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Abstract

In recent years as a larger proportion of our energy needs are being met by
renewable energy sources, research and development in energy storage is becoming
more significant. Oxygen electrodes, found in electrical energy storage applications
such as fuel cells, water electrolysers and metal-air secondary batteries, face the
demand for improved performance. In view of this, the research in this thesis focuses
on the synthesis and development of oxygen reduction reaction (ORR) and oxygen
evolution reaction (OER) catalysts to overcome the slow kinetics of the oxygen
electrochemical reactions in alkaline media, followed by the investigation of their
combined performance in a tri-electrode zinc-air secondary cell. The ORR
performance of various transition metal oxides and carbonaceous materials was
initially compared against benchmark catalyst Pt/C using rotating disc electrode
measurements. Amorphous MnOx combined with Vulcan XC-72R was found to
demonstrate high ORR activity and good stability over the range of cathodic current
densities tested. The influence of the synthesis parameters of amorphous MnOxon its
ORR activity was subsequently investigated and it was found that optimal amorphous
MnOx catalyst can be synthesised with a molar ratio of MnO4/ Mn?* of 2.67, by adding
KMnO4 to Mn(CH3COO): in a basic solution of pH 12 at 295 K. Similarly, the OER
performance of transition metal oxides and hydroxides coated on metal mesh was
compared and electrodeposited Ni-Fe hydroxide was reported to display high activity
and durability when held at anodic potentials. Based on this, various compositions of
Ni-based binary and Ni-Fe based ternary metal hydroxides were screened with a
unique microelectrode set-up at high current densities up to 1 A cm™. Ni-Fe-Co
hydroxide showed most improved OER performance. The effect of electrodeposition
parameters on the electrocatalytic performance of Ni-Fe-Co hydroxide were examined
and used to further optimise the catalyst. Ni-Fe-Co hydroxide cathodically deposited
at 300 mA cm for 240 s at 22 °C, pH 3.9 was found to demonstrate best OER
performance, giving an overpotential of 235 mV at 0.1 A cm™. The electrodes with
optimised catalysts were tested in an in-house built zinc-air cycling set-up,
demonstrating energy efficiencies of 58-61% up to 40 h at 20 mA cm2in 4 M NaOH +
0.3 M ZnO at 333 K.
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carbon RDE tip at various scan rates in Oz saturated 1 M
NaOH solution at 298 K. Inset: Graph of cathodic current
versus scan rate.

Progression of cyclic voltammograms from cycle 1 to 10 of
MnOx M4 catalyst sample prepared with MnO4/ Mn?* molar
ratio 2.67, measured on a glassy carbon RDE tip at 50 mV s-
Lin a) N2 saturated 1 M NaOH followed by b) O saturated 1
M NaOH at 298 K.

Progression of cyclic voltammograms from cycle 1 to 10 of
MnOx M4 catalyst sample prepared with MnOa/ Mn?* molar
ratio 2.67, measured on a glassy carbon RDE tip at 50 mV s°
Lin a) O2 saturated 1 M NaOH followed by b) N2 saturated 1
M NaOH at 298 K.
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Chronopotentiometric measurements of GDEs coated with
catalyst ink containing MnOx M3 tested at different current
densities in various NaOH electrolyte concentrations of at
temperature 333 K with Oz feed rate of 200 cm3 min-2.

Labelled cross-section of jacketed glass cell showing
arrangement of electrodes for cathodic electrodeposition of
catalyst onto a SS mesh working electrode.

Schematic of assembly of custom-designed water
electrolyser unit cell. Electrolyte inlet and outlets were
connected to an electrolyte reservoir by Marprene tubing and
circulated by peristaltic pump.

SEM micrographs of uncoated SS mesh at a) high and b) low
magnification.

SEM micrographs of SS mesh coated with (a, b) Cos04; (c,
d) NiC0204; (e, f) Ni(OH)z2; (g,h) Ni-Fe(OH)2 at high and low
magnifications respectively.

XRD diffractograms of uncoated SS mesh and the plastic
sample holder with putty.

XRD diffractograms of SS mesh coated with a) Co3O4, b)
NiC0204, ¢) Ni(OH)2 and Ni-Fe(OH)a.

Labelled cyclic voltammogram of Ni mesh cycled at scan rate
of 50 mV s between 0.1 and 0.675 V (vs Hg/HgO) in 1 M
NaOH at 295 K.

Cyclic voltammograms of various catalyst coated SS mesh
cycled between 0.1 V and 0.7 V vs Hg/HgO at 100 mV st in
1 M NaOH at 295 K plotted against current per a) electrode
geometric surface area and b) mass of catalyst.

Bode plot for Ni?* to Ni®* redox transition.
Slow scan voltammograms of various OER catalysts swept
between 0.45 and 0.8 V vs Hg/HgO at 1 mV st in 1 M NaOH

at 295 K plotted against current per a) electrode geometric
surface area and b) mass of catalyst.
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Figure 6.11
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Figure 7.1

Figure 7.2

Figure 7.3

Figure 7.4

Figure 7.5

Figure 7.6

Figure 7.7

Tafel slope plots of various OER catalysts at low
overpotentials in 1 M NaOH at 295 K for current per a)
electrode geometric surface area and b) mass of catalyst.
Cell voltage of alkaline water electrolyser over a period of 3.5
h at 0.5 A cm™ of different catalyst coated SS mesh anodes
and expanded Ni mesh as cathode pressed up against
Tokuyama A201 hydroxide anion exchange membrane in 4
M NaOH at 333 K, 250 mL min-t pump rate.

Labelled cross section of custom-made jacketed glass cell for
rapid catalyst synthesis via cathodic electrodeposition.

Labelled cross section of jacketed glass cell used for
screening of catalyst performance.

Potential versus time plot for the chronopotentiometric
electrodeposition from 18 mM nickel sulphate + 25 mM
ammonium sulphate at cathodic current densities of 200 mA
cm?and 300 mA cm™ on SS microelectrode over 120 s at
room temperature.

Cyclic voltammograms of uncoated stainless steel
microelectrode and stainless steel microelectrode with
Ni(OH)2 cathodically electrodeposited at 200 mA cm-2 for 120
s from 18 mM nickel sulfate solution onto the surface. Cycled
between 0.1 and 0.7 V vs Hg/HgO in 1 M NaOH, 333 K at
scan rate of 100 mV s,

a) Linear sweep voltammograms swept at scan rate 1 mV st
from 0.45 to 0.75 V b) Tafel slope plots of unary hydroxide
catalysts tested in 1M NaOH, 333 K. All catalysts were
cathodically electrodeposited at 200 mA cm2 for 120s on the
surface of the stainless steel microelectrode from their
respective 18 mM metal sulfate + 25 mM (NH4)2SO4 solutions.

1) SEM micrographs (left), ii) TEM and iii) corresponding
diffraction patterns (right) of cathodic depositions from
solutions of 18 mM a) Ni b) Fe and ¢) Co metal sulfate +25
MM (NH4)2S0Oa.
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solutions of a) 100% Ni, b) 100% Fe and c) 100% Co and d)
Ols spectra for the various samples. All sulfate solutions
contained 25 mM (NH4)2SOa.
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Figure 7.17

a) Cyclic voltammograms cycled between 0.1 and 0.7 V vs
Hg/HgO at scan rate of 100 mV st and b) linear sweep
voltammogram swept at scan rate 1 mV s? tested in 1M
NaOH, 333 K. All catalysts were cathodically
electrodeposited from their respective 18 mM metal sulfate
solutions of various molar percentages + 25 mM (NH4)2SOa.

Steady state polarisation curves swept at scan rate of 1 mV
st in 1 M NaOH, 333 K of various catalysts cathodically
deposited from various 18 mM metal sulfate solutions at 200
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TEM micrographs of cathodic depositions at 200 mA cm-2 for
120 s from 18 mM metal sulfate solutions of a) 75%Ni-25%Fe
b) 25%Ni-75%Co and c) 23%Ni-8%Fe-69%Co. All sulfate
solutions contained 25 mM (NH4)2SOa.

SEM micrographs of Ni-Fe-Co ternary hydroxide catalyst
prepared at a) 100 and b) 500 mA cm electrodeposition
current density.

Linear sweep voltammograms of Ni-Fe-Co ternary hydroxide
catalyst prepared from 18 mM metal sulfate solution of
23%Ni-8%Fe-69%Co electrodeposited at different cathodic
current densities.

Linear sweep voltammograms of Ni-Fe-Co ternary hydroxide
catalyst prepared from 18 mM metal sulfate solution of
23%Ni-8%Fe-69%Co adjusted to different pH at cathodic
current density of 300 mA cm-2,

SEM micrographs of Ni-Fe-Co ternary hydroxide catalyst
prepared from electrodeposition solution of pH a) 2.5 and b)
3.9.

SEM micrographs of Ni-Fe-Co ternary hydroxide catalyst
prepared with a) 60 s and b) 180 s electrodeposition time.
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Figure B1 Chronopotentiometric measurements at 10, 20, 50 and 100 231
mA cm? of M2 and M4 MnOx catalyst coated GDE (loading 2
mg cm?) on either GDS 1120 or TGP-H-60 carbon fibre paper
in 1 M NaOH, 333 K, O2 feed rate of 200 cm3 min-! to the back
of the electrode.
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Chapter 1 Introduction

Chapter 1 Introduction

1.1. The emergence of renewable energy

The implementation and use of renewable energy sources has been growing
rapidly over recent decades due to the ever-increasing global demand for electricity
and the concerns surrounding the environmental impact of conventional electricity
generation from fossil fuels [1]. The capacity of global renewable power generation

was reported to have increased by 8.3% (Figure 1.1) during 2017 [2].
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Figure 1.1 Total global renewable power generation capacity, 2011-17 [2].

These shifts have been encouraged by policies such as the EU Renewable Energy
Directive for 2020 [3] initiated by the European Commission, which stated that
renewable energy sources should provide 20% energy consumption in the EU by 2020
and more recently a future renewable energy target of 32% was set for 2030 [4].
Similarly, a long-term target set out in the 2008 Climate Change Act [5] specified that
by 2050, the UK’s net greenhouse gas emissions were expected to be reduced by at
least 80% from 1990 baseline levels. New state and regional policies in the United
States [6] particularly in California, New Jersey and Massachusetts reflect the
promotion of increased clean energy or renewables generation by 2030 and onwards.
In China, the China National Renewable Energy Centre (CNREC) laid out ambitious
targets in its 2017 outlook report [7], to reduce the use of coal to half of the current
level by 2050 whilst rapidly increasing the power capacity of renewables so that non-
fossil fuel sources make up 60% of the energy supply. These targets were set to

comply with the ‘below 2 °C by 2050’ objective in the Paris Agreement.
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Renewable energy sources such as wind, solar, tidal, biomass and geothermal
power provide low-carbon alternatives to the more conventional sources of energy. In
spite of this, energy generation from renewable sources can be problematic [8] as
energy is directly harnessed from nature making it difficult to match power output to
demand. The storage of electrical energy especially on a large-scale is crucial to
overcoming the problems of intermittency and seasonal fluctuations of renewable
energy, helping to absorb surplus generation capacity, smooth residual loads and
provide flexibility for energy balancing [9]. This is demonstrated in Figure 1.2 where
the excess energy stored during low demand periods can be used to level out the load
curve at higher demand periods. Some examples of energy storage technologies are
pumped-hydro, compressed air, flywheel and rechargeable battery systems. The
selection of a suitable energy storage technology depends on its efficiency,
environmental impact, location, lifetime, capital and life cycle cost and spatial

requirements.
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Figure 1.2 Load profiles over a 24 h period of an electricity storage system showing
a) peak shaving and b) load levelling [10].

1.2. Electrochemical energy storage technology

Electrochemical energy storage (EES) is an attractive solution for intermittent
renewable energy sources. EES covers electrochemical cells such as: secondary or
rechargeable batteries, fuel cells, supercapacitors and flow batteries [11-13].
Secondary batteries are good candidates for stationary and portable energy storage
applications, covering a wide range of capacities up to 100 MW with up to 80% energy
efficiencies [14]. Some of the earliest EES chemistries are lead-acid and Ni-metal
batteries, but both of these systems involve hazardous materials which raise concerns

regarding safe disposal or recycling, especially if used on a large-scale. Lithium ion
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and lithium polymer batteries which were originally developed for portable electronics
and electric vehicles, have also been stacked to provide several MWs of power for

grid energy storage demonstration projects [15].

