterials. It uses a

beam ofelectronsgenerated through thermionic, Schottkyor field emission cathod#at is
accelerated with &oltage differencewhich could be 0.1 to 50 keV (kilo electron volts). The
electron beam is used to image the samples, the electrons hit the sample which is kept in the

vacuum chamber and this interacticauseshe release of secondaejectrons backscattered
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electrons, and characteristiergys. The secondary and backscattered electrons are used to image
the sample whereas characteristicays are used in Energy dispersiveay (EDX) analysis.

The resolution of the image depends upon the use electron beam, and it can be in the range

of micrometers to nanometers. In this woBEM was used to analyze the morphology toe
developed catalysiThe SEM analysigjives detailsabout the particle size distribution and the
structure of the catalyst. For powdered catalyst materiwmilligrams of the catalyst powder
were mixed with ethanol/isopropanol and then the sanwsds put on the carbon tape, the
ethanol/isopropanol evaporates quickly gidesgood dispersion of powder on the carbon tape.
Carbon tapavasthen put on the SEM sample holder which is usually made up of Aluminum.
Crosssectionalmages of membrane electrode assembly Mefetaken during this study, which
gaveinsightinto the thickness athe catalyst layer and membrane in the MEA.

3.1.3 Energy dispersiveX-ray Spectroscopy

Energy dispersive Xay spectroscopy (EDS) is a method to study the elemental composition of
the materialsThe EDS detector is present in SEM. Fordhalysisthe surface is bombarded with
high-energy electrons and inner shell electrons are knocked out from the atom and leave a vacancy.
The vacancy is then filled by electrons frbigherenergy level which causes the release-o&)X
photons. This emission of characteristierays is unique to each element. The EDS detector

detects theX-rays,and the elements present in the material can be distinguished.
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3.2 Electrode Fabrication and Performance Evaluation

3.2.1 Preparation of Gas diffusion electrode and Membrane electrode assembly

Catalysts were deposited onto nickel foam (thickness of 1.7 mm), which acted as th&akedle.

foam offers high mechanical stability and porosity compared to Nickel felt type Gmake

the catalyst slurry, 100 mg of catalyst was dispersed in a mixture of water and Nafion solution
(NafionE 1100W from Sigma Aldrich). If the slurry was too thick, additional water was added
dropwise to get the desired consistency, with the Nafion content making up/d 0ftlhe catalyst
amount. Theslurry was then sonicated for 30 minutes to ensure a uniform mixture. The thick
catalyst slurry was then coated onto the surface of the nickel foam and pressed to form the catalyst
coated gas diffusion electrode (GDE). The anode consistently containadirsglof 25 mg cm

of catalyst, resulting in an electrode thickness of 0.80 mm.

For the cathode, a commercial Pt/C (40wtHISPEC 4000, Johnson Matthey) catalyst was used
for the Hydrogen Evolution Reaction (HER). One mg of Pt was deposited onto the carbon paper
(Sigracet 29BC) usingirbrush with a paper thickness of 235 um. The catalyst ink was prepared
by mixing the catalyst with water, ethanol, and Nafion solution. A typical ink composition
involved dispersing 50 mg of Pt/C in 5 ml of ethanol and 1 ml of water, along with 0.22 g of Nafion

solution, with the Nafion content accdung for 20 wt% of the catalyst amount.

The membrane electrode assembly (MEA) was formed by placing an AEM (dioxide membrane
Sustainion®X-37-50 grade T with a thickness of 80m) bet ween t he anode
commercial AEM was initially in Cl or Br form and was activated for use in the AEM electrolyzer
by soaking itin a 1.0 M KOH solution overnight (approximately 24 hours) and then rinsing it with

distilled water. The dtwvated membrane was used to construct the MEA. The total active area of
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the MEA was 3.24 cfy with dimensions of 1.8 cm x 1.8 cm. The components were assembled
into the MEA plastic casing, starting with a porous transport layer made by pressing three nickel
foams to a thickness of 2 mm. Next, a nickel foam anode was inserted, followed by thendEM

the carbon paper cathode.

3.2.2 Catalyst Testing in threeelectrode System

Electrochemical measurements were conducted using a potentiostatic @¥ster3, Biologic)

in a threeelectrode setup with 1.0 M KOH as the electrolyte at room temperature. The working
electrode consisted of nickel foam coated wWittO&ER catalyst with an active area of 1 €rithe
counter electrode was a graphite electrode, and the reference electraal&taragard Calomel
Electrode (SCE). To ensure uniformity, all potentials were converted to potentials versus the
reversible hydrogen electrode (RHE) by applying the Nernst equation. Polarization curves for OER
activity were reorded with a scan rate of 5 mV/s and 85% iR correction. For asséssingg-

term stability of the catalyst, the cell was operated at a constant current density datended

time. The double layer capacitance qfCwas calculated using cyclic voltammetry (CV)
measurements at scan rates ranging from 20 to 150 mV/s in tfiaradaic region in 1.0 M KOH.

To calculate the effective electrochemical surface area (ECSA), the daybteapacitance ()

was divided by the capacitance of a flat metal serfaown as the smooth plane capacitance (Cs).
The value of Cs, representi ng Z2tThieratio@qvidesant an c e
estimation of the ECSA, which reflects the active surface area available for electrochemical
reactions. To fabricate the catabgstated electrode, catalyst ink was prepared by mixing the
catalyst with a 5 W& Nafion solution and ethanol. The catalyst loadingh@mickel foam anode

was 5 mg/crh
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3.2.3 AEM Electrolyzer Performance Test

The AEM water electrolyzer performance was assessed using a potentiostat connected to a 100 A
Booster VMP3B100. In the AEM electrolyzer setup, the cathode and anode are separated by an
AEM. Figure3.1laand Figure3.1b showthe AEM water electrolyzeused in this studyith an

inlet for waterand oxygerand watepoutlets on the anode side, while the hydrogen outlet is on the
cathode side. During the electrolysis process, hydrogérnsedat the cathode, and hydroxyl

ions generated during the reaction essported through the AEM. At the anode, the hydroxyl

ions undergo oxidation, releasing oxygen gas, which is then circulated out of the electrolyzer along

with the aqueous KOH solution.

Figure 3.1. Electrolyzer used for AEM water electrolysis. (a) Anode side with water inlet and
oxygen and water outlet. (b) Cathode side with hydrogen outlet.

In Figure3.2b, the schematic of the membrane electrode assembly is depicted, where Pt/C is used
on the carbon paper as the cathode, anBeBioCO; catalyst is coated on the Nickel foam gas

diffusion layer.

38



Membrane Electrode Assembly

Anode side Cathode side
GDL GDL

Nickel Foam Carbon paper
Anode Catalyst AEM Cathode Catalyst
NiFeCoO, Pt/C

Figure3.2. The schematic of membrane electrode assembly used siudis

Anode

To activate the catalyst, cyclic voltammetry (CV) was performed in the voltage range of 1.3 V to
2.2 V at a scan rate of 5 mV/s. The electrolyzer operation also involved using linear sweep
voltammetry (LSV) and chronoamperometry (CA). A 1M KOH electrolytas used and
circulated at a flow rate of 90 ml/min. The electrolyte and the electrolyzer were heated to the
operating temperature using a hot plate, with the temperature range during electrolysis varying
from 45 to 70°C. EIS measurements were conductddteymine the electrolyzer cell's impedance
during the electrolysis. Potentiostatic EIS was carried out at the voltage range of 1.7 V to 2 V, with
a frequency range of 100 kHz to 100 mHz. The data was analyzed using Nyquist plots and
equivalent circuit ftings. The theoretical voltage required to split water is 1.23 V, but in practical

cases, it is higher due to the overpotential of these reactions at both the anode and cathode.

The durability of the AEM electrolyzer was tested at constant current défsitglculate the cell
efficiency, which is the ratio of power input to the electrolyzer to the power of hydrogen out, the
AEM electrolyzer power was calculated by multiplying the cell voltage and current density. Cell
efficiency was calculated by usinguadion3.2 Faradaic efficiency was determined by measuring
the quantity of hydrogen generated at room temperature.
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Cell efficiency (%) =molar flowrateo f hy dr ogen BquatphB2x 100

AEM electrolyzer power input
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4 NiFeOx and NiFeCoQ, Catalysts for Anion Exchange
Membrane Water Electrolysis

4.1 Introduction

Anion exchange membraf@EM) water electrolysis has the advantage of being abdpéoate

in low concentrations of electrolytes, such ast.% KOH or distilled water compared to
conventional Alkaline water electrolysis (AWE), which makes it possible to use inexpensive Ni
and Caebased electrocatalysf$9,168] To improve the current density and efficiency of AEM
water electrolysis a cell structure similar tdPolymer electrolyte membranéPEM) water
electrolysis is availablg42,169 171].

For OER in alkaline conditions, the reaction involved the consumption ofddblat the anode.

The OH ions are transported through the membrane from the cathode side. The OER reaction is
the main reaction in water electrolysis and has a higher overpotential than the48]ERhe
mechanism of oxygen evolution involves several intermediate steps, and it is kinetically
unfavorable due to thfeur-electronprocess for the evolution of one molecule of oxygen gas. This
resulted in the formation of energy barriers and caused slower kinetics and high overpotential
[172]. Due to this, th development of active, stable, and efétctive OER catalysts is necessary

to achieve higher electrolysis efficiencies.

Several materials and different compositions have been used for the OER, in alkaline conditions,
first-row transition metals showed high activity, in addition, they have good stability in alkaline
environments[173]. Ni, Fe, and Cdbased catalysts have been known to decrease the OER
overpotential. Transition metal oxides, hydroxides, and oxyhydroxides have been studied for the
OER and their activities have been reported in the literature. The general trend invttyefact

these catalysts is Ni > Co > Fet5i 147,174]
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The performance of AEMvater electrolyzers highly dependent on the AEM and concentration

of electrolytes as well as the electrocatalys83. In AEM water electrolysisvarious electrolytes

such as KOH, KCOs and KHCQ are used to improve performan@®]. Higher concentrations

of electrolyteensurehigher ionic conductivity of th®©H, which can be expected to improve
performance. HoweveBDeionizedwater can also be used as an electrolyte to prevent the corrosion
of component$175].

In this study, we compared three different OER catalysts NiO, NiF@@ NiFeCo®@for AEM

water electrolysisThe effect of electrolytes was also studieddnying the concentration of KOH.
Electrochemical impedance spectroscopy (EIS) was performed to investigate different resistances
during the operation of the electrolyzer. In addition, two different membranes (Fumasep FAA
50 and Sustainion dioxide memheax-37-50 grade T) were compared. EIS with the equivalent
circuit fitting was performed to evaluate the reason for different performances under similar
conditions. The catalyst performance for the electrolysis was in the order of NiFe@tibPeQ

> NiO. Unlike other studies performed on these catalysts at lower current densities and-in three
electrode systems, this work evaluated the catalyst at higher current denshi2A®lEM water
electrolyzer EIS was also measured at higher temperatures and high current densities in AEM

electrolysis which are not always included in AEM electrolysis literature.
4.2 Experimental

4.2.1 Synthesis of Catalyst

The NiFeCoQ catalyst was synthesized by the coprecipitation method at room temperature.
Ni(NO3)2.6H0, Co(NQ)2.6H0, and Fe(NQ@)3.9H.O were used as a precursor of Ni, Co, and Fe,
respectively. The mole fraction of Ni, Co, and Fe were 0.648, 0.324, and 0.027, respectively.

Precursors were dissolved in water and kept at 25 °C. The precipitation step was carried out by
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adding 1 M NaOH dropwise for 1 h until precipitatistopped After the precipitation, the
suspension was stirred for 2 h, and the catalyst suspension was centrifuged to get the solid catalyst.
The solids obtained after centrifuging were washed with plenty of water to remove excess NaOH.
The solid obtained after whing was dried in an oven overnight and then calcined/annealed in the
furnace at 300 °C for 5 h to convert the catalyst into oxide form. Nifa@alyst was also
developed by the same method withand Fe mole fractions of 0.85 and 0.15. All the chemicals

used in the synthesis were from Sigma Aldrich, Saint Louis, MI, USA.

4.2.2 Preparation of the Membrane Electrode Assembly

NiO, NiFeQ, and NiFeCo@ catalysts were deposited on the nickel foam (thickness 1.7 mm),
which is used as the anode. The catalyst slurry was made by dispersing 100 mg of catalyst in water
and Nafion solution (Nafidé 1100 W from Sigma Aldrich)an additional amount of water was
added dropwise using a micropipette to get the proper consistenitire Nafion content was 10

wt.% of the catalyst amounkhe slurrywas sonicated for 30 mitesto remove any agglomeration

of particles The catalyst slurry was then pasted on the serfdaickel foam and hot pressed to

get the catalystoated gas diffusion electrode (GDEhe catalyst loading at the anode was 25

mg cm' 2 for all electrolyzer testing andhé¢ final thickness of the electrode w5 em. Figure

4.1a, b shows nickeloam which is a gas diffusion layer (GDL) at the anode, side carbon paper
coated with Pt/C catalyst which is used at the cathode side. Nickel foam coated with the catalyst
and AEM on top of carbon paper is shown in Figide, d.The dimensions of the GDLs are 1.8

cm x 1.8 cm. Figurd.2a, bshows the Membrane electrode assembly (MEA) from the cathode

side and anode side, with AEM sandwiched in between them.
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(a)f

Figure4.1. (a) Nickel foam (b) carbon paper coated with Pt/C catalyst\i@Rel foam anode
coated with NiFeCo@xcatalyst and (d) AEM with carbon paper cathode attached on one side. The
dimensions of the electrodes were 1.8 cm x 1.8 cm.

Figure4.2. MEA after the electrolysis operation (a) MEA with cathode side (carbon paper) on top
and (b) MEA with anode side (nickel foam) on top. The dimensions of the electrodes were 1.8 cm
x 1.8 cm.

4.2.3 AEM Electrolyzer Single-Cell Tests

Half-cell reactions at the anode and cathode are shown in Equations (1) arti(Bg overall
reaction in AEM electrolyzer is shown in Equation (3). The theoretical voltage required to split
wateris 1.23 V, in practical cases, itis higher than 1.23 V due to the overpotential of these reactions
at the anode and cathode.