More recently, renewed research efforts have been made on metal-air batteries as
they demonstrate much greater theoretical specific energy densities since one of its
electroactive materials, oxygen, does not require storage [16]. This is especially true
for Li-air [17] compared to Li-ion batteries as seen in Table 1.1. These batteries can
be electrically or mechanically recharged by physically replacing the spent anode and
electrolyte after discharge [18, 19] giving them the potential to be developed for electric
vehicles [20] . Although much progress has been made in this area, these systems
are yet to be economically feasible due to safety concerns, low performance and high

material costs.

Table 1.1 Comparison of cell voltages and theoretical specific energy densities of
selected systems.

System Thermodynamic cell Theoretical specific energy Ref
voltage/ V density/ Wh kg
Lead acid 2.10 30-50 [21]
Ni-Cd 1.20 45-80 [22]
Li-ion 3.80 250 [23]
Li-air 291 5200 [24]
Zn-air 1.65 1350 [20]
Fe-air 1.28 764 [25]
URFC 1.23 3660 [26]

Fuel cells and electrolysers have also attracted importance as energy conversion
and storage devices. Hydrogen, as an energy carrier, is environmentally benign when
generated from renewable energy sources via water electrolysis. Whilst pure hydrogen,
as a fuel source, emits only water and heat as by-products [27, 28]. A unitized
regenerative fuel cell (URFC) combines both of these into a single unit such that the
same electrochemical cell operates as both a fuel cell and water electrolyser with the
advantages of long-term energy storage and theoretically high specific energy density
seen in Table 1.1 [29, 30]. Further efforts are still required to handle issues of
hydrogen storage and transportation, and to ultimately enhance the efficiencies of
these systems whilst ensuring material costs are kept to a minimum in order to bring

this technology to commercialisation.
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1.3. The oxygen electrode and it’s research challenges

In order for EES technologies to be coupled with renewable energy sources, they
must first be improved to meet the economic requirements. The oxygen electrode
plays a critical role in EES applications such as fuel cells, water electrolysers and
metal-air batteries. In these EES systems, the electrochemical reactions involve
oxygen through cathodic reduction found in both fuel cells and metal-air batteries and
conversely, the production of oxygen via anodic oxidation in water electrolysis. In
theory, these systems have high specific energy densities. In reality, however, it is the
sluggish kinetics associated with the two electrochemical reactions that take place at
the oxygen electrode, the overpotential of the oxygen reduction reaction (ORR) and
the oxygen evolution reaction (OER) which hinders the performance of these devices.
In response to this, precious metal-based electrocatalysts have been demonstrated to
be the most effective catalysts for ORR and OER but are considered too expensive
for commercialisation. The main research challenge is therefore to develop highly
efficient, stable, yet inexpensive electrocatalysts to overcome these high reaction
overpotentials.

It is known that the ORR and OER typically take place at triple-phase (solid-liquid-
gaseous) boundaries [31]. These reaction environments lead to difficulties in the
optimisation of porosity and hydrophobicity of the catalyst layer in a bifunctional
secondary oxygen electrode. On top of this, the catalyst as well as any additional
ancillary additives in the bifunctional catalyst layer must be stable at highly cathodic
and anodic current densities. The design, construction and suitable arrangement of
electrodes are therefore subsequent challenges which must be overcome for the

development of a secondary cell.

Furthermore, the mechanical stability of the catalyst layer over time is a critical
issue. For instance, the constant evolution of oxygen bubbles during OER can cause
delamination of the catalyst layer whilst the prolonged absorption of carbon dioxide
from the air in contact with the alkaline electrolyte results in the progressive formation
of carbonates in the catalyst layer - leading to a loss in porosity and reduction in active
surface area available. Adequate catalyst stability and durability over a longer period
of time will contribute to EES systems with longer cycling lifetimes, which in turn leads

to greater cost efficiencies.
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1.4. Research objectives

The main aim of this project is to improve the overall performance of the ORR and
OER electrochemical reactions in the oxygen electrode for secondary alkaline systems
whilst keeping costs low. This was achieved through the research objectives given

below.

e To carry out a comprehensive literature review on oxygen electrodes focusing
on the challenges associated with catalyst development for the associated
electrochemical reactions, construction of electrodes with suitable materials

and incorporation of the catalysts into a secondary electrode.

e To develop, characterise and optimise stable, efficient, scalable reaction-
specific oxygen electrocatalysts with high activity from low cost,

environmentally abundant materials.
e To incorporate these electrocatalysts into optimal electrode structures.
e To design a suitable secondary cell set-up to test these electrodes in.

e To assess the stability of the electrodes over an extended period of time and
demonstrate their ability to operate over a range of current densities.

1.5. Outline of thesis

This thesis has been structured as follows: review, methodology, experimental

results followed by conclusions and recommendations for further work.

In Chapter 1, a brief introduction of energy storage technologies for renewable
energy sources is given along with a concise background of the oxygen electrode and
its applications. The scope of the research is defined and challenges of developing a
secondary oxygen electrode for alkaline systems are highlighted which are linked to
the objectives of the work carried out. Chapter 2 presents an extensive review of the
separate ORR and OER electrochemical reactions, with details of the current research
status of catalyst development for these reactions. In addition, the pros and cons of
proposed designs of secondary oxygen electrodes are weighed up. Based on the
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literature review and taking the research objectives into account, Chapter 3 describes
the methodology of the selection, synthesis, characterisation and assessment of the
activity of suitable catalysts for ORR and OER. The parameters chosen for the
physical and electrochemical characterisation techniques including experimental set-
up and materials used are presented and reasons for selecting these are discussed.

The experimental results and analysis of the findings are given in Chapters 4 to 8.

Chapter 4 focuses on the selection of a suitable ORR catalyst from a range of
non-precious metal oxides and carbonaceous materials. The catalysts’ oxygen
reduction activity are assessed in both rotating disc electrode and gas diffusion
electrode set-ups. Following this, Chapter 5 reports on the further optimisation of the
catalytic performance of the selected catalyst by varying its synthesis parameters as
well as the improvement of the ORR catalyst layer composition on the gas diffusion
electrode. In a similar manner, Chapter 6 focuses on the selection of a suitable OER
catalyst from a choice of transition metal oxides and hydroxides. Attempts to increase
OER activity of selected Ni-Fe based metal hydroxide catalysts by optimising catalyst
composition and altering the electrodeposition parameters are discussed in Chapter
7. In Chapter 8, the construction of a tri-electrode secondary cell set-up for the
assessment of activity of the optimised ORR and OER electrodes in an operational
system is described in detail. Lastly, Chapter 9 gives a summary of the conclusions
from the results in relation to the aims of the research and provides suggestions for

further work.

31



Chapter 1 Introduction

1.6.

wnN

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

References

IRENA, Global Energy Transformation: A Roadmap to 2050. 2018, International
Renewable Energy Agency: Abu Dhabi.

IRENA, Renewable capacity highlights 2018, International Renewable Energy Agency.
E. Union, Directive 2009/28/EC of the European Parliament and of the Council on the
promotion of the use of energy from renewable sources and amending and
subsequently repealing Directives 2001/77/EC and 2003/30/EC., Official Journal of the
European Union L 140 (2009) 16-47.

E. Commission, Europe leads the global clean energy transition: Commission
welcomes ambitious agreement on further renewable energy development in the EU.
2018, European Commission: Strasbourg.

Department for Energy and Climate Change (DECC) & Department for Environment
and Rural Affairs (Defra), Climate Change Act 2008. 2008, United Kingdom: Climate
Change Unit.

U.S. Energy Information Administration, Annual Energy Outlook 2019. 2019,
Washington, DC: U.S. Department of Energy.

Energy Research Institute of Academy of Macroeconomic Research, China
Renewable Energy Outlook 2017. 2017, China: China National Renewable Energy
Centre.

I. Hadjipaschalis, A. Poullikkas, V. Efthimiou, Overview of current and future energy
storage technologies for electric power applications, Renew Sus Energy Rev 13 (2009)
1513-22.

G.E. Agency. dena Grid Study Il — Integration of Renewable Energy Sources in the
German Power Supply System from 2015 — 2020 with an Outlook to 2025. 2010,
Germany 17 of 26.

S. Sabihuddin, A.E. Kiprakis, M. Mueller, A numerical and graphical review of energy
storage technologies, Energies 8 (2015) 172-216.

P. Krivik, P. Baca, Energy Storage — Technologies and Applications,A.F. Zobaa (ed),
InNTechOpen, 2013

D.N. Buckley, C. O'Dwyer, N. Quill, R.P. Lynch, Energy Storage Options and Their
Environmental Impact,R.E. Hester, R.M. Harrison (ed), 2018

B.K. Kim, S. Sy, A. Yu, J. Zhang, Handbook of Clean Energy Systems(ed), John Wiley
& Sons, Ltd, 2015

Z. Yang, J. Zhang, M.C. Kintner-Meyer, X. Lu, D. Choi, J.P. Lemmon, J. Liu,
Electrochemical energy storage for green grid, Chem. Rev. 111 (2011) 3577-613.

S. Bradbury, A. Laguna-Estopier, P. Papadopoulos, Electricity storage in GB: Final
evaluation of the Smarter Network Storage solution, in Smarter Network Storage. 2016:
London.

J. Pan, Y.Y. Xu, H. Yang, Z. Dong, H. Liu, B.Y. Xia, Advanced architectures and
relatives of air electrodes in Zn—air batteries, Adv. Sci. 1700691 (2018) 1-30.

K.M. Abraham, Z. Jiang, A polymer electrolyte - based rechargeable lithium/oxygen
battery, J. Electrochem. Soc. 143 (1996) 1-5.

K. F.Blurton, A. F.Sammells, Metal/air batteries: Their status and potential — a review,
J. Power Sources 4 (1979) 263-79.

J. Cooper, Powering future vehicles with the refuelable zinc/air battery, LLNL Sci.
Technol. Rev. 1995) 7-13.

J. Goldstein, I. Brown, B. Koretz, New developments in the Electric Fuel Ltd. zinc/air
system, J. Power Sources 80 (1999) 171-9.

J. Baker, New technology and possible advances in energy storage, Energy Policy 36
(2008) 4368-73.

X. Luo, J. Wang, M. Dooner, J. Clarke, Overview of current development in electrical
energy storage technologies and the application potential in power system operation,
Appl. Ener. 137 (2015) 511-36.

32



Chapter 1 Introduction

23.

24,

25.

26.

27.

28.

29.

30.

31.

A. Manthiram, An outlook on lithium ion battery technology, ACS Cent. Sci. 3 (2017)
1063-9.

J.S. Lee, S.T. Kim, R. Cao, N.S. Choi, M. Liu, K.T. Lee, J. Cho, Metal—air batteries with
high energy density: Li—air versus Zn—air, Adv. Energy Mater. 1 (2011) 34-50.

R.D. McKerracher, C.P.d. Leon, R.G.A. Wills, A.A. Shah, F.C. Walsh, A review of the
iron—air secondary battery for energy storage, Chem Plus Chem 80 (2014) 323-35.
T. Sadhasivam, K. Dhanabalan, S.-H. Roh, T.-H. Kim, K.-W. Park, S. Jung, M.D.
Kurkuri, H.-Y. Jung, A comprehensive review on unitized regenerative fuel cells:
Crucial challenges and developments, Int. J. Hydrogen Energy 42 (2017) 4415-33.
K. Zeng, D. Zhang, Recent progress in alkaline water electrolysis for hydrogen
production and applications, Prog. in Energy and Combustion Sci. 36 (2010) 307-326.
G. Chisholm, L. Cronin, Storing Energy,T.M. Letcher (ed), Elsevier, 2016

T. loroi, K. Yasuda, Z. Siroma, N. Fujiwara, Y. Miyazaki, Thin film electrocatalyst layer
for unitized regenerative polymer electrolyte fuel cells, J. Power Sources 112 (2002)
583-7.

J. Pettersson, B. Ramsey, D. Harrison, A review of the latest developments in
electrodes for unitised regenerative polymer electrolyte fuel cells, J. Power Sources
157 (2006) 28-34.

S.R. Narayan, A.K. Manohar, S. Mukerjee, Bi-Functional oxygen electrodes —
Challenges and prospects, in The Electrochem. Soc. Interface. 2015.