Figure 4.3 shows a schematic of the AEM electrolyzer, in which the anode and cathode are
separated by a thin polymeric AEM. In this work, the KOH aqueous solution is circulated from
the anode side only. The reduction of water takes place at the cathode to foogehydne OH

transports through the AEM ancatidizesto give @ at the anode.
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AEM Water Electrolysis
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Figure4.3. AEM electrolyzerconfiguration with AEM transporting the QKb the anode.

Anode 40H Y O+ 2H;0 +4€ E = 0.401V
Cathode 4O + 4éY 2, HAOH E = BWw. 82
Overall 2H,0 Y 22 & E=1.23V

4.3 Results

The morphology of the catalyst coating and nickel foams was performed by scanning electron
microscope (SEM, Leo 1550, Zeiss, Jena, Germany). The morphology of nickel foam which acts

as a GDL at the anode was analyzed by SEM. Figuta, bshows nickel foam before it was
coated with the catalyst | ayer. The 4pshowe si ze
nickel foam coated with NiFeCaQ@atalyst; the catalyst layer was pressed with nickel foam to get

a compact layer of catalyst on top of the nickel foam. From SEM it was observed that the catalyst
layer completely covered the nickel foam. There were some cracks in the catalyst laysvevlich

due to the high loading of the catalyst. Figud4shows the crossectional image of a catalyst

coated nickel foam gas diffusion electrode (G
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Figure4.4. SEM images of (a,b) Nickel Foam without catalyst (c) NiFeCagated on nickel
foam and (d) Crossection image of nickel foam coated with NiFeGa@talyst.

X-ray diffraction studies were performed (Rigaku Miniflex 600) usingkQl r adi at i on
1.54184 A). Catalysts were analyzed by XRD, commercial NiO and NiFE&% Fe) show
mainly Ni O phase with five distinct peaks at
which are assigned to (111), (200), (220), (311) and (222), respectively. All peaks are indexed to
NiO (JCPDS card no. 78643) as shown in Figa®.5. The dashed lines are the corresponding
JCPDS standard. NiO has a rock salt structure avitittice constant of 4.17 A. Due to the low
concentration of Fe in the NiFg©atalyst peaks related to N#&® or FeOs were not observed.

The XRD of NiFeCoQ catalyst which has 2.7 Wb Fe and Ni to Co molar ratio of 2:1, showed
NiCoOss pi n el crystal structure with a most inte

are indexed to NiC®s4 (JCPDS card no. 20781).
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Equation4.1 is theScherrerDebye equationyhich is used to calculate the crystallite simbgere
> Is the wawedy,nghl hi o0ft héhef XKIl width at half
radian, and d is the diffraction angle and Kk
nanoparticles. The calculatedystallitesizes for NiO, NiFe@ and NiFeCo@were 17, 4, and 6

nm, respectively.

o — Equation4.1
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Figure 4.5. XRD of NiFeQ, NiFeCoQ catalyst calcined at 300°C, commercial NiO is for
reference.
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4.3.1 Water Electrolysis over NiO, NiFeG: and NiFeCoQx.

Three different OER catalysts, commercial NiO;tahde NiFe®, and NiFeCo®were tested for

AEM water electrolysi®peration with Pt/C catalyst for the HER at the cathode. The polarization
curve was taken at a temperature range of 45 °C to 70 °C. LSV was used as a preferred method to
evaluate the activity of the catalyst.

NiFeCoQ showed the highest activity among all the catalysts tested, the catalyst showed a current
density of 802 mA cfm?at 2 V with the temperature of the electrolyte and the electrolyzer at 70
°C.

Figure 4.6 shows polarization curves using NiFeGp@ 70 °C when the voltage was further
increased to 2.2 V, the current density increased to 1100 mA wmich is an enhancement of
about 37% in current density. The current density also increased with the increase in electrolyte
temperature, for electrolysis operation at 45 °C and 55 °C at 2 V. The current density was 532 and
656 mA cm 2 which increased to 802 mA é&rfat 70 °C, which is an increase of 53% and 22% in

the current density. The increase in temperature decreases the overpotential at the cathode and
anode side for OER and hydrogewolution reaction (HER). Moreover, the conductivity of the
electrolyte alsancreasesvith the temperature and improves the overall activity of the electrolysis
[19]. In another study, electrolysis performance was evaluated from 30 °C to 50 °C, at the current
density of 470 mA ci? The electrolyzer potential decreased with the increase in temperature
[72]. The effect of temperature was also investigated with a novel integrated inorganic membrane
electrode assembly at the temperature range f®OC, the performance of the electrolyzer
improves with the increase in temperature. The enhancement in the performance was mainly due

to the higher conductivity dDH and the reduction in the overpotential of the catdlysb].
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Figure4.6. Linear Sweep Voltammetry atemperature range of 45 to 70°C. Pt/C was uséukat
cathode and synthesized NiFeGa@s used aheanode. FAA3-50 membrane with a thickness
of 50 um was used itihe electrolysis operation.

Chronoamperometry was used to analyze the activity of the catalyst at constant voltage for a fixed
time. Figured.7 shows the chronoamperometry at 70 °C. The voltage increased from 1.5 V to 2.2
V with a time step of 60 s. Thelectrolysis operation was stable during the analysis and had
minimum current fluctuations at the fixed voltage. At 2.2 V the maximum current density was

1140 mA cm 2
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Figure4.7. Chronoamperometry at a voltage range of 1.5 tov2 Rt/C was used at the cathode
and NiFeCoQ®was used aheanode.

Figure4.8 shows the LSV of NiO, NiFeQand NiFeCo@ catalysts at 70 °C using 1 M KOH
electrolyte. NiFeCo©had a higher current density followed by Nike@hd NiO, the current
density with NiFeQ catalyst was 551 and with NiO was 509 mA'chWhen comparing the
performance of NiO and NiFe(xhere was not much enhancement due to the addition of Fe in the
NiFeQ catalyst. In this study relativelyhigh loading of Fe was used which might have decreased
the performance of the NiFe®©atalyst. NiFebased catalysts are reported to have higher catalytic

activity in basic electrolyte mediufh77,178] Nickel is proposed to be an active site for OER and
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Fe is considered to improve the conductivity of the catalyst. In other research works, the addition
of Fe is linked to stabilize Ni in Kiform [179].

Emily Cossar et al. studied the AEMater electrolysiperformance over NFe nanoparticles as
anodes using 1 M KOH, bliFer.1 showed the cell voltage of 1.72 V at 0.8®W' 2 Nio.sdFe.1 with

10% CeQ had a voltage of 1.67 V with 0.4 ém' 2using 0.1 M KOH. In durability testing,
Nio.oFen.1 Showed stability of 12 h at 0.5 é&m' [156]. In another study, NiFe bimetallic anodes

were fabricated using the magnetron sputtering technique. The work showed the enhancement in
electrochemical activity with the addition of Fe to-INised catalysts. The highest performance
was on Ni/Fe catalyst Wi an atomic ratio of 10/1, on that catalyst at 2 V the current density was
0.6 Acm' 2and 0.4 Acm' “at 60 °C and 40 °C, respectivglh57]. Dongyu Xu et al. ythesized
transition metal (oxy) hydroxide for OER and tested it in the AEM electrolyzer. Among the
catalysts NiCoQFe showed the highest activity with a current density of 900 mA%ahP.4 V

[161]. The catalyst was designed to be oxyhydroxide because the active sites for OER are proposed

to be transition metal oxyhydroxide.
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Figure4.8. Linear Sweep Voltammetry ttetemperature of 70°C. Pt/C was used at the cathode
and NiO, NiFeQ, and NiFeCo@were used at anode. FAZ%50 membrane with a thickness of
50 um was used itheelectrolysis operation.

EIS measurements were carried out to get the impedance of the electrolyzer cell during the
operation. Potentiostatic EIS was performed at the voltage range of 1.7 V to 2 V, with a frequency
range of 100 kHz to 100 mHz, the data was analyzed by Nyquistgpidtequivalent circuit fitting.
Figure4.9 shows the Nyquist plot for electrolysis operation performed at 1.7 V at two different
temperatures of 45 °C and 70 °C. The firshtercept is at a higfrequency region and shows the
ohmic resistance (rv), the second intercept at theaxis subtracted by the first intercept gives

the activation resistance {f. As can be seen in Figu4e9, the diameter of the semicircle for the
Nyquist plot at 45 °C is higher which shows that there is higher activation resistance at this

temperature compared to 70 °C operation. To further evaluate the contribution of different
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components to the resistance, the equivalent circuit fitting is performed. The circuit given in Figure
4.9 shows the whole electrolyzer element, where L is the inductance due to the wires, R1 is the
ionic resistance due to the AEM, R2, and R3 are the activation resistance due to the anode and
cathode, respectively. Q1 and Q2 at anode and cathode are tlatphsaise element (CPE) and

are used to simulate resistors, capacitors, and inductors, and capture the effects of surface
roughness, porosity, reactlyj and surface inhomogeneity that are due to the electrical double
layer[180]. ECG-Lab software was used to fit the Nyquist plot wigimdomizedsimplex method

and the results are given in Tadlé.

Equivalent circuit results are tabulated in Tablk As the electrolyzer was operated at a higher
temperature of 70 AC, the ohmic resistance de:
to the increase in the conductivity@H' at higher temperatures, which atesultedn a decrease

in membrane resistance. The ohmic losses are due to the resistance in the flow of electrons from
different components of the electrolyzer, such as the anode, cathode, and membrane.

The total activation resistance at the anode and cathode were also evaluated using equivalent circuit
fitting. With the increase in temperature, the total activation resistance at both electrodes decreased
from 0.186 to 0. 116 Ynproverentf rdacion kimetica 6f pERdande t o
improved conductivity ofOH' with the increase in temperature. The membrane resistance also
decreased with the increase in temperature and there was a reduction of about 33%, when the
temperature was increasedfro45 to 70 °C. One of the reasons for the decrease in ohmic
resistance is the decrease in the membrane resistance with the temperature. It was reported that the
me mbr ane resistance decr e?aferepdycafbazoldased &niod t o

exchange membrane (QP®/A) [181].
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The EIS measurement at a voltage of 1.9 V was performed by Immanuel Vincent et al., the ohmic
resistance was reported to decrease with the increase in temperature. The reported ohmic resistance
at 1.9 V was 17. 8, 16, 1 5 .°(3[182].dmPEEM dlestrolysisnaf at 3
increase in temperature is also reported to decrease the ohmic contact, one of the reasons being the
thermal expansion of the components which causes the decrease in interfacial contact resistance
[183,184] The interfacih contact resistance decreases with the thermal expansion due to the
increased compression pressure in the PEM electrdli/@s.

Table4.1. Resistances evaluated from equivalent circuit fitting.

Resistance Temperature
45°C | 70°C

Rohm O . 15 0 105

Rmembrane 0.1 0.088

Ranodet Reathode | 0.186| 0.116
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Figure4.9. Nyquist plot at a constant voltage of Y&t two different temperatures of 453nd
70°C, Pt/C was used at the cathode and NiFe@a&3 used at the anode.

4.3.2 Effect of Electrolyte Concentration

The concentration of the electrolyte is an important parameter that needs to be understood in detail
to optimize the electrolysis conditions. It is desirable to operate the electrolyzer at low electrolyte
concentrations or only with water. However, usingyowater or using low concentrations of
electrolyte can significantly affect the performance of the electrolyzer, due to the decreased
conductivity of OHions.

In this work, the electrolyzer was tested at three different concentrations of KOH. The molarity of
KOH was 0.01, 0.1, and 1 M used in this study, all other parameters were the same as mentioned

earlier. Briefly, 25 mg/cmNiFeCoQ catalyst at the anode side and le#ieg? Pt/C were used at
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the cathode, the anion membrane was 50 um Faumsep3F#0A Figure4.10 shows the LSV
curves, the highest activity was achieved when 1 M KOH was used, and the electrolyzer reached
the current density of 951, 681, and 513 mA éuor 1 M, 0.1M, and 0.01 M electrolyte at 2.1 V.

The current density increased to about 39% when electrolyte concentration increased from 0.01 M
to 0.1 M, and there was an increase of 85% in current density when KOH concentration increased
from 0.01 to 1 M. It was alsdogerved thaat 0.01 M concentration, the polarization curve did not
remain linear after 1.9 V and slighthentdownwards. This is the indication that at a higher
voltage, moréOH is required for the OER, but due to the lower concentrati@tbf the current
density did not remain linear and started to decrease. This trend was not observed for 0.1 M and 1
M concentration electrolyzer performance. Electrolysis with DI water has shown lower current
density compared with other results obtained WitbH, the highest current density achieved was

254 mA cm %at 2.1 V. At 2.3 V, which is considered high for electrolysis, the current density was
400 mA cm 2

An increase in pH is reported to improve the conductivity of AEM, which reduces the ohmic
resistance and increases the activity of ARsiter electrolysioperationg86]. Higher pH is
reported to decrease the overpotential of the reaction. At lower concentrations pfhe@Hs a

lower number ofOH available, which causes slower reaction kinetics of QER. In other
research work<DI| water was used in AEM electrolyzer with a current density of 399 miAm

1.8 V[175]
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Figure 4.10. Linear Sweep Voltammetry attemperature of 70°C with 0.01 M to 1 M KOH
concentration. Pt/C was used at the cathode and NiFe@a®used aheanode.

Nyquist plot for KOH concentration of 0.01 M to 1 M and DI water are shown in Fgliea, b.

The EIS was performed at 2 V and 70°C for all electrolyte concentrations. There is a big difference
between the DI water Nyquist plot, which has a highettercept and a bigger diameter, which

are indicative of ohmic resistance and activation resistaespectively. The ohmic resistance for

Dl waterf ed el ectrol yzer wa ghe KGH¢fed eldctrotyzertha ohmi® . 56 q
resistance decreased with the increase in concentration. Lower ohmic resistance with increased
KOH concentration was due to the increased conductivity of the anion exchange membrane.

For comparison, the ohmic resistance using 1
compared to the DI watded electrolyzer. For EIS measurement at 1.5 V, ohmic resistance is
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reported to decrease from 170.4 to 18 mY, whe
M KOH [182]. The decrease in ohmic resistance was attributed to the increase in the conductivity

of the membrane.

1.00
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Figure4.11. (a) Nyquist plot at a constant voltage dof 2t 70°C, the concentration of electrolyte
was from 0.01 M to 1 M. (bNyquist plot using DI water. Pt/C was used at the cathode and
NiFeCoQ was used a@heanode with FAA3-50 membrane.

To evaluate individual resistances due to the components of the electrolyzer, equivalent circuit
fitting was performed with the same circuit as discussed earlier. The results from the equivalent
circuit fitting are shown in a bar graph in Figdr&2. The Figure shows the activation resistance

at the anode and cathode along with membrane resistance, the resistances as a function of
electrolyte are shown along with DI water. In all cases, DI water shows the highest resistances at
each component of ¢helectolyzer, followed by 0.01 M and 0.1 M KOH. These results showed

that two main componenteatcan control the activity of the electrolyzer are the anion exchange

membrane and the anode catalyst. For the membrane, a lower thickness and higher conductivity

58



can reduce these resistances. For the resistance at the anode, where an oxygen evolution reaction
takes place, there is still room for improving the OER catalyst to reduce the overpotential of the
catalyst. Another trend that was observed was membrarstares and activation resistance at

the anode decreased with the increase in KOH concentration, but activation resistance at the

cathode did not change much with the increase in KOH concentration.

0.60

B Water m0.01MKOH ®0.1MKOH ®=1M KOH

0.50 A

0.40 A

0.30

Resistance (Ohm)

0.20 A

0.00 -
Anode Cathode Membrane

Figure4.12. Comparison of resistances at anode, cathode, and membrane, the resistances were
evaluated by using equivalent circuit fitting. Tdyaplied voltage was ¥ at 70°C.

4.3.3 Comparison of Anion Exchange Membranes

Commercially available membranes are widely used in AEM electrolysis research, which are
Sustainioff 37-50 (dioxide membrane), Tokuyama A201, Fum&s&AA-3, Orion™, and
Aemion™. These AEMneedto be pretreated because they are usually shipped in bromide and

chloride forms. The AEM can be activated by keeping the membrane in the KOH solution for
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about 24 to 48 h. Tablé.2 provides the properties of the commercially available membrane

[59,186 190]

Table4.2. Commercially available membranes and their propdii@486 190].

Membrane Thickness (um) | Conductivity (ms.crit)
Sustainion® 37560 50 70

(dioxide membrane)

Fumasep®-AA-3 45-50 40-45
Fumasep® FABPK-130 110140 42
Tokuyama A201 28 -
Aemion™ 50 80

Orion™ 50 60

Membranes from Fumatech, such as the FAA3 type, are polyaromatic polymers with ether bonds
and quaternary ammonium graygresent at the main chain. The reported electrolysis work with
these membranes in the presence of a noble metal catalyst (Pt/C cathode anddg) showed

the activity of 1.5 Acm' 2at 2 V with 1 M KOH at 50C [191]. The durability testing of the FAA3

40 membrane showed a lifetime of 31 h, due to poor mechanical stability caused by the excessive

swelling of the membran@d9]. Whereas, the FAA30 membrane shows the stability of 1000 h,
with the NiIMnQ, anode and Pt/C cathode catal{/g8]. Sustainion membranes-37-50 from

dioxide materials are based orviylbenzyl chlorideco-styrene[58,59,192] The membranes

take some water for crosslinking which reduces the swelling of the membrane during the

electrolysis operatn [59].

For the comparison of electrolyzer activity commercially available Dioxide membrs8ve5R

was usedandthe MEA preparation method was similar as mentioned earlier. The operation was

performed at three temperatures of 45, 55, and 70 °C as shown in &i@diec. The X37-50

MEA had a higher current density at each temperature compared to th@-5@.Amembrane with

the same thickness

1815, for FAA3-50 MEA it was 794, 937, and 1121 noAt 2at 45, 55, and 70 °C, respectively.

of 50 &3@50MEA waa 1380, M690f ance
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Higheractivity could be correlated with the-X7-50 higher conductivity compared to the FRA

50 membrane.
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Figure4.13. Comparison of electrolysis performance usin§7X50 and FAA3-50 membranes at
different temperatures using NiFeCotatalyst.

Figure4.14 shows EIS results at 70 °C for both membrane electrode assemblies at 2 V. There is a

big difference between both results. The ohmic resistance for-81#&5X0

FAA-3-50 it

was 0.

12

Y.

Thi

S

was 0.

s h3¥-80sis hgherairt similah e

064 Y a

con

conditions, higher conductivity decreases the resistance caused by the membrane. This also

demonstrated that the-X7-50 membrane has better charge transfer ability between the catalyst

layer and the membrane compared to FAB0. The diamer of the semicircle which is indicative

of activation resistance is also lower for3%-50, the corresponding activation resistance was

0.037 and

0. 054

Y.

resulted in higher perfmance for X37-50.

These

resul

t

s showed

t hat

There are a few studies where Sustainie®760 is reported to be a better membrane in terms of

stability and performance. Electrochemical impedance comparison at different membranes showed

Sustainioff 37-50 had lower resistance compared to Funfas&s-50, Fumasep FAPW, AMI

7001, and Nafion 115. Sustainfomembrane had higher stability in the test with a degradation

rate of 5pV.H Yfor 2000 h operation at a fixed current density of @& 357]. Tokuyama A201
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had a degradation rate of 150 uV¥or 1000 h at 470 mA ch¥[72], Fumapsep FAA-3-50 had

a degradation rate of 800 pV fin 1000 h[73].
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Figure4.14. Nyquist plot ata constant voltage of ¥ at 70°C with FAA3-50 and %37-50 anion
exchange membranes, the concentration of electrolyte was 1 M. Pt/C was used at the cathode and

NiFeCoQ was used aheanode.

4.4 Conclusion

NiO, NiFeQ, and NiFeCoQ catalysts were tested for AEMater electrolysisising Fumasep
FAA-3-50 membrane, NiFeCaGshowed higher performance than other catalysts, due to the
promotion effect of Co and Fe in {ased catalysts. The highest activity at 2 V with NiFeCoO
catalysts was 802 mA c¢miat 70°C. The performance of the AEM electrolyzer was found to be
highly dependent on the electrolyte concentration, the activity was 954 mAat1 V with 1

M KOH whereas with DI water it was 254 mA trat 70°C. EIS results showed that there is a
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decrease in ohmic resistance with the increase in electrolyte concentration, mainly due to the
increased conductivity of the membrane. The membrane conductivity increased due @Hnore
ionsbeing availablat higher concentrations of KOH. The activation resistance of the anode also
decreased with the increase in electrolyte concentrations, which is due to the availability of more

OH ions at higher pH, which improved the reaction kinetics of OER. A comparison of the FAA

3-50 and %37-50 membranes, whichakie the samé hi ckness of 50 em showv
electrolyzer performance with the-37-50 membrane. For comparison, the highest activity on
FAA-3-50 and %37-50 membrane was 1121 and 1815 mA éat 2.2 V, 70°C, which shows-X

37-50 had 1.62 times higher current density at the same operating conditions. EIS results showed

that the X37-50 membrane had lower ohmic resistance than the-8A8 membrane.
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5 Investigation of NiCoOx Catalysts for Anion Exchange
Membrane Water Electrolysis: Performance, Durability,
and Efficiency Analysis

5.1 Introduction

Given the urgent need to shift away from fossil fuels and address the challenges of global warming
and climate change, hydrogen is considered as a highly promising fuel option for th¢Titure

It offers the potential to reduce carbon emissions and pollution associated with conventional fossil
fuels. The electrolysis of water using Proton Exchange Membrane (PEM) electrolyzers is widely
recognized as an efficient technology for producing hydrogge utilizing renewable energy
source$26,169] However, the use of expensive and scarce catalysts such as Iridium and Platinum,
as well as Titanium construction materials due to the acidic environment, contributes to the high

cost of hydrogen productian PEM electrolyzer§l193].

Anion exchange membrane (AEM) water electrolyzer represents a new type of water electrolyzer
with a polymeric AEM. These electrolyzers share a compact design similar to PEM electrolyzers,
making them suitable alternativgX]. One notable advantage of AEM water electrolyzers is the
ability to utilize nonprecious transition metal oxide catalysts due to the relative stability of these

catalysts in a basic medium. This feature helps reduce the overall cost of the electrshgrar sy
[9].

One of the main componentsaf AEM water electrolyzer is the anion exchange membrane. The
membrane is composed of a polymer backbone functionalized with anion exchange groups. In
most cases, the ion exchange groups are quaternary ammoniu®csalts The main role of the
membrane is to transport hydroxyl ions from the cathode to the anode and to avoid the crossover
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of hydrogen and oxygen gas. To be considered foractical water electrolysis process AEM
should have high conductivity, thermal and mechanical stability, impermeability to gases, and
long-term durability{8]. lonomers are the anidanctionalized groupthatare used as binders for
the catalyst at the electrodes. They also improve the conductivity of the membrane and facilitate

the exchange of water and ions at the surface of the cqdtedyigt

Dioxide membrane »37-50 T from Sustainio® has been shown to have high conductivity and
stability for AEM water electrolysi§s8]. Commercial AEM dioxide X37-50 T is composed of
polytetrafluroethylene (PTFE) supported styrene and vinyl benzyl chlorigmlgmers with
imidazolium and pyridinium grougd490,195] Quaternary ammonium groups are also utilized as
functional groups in AEM due to their low cost, high conductjatyd easier to synthesize method
[1961 199]. Quaternary groups are relatively emsio degrade by nucleophilic substitution and
Hofmann elimination reaction in alkaline conditid@80i 202]. Imidazolium functional groups as
present in dioxide membrane3¥-50 T are more stable than the quaternary ammonium groups
due to their resonance struct(2€3,204] In addition to AEM, highiyKOH-dopedion solvation
membranes based on polybenzimidazole (PBI) have also been considered for AEM electrolysis

and shorterm durability[205,206]

In AEM water electrolysis the presence of electrolytes such as KOH and NaOH increases the
conductivity of the solution and reduces the corrosion of the cafaygl Compared to PEM
electrolyzer AEM water electrolyzer has been reported to have lower current density and energy
efficiency due to the higher overpotential of oxygen evolution reaction (OER) cat@@8i{s
Significant effort has been focused on the development of iRy stswith low overpotentials

[209]. To address this challenge, significant advancements have been made in the development of
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oxygenevolving anodes with low overpotentials. Platinum group metals such aarndCRuQ

have been reported to have lower overpotenizdl8,211]

NiC0204 is one of the favorable metal oxide materialsO&Rin alkaline medium, due to its high
electrical conductivity high number of catalytically active siteand relatively lower cost
compared to the IrPand RuQ catalystq127,212] CaOs and NiCeOs, havea spinel structure

and are extensively studied as rmlatinum catalysts due to their ability to exhibit comparable
catalytic efficiency to platinunbased catalysts. These materials demonstrate enhanced stability,
reduced corrosiveness, and hajactrocatalytic activity, particularly in alkaline conditig24.3i

215] The catalysts with a spinel structure, such as PG dave received significant interest due

to their favorable mixed metal valence states{Ni?* and C3*/Cc?"), which offer excellent
redox active sites for OER16]. This characteristic contributes to their high catalytic activity and
stability, making them highly desirable for various applications. In the spinel structure Nickel
occupies the octahedral sites and cobalt oestpe octahedral and tetrahedral si{@47]. Ni

doping has been shown to enhance the activity e©gmatalyst122].

NiCo0204 catalysts have been shown to have high activitigbrieeelectrodesystemsthere are
few studies for AEM water electrolysis on Nifta catalyst as OER catalyst. Nigy catalyst
with hollow spherical morphology has been shown to have higher OER activityawithrent
density of 10 mA cit at 1.63V [218]. In AEM water electrolysis NiCogFe at the anode showed
good activity witha current density of 900 mA crhat 2.39 V and 50°C in water using a Pt black
cathode. It was reported that the catalyst performed better thancét@yst under similar

conditions[161].

In this studyNiCoOx mixed metabxidecatalysts were synthesized using different Ni to&ims

The OER was performed using three electrode systems and complete water electrolysis was
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performed using AEM electrolyzer. Electrochemical impedance spectroscopy (EIS) was
performed to evaluate different resistances due to the electrolyzer compdwoeigtserm and

shortterm durability testingvasalso performed using NiCa@ttheanode.

5.2 Experimental

5.2.1 Synthesis of NiCoQ catalysts

NiCoOy catalyst was synthesized by the coprecipitation method at room temperature.
Ni(NO3)2.6H.0O and Co(N@)2.6H.0O were used as a precursor of Ni &, respectively. The

molar ratio of Ni and Co was varied to get a series of NiGmtalysts. The molar ratio of Ni:Co

was changed from 1:1, 1:2, 1:3, Jahd 2:1, in addition, G@4 catalyst was also synthesized using

the same synthesis method. Precursors were dissolved in water and k&pt &ah25recipitation

step was carried out by adding 1 M NaOHpwese for 1 h until precipitation stops. After the
precipitation, the suspension was stirred for 2 h, and the catalyst suspension was centrifuged. The
solid catalyst obtained after centrifuge was washed with water to remove excess NaOH. The solid
obtained after washing was dried in an oven overnight ardhlicined in the furnace at 3Q0

to convert the catalyst into oxide form.
5.3 Results

Scanning electron microscopy (SEM, Leo 1550, Zeiss) was used to analyze the morphology of
NiCoOx catalyst and nickel foam coated catalyst which acts as GDL at the anode. 3=igure
shows NiCoQ (1:3) whichhasa distinct flaky structure, this morphology has been observed in
other studie§219]. Figure5.1b showsacrosssectional image of nickel foam coated with NiGoO
catalyst; a thin layer of catalyst was pressed on top of nickel foam to get a compact layer of catalyst
on top of the nickel foam. It wadserved that the catalyst layer completely covered the nickel
foam from the top side and due to the higher loading of the catalyst, the particles also penetrated
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inside the nickel foam, the catalyst particles reached about half the width of the nickel foam GDL.