33



Chapter 2 The Oxygen Electrode in Alkaline Media

Chapter 2 The Oxygen Electrode in Alkaline Media

The earliest recording of the oxygen electrode was in 1789, observed in the
decomposition of water into its constituents: oxygen and hydrogen [1]. This was fully
investigated and described in 1800 by Nicholson and Carlisle [2]. The invention and
demonstration of the fuel cell by Grove followed in 1839 [3] and by 1878 the first zinc-
air battery was designed and patented by Maiche [4], involving the replacement of the
manganese dioxide electrode in the Lelanché cell with a porous air electrode, coated
with a platinum on carbon catalyst. This eventually led to the commercialisation of
primary alkaline zinc-air batteries in 1932 [5] which are still used today in hearing aids
and railway signalling. Around the same time in 1939, Bacon developed the alkaline
fuel cell with circulating electrolyte enabling the use of non-noble metals whilst
achieving high performance [3]. This technology was adopted by NASA in the 1960s
for the Apollo lunar missions, without which the landings could not have taken place
[3]. More recently, there has been a growing interest in rechargeable oxygen electrode
systems such as unitized regenerative fuel cells (URFC) and secondary alkaline Zn-
air cells, sparked by their potential application in vehicles [6, 7].

In this chapter, the literature has been organised into three sections. The oxygen
reduction reaction is examined first, followed by the oxygen evolution reaction and

finally the secondary oxygen electrode is discussed

2.1. The oxygen reduction reaction

Oxygen reduction reaction (ORR) usually takes place via the direct 4 or indirect
2 electron pathways [8, 9] depending on the chemical environment. Although these
reactions can occur in both acidic and alkaline aqueous solutions as well as non-
aqueous aprotic solvents [10], an aqueous alkaline electrolyte is more favourable due
to the lower reaction overpotential at basic pH [11] and reduced likelihood of metal
electrode corrosion, thereby allowing the use of non-precious metal catalysts [12]. The
scope of this review is therefore limited to ORR and OER in aqueous alkaline
environments. Under alkaline conditions the direct 4 electron pathway presented in

equation (2.1) takes place at 0.401 V versus standard hydrogen electrode (SHE).
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O2 + 2H20 + 4e” > 40H" 0.401 V vs SHE (2.1)

The indirect 2-electron pathway leads to the production of peroxide as an intermediate
which is either further reduced or decomposed by catalytic disproportionation seen in
equation (2.2) to (2.4).

Oz + H20 + 2e" > HO2 + OH -0.065 V vs SHE 2.2)
HO2 + H20 + 2e" > 30H" 0.867 V vs SHE (2.3)
2HO2 > Oz + 20H (2.4)

Generally, the direct 4 electron pathway is preferred since the reaction has a
greater equilibrium potential than the 2 electron reaction leading to greater potential
energy storage capacity per mole of oxygen. The direct 4 electron pathway also avoids
the production of peroxide which contributes to corrosion of electrode components
such as the catalyst and supporting substrate. Regardless of the pathway, an ORR
catalyst’s main function is to facilitate O-O bond breakage (e.g. Oz, O2H) and O-H
bond formation [13, 14]. A surface with higher reactivity binds adsorbates more
strongly whilst a surface with lower reactivity promotes the formation of bonds between
the adsorbates. To prevent the build up of adsorbates on the surface of the catalyst,
which in turn slows down the rate of adsorprtion, dissociation and hydrogenation, a
balance is sought between the rate of hydrogenation and binding strength of oxygen-
containing fragments. Trends in the surface activity of metals have been inferred from
their binding energies for both the O and OH in Figure 2.1 where Pt and Pd are seen
to be the most active catalysts for ORR.

Activity .
More active

-05
B B
-15

E,(eV)

-4.0
-4.5
5.0

Lessactive

-15 =1 -0.5 0 0.5 1 1.5 2
2E,,(eV)

Figure 2.1 Relationship between binding energy of O and OH, and ORR catalytic
activity [15].
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There are several published reviews [6, 16, 17] on oxygen reduction reaction

catalysts in aqueous alkaline electrolytes, these materials can be categorised into

o Precious metals and their alloys
o Non-precious metal oxides

o Non-metals

o Transition metal macrocycles

From a practical perspective, three aspects which must be taken into

consideration when selecting materials for catalysts are elemental abundance, price,

and supply risk. Seen in Figure 2.2 a [18], precious metals Ag, Au, Pt and Ru are least

abundant as expected. On the other hand, rare earth elements (e.g. La, Ce, Pr etc.)

appear to be on par with transition metals (e.g. Ni, Cu, Zn and Co) whilst transition

metals Mn and Fe are ~1000 times more abundant than rare earth elements. As shown

in Figure 2.2 b [19], the price of these metals has a negative relationship with their

abundance. The more abundant the metal, the cheaper it is.
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Figure 2.2 a) Plot of abundance of chemical elements in the Earth’s upper continental
crust versus atomic number [18], b) Price per kg of elements versus abundance in the
Earth’s crust [19], ¢) Projections of the demand and supply of rare earth elements [20].
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Figure 2.2 ¢ [20] illustrates a plot of the “importance to clean energy” versus
“supply risk” of the material. Some rare earth elements e.g. Dy, Nd, Y etc. are defined
as critical or near-critical as they are high in supply risk but equally high in importance
to clean energy. The dependency on the geopolitics of the countries that these

elements can be obtained from also make the supply unpredictable.

2.1.1. ORR catalysts

2.1.1.1. Precious metals and their alloys

Precious metals such as Pt, Pd, Au and Ag [21-25] are considered the most
effective ORR catalysts due to their inert quality in aqueous electrolytes and their
distinct preference for the direct 4 electron pathway. On noble metals, the ORR has
been proven to be structure sensitive [26-28], such that catalyst structure is more
important than that of the surface area available or degree of dispersion.

Large pieces or slabs of these noble metals can be employed in systems as
electrodes but their high cost makes this option unattractive. Measures have been
taken to avoid using bulk noble metal electrodes by dispersing nanopatrticles of these
noble metals, using methods such as electrodeposition, functional ion adsorption or
vacuum sputtering, onto various conductive carbon supports [29-33] like charcoal,
acetylene blacks, carbon blacks, and furnace blacks [34]. However, the size of the
catalyst nanoparticles [35-38] was seen to have a complex effect on the ORR activity
of the two reduction pathways as these pathways occur at different active sites on the
catalyst. As such, further efforts have also been made to enhance the ORR electrolytic
activity by increasing the selectivity for specific surface sites which are more active for
the direct 4 electron pathway, such as the preferential growth of cubic Au with (100)

domains [39].

More recent attempts to increase the catalytic activity of precious metals include
alloying to create a variety of carbon supported binary, and ternary alloys such as PtCo,
PtNi, AgCo, PdNi, Pd-Cu-Ni, Co-Au-Pd, Pt-Co-Ni etc. [40-44]. The combination of two
or more noble metals such as PdAg, AuPt, PtRu, Ir-Pt-Au etc. [45-48] have also been
reported to improve electrocatalytic activity. Nevertheless, although precious metals
are excellent electrocatalysts for ORR in an alkaline environment, their high cost and
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scarcity are cause for concern. In this study Pt on carbon has been employed solely

as an activity benchmark.

2.1.1.2. Non-precious metals

Of the non-precious metals, a large proportion consists of transition metals.
Transition metals or ions are an obvious choice for electrocatalysts due to their
variable oxidation states which mean electronic energy levels for receiving electrons
and cleaving bonds are more likely to be available [49, 50]. On top of that, they are
typically more environmentally abundant, low in cost and are able to be prepared with
a variety of methods. Two common families of transition metal oxide crystal structures
are spinels and perovskites. Spinels are normally composed of divalent and trivalent
transition metal ions whilst perovskites frequently consist of rare-earth metals in
combination with a transition metal. Considering the abundance, cost and ease of
access to rare earth metals, perovskites were not selected for comparison in this work
and more emphasis has been placed on spinel transition metal oxides in this review

as they are believed to be more cost-effective for future applications.

A screening study [51] of thirty transition metal oxides revealed that only oxides
of manganese, iron, cobalt, and nickel displayed earlier onset potentials for ORR
(marked in red in Figure 2.3) when compared to bare glassy carbon, signifying
improved electrocatalytic activity towards ORR. As such, single and mixed oxides of

these transition metals were further examined in the literature.
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Figure 2.3 Plot of onset potential of various transition metal oxides extracted from
linear sweep voltammograms of oxygen reduction in air-saturated 0.1 M KOH, scan
rate 5 mV s [51].
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Single metal oxides

As a metal, manganese is inexpensive, much more widely available compared
to precious metals and low in toxicity [52-54]. To date, manganese oxides are one of
the most well investigated oxides, first proposed by Leclanché to be used in Zn-MnO:
cells in 1868 [55]. An early technical review of the manganese dioxide electrode by
Vosburgh [56] in 1959 summarised the vast amount of literature on properties of MnO:2
and the MnO: electrode discharge mechanism. More interest in the understanding of
the cathodic reduction of manganese oxides in alkaline electrolytes followed in the
1960s [57-64] and later studies on the ability of Mn-based oxides and hydroxides to
catalyse the decomposition of hydrogen peroxide [65, 66] eventually led to work being
carried out on characterising manganese oxides as oxygen reduction electrocatalysts
[67]. These studies highlighted the oxides and hydroxides of manganese which are
active as oxygen reduction catalysts in alkaline media, namely MnO2, Mn203, Mn30a,
MnsOs and MnOOH [68], as well as the properties of various crystalline phases and
oxidation states of manganese (Mn?*, Mn3* and Mn**) which contribute towards its
activity and selectivity as a catalyst.

The oxygen reduction mechanism on MnO2 has long since been a subject of
contention. Zoltowski et al. [69] first reported the application of redox couple Mn3*/
Mn?* in a carbon-air electrode for fuel cells and secondary cathodes in alkaline
systems citing Kozawa and Yeager’s [60] discharge mechanism. In this mechanism,
a homogenous phase reaction (Mn** to Mn®*) takes place via an electron-proton
mechanism followed by a heterogeneous dissolution-precipitation (Mn3* to Mn?*)
system. It was proposed by Cao et al. [70] that the electroreduction of MnO2 occurred
simultaneously with the reduction of oxygen. Following this, a study by Mao et al. [71]
showed that MnOx catalysts displayed high activity for the heterogeneous
disproportionation of HO2 to O2 and OH" which led to an overall 4 electron pathway.
Subsequently, Lima et al. [72, 73] confirmed that ORR activity was enhanced by the
presence of MnO: for the initial reduction of Mn** to Mn3*, which is associated with the
reduction of Oz to HO2". More recent investigations by Roche et al. [74] and Valim et
al. [75] demonstrated that ORR can take place on MnOx supported on carbon via the

complete 4 electron or indirect 2 electron pathway.
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Although it was the intrinsically low conductivity of MnO2 which prompted
researchers to add a conductive carbon support, the carbon chosen for the composite
was found to affect the structure of the catalyst layer as well [76]. A porous carbon
material is more likely to provide efficient gas diffusion pathways creating more
suitable three-phase interfaces for ORR to take place at, thereby increasing the rate
of ORR. The ratio of MnyOx to C was also seen to have an effect on the ORR reaction
pathway [77]. With a lower concentration of MnyOx, the 2 electron pathway was
dominant resulting in the formation of HO2" ions. However with a higher concentration
of MnyOx to C, the 4 electron mechanism was detected as more disproportionation of

HO2 took place.

The structural and electronic properties and consequently the catalytic activity
of MnOx are closely related to its composition, crystal phase and morphology [78].
Varying preparation conditions can help to control the thermodynamic growth of MnOx
to produce desired phases and morphologies. Common synthesis methods of
metastable porous manganese oxides were described in detail in a review by Brock
et al. [79], such as precipitation, hydrothermal, ion-exchange, sol-gel and high
temperature solid-state. Additionally, other chemical and electrochemical methods for
example thermal decomposition, electrodeposition and sonochemistry etc. [68, 77, 80,
81], have been illustrated as methods of synthesising amorphous and polymorphic
structures of manganese dioxide (e.g. a-MnO2, B-MnO2, y-MnOz, &-MnOy2).
Amorphous structures, in particular, are attractive as they are likely to be energetically
favourable for all oxygen adsorption surface configurations [76]. According to Yang
and Xu [82], larger concentrations of lattice defects and active sites present within the
bulk of the distorted structure of an amorphous nanoporous manganese oxide lead to
greater catalytic activity. Other advantages of an amorphous material are that they are
naturally more corrosion resistant and more variation in the catalyst composition can

be achieved.