The
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Figure5.1. (a) SEM images of NiCo{(1:3) catalyst (b) Crossectional image of nickel foam
coated with NiCo®@(1:3) catalyst (c) EDS spectra of NiCpQ.:3).
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X-ray diffraction studies were performed (Rigaku Miniflex 600) using GIK U r adi at i on
1.54184 ). Commerci al Ni O shows mainly Ni O p
37.36, 43.8, 60, 75.54nd 79.56, which are assigned to (111), (200), (220), (2ht) (222)

respectively. All peaks are indexed to NiO (JCPDS card n6643) as shown in Figue2

The XRD of NiCoQ catalyst with Ni to Co molar ratio of 1:1, 1:2, 1:3,1:5 shows distinct XRD

peaks which confirms NiG@ss pi nel crystal structure with a
to (311), all peaks are indexed to NpOa (JCPDS card no. 20781). No peak due to NiO was

observed due to the lower Ni mole fraction in these catalysts. These catalysts are mixed metal
oxide catalystwith varying proportions of NiC®4 and CgOs. By stoichiometric ratio 1:2 is

NiCo204 but other catalysts with 1:3, 1Have both NiCg04 and CaO4 phases. The catalyst with

1:1 ratio, stoichiometrically contains Nig and NiO. Although NiO peak was not observed for

this catalyst, the intensity of peaks attributed to Nica t 2 d, a®d56 decteased for this

catalyst due to the presence of NiO. Eatalystswvith ahigher ratio of Co there is a small peak at

2d 38.6 assigned t el657)2tdspeak codfinB theSpreseace df@m o . 7 4

The catalyst with 2:1 ratio shows broad peaks centered at 36.8 and 43.8, the broad peaks are due
to the presence of both NiO and NiCa in the catalyst, and the broader peaks are formed by
overl apping of Ni O pPOemkakatat2d2 B 73 8.68 .anTh eNi cCtoh
due to the overl appiup eak HR20.DaatcltBedigHer nolard Ni C

ratio of Ni, this catalyst had NiO and Ni@04 phases in the catalyst.

ScherreDebye equation was used to calculate the
wavelengthof Xr ay , b is the full width at half Maxi m

d is the diffracti on an g ichesO®hforcristaliine nahopagticleSc her r
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as shown in equation 5.The calculated crystallite sizes for NiCgD3) catalyst were in the

range of 3.5 to 4 nm.

o — Equation5.1
6000 | NiCoO, (2:1)
Co;0, —_
NiCoO, (1:5) g
5000 | NiCoO, (1:3) =
NiCoO, (1:2) 2 g
! ~N
NiCoO, (1:1) = 2
4000 & 8
- .
3
Z 3000
(7]
[
Q
E .,
£ 2000
1000 o
0 o
80 90

Figure5.2. XRD of NiCoQ catalyst calcined at 300 with different molaratiosof Ni to Co.

5.3.1 Catalyst Evaluation in three-electrodeSystem

Linear sweep voltammetry was performed in 1M KOH to evaluate the catalytic activity of the
NiCoOx catalyst coated on Nickel foam. NiCp(1:3) showed the highest catalytic activity with

a current density of 238 mA chat 1.8V, NiCoO (2:1) showed the least activity withcurrent
density of 67 mA cm as shown in Figurg.3a. There isa selfredox peak at 1.4% (V vs RHE)

which is indicative of Ni* to Ni®* oxidation[153,154] Shortterm stability of the catalyst was
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tested for 10 hours by chrono potentiometry at the current density of 10 to 100 HAtoeach
current density the stability of the catalysistested for 1 las shown ifFigure5.3b. The NiCoQ
(1:1) and NiCo® (1:3) catalysts exhibited the lowest overpotentials of 346 mV and 355 mV,
respectively, at a current density of 10 mATmt ahigher current density of 100 mA ¢hthe
same catalyst showeth overpotential of 776 mV and 760 mV. During this stability testihg

catalyst was stable at each current density and the activity did not decrease.

To compare the activity of the catalyst Tafel plots were used as shown in Biguré&liCoQ,

(1:3) has the least Tafel slope of 79 mV/dec whereas NiCh®) exhibits the Tafel slope of 101
mV/dec. A smaller Tafel slope is indicative of faster reaction kinetics of the reaction on the
catalyst. In other words, a lower Tafel slope shows that the catalyst offers lower overpotential for
higher current densit Tafel slope of 110 mV/dec, 111 mV/dec, 121 mV/dec and 122 mV/dec
were calculated for NiCo{(1:2), (304, NiCoC (1:5) and NiCoQ® (2:1) respectively. These

results showed that catalysts with Ni:Co ratios of 1:3 and 1:1 are the most active catalysts.

Different studies have reported overpotential over Milz@atalysts for OER, an overpotential of
0.457V was reported in 1M KOH for NiG®4 film [221]. For NiCeO4 hexagonal plates an
overpotential of 0.637 V in 1M KOH was report@22]. A composite of graphene ahiiC0204
has shown an overpotential of 0.27in 1M NaOH at a current density ofé4mA cm? [223].
NiCo.04 nanorods at the current density of 140 mA?dnad an overpotential of 0.27 Vin 1 M
NaOH[224]. MnOx nanoflakes deposited on Nigdy nanowireshave an overpotential of 342 mV

at 10 mA cnv[225].

The stability of the catalyst during the prolonged reaction is desirable with high activitygA
term stability test was performed on NiGo(Q:3) catalyst for 500 h Figurg3d. The test was

performed in a threelectrode setup using a catalyst coated on nickel foam as a working electrode
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and graphite electrode as a counter electrode and SCE as a reference electrode. The test was
performed at a current density of 50 mA€mith a starting voltage of 1.78 V (vs RHE). The
voltage increases by 1.83during the500-h operation. The rate of increase of the voltage during

the operation was 0.11 mV/h. This leteym stability testing ensures that the catalyst is not only

active at higher current density but also stable in longer electrolysrations
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Figure 5.3. OER activity in 1M KOH. (a)Polarization curves (85% #Rorrected) of NiCo®
catalyst series and @0a. (b) Chronopotentiometry from 10 to 100 mAénfc) Tafel plots in 1M
KOH (d) Durability tests of NiCo@(1:3) anode at 50 mA cfin 1M KOH.
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The double layer capacitance @as measured by performing CVthre nonfaradic region from
0.967 Vto 1.167 V. @=i/vwhere tis the charging current due to capacitancewisdhe scan
rate Figure 54 a-f shows the plot of scan rate vs current densith@non-faradic region. Figure
5.5shows thedoublelayercapacitance (&) for NiCoOx catalyst series. The value of ECSA was
55 cnt, 70 cnt, 90 cnt, 145 cm, 67.5 crd and 52.5 criifor NiCoCOx (1:1), NiCoQ (1:2), NiCoQ

(2:3), NiCoQ (1:5), NiCoQ (2:1) and CeO4 catalysts respectively.
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Figure5.4. Cyclic voltammetry in notfaradaic regions at different scan ra@sNiCoQ (1:1),
(b) NiCoQx (1:2), (c) NiCoQ (1:3), (d) NiCoQ (1:5), (e) NiCoQ (2:1) and (f) CeOa.
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Figure5.5. Double layer capacitance {Cfor NiCoCQ catalyst series.

5.3.2 AEM electrolyzer single cell tests

Singlecell tests were performed with NiCg@atalyst at the anode and Pt/C at cathode using Ni

foam and carbon paper GDL respectively with Dioxide membra&-%0 T with a thickness of

50 m.

with

imidazolium and pyridiniums groups and

Di o x i d®ustamontl-B87e60 Eis based on-¥inylbenzyl chlorideco-styrene

is supported on PTIFEB,192]

Chronoamperometry (CA) was used to measure the activity of the catalyst at constant voltage for

one minute. Figur®.6 shows the chronoamperometry af@s5%C, and 70C, the voltage was

increased from 1.5 V to 2.2 V in time steps of 60 seconds. Fig@aeshows the CA results on

NiCoOx (1:3) catalyst, the current density increased from 12.3 mi& ol 684 mA crh? when

the voltage is increased in steps from\L® 2.2V at 55°C. The activity also increased when the

operation was performed at a higher temperature @@, e highest current density at ¥.2vas

1684 mA cm? Figure5.60 shows CA results on NiCaQ1:1), the highest current density

achieved on this callyst at 2.2V was 1267 mA cifat 58C, andthe current density increased to
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1510 mA cm? at 70C which is 19% increase in the current density. Figue shows CA for
NiCoOx (2:1) compared toothers this catalyst showed lower current density at sagne
operational conditions. The current density 458nd 70C at 2.2V was 616 mA cit and 661
mA cm 2 respectively. In all cases, electrolysis operation was stable with minimal current

fluctuations at the fixed voltage.
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Figure5.6. Chronoamperometry at a voltage range of 1.5 t&/2RX/C was used at the cathode
(2) NiCoOx (1:3) (b) NiCoQ (1:1) and (c) NiCo®(2:1) catalysts were used at anode.

The polarization curves in Figuke7a showthe relationship between the applied cell voltage and

the current density in AEM electrolyzer at°@5 which provides information about the efficiency

and stability of the electrochemical reaction at the anode and cathode. The polarization curves at
45°C provide insights into how the different NiCo€atalysts perform at these conditions. Linear
sweep Voltammetry was performed from 1.3 to 2,2and the current density on NiCo(1:3)

catalyst was 735 mA cfat 2V which further increased to 1107 mA @mt 2.2V. The second
highest activity was observed on NiGoQ:1) catalyst witithehighest current density of 576 mA
cm?and 884 mA criat 2V and 2.2V, respectively. NiCo®(1:2), NiCoQ(1:5) and NiCo®2:1)

have the current density of 753 mA €689 mA cn? and 510 mA cri respectively at 2.%/.

Among all thecatalystdNiCoOx (1:3) showed the highest performance. Figbr@s ands.7c show

the results of singleell tests performed at 55°C and 70°C, respectively. The activity of all the
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catalysts increased with the increase in temperature, which is expected due to the improvement in
reaction kinetics and the decrease in overpotential for OER andHER6] The conductivity

of the electrolyte (KOH or NaOH) also increases with the temperatiieh results in higher

activity [74,191] The trend in the activity of the catalyst remained the same and N{C@phad

the highest current density of 1406 mA-€and 1700 mA cm at 2.2V at 58C and 70C. The

activity of this catalyst series very high compared to our earlier study on Hafalystsn similar
electrolysis operating conditio220]. This shows that the NiG0Os catalysts are more active

compared to Niatalystdan water electrolysis.

Nickel is considered to be the most effective catalyst for the OER due to the adsorption energies

and bond strength of reaction intermediates on its sUyfd&148]. The activity of Nihydroxides

and oxyhydroxides can be enhanced by adding small amounts of other transition metals. The
incorporation of transition metals into metal oxides or hydroxides can change thbavaetallic

phases interact with one another, specifically by altering-thetermetallic bonding. This could

lead to a reduction in the amount of energy required for the intermediates to adsorb and result in
weaker adsorption of the intermediates &ater reaction kinetic27,228] Adding transition

metals as impities to nickel oxiddhasb een shown t o increasadt he m;

decrease the amount of energy required for intermediates to bind to the ¢hti®lys51].

The addition of nickel to cobalt oxide introduces new redox couples and facilitates electron transfer
processes, leading to enhanced electrocatalytic performance. The synergistic effect of the two
metals results in improved catalytic activity, stabilityy/daconductivity, making NiC®s a
promising material for various electrochemical applicat{a23,224,229,230]The molar ratio of

Ni to Co is an important parameter to alter the activity of the OER. It has been reported that the

OER over Nickel cobalt ade catalyst with Ni/Co ratio of 1:2 showed higher activity compared
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to other compositions of the catalyst. The higher performance is evident through lower
overpotential and smaller Tafel slopg81]. The AEM water splitting with NiC®s@MnC

catalyst deposited on stainless steel mesh has an overpotential of 500 mV at 206 [A253m

Anion exchange membrane hasvery high influence on the overall performance of the
electrolyzer, the conductivity, stabilitgnd thickness of the membrane are important parameters
that affectperformanceZ. Liu et al. compared the performance of different membranes for AEM
electrolysis at 6%C using NiFeO4 catalyst at the cathode and NiFeCo catalyst at the anode. Linear
sweep voltammetry results atell potential of 1.9/ showed 1A crif, 0.5 A cn?, 0.16 A cn?,

0.11 A cn? and 0.1 A cnit for Sustainion dioxide membrane, Fumatech 58S Fumatech
FAPQ, AMI-7001 and Nafior115,respectively. A stability test with dioxide menabe was also

performed at a current density of 1A@for 2000 h aticell voltage of 1.9/ [58].

Other catalyst compositions and membranes have been reported for AEM electrolysis. Carbon
nanofibersupported OER catalysts NiMts and NiCeO4 have been studied using FAR50
membrane with 6M KOH electrolyte, the current density in a single cell test was 181 and 303 mA
cmi? respectively[232]. CuCoQ OER catalyst was studied with Pt/C cathode using Tokouyama
A201 membrane (t hC usikgnldM KCO2a8eleetolyte. Ehe highdst current
density achieved was 0.82 A @mt 1.9V. High current density was reported usingd@talyst
attheanode and Pt catalyst e cathode using the dioxide-X7-50 membrane, with a current
density of 2A cmi? [117]. In nonprecious catalystsNiFe;O4 catalyst has been studied more
compared to other catalysts for AEM electrolysis. A high current density of 1.5 nmtAvas
reported on NiF£, catalyst with Pt/C catalyst at the cathode. The electrolysis was performed at
60°C using 1M KOH electrolytg233]. Our bestperformingcatalysthasachieved the current

densities of 1406 mA crand 1700 mA cm at 2.2V at 53C and70°C, respectively. Compared
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to the other studies reported in simitgeration conditions, our results are comparable and showed

high activity.
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Figureb5.7. Linear Sweep Voltammetry at a temperature range of 45 to 70°C. Pt/C wastheed at
cathode and synthesized NiGogatalysts with varying Ni to Catioswere used aheanode. X
37-50 T membrane with a thickness of 50 um was used in electrolysis operation.