An early study by Bagotzky et al. [83] showed that oxides with spinel structures
such as Co304 and NiCo204 obtained by thermal oxidation at temperatures greater
than 300°C displayed greater electrocatalytic activities compared to simple nickel
oxides formed on the surface of pure Ni. This was suggested to be due to the presence
of bi- and tri-valent cations in the spinels which act as donor-acceptor sites for the

chemisorption of oxygen. Generally, cations of higher oxidation states on the surface
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of the electrocatalyst such as Co®* are considered active for ORR [84, 85], and tailoring
the distribution and frequency of these sites across the catalyst surface, for example

by altering the morphology of the catalyst [86, 87] is expected to improve ORR activity.

Similar to carbon composites of MnOx, the inclusion of an electro-conductive
carbon material to these spinels plays a complex role in the ORR process. As the 2e”
pathway is normally dominant on oxides and hydroxides of Co [88, 89], the physical
addition of carbon was observed to not only enhance the ORR current by facilitating
electron transfer, but also improve the likelihood of interaction between the
intermediate products of HO2" and the electrode surface as described by the ‘trapped
effect’ [90, 91]. Moreover, the combined ability of carbon materials such as graphene
or N-doped graphene oxide [92, 93] to assist in the reduction of O2 to HO2" and cobalt
oxide to reduce HO2to OH-, contributes to favourable increases in electron transfer
number and ORR activity. In addition, as the efficiency of the catalytic reactions is
influenced by the distribution of cobalt oxide catalysts over the carbon support [94],
reducing the size of the catalyst particles on the carbon support serves to increase the

interfacial area, thereby promoting the production of HO2™ [95].

A benchmarking study [96] of first row transition metal oxides on CNTs
concluded that MnOx and CoOx were most active for ORR, based on their earlier onset
potentials (marked in red in Figure 2.4) and ability to reduce peroxide to hydroxide for
the indirect 2e” pathway even at low overpotentials. This in combination with reported
ORR performance values in Table 2.1 reaffirms the selection of metal oxides of Mn
and Co as potential ORR catalyst candidates in Chapter 4. The presence of carbon in
the catalyst layer of these single metal oxides is clearly beneficial and the effect of this

will be investigated in Chapters 4 and 5.
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Figure 2.4 a) RRDE linear sweep voltammograms of various M-oCNTs in Oz saturated
0.1 M KOH, scan rate of 10 mV s* at 1600 rpm. b) Table summarising the activity
parameters of the M-oCNTSs tested [96].
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Table 2.1 ORR performance of single metal oxides of Mn and Co.

0.1M, 1M and 6M
KOH.

Catalyst Electrode | Preparation Performance (onset Stability Ref
substrate method potential and electron
transfer number, n)
Amorphous GC KMnOs soln+ | -0.14Vvs SCEin0.1 M
manganese electrode oxalic acid KOH, 22 °C +/- 2 °C, (O2
oxides soln sat.) i
n=25 [50]
a-MnO:2 Solid state -0.14Vvs SCEiIn0.1 M
method KOH, 22 °C +/- 2 °C, (O2
sat.) i
n=37
a-MnO: GC Hydrothermal | 0.1V vs Ag/AgClin 0.1
nanowires electrode M KOH, (O2 sat.) -
n=31
3-MnO2 -0.045 V vs Ag/AgCl in
0.1 M KOH, (Oz sat.) - [97]
n=27
a-MnOz2 0.06 V vs Ag/AgClin 0.1
nanowires + M KOH, (O2 sat.) -
carbon black n=3.8
MnO-0CNT GC Addition of -0.05 V vs Hg/HgO, in
electrode | mildly oxidised | 0.1 M KOH, (Oz sat.) -
CNTs to metal | n=3.62 [96]
CoO-oCNT sulphate soln | -0.11 V vs Hg/HgO, in
with heating 0.1 M KOH, (O2 sat.) -
and stirring. n=3.32
Amorphous GC Reflux -0.25 V vs Hg/HQO, in
MnOx electrode 0.1 M KOH, (O2 sat.) -
spheres
Amorphous -0.05 V vs Hg/HgO in [76]
MnOXx 0.1 M KOH, (O2 sat.)
nanowires/ke i
tjen black
Co304 GC Thermal -0.149 V vs Hg/HgO in 1 i (98]
electrode | decomposition | M KOH, 298 K (O2 sat.)
Co304 GC Hydrothermal | 0.83 V vs RHE, (=-0.157
nanocrystals | electrode Vvs SCE)in0.1M
KOH, 25 °C, (O2 sat.) i
n =357 [99]
Co0304 0.85V vs RHE (=-0.137
nanocrystals Vvs SCE),in0.1 M
+ XC-72R KOH, 25 °C, (O sat.) i
Co0304 nano- GC Chemical -0.06 V vs Hg/HQgO in No current density
octehedrons/ | electrode synthesis + 0.1 M KOH, room temp, | decay after 2.8 h [100]
RGO hydrothermal | (Oz sat.) at-0.40 V at
n=4.0 2400rpm.
Co0304 GC Hydrolysis and | 0.88 V vs RHE (=-0.11 V | Teflon-treated
nanocrystals/ | electrode oxidation vs SCE) in 0.1 M KOH, carbon fibre paper
rmGO (O2 sat.) GDE: No current
n=3.9 density decay [92]
after 2.8 - 6.9 h at
0.7 Vvs RHE in
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Mixed metal oxides

Mixed valence spinel oxides tend to possess better electrical conductivity
allowing them to be used directly as catalyst materials. Due to the presence of cations
of different valencies, pathways of low activation energies are available for electron
transfer. The ORR mechanism at Co3O4 and NiCo0204 without the inclusion of a carbon
support was investigated by S0mnez et al. [98]. The 4 electron pathway was found to
be dominant on NiCo0204 whilst it appeared that the 2 electron pathway was more
prevalent on Co30a4. It was also observed from reaction overpotentials and limiting
current density, that NiCo204 is a better ORR electrocatalyst compared to Co3Oa4. The
substitution of Co?* and Co3* for Ni in the Coz0a structure was suggested to stabilise
the Co3* surface species [101] which is recognised as an active site for ORR for O2
adsorption. Additionally, the stoichiometric composition of NiCo204 was proposed to
have a higher surface concentration of Co®* and Ni** species [102]. The ORR catalytic
activity of mixed spinels of nickel and cobalt oxides prepared via co-precipitation,
freeze drying and thermal decomposition of mixed nitrates were examined by King
and Tseung [103]. It was acknowledged that the method of synthesis affected the
chemical and physical properties of the resultant oxide, such as composition, electrical
conductivity, crystal structure, ferromagnetism, and surface area. A follow-up study by
the same group [104] noted that the availability of Co at the tetrahedral sites of the
spinel was essential to ORR activity.

Although the addition of a carbon support to NiC0204 has not been researched
specifically for its influence on the ORR mechanism it has been suggested to help with
the dispersion of metal oxide particles, thereby increasing surface area, preventing
agglomeration and acting as a highly conductive network for efficient electron transfer.
More recently, further attempts have been made to increase activity of NiCo204 by
fabricating three-dimensional morphologies for instance spheres, wires or flowers,
macro-porous sheets and other hierarchical nanostructures [105-107]. Such
morphologies and structures are likely to enhance conductivity, increase surface area
and enrich the porosity — which improves gas diffusion pathways to facilitate the

movement of Oz [108].

An investigation [109] on the structural and electronic properties of MNC0204

showed that doping Co304 with Mn resulted in the occupation of the octahedral sites
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with Mn3*, whilst half of the Co were present as Co?* at the tetrahedral sites and the
other half as Co3* at the octahedral sites. Rios et al. [110] proposed that ORR activity
was correlated to the Mn content as the reaction was facilitated by the manganese
Mn“4*/Mn3* redox pairs present in the octahedral sites of the inverse spinel of MNC020a4.
However, a few studies [111, 112] have since suggested that both Mn3* and Co** ions
show activity for ORR. Regardless, it is clear that the Mn sites are considered to be
more active than the Co sites for ORR [113] and the substitution of Mn3* in the
octahedral sites of the mixed Mn-Co spinel is beneficial to the ORR activity.
Furthermore, the crystal phases of these Mn-Co mixed spinel oxides are closely
related to the ratio of metal cations whereby a greater percentage of Mn results in a
tetragonal crystal structure and conversely a lower quantity of Mn tends to form a cubic
crystal structure [114]. These structures are noted to have an effect on the ORR
mechanism with the cubic structure recognised as having better activity for ORR [111,
115, 116]. This is believed to be due to the surface of the cubic spinel having a higher
proportion of catalytic sites available with greater oxygen adsorption binding energies
at Co and Mn defect sites [117, 118] and a higher mean oxidation state for Mn as a

result of the mixture of Mn3*/Mn#* cations.

The direct nucleation or covalent attachment of MNnCo204 nanoparticles onto a
conductive carbon support [119, 120], as opposed to the physical mixture of spinel
and carbon material, has been shown to enhance ORR activity. This is due to the
formation of C-O-metal bonds which assist in facilitating charge-transfer in the catalyst
layer. Additionally, the dispersion of the metal oxide particles over the carbon support
gives rise to a greater electrochemically active surface area.

Equally, the partial substitution of Co in Co304 with Fe or Cu was observed to
incur different effects on catalytic activity. Systematic studies conducted by Cota et al.
[121] on 14 different catalysts in potassium hydroxide concluded that cobalt ferrite,
Co1.1Feo0904, showed considerable activity for the decomposition of hydrogen
peroxide. As cobalt-iron oxides were subsequently shown to have negligible activity
for oxygen reduction [122], it was necessary for these oxides to be combined with
graphite, at which the two electron indirect reduction of Oz to HO2™ takes place. Marsan
et al. [123] reported higher current densities for ORR at CuC0204 compared to Co30a4
due to the greater abundance of Co3* and Cu?* cations on the surface which acted as

sites for O2 adsorption. The significance of a suitable synthesis method to produce
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phase pure CuCo0204 was highlighted in an investigation where [124] the spinel
prepared by a sacrificial support method displayed most active ORR performance due
to the lower amount of CuO, which was found to have poor electrical conductivity and
low catalytic activity for ORR. Similarly, when compared to other M?* substituted
MxFes-xOs, MnxFesxO4 spinels have shown promising activity for both ORR [125] and
peroxide decomposition [126] ascribed to the presence of Mn3*/Mn?* which is crucial

for both reactions.

Table 2.2 ORR performance of mixed transition metal oxides.

Catalyst Electrode | Preparati | Performance (onset Stability Ref
substrate on potential and
method electron transfer
number, n)
NiC0204 -0.06 V vs Hg/HgO in
oc | Thermal | R Ol oo Kg(Oz
decompo - [98]
electrode i sat.)
sition
n=4
3D macroporous -0.1 V vs Ag/AgClin Retained 70% current
NiC0204 GC Hydrother | 0.1 M KOH, 25 °C +/- density after 100 h at [101]
electrode mal 1°C, (Oz sat.) -0.3 V.
n=3.8-4
NiC0204 urchin- -0.1 V vs Ag/AgCl in Retained 87% current
like GC Hydrother | 0.1 M KOH, room density after 1000 CV [102]
nanostructures electrode mal temp. (O2 sat.) cycles.
n=4.0
NiC0204 hollow 0.77Vvs RHE, in 0.1 Retained 93.4%
nanospheres GC Hydrother | M KOH, room temp. current density after [127]
electrode mal (O2 sat.) 12hat0.61Vyvs
n=3.0-4.0 RHE.
NiC0204/ -0.09V vs Ag/AgClin
ordered GC Hydrother | 0.1 M KOH (O: sat) i [128]
mesoporous electrode mal n=3.8-3.9
carbon, CMK-3
Mno.4C01.604 0.9VvsRHE iIn0.1 M | Retained 85% current
GC Sonoche | KOH, (O2 sat.) density after 2.8 h at [111]
electrode mical n=4.0 0.47 V vs RHE at
1600 rpm.
CoMn204/ C Thermal 0.9V vs RHE, 0.1 M No current density
annealing KOH (O2 sat.) decay after 8.3 h at
GC of n=3.68 0.8 Vvs RHE. [112]
MnCo0204/ C electrode carbonate 0.87Vvs RHE, 0.1 M
S KOH (O2 sat.)
n=351
MnCo0204 0.95Vvs RHE, 0.1 M Retained 85% current
GC Spray KOH (O2 sat.) density after 10 h at - [113]
electrode | pyrolysis | n=3.94 0.3 V vs Ag/AgCl at
1600 rpm.
Cubic CoMn204 Oxidation- 0.91VvsRHE, 0.1 M
— .~ . | KOH, (Oz sat.) -
GC precipitati | = 2'aq e
Cubic electrode | 7. [0.95VVvsRHE 0.1M | Retained 91.5% [116]
CoMn204/C yti on KOH (02 sat.) current density after
n=391 50 h at 0.8 V vs RHE.
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2.1.1.3. Non-metals

As well as being another low-cost alternative to precious metals, carbonaceous
materials are widely available with high electrical conductivity and large surface areas.
The allotropes of carbon relevant to electrochemistry are graphite, diamond and
fullerenes [129]. Graphite is composed of sp? hybridised carbon atoms in a structure
consisting of stacks of two-dimensional graphene sheets, whilst diamond consists of
sp® hybridised carbon atoms in a tetrahedral arrangement which results in low
conductivity. Carbon nanotubes, the most commonly used fullerene electrode
material, are made of one or several graphene layers rolled up to form tubes. Due to
the favourable electrical conductivity of graphitic materials [130], these are usually

more appropriate for electrode applications.