The apparent activation energy for AEM water electrolysis was calculated for NiQd®)
catalyst at a temperature range of 45°C to 70°C. The Arrhenius plot in Bi§undich correlates

the logarithm of current density with the reciprocal of temperature, was used for this analysis. The
apparent activation energy was determined at differeltdagesranging from 1.7 to 2/, and it

was observed to fall within the range of 19.09 to 14.61 kJ/mol. As shown in $dbléhe
relationship between activationergy and voltage was examined, revealing a decrease in apparent
activation energy with increasing voltage. This can be attributed to the higher concentration of
reactants at the electrode surfaghichresulsfrom increased voltage. Consequently, the elevated
potential energy of the reactants aids in surpassing the activation energy barrier, facilitating the

reaction[234].
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Table5.1. Activation energy for AEM water electrolysis with NiCp(2:3) catalyst at the anode
and Pt/C catalyst at the cathode.

Voltage (V) | Activation energy (kj/mol)
1.7 19.09
1.8 16.82
1.9 15.32
2 14.61
0.4 ®1.7V
0.2 A e 1.8V
e ® 1.9V
0 e I ' ‘‘‘‘‘‘‘‘‘ . .ZV
024 & T
____________ °
__-0.4 - M °
~ o T
g 064 T L
@
< 0.8 - R
| Tl .
1 4 -
124 el
e
144 T
1.6 - e
'1-8 I I I I I
0.0029 0.00295 0.003 0.00305 0.0031 0.00315 0.0032

1/7 (K?)

Figure5.8. Arrhenius plot for AEM water electrolysis over NiCo(2:3) catalyst at 45 to 7G.

5.3.3 EIS with equivalent circuit fittings

EIS was conducted to measure the impedance of the AEM water electrolyzer during electrolysis.
Potentiostatic EIS was performed with a constant potential applied to the cell at a voltage range of
1.7 V to 2 V and a frequency range of 100 kHz to 100 mHz.d&te obtained from the EIS

measurements was analyzed using Nyquist plots and equivalent circuit fitting. This technique
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enables the investigation of the cell 6s i mpe
transport processes, as well as the resistance of the electrolyte and MEA. The Nyquist plot offers
agraphical representation of thmpedance characteristics of the cell. Through equivalent circuit

fittings, parameters such as capacitance, resistandeénductance can be evaluated, which helps

in optimizing theelectrolyzemperformancg235].

Figures5.9a and5.% showthe Nyquist plot for the electrolysis operation that was conducted at
1.7 V for the NiCoQ catalyst series at 46. The NiCoQ (1:3) catalyst has a lower activation
resistance compared to the other catalysts, which is evident from the smaller diameter of the
semicircle in the Nyquist plot. The ohmic resistancen{R on the other hand, can be obtained

from the xintercept at the higfrequency region, and it represents the resistance due to the flow
of ions through the electrolyte. By subtracting the firmtercept from the secondintercept, the
activation resistance gR) can be obtained, which represents the resistance associated with the
ratedetermining step of the reactif286]. The smaller diameter of the semicircle for the Ni€oO

(1:3) catalyst indicates that this catalyst has a lower activation resistance and therefore, a more

efficient oxygen evolution reaction catalyst compared to the other catalysts.
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Figure5.9. Nyquist plot for theelectrolysis operation conducted at 1.7 V for the NiCo®alyst
series with different molar ratios of Ni to Co af@5

An equivalent circuit fitting was used to analyze the performance of the electrolyzer cell. This
method involves fitting the impedance data obtained from the EIS measurements to a mathematical
model of the cell, which includes different components thatrinre to the resistance. The inset

in Figure5.9a shows the electrolyzer elements where L is the inductance due to the wiring, ionic
resistance due to the AEM (R1), activation resistance at the anode and cathode (R2, R3), and a
constant phase element ERQ2, Q3) at the anode and cathode, which can be used to simulate

resistors, capacitors, and inductf#37].

The Nyquist plot obtained from the EIS measurements is fitted to the equivalent circuit model
using the Randomize simplex method, and the results of the fitting are presented b2l dlile

software EGLab was used to perform the equivalent circuit fitting. Ohmic resistangs) (R
represents the resistance encountered by the electric current as it passes through the electrolyte and

other conductive components of the system. Lower values of ohmic resistance indicate better
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conductivity and reduced energy losses within the system. Among the catalyst compositions listed,
NiCoOx( 1: 3) exhibits the | owest ohmic resistance
compared to other compositions. Activation resistancgo{fRRcathodd iS associated with the

kinetics of theelectrochemical reactions occurring at the anode and cathode. It represents the
resistance encountered during the electrochemical reactions at the electrode surfaces. Lower values

of activation resistance indicate faster reaction kinetics and enhancedicaiztivity. In this
case,NiCoQ( 1: 3) demonstrates relatively | o8 acti v
andNiCoQ( 1: 1) exhibits 0.178 Y and 0.185 Y, whic
catalytic activity compared to other catstl compositions. Membrane resistancedfRrany refers

to the resistance offered by the ioonductive membrane used in the electrochemical system. It
represents the hindrance faced by ions as they pass the membrane. Lower values of membrane
resistance indicate better ion conductivity through the mangb Electrolysis operation using

NiCoOx(1: 1) exhibits the | owest membrane resi st a

Table5.2. Equivalent circuit fitting results on electrolysis operation &C4tnd 1. % over NiCoQ
catalyst series and @0s.

Ohmic Activati . Membrane

resistance ctivation resistanc resistance

Catalyst Rohm Ranoder Reathode Rmembrane
NiCoOx (1:1) 0.100 0.185 0.087
NiCoOx (1:2) 0.127 0.212 0.113
NiCoOx (1:3) 0.103 0.124 0.102
NiCoOx (1:5) 0.127 0.229 0.112
NiCoOx (2:1) 0.153 0.277 0.140
C0304 0.125 0.178 0.104

To investigate the impact of temperature on different resistances involved in AEM electrolysis

operation, a potentiostatic EIS was carried oudoerlectrolyzer with NiCo(X1:3) catalyst in the
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voltage range of 1.V to 2V, at temperatures ranging from°@sto 70C as shown in Figurg.10.
Equivalent circuit fitting was not performed on these Nyquist plots and resistances were evaluated
directly from the plot from the-intercepts. Tabl&.3 shows that increasing the temperature of the
AEM electrolyzer results in a decrease in ohmic resistance, which can enhance the overall
efficiency of the electrolysis process. This can be explained by the rise inr©tbnductivity at

higher temperatures, which decreases the resistance in the electron flow through the electrolyzer
components. This findg supports the notion that elevating the temperature can reduce the ohmic

resistance and promote the efficiency of the water electrgy&is.

Table5.3 shows that as the temperature rose from 45%0, 7he total activation resistance at both

the anode and cathode decrVeasndd, rformorm . (0.3180 3¢ tt

2 V. This decrease in activation resistance can be attributed to the improved reaction kinetics of
OER and the increased conductivity of Gbhs at higher temperatur¢$82]. The increased
mobility of reactant ions and the higher reactivity of the catalyst at elevated temperatures result in
a higher rate of OERVloreover, the improved OHon conductivity leads to a reduction in the
resistance of electron flow through the anode and cathode. Increasing the voltage Woim 4.7

V further decreased the activation resistance at each temperature. Specifically, the activation
resistance at 48, 558C, and 70C was reduced by 63%, 65%, and 59%, respectively, upon
increasing the voltage to \2. The higher voltage facilitated the transfer of ‘Gidd electrons
through the membrane and electrodes by overcoming resist&uwé#sermore, the membrane
resistance decreased with the temperature increase, which can be attributed to the enhanced
conductivity of the electrolyte at higher temperatures. The ohmic resistance did not change with
the increase in the voltage from 1.72t¥, there is a slight decrease in ohmic resistance with the

increase in temperature.
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Ji Eun Park et al. studied EIS for AEM water electrolysis avilu8ing Pt/C and Ir@catalysts at

cathode andnodeyespectively. The electrolysis temperature was from 5096 éad 1M KOH

was used as an electrolyte, it was reported that the ohmic resistance decreased with the increase in
temperature. They proposed thia decrease in ohmic resistance was due to the increase in ionic
conductivity of the electrolyte and membrg@88]. Similar results were observed when AEM

water electrolyzer temperature increased froRC30 60°C at 1.9V. The ohmic resistance was
decreased fr2am 15. & Cmgye ttamsfer resistance also decreased from 23
mq Emo 11 .mA2atrtemmpecatures of 40 and 60C respectively. The charge transfer
resistance was decreased due to the increased conductivity of the ions within the membrane at
higher temperatures. Tlcreasen conductivity can elevate the concentration of @ids at the

catalyst interface, which promotes faster reaction kingtig2).
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Figure5.10. Nyquist plot at a constant voltage of 1.7 t& 2t 45°C, 55°C and 70°C, Pt/C was
used at the cathode, NiCp(1:3) catalyst was used at the anode.
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Table 5.3. Ohmic and Activation resistancegere evaluated fromthe Nyquist plot. EIS was
performed at a constant voltage of 1.7 ¥ ®ith a temperature range 45 to 70C over NiCoQ
(1:3) catalyst.

reosir;rtr;gce Activation resistancsg
Temperature Ronm (0| Renodd Re ot noae
1.7V
45°C 0.112 0.103
55°C 0.078 0.09
70°C 0.078 0.056
1.8V
45°C 0.112 0.065
55°C 0.078 0.063
70°C 0.078 0.039
19V
45°C 0.112 0.047
55°C 0.078 0.046
70°C 0.078 0.028
2V
45°C 0.112 0.038
55°C 0.078 0.031
70°C 0.078 0.023

5.3.4 Durability Studies

To test the durability othe AEM electrolyzer,the long-term test was performed atconstant
currentdensity of 250 mA crd for 30 h using 1M KOH with NiCoQ(1:3) catalyst athe anode

and Pt/C athe cathode. The flow rate of electrolyte was maintained at 90 ml/min during the
operation. The cell efficiencies were determined by measuring the flow rate of hydrogen during
the initial I-hour stability test at a current density of 250 mAZcwt this operating condition, the

cell efficiency was 70%, which was determined using equat@n 5
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Cell efficiency (%) =molar flowrateo f hy dr ogen x qgHfuatkon520 O

AEM electrolyzer power input
Throughout the stability testing, tleectrolyzer'sperformance remained stable. A degradation
rate of 0.68 mV/h was observed during the test, starting from an initial voltage of 1.732 V. After
30 hours of continuous operation, the voltage increased to 1.752 V, as shown inSHigjare
Additionally, the Faradic efficiency was calculated during the first hour of operation, and the
efficiency was 81%. These results indicated the stable operation of AEM electrolyzer for longer
operation time with minimal irrease involtage Shortterm durability tests were conducted to
evaluate the performance of the electrolyzer at lower and higher current density ranges as shown
in Figure5.11b. The tests were carried out for 10 minutes, and the current density ranged from 250
mA cni? to 1000 mA crif. The voltage did not vary significantly during each operation. At a
current density of 1000 mA cfthe voltage was 2.X, indicating that the electrolyzer was able

to operate effectively at higher current densities.
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Figure5.11. Durability test at 250 mA crhfor 30 h in 1M KOH using NiCo@(1:3) catalyst at
the anode, electrolyzer was operated &C5%b) Short term stability at current densities of 250
mA cm? to 1000 mA crtf at 55C.
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There are many possible causes for the increase in voltage during tierlarAEM electrolysis.

One of the main reasons is the durability of the AEM, as the membrane must be stable in an alkaline
environment for prolonged testing. There are several méstha for AEM degradation, such as
Hofmann elimination, SN mechanism, radical induced hydrolysis of aryl ettmmtaining
polymers, or crosslinking of quaternized polymdd®96,239] The degradation reaction
mechanism viaHofmann and SB mechanism with quaternary ammonium and imidazolium

functional groups are summarized in the literaf@B89)].

In one of the studies, the durability of FA8 membrane from Fumatech and Dioxide membrane
X-37-50 was compared at a current density of 1 AcRAS-50 membrane had a voltage increase

of 0.4 mV h! for 180 hours of AEM electrolysis. While AEM electrolysis using3%50
membr ane had a de gt'far@00a h stahility test.titavasadnclubled that thé
FAS-50 membrane had low alkaline stability compared to th&87-%60 membrane[58].
Deactivationcan also be caused by changes in catalyst mmghor detachment of the catalyst

due to the corrosive and oxidative environment of the electrolysis opej2dioh Furthermore,

the catalyst can leach into the electrolyte solution causing loss of active sites or a void in the

catalyst layef241].

5.4 Conclusion

The experimental data and analysis conducted in this study provide valuable insights into the
performance of different NiCoCratalysts for AEM water electrolysis. Among the catalysts
investigated, NiCo{Q(1:3) demonstrated the highest catalytic activity for OER with a current
density of 238 mA criat 1.8V in three electrode systems. It also exhibited the lowest Tafel slope
of 79 mV/dec, indicatingnore efficient electrochemical reaction kinetidhe other catalysts

showed slightly lower activity with Tal slopes ranging from 101 to 122 mV/dec. Furthermore,
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NiCoOx (1:3) demonstrated excellent stability ovet@hourchrono potentiometry test without
any performance decrease. The kagn stability testing for 500 hours also showed stable
performance with minimal voltage increase, indicating its potential forlastgng applications

in AEM water electrolysis. Compiag the different catalysts for AEM water electrolysis, NiGoO
(1:3) catalyst with a Ni to Co molar ratio of 1:3 outperformed the other catalysts in catalytic activity
with the highest current densityf 1700 mA cnt at 2.2 V. It also showed better electrochemical

kinetics and stability compared to other catalysts.

The EIS and equivalent circuit fitting analysis of different catalyst compositions in AEM water
electrolyzer reveal distinct performance characteristics. Among the catalyst compositions studied,
NiCoOx (1:3) demonstrates superior performance with lower activation resistance and membrane
resistance compared to NiCp@.:1), NiCoQ (1:2), NiCoQ (1:5), NiCoQ (2:1), and CgO4
catalysts. This indicates enhanced catalytic activity and conductivity, suggestingNIC®as

a promising catalyst for AEM waterleetrolysis. The effect of temperature on the AEM
electrolyzer was investigated, and it was found that increasing the temperature resulted in
decreased ohmic resistance, activation resistance, and membrane resistance. The improved
reaction kinetics, highe©OH ion conductivity, and increased mobility of the ions at higher

temperatures contribute to the overall efficiency of the electrolysis process.

During the 36hour longterm durability test, the electrolyzer showed stable operation and
maintained a relatively low degradation rate of 0.68 mV/h. The small increase in voltage from
1.732 V to 1.752 V over the test duration indicates minimal performéegedation. The cell
efficiency, calculated during the initial hour of stability testing, was approximately 70%,
demonstrating efficient hydrogen production at a current density of 250 rm?AFumthermore,

the faradic efficiency reached around 80%, ¢atingthe effective conversion of electrical energy
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to hydrogen. The sheterm durability tests conducted at lower and higher current density ranges
show the effective performance of the catalyst. The voltage remained constant during each

operation, highlighting the stability of the system.

90



6 Performance Evaluation and Durability Analysis of
NiFeCoOy Catalysts for Alkaline Water Electrolysis in
AEM Electrolyzers

6.1 Introduction

With the advancement in AEM, more research is famsused on nonprecious OER catalysts for

AEM water electrolyzer and AEM fuel cells. Three main classes of OER catalysts have been
widely studied for OER, which are spinel such as (Milzg perovskites such as SrCg@nd

mixed metal oxide catalysts LaNiCo®42i 244]. It was reported that ithe spinelc at al yst 6 s
structure, whicltontainsNi and Fe have higher OER activity. This is because Ni and Fe can have
synergistic effects on the OER process, resulting in improved activity compared to catalysts
contaning only one of these elements. Several studies have identified 8pinel compounds as
promising electrocatalysts for the OERI4 246].

Mixed oxide catalysts containing both Ni and Fe have been found tosbhpeeiorOER activity
compared to pure Ni electrodes or other bimetallic mixed oxides. The modificationFg Ni
bimetallic catalyst withathird metal has shown higher activity compared to the bimetallic OER
catalyst[152 154]. The activity of monometallic metal oxide films for the OER cay
depending on the specific metal used. Previous studies have suggested that nickel (Ni) is the most
active of the group 3d metals for the OFR4]. More recent research has indicated that the high
apparent activity of Ni oxide samples may be due to contamination with trace amounts of iron (Fe)
[177].

In this work NiFeCoQ mixed metal oxides were synthesized with increasing Fe content. The

activity of these catalysts was tested in three electrode systeran ABM electrolyzer for water
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electrolysis. AEM electrolyzer operation was also analyzed by Electrochemical Impedance
spectroscopy (EIS) with NiFeCq®atalysts at the anode. In addition, NiFeCo(Od4talyst was
also synthesized, and the activity was compared with NiFgeCafalyst. The catalyst durability

was also tested ia threeelectrodesystem and AEM electrolyzer.
6.2 Experimental

6.2.1 Synthesis of NiFeCo® catalysts

For the catalyst synthesiblickel nitrate (Ni(NQ)2), cobalt nitrate Co(Ng).:-6H-0, and iron

nitrate Fe(NQ@)2 were utilized as precursors for Ni, Co, and Fe, respectively. By maintaining a Ni

to Co molar ratio of 2:1, the Fe concentration varied from 2.5 to 12% pér metal basis. All

three precursors were dissolved in water at 25 °C, 1 M NaOH was then added dropwise for 60
minutes during the precipitation phase, followed by 2 hours of stirring. The resulting catalyst
suspension underwent centrifugation to isolléesolid catalyst, which was thoroughly washed to

remove excess NaOH. The washed solids wered dnean oven overnight and subsequently
subjected to calcination at 300°C for 5 h in a furnace to convert the catalyst into its metal oxide
form.

6.3 Results

The morphology of nickel foam and GDL was analyzed by scanning electron microscopy (SEM,

Leo 1550, Zeiss). Figuses.1a and6.1b show nickel foam without any catalyst coating, which
shows pore size r ang 6.Xx illustfateslalcssdctmnalsvievdof mickel Fi gu
foam coated with NiFeCoQratalyst. It shows a thin layer ohtalyston the surface of the nickel

f oam. The thickness of t hesecddnd image shoved thatthed 790
top surface of the GDE is covered with the catalyst |eayeal due to the applied pressure during

the fabrication process particles also deposited within the structure of nickel foam.
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Figure 6.1d shows the Pt/C coated Carbon paper cathode, the total loading of the catalyst was
1mg/cnt of Pt and it covers the carbon paper completS8lyme cracks werdue to the heat
treatment during the deposition of the catalifggure6.1e shows the EDS spectra of NiFeGoO
5wt.% catalyst, which confirms the ratio of Ni to Co and Fe content of 5wt% with respibet to

total metal content of the catalyfiguresA6.1 to A6.5 in the appendix sectioshowthe EDS
spectrum of NiFeCoQcatalyst series. All the EDS resuttsnfirm the total Fe content in each

catalyst.
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Figure6.1. SEM of (a & b) Nickel Foam without any catalyst depositiorCf@sssectionaimage
of NiFeCoQ (5% Fe) catalyst layer deposited on nickel foam (d) Pt/C coated on carbon paper (e)
EDS of NiFeCoQ (5% Fe) catalyst.

X-ray diffraction (XRD) investigations were carried out using the Rigaku Miniflex 600 instrument,
employingCuk U r adi ati on with a wavel ep@5-mR5wt6 1. 541
Fe) catalysts, whichaveNi to Co molar ratio of 2:1, showed Nig spinel crystal structure

with a most i ntense peak &L ThHegeak’d Gver8indexedsto g n e d
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NiCo204 (JCPDS card no. 20781). Due tothe low loading of Fe in NiFeCoPcatalysts
diffraction peaks for NiF€s and FeOs; were notobserved Some peaks corresponding to
NiCo204 were not distinct due to the 2:1 ratio of Ni to Co, indicating the presence of NiQO4Co

phases in the catalyst. In Figu& XRD of NiO is added for the comparison, Nickel oxide had
five distinct peaks cen,tamd7®56 and assighefl to3121),3260), 4 3 .

(220), (311) and (222) respectively. Peaks are indexed to NiO (JCPDS card064.3j8

In a coprecipitated NiFeQcatalyst with 15% Fe loading, there was no XRD peak observed for
NiFexO4 or FeOs [220]. For the XRD of Ni/NiFeOs catalyst, no XRD peak due to N2 was
observed at the Fe mol % of 10 to 15%a35At a h
observed, further increase in the Fe mol% to 50 results in the appearanga:afiffi@ction peaks

[247].
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Figure6.2. XRD of NiFeCoQ catalysts with Fe content of 2.5 to 12.5%%ut

6.3.1 OxygenEvolution Reaction

90

To evaluate the catalytic activity of the NiFeGo€atalysts, LSV was performed in 1M KOH.

NiFeCoQ (5%Fe) showed the highest catalytic activity with an overpotential of 228 mV at a

current density of 10 mA ciFigure6.3a, in all cases catalyst was coated on Nickel foam. The

catalytic activity increased in the order of 5%>7.5%>2.5%>10%>12.5% with respect to total Fe

content. The trend shows maximum activity at 5% and 7.5% Fe content, which decreases after

further additionof Fe content to 10% and 12.5% Fe. Similar results were reported for NiFeO

electrocatalysts, where the OER activity improved &ldFe contentand with a further increase

in Fe content to 30% the OER activity decred2dd]. Higher Fe content in NiFe layered double
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hydroxides (LDH) material is reported to decrease the OER activity due to the formation of

FeQHy segregate@phasewnhich decreases the electrical conductivity of the cata]248&).

NiO catalysts have shown comparatively lower activity in terms of oxygen evolution reaction OER
[249], there isaself-redox peak at 1.48 (V vs RHE) which is indicative of Nt to Ni®* oxidation.

With the increase in Fe content higher than 5% Fe the peak became less prominent. In earlier work,
it has been proposed that the addition of Fe in NiO materials promotes charge transfer and increases
the valence state of Ni. This made furtheidation of the catalyst relativeljifficult, causing the
disappeanace of Nf* to Ni®* peak at 1.45/. This partial charge transfer between Ni and Fe has
been linked to improved OER activifg50]. Figure 6.30b shows theoverpotential at current
densities of 10, 50, and 100 mA @At 10 mA cn¥ the overpotential did not change much with

the increase in Fe content in NiFeGogatalyst series with NiFeCa@5% Fe) catalyst had an
overpotential of 228 mV at 10 mA ¢mAt higher current densities of 50 mA Zmand 100 mA

cmi? the overpotential of NiFeCaQ5% Fe) was 406 and 495 mV, which is the lowest among
other catalysts and with further increase in Fe content to 12.5% it increased to 458 mV and 558

mV for 50mA cm? and100 mA cn¥ respectively.

A long-term stability test was performed on NiFeGd&% Fe) catalyst for 100 h FiguBe3c. The

OER catalyst stability test was performed at a current density of 50 MADmring the100-h
operation the voltage increased from 1.741t&/ 1.79V (vs RHE).The rate of voltage increase

over 100 h stability period was 0.49 mV/h. This test helped to analyze the stability of the catalyst

for prolonged OER & relatively higher current density.
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Figure6.3. Oxygen evolution reaction for NiFeCg@atalyst series in 1M KOH. (a) Polarization
curves (85% iRcorrected) of NiFeCo©catalysts. (b) Overpotential of OER at 10, 50 and 100
mA/cn?. (c) Long-term OER tests of NiFeCo{5%Fe) catalyst at 50 mA/ém

The determination of doublayer capacitance () involved conducting cyclic voltammetry (CV)

in the nonfaradic region, specifically ranging from 0.967 V to 1.167 V. The plots in Fgjdra

f depict the relationship between scan rate and current density in tHaradit region. @ was
calculated from the slope tie scan rate vthe current density plot as shown in Figur®.6T'he

Table in Figure & shows the values of£and ECSA for NiFeCoQcatalysts. The calculated
values for the ECSA were 172.5 cm?, 127.5 cm?, 132.5 cm?, 135 cm?, and 132.5 cm? for NiFeCoO

catalysts with Fe concentrations of 2.5%, 5%, 7.5%, 10%, and 12.5%, respectively.
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Figure6.4. Cyclic voltammetry for the determination ofi@r NiFeCoQ catalysts with varying
Fe content (a) 2.5% (b) 5% (c) 7.5% (d) 10% (e) 12.5% and (f) NiCa((BPH).

99



-0.5 -
-1
=~-1.5 A
£
2
<
E ®
= -2 1 (
-25
|1Catalyst ECSA (cm?2) [mF/cm?
[NiFecoo, (2.5%Fe) | 1725 6.9
nNiFeCOOx (5% Fe) 127.5 5.1
-3 dNiFecoo, (7.5% Fe) | 132.5 5.3
|]NiFeC00x (10% Fe) 135 5.4
[NiFecoo, (12.5% Fe)| 1325 5.3
HNiFeCo(OH)x (5%Fe)| 77.50 3.1
'3-5 : L] T T L] T L] L]
0 20 40 60 80 100 120 140 160

Scan rate (mV/s)

Figure6.5. Plot of scan rate vs current density for evaluation of electrochemical double layer
capacitance (&) of NiFeCoQ catalysts.

6.3.2 Single-cell performance with NiFeCoQ catalyst

The activity of the catalyst in AEM electrolyzer was tested using chronoamperometry. &=@jure

shows the activity of the catalyst at°@5 with voltage ranges from 1.5% 2.2V. The voltage

was constant for one minute at each voltage, the electrolyzer performance was monitored and there

was verylittle variation in current density atfixed voltage. At a voltage of 2.2 V, the maximum

current density was 1675 mA &fm
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Figure 6.6. NiFeCoQ (5% Fe) catalyst activity measurement in AEM electrolyzer using
chronoamperometry at 45 with voltage from 1.5 to 2.8.

Figure6.7a shows polarization curves with the serieBlitfeCoQ catalysts at 4%. The Nito Co

ratio in all the catalysts was 2:1 with Fe content changes from 2.5 to 12.5%. The catalyst with 5%
Fe content showed the highest activity of 1128 mA2ah 2.1 V. Other catalysts also exhibited
increased activity, with the catalyst containing 7.34ve achieving a current density of 832 mA

cm 2 at the same voltage. As the percentage of iron (Fe) exceeds %.,5aveduction in activity

was observed, particularly at concentrations of 10 and 126. wt

AEM water electrolysis is usually performed at higher temperatures tlén #te reason is to
improve the reaction kinetics and to increase the conductivity of the electrolyte. Faglresd
6.7c show the AEM electrolysis performance at®and 70C. The trend in activity was the same
with 5% Fe having the highest current density of 1516 and 1620 mA am%3C and 760C
respectivelyat 2.1V. With the 7.5 wits Fe catalysthe highest activities were 1048 and 1340 mA
cm 2 at 5%C and70°C, respectivelyThe AEM electrolyzer tests were repeatedémroducibility,

thetests were repeated three times with the new MEA with the same catalyst composition. Figure
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A 6.6 in the appendix section shows the AEM electrolysis 4 45ing NiFeCo©5% Fe catalyst
at the anode and Pt/C at the cathode. The error bar shows the standard deviation among the

measured current density.

1200

2.5% (b) 2.5% (c)

1000 -

200 -

0

14 15 16 1.7 18 19 20 21 14 15 16 1.7 18 19 2.0 21 14 15 16 1.7 18 19 2.0 21
Cell Voltage (V) Cell Voltage (V..;) Cell Voltage (V.)

Figure6.7. Linear Sweep Voltammetry at different temperatures usi3y-80 T membrane for
AEM electrolysis (a) 45°C, (b) 55°C and (c) 70°C. The cathode was Pt/C, while the anode had
NiFeCoQ catalyst with a varying Fe content ranging from 2.5% to 12.5% wt

The formation of a spinel phase, such as M@ipcancontribute to enhancinthe activity in
electrocatalysis, particularly for the oxygen evolution reaction. Fe oxides can also promote the
formation of the NiCgOs spinel phase, which is known to be a good oxygen evolution
electrocatalysf251]. The optimum percentage of Fe in Ni based catalyst for OER has been shown
to vary in different studies. For NiO/NiK@s based mixed oxide catalyst, the OER activity was
reported to be maximum at 10 mol% of Fe wi@®®of Ni. Increasing the Fe content to 20 mol%

the activity of the OER decreased to half. It was proposed that the formation of amorpiius Fe
could be the reasdor lower activity with the increase in Fe cont¢p47]. In another study, it

was shown that the addition of Fe in a Ni hydroxide catalyst enhanced the overall performance of
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alkaline water electrolysis, with higher Fe content the performance is reported to dgbt@hse
The Nickel Iron oxide with a sputtered catalyst with 1.9% Fe was reported to have a lower

overpotential than the 5.6% Fe catalyst for QEB2].