The electrochemical activity for oxygen reduction of these carbon materials was
determined to be directly influenced by the surface area [131], morphology [132] and
surface sites [133]. For instance, carbon nanotubes with corrugated walls performed
better than carbon nanotubes with smooth walls due to the greater presence of edge
and defect sites which are active for ORR. This was confirmed by a study [134] of ball-
milled graphite and carbon which concluded that the edge atoms of graphene showed
more ORR activity over the basal-plane atoms. In addition to this, the electroreduction
of oxygen at carbon-based materials is also dependent on pH [135] with both
unmodified and, in some cases, modified carbon materials displaying considerably

better ORR performance in a basic than an acidic solution [136, 137].

To improve the ORR performance of these carbon materials, one or more
heteroatoms with differing electron negativities such as nitrogen, boron, oxygen,
phosphorus, sulphur, fluorine etc. [138] have been introduced into the carbon to vary
its nanostructure. Based on experimental results and theoretical calculations, this is
suggested to be due to the redistribution of charge on the carbon atoms from the
electron movement between the heteroatoms and adjacent carbon atoms. A
systematic study carried out by Jiao et al. [139] of five heteroatom B, N, P, O and S
doped-graphene materials indicated that B and N-doped graphene were the most
active ORR catalysts. In (Figure 2.5 a), the B and N-doped graphene catalysts have

the smallest Tafel slope values from RDE experiments and which corresponds to the
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volcano plots (Figure 2.5 b) obtained with DFT calculations these catalysts show

closest performance to Pt.
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Figure 2.5 a) Tafel slope plots for the single-doped graphene catalysts from
experimental ORR polarisation plots collected at 1600 rpm b) Volcano plot of DFT
calculated AGoon+ against log jo theoretical values obtained. The blue squares are
representative of the joexperimental values obtained from Tafel plots [139].

One of the first reports of the utilisation of an N-doped graphene electrocatalyst
for ORR was by Dai et al. [140]. It has since become the most extensively utilised
heteroatom for doping as it is of a similar size to carbon with one extra electron in its
outer shell [141]. Owing to the high electronegativity of nitrogen, the doping of
graphene with nitrogen is suggested to result in the formation of positively charged
carbon atoms which facilitate the adsorption of oxygen molecules for ORR [142]. In
addition, the nitrogen is suggested to create defects on the carbon surrounding it,
causing greater exposure of the edge plane which promotes ORR activity. Other
dopants such as boron, phosphorus and sulphur have a much lower electronegativity
than carbon however, and are more inclined to donate electrons to the carbon atoms
which results in the dopant becoming slightly positively charged instead. The active
sites on B, P and S- doped carbons are therefore believed to be the charged B, P or
S atoms [143, 144].

The incorporation of two or more heteroatoms into a carbon material results in
greater ORR electrocatalytic activity than its corresponding single-heteroatom doped
carbon counter-parts due to the synergistic effects on catalysis. For example as doping
of multi-walled carbon nanotubes occurs at defect sites in the C-C structure, co-doping
N with S was shown to enable more pyridinic N to be incorporated into the sp? carbon

atom network [145, 146]. Equally, co-doping of multiple heteroatoms P, N and S into
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mesoporous graphene [147] was proposed to lead to a combination of complementary
effects such as the creation of P* and C* charge sites, more carbon edge site exposure

and higher carbon spin density which enhanced ORR activity.

Table 2.3 ORR performance of doped and non-doped carbonaceous materials.

Catalyst Electrode | Preparatio Performance (onset Stability Ref
substrate | n method potential and electron
transfer number, n)
N-doped -0.20 V vs. Ag/AgCl in 4
graphene GC M KCI, in 0.1 M KOH, 25
electrode Cvb °C (O2zsat.) i [140]
n=36 to4
S-doped -0.14 V vs. Ag/AgCl, in Retained 91.1% of
graphene GC Thermal 0.1 M KOH, room temp. current density after [148]
electrode annealing | (O2 sat.) 56hat-0.3Vyvs
n= 3.82 Ag/AgCl.
Graphene -0.15 V vs. Ag/AgCl, in
0.1 M KOH, room temp.
(O2 sat.) i
n= 259
S-doped -0.11 V vs. Ag/AgCl, in Retained 70.3% of
graphene GC Thermal 0.1 M KOH, room temp. current density after [144]
electrode annealing | (O2z sat.) 5.6hat-0.3Vvs
n= 381 Ag/AgCI.
N-doped -0.09 V vs. Ag/AgCl, in Retained 67.9% of
graphene 0.1 M KOH, room temp. current density after
(O2 sat.) 5.6hat-0.3Vvs
n= 3.99 Ag/AgCl.
B-doped -0.12 V Ag/AgCl, in 0.1 M
graphene KOH at room temp. (O2 i
sat.)
GC Sglr;g rsnt]z;atle n= 2327 [149]
N-doped electrode reaction -0.09 V vs Ag/AgCl, in 0.1
graphene M KOH at room temp. (O2
sat.) i
n= 2.3-2
Ketjen -0.13 V vs. Hg/HgO, in 0.1
black M KOH, (O:2 sat)
n= 34
N-doped - Reflux =568 v vs. Hg/HgO, - [150]
ketjen In 0.1 M KOH, (O2 sat)
black n= 3.6
N & S- ~-0.015 V vs. Hg/HQgO, in | Retained 80% of
doped GO GC 0.1 M KOH (O2 sat) current density after
electrode Reflux n= 35 28hat-0.6 Vyvs [146]
Hg/HgO.
P,N&S- Electrostati | 0.9 Vvs RHE, in 0.1 M Retained 86.6% of
doped GC c assembly | KOH, room temp (Oz sat.) | current density after
porous electrode method + | n= 3.68-3.96 16.7hat0.7 Vvs [147]
carbon carbonizati RHE.
on
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2.1.1.4. Transition metal macrocycles

The application of transition metal macrocycles, in particular cobalt
phthalocyanine, as a fuel cell cathode catalyst was pioneered by Jasinski [151, 152]
in the mid-1960s. Since then, N4 chelate macrocycle complexes such as porphyrins
and phythalocyanines containing non-stoichiometric non-precious metals have been
investigated for their oxygen reduction activity. The transition metal assigned as the
central metal atom of the macrocycle has been proposed to function as the active sites
for ORR [153, 154]. As such, both cobalt and iron phthalocyanines and porphyrins
have been demonstrated to be most active for oxygen reduction in alkaline media [155,
156].

The monomeric form of these catalysts is prone to aggregation, and dispersion
over a carbon support material is necessary to prevent agglomeration whilst
enhancing electrical conductivity [157]. Alternatively, the polymeric forms of these
catalysts exhibit better chemical and thermal stability, higher electrical conductivity and
lower catalytic activity; however they are usually associated with more costly methods
of synthesis, of which the key step is a high temperature pyrolysis step in the absence
of oxygen. Although non-pyrolysing methods of synthesis exist, they are often more
complex. Hence, owing to the limitations of the synthesis of macrocycles, it was
decided that this category of catalysts would not be included in this work.

2.1.2. Summary

The review of the literature shows that a substantial amount of work has gone
into synthesising and testing various groups of materials deemed to be active for
oxygen reduction. The inclusion of a carbon support in the catalyst layer is frequently
mentioned and demonstrated to be beneficial for ORR performance. In addition, a
large number of catalyst studies tend to focus on defining the ORR reaction kinetics
using RDE and RRDE set-ups, however fewer studies have incorporated these
catalysts into gas diffusion electrodes (GDE) in order to establish the operational
performances of these catalysts at practical current densities. These points will be

addressed in the following research chapters.
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2.2. The oxygen evolution reaction

The oxygen evolution reaction (OER) is a key reaction in several anodic
processes such as water electrolysis or in a secondary oxygen electrode. The
production of one molecule of water in either acidic or alkaline environment requires
four electrons in total. Since the transfer of multiple electrons is not kinetically
favourable, the mechanism of oxygen evolution comprises several intermediate states.
This leads to a build-up of energy barriers which contributes to slow reaction kinetics.
Under alkaline conditions, there are a number of proposed pathways suggested by
Krasil’schchikov [158], Yeager [159, 160] and Bockris [161, 162].

In the potential region of the OER reaction, an oxide layer is always formed
even if an inert metal is used. The growth of these metal oxide layers is inevitable as
the reaction proceeds. Hence, the reaction either takes place on thin oxide films of
noble metals such as Pt, Au, Ir, Rh and Ru or thicker oxide films of non-noble metals
such as Ni, Co and Pb. In general, the OER mechanism which takes place at a metal
oxide surface under alkaline conditions can be described by the following elementary

steps [163, 164]. Firstly, water dissociates on the metal oxide surface to form OHad.
OH > OHad + € (2.5)

OHad is considered to be further oxidised to Oa.
OHad + OH > Oad + H20 + € (2.6)

In some cases, it is suggested that two Oad intermediates recombine to form a

molecule of Oa.
Oad + Oag =2 O2 (2-7)

Alternatively, a superoxide intermediate OOHad is formed which acts as a precursor to

the formation of O2
Oad + OH > OOHag + € (2.8)
OOHad + OH 2> 02 + H20 + e (2.9)

The OER intermediates are therefore OHad, Oad and OOHad. These intermediates are
important as the catalytic activity of a metal oxide surface for oxygen evolution can be

predicted from their binding energies. According to the Sabatier principle [165, 166],
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optimum catalysts should not bind to adsorbates too weakly as the reaction may not
take place but also not too strongly or desorption will occur too slowly or not at all,

poisoning the catalyst. Consequently, the binding energy of atomic oxygen AE,_, has
been used as an activity descriptor for OER. AlternativelyAG,,, — AGoy,,, Which

depends on the assumption that the pristine (001) surface is representative of the
catalyst during OER, is seen to be a universal descriptor of OER activity for several
classes of catalyst materials [163, 167, 168]. Examples of volcano plots based on
these activity descriptors are given in Figure 2.6. The general trend in transition metal
reactivity from these plots is Ni > Co > Fe > Mn > Cr. It should be mentioned that
although perovskites are active for oxygen evolution [169, 170], they will not be

discussed in this review.
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Figure 2.6 a) Theoretical volcano plot for pristine (001) surface of oxides based on the
difference between adsorption energies of oxygen (*O) and hydroxyl (*OOH)
intermediates as descriptor [168]. b) Volcano plot of theoretical overpotential against
standard free energy of AGror - AGo+ as descriptor [171]. c¢) Volcano plots of
overpotentials for OER of LaMOs3, SrMO3 and MO based on formation energy of oxide
in bulk, AGform, buk, @s descriptor [172].

2.2.1. OER catalysts

2.2.1.1. Precious metals

Precious noble metal oxide catalysts RuO2 and IrO2 have been recognised as
benchmark catalysts for OER under both acidic and alkaline conditions [173-175]
however, their high cost, low elemental abundance and activity losses at high anodic
potentials [176] make them impractical. RuO2 is highly prone to corrosion or
dissolution at oxidative potentials since the onset of corrosion occurs at similar

potentials to oxygen evolution, therefore affecting its stability over time [177]. Under
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similar conditions, IrO2 demonstrates better corrosion stability but its OER catalytic
activity is lower than RuO2[178]. In order to overcome these issues, various mixtures
or composites [179, 180] of these catalysts have been tested and an example of a
mixed IrO2-RuO2 catalyst is employed as an OER activity benchmark catalyst in
Chapter 8.