In this work addition of Fe in NiCoQcatalyst has shown to have a promotional effect on the
overall activity of the catalyst when the Fe content was 5 to 7.5%. The increased activity is linked
to the improved conductivity of the catalyst and also due to the decrease of the overpotential of
the OER catalyst. The NiO catalyst's performance for OER has been demonstrated to be enhanced
by a Fe content between 10 and 20%. Co aids in the formatiori‘pfaNd it was suggested that

Fe would stabilize Ni in the ik Oxidation statg245]. In another studytrimetallic Nio.sCoo 2Fey.2

was reported to havaecurrent density of 1.5 A/cfrat 2V. The enhancement in the activity of the

catalysts was due to the Ni(OH» NiOOH transformation atrelatively lower temperatu@53].

Figure6.8a shows a bar graph, which illustrates a clear electragsigty trend with the change

in Fe content under the condition of 2/1at 55C. At 2.5 wt% Fe the catalyst activity is higher

than the 10 and 12.5% Fe, which means that higher Fe content retards the overall activity. The
optimum Fe content was at 5 and 7.5%, which shows the highest activity among the series of
catalysts. For comparison wheretlre content increased from 2.5 to 5% the current density

increased by 96%.
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Figure 6.8. The trendin the activity of AEM electrolysis performance with the increase in Fe
content at 2.1 V and 86. (b) Arrhenius plot of NiFeCo(Q5% Fe) catalyst as anode for AEM
water electrolysis at a temperature range of 2@C.

Arrhenius plot was used to calculate the apparent activation energy for AEM water electrolysis by
plotting the logarithm of current density and reciprocal temperature as shown in &iguréhe
apparent activation energy was calculated at a voltage range of 1.5 to 2.2aVeamukrature

range of 45 to AC. The apparent activation energy was 33.09 to 12.40 kj/mol for NiFeCoO
catalyst with 5% Fe content. Tabel shows the apparent activation energy at each current
density, the activation energy decredswith the increase in the voltage. In electrochemical
reactions, such a&ER, as voltage increases, the potential energy of the reactants also increases.
This increase in potential energy can be used to overcome the activation energy barrier required

for the reaction to occur, making it easier for the reaction to take [[2a4£255]
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Table6.1. Apparent Activation energy with NiFeCo(®% Fe) catalyst at anode for AEM water
electrolysis.

Vol tlActi vati
(V)lkj !/ mol
1.5 33.09
1. 6 21.66
1.7 17.63
1. 8 15.62
1.9 14. 914
2 13. 36
2. 1 12.57
2. 2 12.40

6.3.3 Electrochemical ImpedanceSpectroscopy

EIS is a robust technique employed for investigating the operational characteristics of electrolyzer
cells, especially in the context of AEM water electrolysis dai6,257] By this analysisthe
impedance of the electrolyzer during the electrolysis operation can be measured. In,dddition
impedance athe cathode and anode, resistance due to electrolyte and membrane can also be
evaluated236]. The data obtained from the EIS measurements can be analyzed by Nyquist plots,
which allow for the visualizgon of the impedance characteristics of the cell. The Nyquist plot can

be used to identify the different components of the impedance, such as thetcrestp

resistance and the Warburg impedaj2&s].

Figure6.9illustrates the Nyquist plot obtained during the electrolysis operation at 55°C, performed
at a voltage of 1.7 V, for the NiFeCg@Catalyst series. On the Nyquist plot, thantercept at the
high-frequency region signifies the ohmic resistancg{Rand the activation resistance{frcan

be determined by subtracting the firsinkercept from the secondirtercept. The Nyquist plot in

105



Figure6.9illustrates that the semicircle diameter for NiFeGQa@h a 5% loading is smaller than
that of the other catalysts with different Fe loadings. This suggests that the activation resistance

for this catalyst is comparatively lower when compared to other catalysts.

To gain further insight into the performance of the electrolyzer cell, equivalent circuit fitting was
used to analyze the contributions of different components to the impedance. An equivalent circuit
is shown in Figures.9, with different electrolyzer components. Where (L) is inductance, ionic
resistance, R1 is the ionic resistance, R2 and R3 are the activation resistance and Q2 and Q3 are
the constant phase element (CPE},(Q3) at the electrodd254]. Due to the nomniform nature

of the electrode<CPEwas used instead of capacitive elemenf{2%3].
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Figure6.9. EIS analysis witiNyquist plot at 1.% for AEM electrolysis with NiFeCoQcatalysts
at 55C.
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Table6.2. Resistances evaluated from equivalent circuit fitting, EIS was performefGatba
1.7V.

Ohmic Activation resistancg
Catalyst resistance
Fe% v Y
Rohm(Y ) Ranodéer Reathode(Y )
2.5 0.102 0.218
5 0.064 0.074
7.5 0.083 0.180
10 0.166 0.139
12 0.159 0.284

Table6.2 shows the activation resistance and ohmic resistance evaluated from the Nyquist plots
for thecatalyst series during AEM electrolysis. The Nyquist plots showed the same trends as was
observed in the performance testing, the activation resistance and ohmic resistance increased in
the same order that is 5%Fe < 7.5%Fe < 2.5% Fe < 10% Fe < 12.5%eHewEn activation
resistance (0.07%) and ohmic resistance (0.0689 for NiFeCoQ (5% Fe) catalyst resulted in
higher performance for the AEM electrolysis. The lower ohmic resistance for Nik€6%-e)

was due to the increased conductivity of the gatalue to the addition of Fe. Higher loading of

Fe greater than 5% resulted in the decrease of conductivity of the catalysti@adedhmic
resistance. Similarly higher Fe content in the catalyst resulted in increased activation resistance,
which means that OER at the anode has a lower overpotential on NiF€&26®¢€) than other
catalysts in the series. These results clearly showed that the addition of Fe in the rang&of 5

in NiCoOx catalyst increased the catalyst conductivity, leadirgrémludion in ohmic resistance.
Activation resistance was also lower foi7%% Fe content catalysts and these catalysts have

shown higher current densities in singkdl performance.

Potentiostatic EIS was also used to study the effdengberature on different resistances involved

in AEM electrolysis operation. EIS was performed on NiFeg® Fe) catalyst from 45 to 7O
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at 1.7 V and 2 V as shown in Figusel0. Equivalent circuit fitting results in Tab&3 suggest
that as the temperature of the AEM electrolyzer increases, the ohmic resistance decreases, which

can improve the overall efficiency of the electrolysis process.

The results in Tablé.3 show that with an increase in temperature from 45 £€,7the total
activation resistance at the anode and cathode decreased from 0.096 10 & Q6B V and from
0.051 to 0.02¥ at 2 V. With the increase in the voltage from 1.7 ¥, Zhe activation resistance
decreased at each temperature. The activation resistanc&Cato8% and 70C decreased by

46.8%, 47.3%, and 55.3% by increasing the voltage to 2 V.
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Figure 6.10. Effect of temperature for AEM water electrolysis with EIS analysis uSiyguist
plots at three distinct temperatures (45°C, 55°C, and 70°C). NiFe€Gx@lyst with (5wo Fe)
was used at the anode. EIS was performed af &nd 2 V.

108



Table6.3. Equivalent circuit results for EIS analysis. The AEM electrolysis was carried out at
1.7V and 2V from 45°C to 70C with NiFeCoQ (5wt.% Fe) anode.

Temperature Ohmic Activation Membrane
resistance resistance resistance
Rohm(Y ) Ranodé" Rcathode(Y ) Rmembrane(Y )
1.7V
45°C 0.080 0.096 0.072
55°C 0.064 0.074 0.060
70°C 0.060 0.065 0.058
2V
45°C 0.078 0.051 0.071
55°C 0.064 0.039 0.060
70°C 0.061 0.029 0.060

6.3.4 Comparison of NiFeCoQ catalyst with NiFeCo(OH)

Ni based hydroxidéased materials have shown gasidbility in alkaline conditions and are

known to have high OER activity. Ni, Fend Co based Layered double hydroxide materials are

also reported to have high OER actijig#8,260,261]In this study, he synthesis method for the
NiFeCo(OHy is similar to the NiFeCo©with the only difference being that it was not annealed

at high temperature, the catalyst was dried at room temperature for one day. The loading of the Fe
was 5% and the performance of the catalyst was compared with the NiFg8260®e) calyst.

The XRD pattern of NiFeCo(OK)revealed peaks that corresponded to reflections of a
hydrotalcitelike structure Figuré.11, wi t h di stinct peaks at 2d wh
60 which were assigned to (003), (006), (012), (015), and (110) reflections and are indexed to

(JCPDS: 06035-0965).
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Figure6.11. XRD of NiFeCo(OH), catalyst with 5wb6 Fe.

To compare the electrolyzer activity of NiFeCo(QENhd NiFeCo®, a dioxide membrane-Z7-

50 T was employed, and the MEA preparation method followed the previously described
procedure. The operation was conducted at three temperatures (45°C, 55°C, and 70°C), as depicted
in Figure6.12 a-c. At each temperature, the NiFeCo(®@Hatalyst exhibited a lower current
density compared to NiFeCqeQwith both catalysts having the same loading of 25 md. &xha

voltage of 2.2 V, the current density for NiFeCo(Qi#as 514 mA cri at 45°C, 588 mA criat

55°C, and 617 mA crhat 70°C. In contrast, for the NiFeCge®atalyst, the current density was
higher, reaching 1311 mA cfrat 45°C, 1800 mA crhat 55°C, and 1880 mA cfat 70°C. The

activity of NiFeCo(OH) is higher as it achieves a current density of higher than 500 matm
eachtemperature budtompared tdéNiFeCoQ the activity was 2.5 times lower at5 At relatively

higher temperatures of 85 and 70C, the NiFeCo(OH) activity was 3 times lower than the
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NiFeCoQ catalyst. The hydroxide form of OER catalyst is reported to show higher activities in
literature However, their low electronic conductivity can be a limitation for the OER. This means
that the electrons may have difficulty moving through the material, which can slow down the
reaction and decrease the efficiency of the electrolysis pr{&@js The hydroxyl group present

in the catalyst results in oxygen defects, it is reported that the presence of oxygen defects can
change the properties of magds, including energy levels and conductivity. It also leads to an
increase in the number of reactive and surkatteve sites. However, an overabundance of oxygen
vacancies causes a deformation in the r@tgbgen bond, which decreases the electrorstesin

between the catalyst surface and the intermediate in the oxygen evolution rai&jon

1600 2200 2200
NiF 45°C 55°C 70°C
iFeCoO, 2000 { NiFeCoO, 2000 { NiFeCoO,
1400 { NiFeCo(OH), (a) NiFeCo(OH), (b) NiFeCo(OH), (c)
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g T 1000 - T 1000
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1314151617 1819202122 1314151617 1819202122 131.415161.718192.0212.2
Cell Voltage (V) Cell Voltage (V) Cell Voltage (V)

Figure 6.12. Electrolysis performance using NiFeGoénd NiFeCo(OH) with 5wt% Fe at a
temperature range of (a) 45 (b) 55C, (c) 70C.

Modifications to nickel hydroxide catalysts to improve their performance in the OER typically
focus on several key areas. Heteroatom doping, such as the incorporation of Fe and Co into the

catalyst, can enhance the conductivity of the material and prochateje transfer, thereby
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improving its OER performanc62 264]. Heteroatomic doping, specifically f®ping, is a
promising method for improving the activity of nickehsed (oxy)hydroxide catalysts in the OER.
Studies have found that the intentional and/or incidental incorporation of Fe into nickel
(oxy)hydroxide can significantly enhance the catalytic activitthefmaterial. It was reported that

the introduction of Fe into nickel (oxy)hydroxide catalysts affects the electronic structure of the
material and promotegartial charge transfer activation on the Ni atoms-déging in nickel
(oxy)hydroxide catalysts has been found to result in optimal adsorption energy for oxygen
intermediates, making the OER more efficient. Other research has also suggested that the Fe ions,
ratherthan the Ni sitegnay bethe active sites for the generation off@m intermediate species

on Ni..xFeOOH catalyst$265].

Another strategy to improve the activity of N#based Layered Double Hydroxides (LDHS) in the

OER is the ternary metal catalyst. This can affect the conductivity and structure of the binary
catalyst (NiFe hydroxide), leading to enhanced OER activityinstance, Ternary NiFeCo mixed

metal oxide film has been found to exhibit enhanced OER activity compared to reference NiFe
LDH catalysts. This approach can create new active sites and change the electronic structure of
the catalyst leading to improved pawrhance in OER245,261] Some synergism has been
reported between Ni and Co in Ni(Ca}) catalyst for OER, which is more active than the
corresponding Cofy catalyst. The OER activity was reported to increase 3 times by co

deposition of Fe in Ni(Co)y [151].