2.2.1.2. Non-precious metals

Oxides

First row transition metal-based OER catalysts have been of particular interest
as they demonstrate good catalytic activity for OER whilst remaining low in cost and
resistant to corrosion in highly alkaline environments [181-183]. Among transition
metal oxides, materials classed as spinels have attracted much interest and the
method of preparation of such oxides is seen to affect the catalytic performance [184-
186]. Based on the observations that the metal or metal oxide should be able to form
a higher valence oxide at potentials lower than oxygen evolution [187], nickel and

cobalt oxides are generally considered suitable catalysts for the reaction.

The electrocatalytic activity of spinel CosO4 is correlated to the presence of Co
valence states Co?*/ Co®* and Co3*/ Co** [188] and it is largely accepted that cobaltites
on the surface are oxidised to Co** state before oxygen evolution occurs. The partial
substitution of Co by an additional metallic cation such as Ni, Li, or Mn into the lattice
disrupts the homogenous distribution of these cations. In the case of LixC03-xO4 [189],
the introduction of Li was suggested to stabilise the Co3* active sites, whilst in NixCos-
xO4 [190] the number and binding energies of surface Co3* and Ni®* sites were altered,
contributing to improved OER activity. Since it is primarily the top layer of the catalyst
which is electrochemically active [191], the electrocatalytic activity can be further
enhanced by increasing the surface roughness or electroactive surface area. Methods
of synthesis or morphologies which maximise surface per unit area or promote better

durability of the catalyst layer and gas management are therefore preferred [192] .
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Hydroxides/ oxyhydroxides

Besides oxides, transition metal hydroxides and oxyhydroxides have also been
investigated and activities for these catalysts have been benchmarked [193, 194].
These comparative studies propose nickel to be the most efficient catalyst for OER
based on the adsorption energies or bond strengths of the reaction intermediates [195,
196] displayed in Figure 2.6. As marked in red on the Pourbaix diagram of Niin Figure
2.7, at pH 14 and oxidative potentials, Ni(OH)2 should be present.
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Figure 2.7 Pourbaix diagram of Ni [197].

The standard potential of the theoretical oxygen evolution reaction and oxidation of
Ni* to Ni** in alkaline conditions occur around the same oxidative potentials,
represented by equation (2.1) and (2.10) respectively [198]. However due to the
sluggish kinetics of oxygen evolution the experimental onset potential of this reaction

usually takes place at more positive potentials.
Ni(OH)z2 + OH- = NIOOH + H20 + e 0.49 V vs SHE (2.10)

Taking into account both experimental and theoretical benchmarking trends,
Ni-based catalysts are an obvious choice. On top of that, in practical alkaline water
electrolysis which is a mature technology, Ni is the best electrode material with good
alkali resistance while not being too costly [199]. As a result, much work has been
carried out to further enhance the activity of these hydroxides or oxyhydroxides — such
as the incorporation of another transition metal which has been shown to have a

significant effect on the electronic properties of Ni(OH)2 [168, 200].
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Ni-based binary metal oxide, hydroxide or oxyhydroxides

Fabrication and optimisation of mixed metal oxide composition is significant
based on Brewer’s theory of hypo-hyper-d-d-interelectronic bonding. It has been
suggested in the literature that a stronger d-d-intermetallic bonding between the
intermetallic phases means a weaker intermediate adsorptive bond (e.g. M-OH, M-H)
during the rate determining step [201]. This allows for more rapid dissociation, faster
reaction rate and better intrinsic catalyst activity overall. Synergism in mixed hypo-
hyper-d electronic oxide catalysts depend on the composition ratio and the effect of
the interaction results in a volcano plot or maximum [202]. Therefore, the introduction
of ‘impurities’ into a Ni metal oxide can encourage increases in conductivity, change
the intermediate bonding energy for better catalysis and possibly provide more
favourable active sites for intermediates to bind to [203-206].

For instance the presence of Fe, which was discovered as an impurity in
Ni(OH)2 electrodes as early as the 1900s [207], helps to lower the overpotential of the
reaction. NiFe-based oxide, hydroxide or oxyhydroxide materials have since been
widely recognised to outperform other binary metal catalysts for OER [208]. Louie and
Bell [209] proposed that the addition of Fe decreases the order of the crystal structure
as well as the oxidation state of Ni. The same group carried out further investigation
into the Ni-Fe-based oxyhydroxide catalyst using in operando XAS measurements and
DFT calculations [210] on these catalysts. They deduced that in Fe-doped Nii-
xFexOOH, the OER activity increased up to a content of ~40% Fe as the Fe acted as
active sites with optimal adsorption energies for intermediates [168]. Similarly, the
overpotential for OER was observed to decrease with the substitution of cations of Ni
with Co in hydrous oxide films of Ni-Co [211, 212]. The results from systematic studies
screening the activities of binary Ni-based metal oxides, hydroxides and
oxyhydroxides tested under different conditions are presented in Figure 2.8 and
ranked in Table 2.4 with a general trend of Ni-Fe > Ni-Co > Ni-Cr for the performances

of metal oxides, hydroxides and oxyhydroxides.
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Table 2.4 Results of benchmarking studies of metal oxides, hydroxides and
oxyhydroxides.

Performance Testing conditions Ref
Metal oxides NiFe > NiCo > CoFe > Ni > Electrodeposited on GC electrode, [183]
NiCu > NiCe > NiLa tested at 1600 rpm in 1M NaOH.
Metal hydroxides | NiFe > NiCo > NiCr > Ni > Electrodeposited on Ni micro disc, [200]
NiMn > NiCu tested at 1M NaOH, 353K.
Metal NiFe > NiCr > NiMn > Ni > Co-precipitated catalyst drop-cast on [168]
oxyhydroxides NiCu > NiCo > NiZn Au electrode, tested at 1500 rpm in
0.1M KOH.
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Figure 2.8 a) Plot of overpotential at 10 mA cm=2 att =0 h and 2 h for various metal
oxides coated on GC electrode [183], b) Polarisation curves for Ni-based binary metal
hydroxides coated on Ni microdisc [200], ¢) Volcano plot for Ni-based M-doped
oxyhydroxides coated on Au RDE where (i) Ni; (ii) M; is active site based on Acor -
AGon+ descriptor [168].

Ni-based ternary metal oxide, hydroxide or oxyhydroxide

Further still, the synergism of multiple first-row transition metals is suggested to
provide the advantage of multiple oxidation states at the required range of potentials.
An investigation [213] involving a quick, fluorescence-based, combinatorial assay of
3500 oxides in solution form reported that compositions containing Ni, Fe and a third

metal show highest OER activity with good reproducibility (e.g. Ni-Fe-Ga, Ni-Fe-Cr,
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and Ni-Fe-Al). From Figure 2.9, it is evident from the higher activity values that nickel-
based oxides are much more active for OER than cobalt-based oxides. It is also
apparent that the addition of a third transition metal to the oxides gives significantly
higher activity than binary oxides As marked in red on Figure 2.9, the highest activities
fall in the column and row of Ni-Fe ternary oxides. Whilst for the cobalt-based oxides,
the highest activities are seen in the column and row of Ni-Co ternary oxides (marked

in blue).
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Figure 2.9 Diagram of highest observed activities of Ni and Co-based ternary metal
oxides. Activities are colour coded and marked numerically from 0 to > 4 [213].

According to the activity numbers in Figure 2.9, potential ternary metal Ni-Fe
based catalysts can be ranked NiCrFe (4.0) > NiAlFe (3.8) = NiFeGa (3.8) > NiFeMo
= NiFeCo (2.4) > NiVFe (2.0). Correspondingly, Table 2.5 summarises the reported
experimental performances of ternary Ni-Fe based catalysts of Ni-Fe-Cr, Ni-Fe-Co,
Ni-Fe-Mo and Ni-Fe-V at practical current densities. Based on these sources, Ni-Fe-
Cr, Ni-Fe-Co and Ni-Fe-Mo ternary metal catalysts were seen as potential OER

catalyst candidates for comparison and optimisation in Chapter 7.
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Table 2.5 OER performance of ternary transition metal-based catalysts.

Catalyst Electrode | Preparation Performance Stability Ref
substrate method
NiFeCr NiFea- 0.587 V vs Hg/HgO at
xCrxO4 (X . Hydroxide 100 mAcm?in1lM
= 0.8-1.0) | NISUPPOIt | cipitation | KOH, 298 K: 0.2 mV s ; (214
1 iR compensated
NiFeCr 1.5Vvs RHE (= 0.452 | 158V (=
hydroxide Electrochemi | V vs Ag/AgCI) at 100 0.532vs
cal mA cm2in 1 M KOH, 5 | Ag/AgCl) at
Ni foam deposition | mV s, 95% iR- 100 mA cm2 | [215]
etching from | compensation for 11.1 h.
nitrates (noiR
correction)
NiFeCo | NiCoFe (5 1.59 V vs RHE (= 1.85V at 80
or 6:2:1) Electrodepos | 0.566 V vs Ag/AgCl) mA cm-2 for 8
Ni foam ition from at 100 mAcm=2in1M | h. [216]
nitrates KOH; 5mV s%, 85% iR
compensation
CoFeNiOx Electrodepos 1.495 V vs RHE at 100
Ni foam ition mA cm2in 1 M KOH, - [217]
298 K;1 mV s?
NiFeMo | Feo.7sNio2 0.641 V vs Hg/HgO at
5MoO4.or Ni plate Co . 100 mMAcm2inl1 M _ i [218]
Feo:sNios precipitation | KOH, 298 K; 0.2 mV s
MoOg4 1 iR compensated
MoFe:Ni( Hydrothermal | 1.525 V vs RHE, in 1 1.52 V at 100
OH)2/NiO . and M KOH, 298 K; 1ImV s- | mA cm- for
Ni foam _ _ _ [219]
OH electrochemi | 1, iR compensated 50 h (iR
cal oxidation corrected)
NiFeV NiFeVos0 0.685 V vs Hg/HgO at
4 . Hydroxide 100 mAcmz2inl1M
Ni'support precipitation | KOH, 298 K; 0.2 mV s- i [220]
1 iR compensated
Nio.7sFeo.1 1.5V vs RHE (= 0.583 [ 1.5V (=
25V0.125 V vs Hg/HgO) at 100 0.583V vs
LDH Ni foam | Hydrothermal | mA cm2,in 1 M KOH, | Hg/HgO) at [221]
room temp; 1ImV s1, iR | 30 mAcm-
compensated for 15 h

2.3. The secondary oxygen electrode

The rates of the electrochemical reactions involving the reduction and oxidation
of oxygen are unfortunately slow and electrocatalysts are needed to provide lower
activation energy pathways to help speed up these reaction rates to a practical level.

It is desirable for the electrocatalysts chosen to be in abundant supply and as
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inexpensive as possible, whilst still providing high activity. However, it is also important
to keep in mind that the selection of electrocatalysts whether reaction-specific or
bifunctional is merely an initial step to constructing a practical secondary oxygen
electrode. The construction of the electrode and environment in which the reactions
take place are also major influencing factors of the reaction pathway and reaction

overpotential.

2.3.1. Bifunctional catalysts

A bifunctional electrocatalyst electrode simplifies the electrode construction and
reduces mass transfer losses. The challenges in designing a truly bifunctional oxygen
catalyst however, were highlighted by Rossmeisl et al. [222]. The difficulties originate
from the scaling relation between the intermediate binding energy of the first and third
proton/ electron transfer step (i.e. OHad and OOHad from equations (2.5) and (2.8)).
According to the graphical representation of the elementary reactions of ORR and
OER (Figure 2.10), not only do optimal catalysts still require ~0.37 V overpotential for
OER and ORR [223] , the apexes of the volcano plots for ORR and OER do not meet
at the same value suggesting that an optimal catalyst for ORR is not one for OER and

vice versa. A

*OH — *
0 Ac.
H,0 — *OH
0
*

AG

V Eq. pot
é ®
.. ‘. TMORR AG;,
o’ *0 — *O0H
’0‘ ORR AGy
*00H — 0,
—

—>

descriptor

Figure 2.10 Plot of AG versus activity descriptor. Representative lines for Gibbs
energies of reaction of proposed pathway AG1, AG2, AGs and AG4. Theoretical norr
and noer are labelled as the vertical distances between equilibrium potential of 1.23 V
and point on the line [223].

An ideal bifunctional catalyst operates at potentials close to the equilibrium potential,
catalysing the ORR with a high reduction current just cathodic of the equilibrium potential
and OER with a high oxidative current just anodic of the equilibrium potential [224]. Real

catalysts however require large overpotentials and operate at significantly more cathodic
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potentials and anodic potentials for ORR and OER respectively. This vast difference in
operating potentials means that the surface of the catalyst faces different conditions over
a wider potential range which may alter its surface structure over time. Due to the
interdependence of intermediate binding energies, the active sites on the catalyst are also

likely to be different for each reaction.

Electrocatalysts for oxygen electrochemical reactions are mainly a) metals, b)
metal oxides and c) transition metal organic macrocycles [8]. Since both metallic
particles and organic macrocycles may oxidise at high anodic potentials commonly
used for oxygen electrochemical reactions, metal oxides are the most viable option for
bifunctional catalysts. The conductivity and therefore, catalytic activity of the metal
oxide can be adjusted by varying the composition and method of preparation. These
are usually prepared by techniques such as co-precipitation, thermal decomposition,
freeze-drying, pyrolysis of an organic precursor, hydrolysis, solid-state reactions etc.
Metal oxides can be further broken down into perovskites, rutile-type structures,
pyrochlores and spinel materials as seen in Table 2.6.

Table 2.6 General properties of different types of metal oxides [8].

Type General Shape Examples
Formula
Perovskite ABOs Cubic crystal lattice LaNiOs, LaCoOs
Rutile-type AO2 Tetragonal symmetry MnOz2, PbO:2
Pyrochlore A2B207 Network of polyhedral linked on Bi2Ru207, NdslrO7
corners with interstices filled with A
cations
Spinel AB204 Cubic crystal lattice NiC0204, C0304

2.3.2. ORR and OER reaction requirements

Comparing the two reaction environments of the oxygen electrochemical reactions,
the ORR occurs at a three-phase interface or boundary between the catalyst, binder
and reactant found within the catalyst ink layer. These three-phase structures support
the conversion of energy at the electrode and are vital since electrochemical reactions
occur here [225]. These structures should permit the movement of reactants to, and
products away from, the catalytic sites. If the transport of the reactant or product is

limited, the percentage catalyst utilisation and consequent performance of the system
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will be much lower for the given amount of catalyst. The significance of this three-

dimensional boundary is described in detail in Figure 2.11.

Catalvtic ink laver

o,

i Pore for continuous transport of
reactant to catalytic site and product away
from site.

Three Phase
=~ Boundary

Supporting
substrate and
current collector

i Catalyst particle to speed up rate of

Electrolyte reactions and transport of electrons.

iii Ionomer/ binder which acts as a
conductive phase for transport of cations
of anions.

Figure 2.11 Schematic of three-phase interface found in porous catalyst ink structure
adapted from Bladergroen et al. [226].

The ORR gas diffusion layer should be as hydrophobic as possible to prevent
electrolyte or water flooding in the electrode which could cause blockages and prevent
the gas from reaching the catalytic sites. The side of the electrode in contact with the

electrolyte should also be hydrophobic but to a lesser extent with slightly smaller pores.

The OER reaction occurs between the liquid electrolyte and solid catalyst. As
oxygen gas is evolved, the electrode surface or sites within the catalyst layer should
be hydrophilic to facilitate the continuous replacement of oxygen bubbles with

electrolyte. This helps to reduce the surface coverage of the electrode by bubbles.

2.3.3. Secondary oxygen electrode designs

In order to aid the commercialisation of secondary metal-air batteries and
regenerative fuel cells, systems whereby both the oxygen reduction and evolution
reactions can take place successively must be further developed. Factors that should

be taken into consideration when designing a secondary oxygen electrode are [227] :

o Catalyst materials (bifunctional or separately optimised ORR and OER
catalysts) must be chemically stable over the potential range that the electrode

is cycled between

e The electrodes (2D or 3D) must be mechanically robust to overcome any shape

or compositional changes that take place during cycling
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e The movement of the products of ORR during cycling must be considered in

regards to cycling stability

e The formation of carbonate ions in the pores of the oxygen electrode or in the
electrolyte, from the interaction between carbon dioxide in the atmosphere and
the electrolyte, which has a negative impact on both the ORR and OER

¢ Flow channels or structures which facilitate flow of Oz towards and away from
the electrode

There are three proposed secondary oxygen electrode designs given in Figure
2.12 which are derived from Jorissen’s review [12] of bifunctional oxygen electrodes.
The first involves the use of a single layer of bifunctional catalyst which is able to
catalyse both ORR and OER. At present, a large proportion of research focuses on
developing bifunctional catalysts to reduce the number of steps required for catalyst
synthesis. Some well-investigated bifunctional catalysts are precious metals (e.g. Ag
[228], Pd [229]), metal oxides (e.g. C0304, NiC0204, MNC0204, MNO2 etc), perovskites
[230-233] and carbonaceous materials [234]. The second type of electrode design
involves two (or more) layers of catalyst with different porosities and hydrophobicity to
cope with the difference in reaction zones [235-237]. In some cases, the two catalyst
layers are kept separate with the hydrophilic side for OER facing the electrolyte and
semi-hydrophobic side for ORR facing the open end of the electrode [238-240]. The
third electrode design requires decoupling the two reactions into two separate
electrodes resulting in a supposed tri-electrode full-cell configuration [241, 242] with
two reaction-specific oxygen counter electrodes and a working electrode. This design
helps to minimise the degradation of the materials which are not stable over the full
potential range, showing improved cycling stability for long-term performance. The

advantages and disadvantages of each of these designs are summarised in Table 2.7.
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Figure 2.12 Schematic of secondary oxygen electrode designs.
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Table 2.7 The advantages and disadvantages of the secondary oxygen electrode
designs.

Advantages Disadvantages
Single-layer e Comparatively simple assembly ¢ Bifunctional catalyst must be stable
bifunctional e Cost-effective in full potential range
catalyst e Ancillary additives (e.g. ionomers,
carbon powders) may not be stable
at oxidative potentials
e Carbonate precipitation will affect
the bifunctional catalyst layer
Dual or multi- | ¢ Catalysts can be optimised for e Complex assembly
layer catalyst separate reactions e Potential mass transfer losses
e Suitable porosity can be achieved e Delamination or separation of layers
for ORR by the pressure of the oxygen
o Electrolytic contact between the two bubbles during evolution
layers may be reduced during e Carbonate precipitation will affect
cycling both ORR and OER layers
Tri-electrode o Flexible design e Complex assembly which may add
configuration | e Catalysts and electrodes can be weight/ volume
optimised for separate reactions
e Catalysts and ancillary additives
need not be stable in full potential
range
e Oxygen evolved can be removed
with flowing electrolyte during
charge; oxygen required for
reduction can be supplied during
discharge

Traditionally, ORR catalyst layers are constructed using a conventional slurry
method with ancillary additives such as PTFE, ionomers and carbon powders.
However the instability of these materials in a secondary electrode at highly oxidative
potentials results in degradation of performance [243, 244] due to a decrease in
hydrophobicity and hence loss of active surface area over time. To eliminate this issue,
researchers have attempted to create binder-free and/ or carbon-free oxygen
electrodes or by directly growing catalysts onto the surface of the electrode support
such as stainless steel mesh [245-247] and nickel foam [248-251]. Whilst these
studies show promising advancements, there is still insufficient demonstration of long-

term performance.

Likewise, it is crucial for gas evolution from OER to be considered in the design of
the oxygen electrode as physical processes such as the growth and attachment of the

gas bubbles at the electrode have a significant impact on the chemical processes
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taking place. The evolution of bubbles at the surface of the electrode can affect the
voltage of the cell by increasing ohmic resistance and hence overpotential of the
reaction. On top of this, the coalescence of bubbles at the electrode surface over time
increases coverage which blocks or shields electroactive surface area. The growth of
bubbles confined within the pores of gas evolving porous electrode structures, can
result in mechanical degradation of the catalyst layer on the electrode. This is
especially likely at high current densities, as more stress is applied at these layers
during bubble growth or release [252]. Furthermore, the release of bubbles from the
electrode surface creates turbulence in the electrode boundary layer which affects

heat and mass transfer [253].

Thus the difference in reaction environments of ORR and OER makes constructing
a porous electrode for a single bifunctional catalyst challenging. The stability of
materials and the issue of gas management is of particular importance for the single
bifunctional catalyst layer and dual or multi-layer catalyst design. In a tri-electrode
configuration however, since ORR and OER take place at separate electrodes,
catalysts and ancillary additives do not need to be stable in the full potential range and
the evolution of gas is more easily managed. Comparing the advantages and
disadvantages of the respective designs, a tri-electrode configuration appears to be
the most ideal for long-term cycling performance and was therefore adopted in this

work.

2.3.4. Tri-electrode designs in literature

A tri-electrode concept in a symmetrical configuration (Figure 2.13 a) [254] was
implemented for an electrically rechargeable zinc-air cell. Tests were carried out in 7
M KOH with commercial oxygen reduction electrodes based on cobalt oxide or
manganese dioxide catalysts, and 316 L stainless steel as oxygen evolution
electrodes. Air supplied to the oxygen cathodes was bubbled through KOH solution to
reduce the rate of carbonate formation. The full cell was cycled at low current densities
of 5-15 mA cm2, 24-30 h cycle periods for ~120 cycles with a faradaic efficiency of
~90% and energy efficiency ~50%. The authors [254] reported that performance loss

was mainly due to the degradation of the zinc electrode (i.e. shape change and
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dendrite formation) especially at high current densities and partly due to the OER

electrode although no details are given.
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Figure 2.13 a) Diagram of zinc-air cell [254], b) Schematic of tri-electrode
configuration of rechargeable zinc-air battery and schematic of home-built
electrochemical cell for measurements [241], c) Zn-air battery cell parts and fully
assembled cell with decoupled cathodes [238].

Similarly, a tri-electrode configuration concept [241] was tested in a beaker-
type cell (Figure 2.13 b) with CoO/ N-CNT on carbon fibre paper as the ORR electrode,
Ni-Fe LDH on Ni foam as the OER electrode and Zn foil as the anode. The full cell
was cycled in 6 M KOH+ 0.2 M Zn acetate at 20-50 mA cm at 4-20 h cycle periods
for 10 cycles (~200 h) with energy efficiencies of 65% and 60% at 20 mA cm™ at 50
mA cm-?respectively. The electrolyte was saturated with O2 before each measurement
and humidified O2 was fed continuously to the electrolyte during measurement. The
authors remarked that atmospheric CO2 management and dendritic growth of Zn metal
during charge are still factors which must be considered for practical long term cycling

performance.

A more recent study on novel electrocatalysts for ORR and OER, deemed
suitable for both Li-air and Zn-air systems [238], were tested in the cell in Figure 2.13
c. The ORR catalyst was NHs- activated N-doped macro/ mesoporous carbon and
OER catalyst was Co304 microstructures on Ni foam. Humidified air was supplied to
the cell to reduce the rate of water loss by evaporation. In the zinc-air configuration,

the cell reported a voltaic efficiency of 60% when cycled at 10 mA cm at 4 h cycle
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periods for 200 cycles (800 h). The authors confirmed the formation of potassium
bicarbonate, KHCO3, on the surface of the ORR catalyst layer after cycling however

the state of the Zn electrode after cycling was not discussed.

In contrast to the examples of vertically assembled secondary oxygen
electrodes with the counter electrode and other components arranged adjacent to it,
horizontally orientated secondary oxygen electrodes have been demonstrated by
several studies to alleviate the issues of gas evolution at the oxygen electrode. For
instance, this separator-free dual layer catalyst design (Figure 2.14) was patented in
2010 by Amendola et al. [255, 256]. The hydrophilic side of the air electrode was kept
in contact with the electrolyte and hydrophobic side was facing the air tunnel. A third

electrode, Zn metal, was introduced into the stack as an anode.

Plastic
Frame

Plastic
Frame

ay-faciny side

hydrophobic, water repelling region
 conductwe current colactor -
hydrophilic, water alfracting region -+ OER catalyst |ayer
electrolyie-facing side

~ ORR catalyst layer

Figure 2.14 Photograph and corresponding schematic drawings of horizontal cell
stack assembly [256].