The Lower conductivity of layered double hydroxides (LDHs) has been a barrier to their use as
catalysts in the OER. To overcome this limitation, researchers have attempted to combine LDHs
with conductive materials such as reduced graphene oxide (rGOauidowhcmanotubes (CNTs) or

to grow LDHs on conductive substrates such as nickel foam or carbon fiber cloth. This approach
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aims to enhance the conductivity of the catalysts, making them more efficient in the OER process

[266,267]

Figure6.13a shows EIS results at %5 for NiFeCo(OH) (5% Fe) catalyst using the-X7-50 T
membrane. The ohmic resistance at 1.7 and 2 V were §.2#% 0.218Y, and the activation
resistance was 0.24% and 0.2Y determined from equivalent circuit fittings. When these EIS
results are compared with NiFeCoB% Fe) for electrolysis operation, the ohmic resistances were
3.5 and 3.4 times higher for NiFeCo(QHatalyst. This could be due to the low conductivity
offered by this catalyst which offered higher resistance in electron transport. The conductivity also
affects the overall performance of the electrolyzer, and this catalyst achieves lower current density
than NiFeCoQ® catalyst during water electrolysis at ts@me conditions. Activation resistances
were also 3.29 and 5.1 times higher compared to NiFgeCa@lyst. This explains the lower
performance of hydroxide catalysts for water electrolysis compared to the other NiFe€ie®

of catalysts.
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Figure6.13. Comparison of Nyquist plot for NiFeCe@nd NiFeCo(OH) catalysts with 5wéo
Fe at 58C for AEM water electrolysis. (b) AEM electrolyzer durability test at 800 mAfom8
hin 1M KOH, electrolyzer was operated afG5
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6.3.5 AEM Electrolyzer Durability Test

A durability test was performed for water electrolysis with NiFeC@%%Fe) OER catalyst at 800
mA/cn? for 8 h. Cell efficiencies were determined within the first hour of the stability test. The
cell efficiency was 70.5% at this high current density operation. During the stability testing, the
voltage did not increase much during the analysis. The degnadate observed during the test
was 2.3 mV/h, and the initial voltage at the start of the test was ¢.8@8 after 8 hours it reached
1.839V, as show in Figure6.13b. Faradicefficiency was also calculated within the first 60

minutes of the operation, widgmefficiency of 87%.

One of the factors that affect the electrolyzeerformance for longer runs is the stability of AEM.
Some of the commercially available membstested for durability testing were not stable even
at very low current density, FA8 membrane was reported to degrade within 10 h of the operation
at 20 mA cnit. With aryl etheisfree HMT-PBI AEM showed stability for 200 h at a current density
of 25 mA cn?® [268]. Higher current density AEM stability tests were reported with 58%nd
Sustainions X37-50 membanes at 6%, both membranes showed stability for 180 h and 2000 h

at 1 A cnv [58].

6.4 Conclusion

In this study, the catalytic activity of NiFeCe@atalysts in AEM water electrolysis was
investigated. NiFeCoQcatalysts exhibited a wetlefined NiCeOas spinel crystal structure. The
electrochemical analysis in the thwelectrode system revealed that the catalytic activity of the
NiFeCoQ catalysts varied with the Fe content. Specifically, the catalyst with 5% Fe content
exhibited the highest catalytic activity, achieving an overpotential of 228 mV at a current density
of 10 mA cn?. The longterm stabity testing for 100 hours showed stable performance with

aslight voltage increase, which shows the stability of NiFeCaadalyst anode for the OER. As

114



the Fe content increased beyond the optimal concentration, the catalytic activity gradually
decreased. This observation suggests that there is an optimal Fe concentration for maximizing the
catalyst's performance, beyond which the presence of excess Rt magpatively affect the
catalytic activity due to the decrease in the conductivity of the catalyst and increase in the
overpotential of the catalyst. This finding emphasizes the importance of careful control over the
catalyst composition to achieve optimaerformance. The singleell tests conducted under
practical operating conditions further supported the superior electrochemical activity of the
NiFeCoQ catalyst with 5% Fe content. This catalyst consistently demonstrated the highest current
densities of 1516 mA crhand 1620 mA chf at 53C and 70C respectively at 2.¥, highlighting

its stability and suitability for realkorld applications. NiFeCoQconsistently exhibited higher
current density than NiFeCo(OHgatalyst at each temperature, with the former achieving 2.5
times higher activity at 45°C and three times higher activity at 55°C and 70°C. These results
indicate that NiFeCoQoutperforms NiFeCo(OH)n terms of electrolyzer activity, particularly at

elevated temperatures.

EIS coupled with equivalent circuit fitting analysis of various catalyst compositions in AEM water
electrolyzers shows performance characteristics. The catalyst study during AEM electrolysis
revealed that NiFeCo@5% Fe) exhibited superior performance, attributed to its lower activation

and ohmic resistances. Increasing the temperature demonstrated a steady decrease in overall
resistances, enhancing electrolysis efficiency. Higher voltage further lowered actreatgiance,

emphasizing the importance wdltage and temperature in optimizing AEM electrolysis.

The durability test of NiFeCoO(5%Fe) OER catalyst in water electrolysis showed promising
results. The catalyst demonstrated stable performance throughotihole BEM electrolysis at

800 mA cn¥, suggesting its reliability and durability in high current density operations. The cell
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efficiency measured during the initial hour of the stability test was 70.5%, highlighting the
catalyst's efficiency in facilitating water electrolysis and hydrogen generation. The faradic
efficiency of the system was measured to be 87% during the firstdi@peration, indicating

efficient electrochemical reactions during water electrolysis.

These findings have important implications for the development of efficient and sustainable
hydrogen production. By optimizing the composition of NiFeCa@alysts, it is possible to
enhance the electrochemical performance of alkaline water electrolysis systems, thereby
facilitating the production of hydrogen in a more environmentally friendly and economically

viable manner.
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7 Enhanced Performance and Stability of NiFgD4 Catalyst
in  Anion Exchange Membrane Water Electrolysis:
Influence of Iron Content and Membrane Selection

7.1 Introduction

Despite their advantages over AWE and PEM systems, there are still several key challenges in
utilizing AEM electrolyzers for hydrogen generation. AEM electrolyzgiew lower current
density and energy efficiency when compared to REter electrolyzerf269]. Thesdimitations

can be largely attributed to high overpotentials found in Oxygen evolution reaction (OfsR).
primary focus for AEM electrolyzer research ishe development ofcatalysts withlow
overpotential. Noble metal oxidese effective for this purpose, however, as in PEM they are
scarce and expensive to use. This has led to a focus on the use of transition metal oxide catalysts.
More specifically, spinestructured firstrow transition metal oxides have received the most
attention due to their efficiency as aneetrocatalyst, and their relative abundafZe0i 272].

NiFeO4 based catalysts show significant promise and potential for this application. One reason is
due to the polyvalent redox pairs presgit*/Ni®* and Fé*/Fe*), which can act as redox active

sites for oxygen evolutiof273]. Additionally, it possesses high stability as well as corrosion
resistance, which helpaitigatea major concern in the lortgrm operation of AEM electrolyzer

[270]. Furthermore, it is abundant and high in reserve, resulting in low costs, especially when

compared to noblmetatbasedcatalyst4273].

NiFexOs based catalyshas been reported to have goadivity for OER and AEM water
electrolysis NiFexO4 nanoparticles, sized at 10 nm, showed high activity in OER, achieving a

current density of 1@nA cn? at an overpotential of 290 mV, with a Tafel slope of 42 mVidec
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[270]. Furthermore, NiF£4 nanorods have also shown excellent performance. With mesoporous
NiFe;O4nanorods catalyst reaching @\ cn? with an overpotential of 342 mV and a Tafel slope

of 44 mV ded [271]. Furthermore, doping or mixing Nif@4 with various materials has shown
significant performance increases. NiO/NiBg biphasic nanorods achieve 10 mA ¢rat a
reduced 302 mV, with a slightly lower Tafel slope of 42 mV-Jeand also increased specific
surface area when compared to standard J0Fenanorods[272]. A NiFeOs@CaO4
heterostructure catalyst achieved 10 mA2ahan overpotential of 251 mV with a low Tafel slope

of 36 mV dect [274]. Similarly high performance can be found in AEM systems utilizing MXkre

as an anode electrocatalyst.

In this study NiFe@and NiFeOs catalysts were synthesized, in Nikeftalysts the Fe content

was changed from 5 to 12.% of total metal content. The OER was performed in three electrode
systems and complete water electrolysis was performed using AEM electrolyzer. Electrochemical
impedance spectroscopy (EIS) was performed to evaluate different resistances due to the
electrdyzer componentd_ong-term and shorterm durability testingvasalso performed using
NiFeO4 at the anode. In addition, several anion exchange membranes (AEMs) were tested, and

their performance was compared for AEM water electrolysis.

7.2 Experimental

7.2.1 Synthesis of NiFeQ catalysts

NiFeO catalysts were synthesized by the coprecipitation method at room temperatures)Ni(NO
and Fe(NQ@)2 were used as a precursor of Ni and Fe respectively. The Fe content varied from
5wt.% to 12.5wi% for NiFeQ catalysts and for NiR©4 catalystaNi to Fe ratio wagept atl:2.

Both precursora/ere dissolved in deionized water at room temperature. 1M NaOH was used for
the precipitation and was added drop by drop eotitpleteprecipitation. The precipitate was then
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washed with water to remove excess NaOH eswtrifugedto collect the solid catalyst. The
catalyst was then dried in an oven atDOvernight to remove water. For both catalysts NiFeO

and NiFeOs, calcination was performed B®0°C for 5 h.
7.3 Results

SEM and EDS analysis were carried out using (SEM, Leo 1550, Zeiss). Figarshows the
morphology ofnickel foam anode GDL, Nickel foam had a pore size in the range of 100 to 500
em, which provides easier access to -sedonalr and
image showed the total width of thatalystcoatednickel foam, whichhaat hi ckness of 7.
as shown in Figur@.lb. The NiFeOs catalyst layer waslense,and catalyst particles were
distributed within the matrix of the nickébbam. Figure7.1c shows the EDS of NiE®4, which
clearly shows the Ni to Fe ratio of approximately T:2e EDS of other catalysts are presented in
FiguresA7.1 toA7.3 inthe appendisection. In all casesatalyst composition is confirmed from

the EDS analysis.
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Figure7.1. (a) SEM of Nickel foam Anode GDL. (b) Cressction of NiFeO, catalyst coated on
nickel foam anode. (c) EDS of Nik&s catalyst which shows the ratio of Ni to Fe of about 1:2.

Catalysts were analyzed by XRD (Rigaku Miniflex 600) usingkCl
NiFeO samples with varying Fe concentrations of 5%, 7.5%, and 12.5% exhibit the NiO phase,

characteri

zed

by

five

di sti

nctive

radi ati on

peaks

(o

at

peaks are assigned to the crystallographic planes (hkl) of (111), (200), (311), and (222),

respectively. The diffraction peaks have been matched and indexed to NiO using the JCPDS card

number 780643, as depicted in Figure2.
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NiFexO4 catalyst showed the typical diffraction pattern of NiBg with the main peak centered
at 2d 18.6, 30.5, 35.5, 37.5, 43.6, 54.3, 57.
(222), (400), (422), (511) and (440) respectively. The XRD data includes dashed lines representing

the JCPDS standard for Ni€. The JCPDS card number -2086 was used to match the

diffraction lines of NiFeOa.
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Figure7.2. XRD of NiFeQ and NiFeO4 catalysts.

7.3.1 Oxygen Evolution Reaction

To evaluate the catalytic activity of the NiFe€talyst, Linear sweep voltammetry was performed

in 1M KOH. NiFeO4 showed the highest catalytic activity with a current density of 135 mA cm
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at 1.8V (Figure7.3a). Figurer.3b shows chrono potentiometry at the current density of 10 to 100
mA cmi 2. At each voltage, the operation was performed for 1 hour which shows thdeshort
stability of the catalyst at these conditions. The lowest overpotential was 409 mV and 416 mV for
NiFeO: (5%) and NiFeOs catalysts,respectively. The highest overpotential was on NiFeO
(12.5%) which was 457 mV, followed by the overpotential of 419 mV over NiFé6%). The
catalyst performance was stable at a higher current density of 100 MiAfoeroverpotential were

852 mV and 858 mV for NiFeb%) andNiFe-O4, respedwely. In both cases, the overpotential
increased about two times compared to the OER performed at 10 MAT¢rase results showed

that the catalysts are stable at high current density operation and well suited for AEM electrolysis.
Several other studies using NiBa catalyst reported comparable resultBFeO4/N-graphene
nanocomposite had an overpotential of 340 mV at 10 mA& [@W5]. NiFe04-12Pi has an
overpotential of 332 mV at 10 mA c¢fand the same study determined the overpotential of

pristine NiFeOa to be 443 mV at 10 mA cH{276].

Tafel plots, as depicted in Figure8c, were used to compare the efficiency of different catalysts.
These plots represent the correlation between overpotehtédd current densityi)(in a
logarithmic scale. The Tafel slope)(derived from the linear segment of the plot, is indicative of
the catalyst's activity. NiE®4 hasa Tafel slope of 124 mV/dec and NiFe(2.5%)hasa Tafel
slope of 169 mV/dec. The Tafel slope of Nik€6%6) and NiFe®(7.5%) were 144 m\dec! and
150 mV dec! respectively, which are in the same range. These results showed thzDNiFe

catalyst isarelatively more active catalyst among the series of catalysts.

To test the activity and stability of Nit@4 catalysts for OER, a durability test was performed for
600 h as shown in Figu&3d. The test was performed at a current density of 50 mAtaninitial

voltage was 1.739 V (vs RHE), during t&@0-h operation, the voltage increased to 1.748 V. The
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of NiFeQa is reported in the literature with different compositions. A NiO/MPecatalyst held

at 100 mA crit for 450 h showed considerable stability, although exact changes in voltage over

the test were not providd@77]. SNiFeO4/IF showed good durability and minimal changes in

voltages over 100 h at both 100 mA€and 500 mA cri[278].
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Figure7.3. OER at room temperature in 1 M KOH with NiBa and NiFeQ catalysts (a) LSV
with (85% iRcorrected). (b) Chronoamperometry at a current density range of 10 to 100 mA/cm
(c) Tafel plots (d) Durability test for 600 h at 50 mAfowith NiFexO4 atthe anode.

Figure7.4 a-d shows the CV plot, the scan rate was from 25 to 250 mV/shanabltage range

was 0.967 V to 1.167 V (nefaradic region for water electrolysis).aCthe double layer
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capacitance was calculated from the slope of scan rate vs current densaty gioivn irFigure
7.5. The Electrochemical surface area (ECSA) was 75 €5 cm, 82.5 cm, and 82.5 crafor

NiFeO (5%Fe), NiFeQ (7.5%), NiFeQ (12.5% Fe), and NiR©; catalysts respectively.

Figure7.4. Cyclic voltammetry at different scan rates, the analysis was performed-fanaoiic
region. (a) NiFe®@(5% Fe), (b) NiFe®(7.5% F@, (c) NiFeQ (12.5% Fe) and (d) NiE©sa.
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