A current collector was placed between the two layers in the air electrode as seen in
Figure 2.14, however the authors also suggest that this can be removed and replaced
by either an insulator or a gap. The advantages of this orientation are summarised:

e Controlled or consistent electrolyte resistance

e Ease of assembly and stacking of multiple cells to provide greater energy

density, compression of multiple cells may help to keep cells in place

e Gravity can help to distribute any precipitate evenly and assist with flowing

electrolyte through the cell stack
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¢ Airflow tunnels assist in heat transfer to cool cells and transfer of oxygen to
allow cell to operate at higher current densities

Other more recent examples of tri-electrode designs in horizontal configuration
are given in Figure 2.15. In Figure 2.15 a [242], a tri-electrode horizontal cell assembly
is described with an OER electrode (RuO2 coated Ti mesh) on top to allow oxygen
evolved to be released to the environment, an ORR electrode (MnO2 on GDE) on the
bottom and a Zn electrode between them. The cell had a static electrolyte volume of
45 mL and the authors claimed extended cycle life due to the lower chance of a short
circuit between the Zn electrode and OER electrode. They recommended that
performance could be further increased by reducing the distance between adjacent

electrodes.

Zinc plate

Cu foam
- KOH

Ni foam (OER)

Ag-based oxygen
depolarised

T 0 l o cathode (ORR)
2 2

Figure 2.15 a) Schematic of a horizontal tri-electrode design Zn-air static battery cell
assembly and photograph of the corresponding Zn-air cell [242], b) Schematic
illustration of horizontal Zn-air testing cell [240].

Electrolyte was pumped through the cell in Figure 2.15 b [240] at a set
volumetric rate of 0.4 L mint to remove the oxygen evolved at the Ni foam OER
electrode whilst pure Oz was supplied to the backside of the Ag-based ORR catalyst
layer at a rate of 0.2 L min. The authors reported greater voltage efficiency losses for
the Ag-based ORR electrode than the Ni-foam OER electrode which they ascribed to

the smaller surface area and longer diffusion paths within the porous structure. They
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recommended positioning a separator between the anode and OER electrode or
improving the flow distribution within the cell in order to prevent short circuiting of the
cell from inhomogeneous zinc deposition, thereby extending the battery’s lifetime and

improving performance.

Based on these studies, recommendations for further improvement of oxygen
electrodes are: good selection of electrode materials to avoid corrosion, consideration
of width of inter-electrode gaps, even flow distribution and therefore current density
distribution within the cell, consideration of carbonate precipitation and zinc dendrite
formation. A summary of the cycling performances of these secondary Zn-air batteries
is presented in Table 2.8. The reported performance values were used as points of

reference for the constructed tri-electrode secondary system in Chapter 8.

Table 2.8 Examples of secondary tri-electrode Zn-air batteries.

Cathodes Anode Electrolyte Cycling conditions and Voltage Ref
stability polarisation
ORR: CoO or 3D metal Commercial | e 5-15mA cm2, 24-30 h >0.9V at 5-
MnO:2 foam electrolyte cycle periods for ~120 h | 15 mA cm2
OER: 316L SS | current mainly (4 cycles)
mesh collector consisting of | ¢  50% energy efficiency [254]
filled with 7 M KOH,
Zn, TiN and | static
polymer
binder
ORR: CoO/ N- | Zn fail 6 M KOH + e 20-50 mA cm2, 4-20h 0.70 V at 20
CNT on 0.2M cycle periods for > 200 | mA cm2
carbon fibre zincate, h (10 cycles)
paper static e 65% energy efficiency [241]
OER: NiFe at 20 mA cm-
LDH on Ni
foam
ORR: Macro/ Zn foil 6 M KOH + e 10 mA cm2, 4h cycle ~0.75V at 10
meso-NC-NHs 0.2 M ZnClz, periods for ~800 h (200 | mA cm2
OER: C0304 static cycles) [238]
on Ni foam e 60-65% voltage
efficiency at 10 mA cm-2
ORR: Zncoated C | 6 M KOH + e 20mAcm? ~2hcycle |~1.1Vtol4
Commercial felt on 0.4 M ZnO, periods for 1917 h Vat 20 mA
GDE porous Cu | static (1000 cycles) cm2 [242]
OER: RuOz on | foam e 40% energy efficiency
Ti net
ORR: Ag- Cu foam 30 wt% KOH | ¢ 50 mA cm, ~8 min ~0.75V at 20
based catalyst | soldered on | +2 wt% cycle periods, (>600 mA cm-2
OER: Nifoam | Zn (notin Zn0O, 30°C, cycles) with short (~1.2V at50 | [240]
contact with | flowing 0.4 L circuits mA cm-?)
electrolyte) | min? e ~58% voltage efficiency
at 20 mA cm
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Chapter 3 Methodology

3.1. Research tasks

The research was divided into four main research tasks, based on the objectives
of this research project stated in Section 1.4 and review of the literature in Chapter 2:
(1) Oxygen reduction reaction (ORR) catalyst selection and optimisation, (2) Oxygen
evolution reaction (OER) catalyst selection and optimisation, (3) Secondary cell design,
and (4) Electrode stability test. These tasks were then addressed in the respective
research chapters as presented in Table 3.1. The selection process and optimisation
of the oxygen reaction-specific ORR and OER catalysts are presented in chronological
order in Chapters 4, 5, 6 and 7. The design and construction of a secondary cell testing
set-up for assessing the stability of optimal ORR and OER electrodes is given in the

final research chapter, Chapter 8.

Table 3.1 Research tasks and corresponding chapters.

Research Tasks Chapter

Oxygen reduction reaction (ORR)

e Selection of ORR catalyst Chapter 4
e Optimisation of ORR catalyst Chapter 5
e Investigation of effects of catalyst synthesis parameters on ORR and Chapter 5

optimisation of ORR electrode
Oxygen evolution reaction (OER)

e Selection of OER catalyst Chapter 6
e Optimisation of OER catalyst composition Chapter 7
¢ Investigation of effects of catalyst synthesis parameters and Chapter 7

optimisation of OER catalyst layer
Secondary cell design

e Construction and assembly of secondary cell design and testing set-up | Chapter 8

Electrode stability test

e Evaluation of the effects of varying testing parameters on ORR and Chapter 8
OER performance
e Assessment of ORR and OER electrode performance in a long-term Chapter 8
stability test
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3.2. Catalyst selection
3.2.1. Oxygen reduction reaction

3.2.1.1. Transition metal oxides

Aside from demonstrating high stability, conductivity and activity for ORR [1],
the main motivation behind selecting transition metal oxides as potential ORR
candidates are that they are more environmentally abundant in the earth and therefore
lower in cost compared to precious metals which makes them suitable for large-scale
production. have demonstrated. For example, the change in oxidation state of Mn
between +2, +3 and +4 in manganese oxides coincides with the ORR equilibrium
potential [2] thereby indicating that it has the ability to facilitate the exchange of oxygen
atoms. Cobalt oxides and cobalt-based mixed oxides such as NiC0204 and MnC0204
have also previously demonstrated promising ORR performance under alkaline

conditions due to the availability of cations with variable oxidation states.
3.2.1.2. Functional carbon materials

Functional carbon materials, and more specifically graphene-based carbon
materials, were picked as prospective ORR electrocatalyst candidates as they have a
potentially low production cost, are highly abundant and have high electrical
conductivity and surface area to volume ratio [3]. Furthermore, since doping graphene
with heteroatoms such as nitrogen, boron, phosphorus or sulphur has been shown to
enhance ORR performance [4, 5], this led to the further selection of N-doped graphene

for comparison.

3.2.2. Oxygen evolution reaction

3.2.2.1. Transition metal oxides & hydroxides

Transition metal oxides and hydroxides were selected as potential OER
candidates for similar reasons given previously; low cost and environmentally
abundant compared to noble metals. In addition, oxides and hydroxides of transition
metals are favoured over metals as catalysts for OER as they are not able to be further

oxidised and are therefore more stable for the reaction [6]. From the literature in
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Chapter 2, Section 2.2.1, the general trend in transition metal reactivity was Ni > Co >
Fe [7-10]. Hence, Ni-based catalysts were shown a preference although several other
transition metal based catalysts were synthesised for comparison.

3.3. Catalyst synthesis and optimisation

The selection of a suitable synthesis method and preparation conditions is
especially important as the catalysts’ composition, morphology and crystal structure
as well as their activity for ORR or OER are a direct result of this. Equally important as
an objective of the work, was considering the ease with which the synthesis method
of the selected catalysts could be scaled up for large-scale production in the future.
Methods were therefore shown a preference over others if they required minimal
processing steps, less time, materials and space or, resources which would add to the
cost of production. This ensured higher product yield and limited variation in purity and

crystal structure of the product.

In Chapters 4 and 5, a chemical redox method [11] was chosen for the production
of ORR catalyst MnOx. The advantages of the method were its simplicity and ability to
produce catalysts at room temperature with comparable activity to manganese oxides
made at higher temperatures. On top of this, the pH and temperature of the mixture,
drop feed rate, stir rate, precursors and solution concentration could be well-controlled

for better catalyst morphology, crystal structure and porosity.

In Chapters 6 and 7, a cathodic electrodeposition method [12] was used for the
synthesis of Ni-based hydroxides as OER catalysts, which enabled the catalyst
compositions to be controlled by simply varying the ratio of transition metal sulphates
in the electrodeposition solution. This method of electrodeposition was also very
versatile, producing diverse deposit morphologies with properties which were a
function of the electrodeposition conditions such as electrodeposition potential and/or
current, electrolyte pH, composition and additives etc.

A thermal decomposition method [13] was used to prepare transition metal spinel
oxides of Co0304 and NiCo204 in Chapter 4 and 6 because this method produces
oxides of good mechanical stability and can be considered a rapid and easily

reproducible technique. Using this technique, the spinel oxides of C0304 and NiC0204
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could be synthesised as powders in Chapter 4 or directly coated onto metal mesh via
dip-coating [14] in Chapter 6. Certain chemicals used in the synthesis method could
also be substituted with others to reduce hazards associated with the procedure, for
example, isopropanol was used as a solvent in place of methanol for the preparation

of metal oxides on metal mesh.

3.4. Electrochemical methods

3.4.1. Electrochemical characterisation of catalysts

Electrochemical measurements were carried out with Biologic potentiostat/
galvanostats using EC-lab software. The SP-150 potentiostat model operated within
a current range of 10 pA to 800 mA with a £20 V compliance range and this
potentiostat model was used for most experiments as this current range was sufficient.
The SP-300 potentiostat model had an additional 10 A, £5 V booster and was used

for the stability experiments in Chapter 6 and 7, which required much higher currents.
3.4.1.1. Cyclic and linear sweep voltammetry

In this work, cyclic voltammetry and linear sweep voltammetry were used to
study the performance of selected catalysts and effects of altering the synthesis and
testing parameters on the kinetics of the oxygen reactions. Cyclic voltammetry (CV) is
one of the most widely used techniques for acquiring qualitative knowledge on the
mechanisms and potentials of electrode processes. Due to the processes that take
place at the electrode, the current measured is a combination of faradaic current
(oxidation/ reduction of the electroactive species at the electrode) and capacitive
current (double layer charging). Appropriate potential ranges were selected to study
the reactions of interest and multiple CVs were carried out in these ranges to
determine the chemical changes that take place over time at the catalyst material and
also to allow the system to reach an equilibrium. Other information gathered from CVs

were characteristics of reversible and irreversible electron transfer reactions.

Linear sweep voltammetry (LSV) is similar to CV and potential ranges were
usually chosen based on a prior CV scan. This technique is particularly useful for
determining the effect of voltage on the equilibrium at the electrode surface. As
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performance values obtained from this are affected by capacitive current effect and
depend on conditions of measurement such as scan rate and potential sweep direction,
very slow scan rates < 5 mV s were chosen to increase accuracy of the
measurements. The chemical reactivity and electron transfer kinetics of the catalyst

samples were compared using this technique.

3.4.1.2. Overpotential

The performance of the catalysts were evaluated based on activity parameters
such as overpotential at a constant current density. The current measured was
normalised against geometrical electrode area or catalyst mass or loading to
determine a current density value. Catalyst loading on the electrode was kept as
consistent as possible to overcome the inaccuracy of normalising the current value
against the electrode geometrical area for three dimensional electrodes. In general,

the expression used to determine overpotential can be written as
n = Emeasured — Erev — IRu

Where Emeasured is the recorded experimental potential, Erev is the potential at which
OER is expected to take place at, this is taken to be 0.303 V vs Hg/ HgO in 1 M NaOH
[15] and Ru is the uncompensated series resistance.

Due to the discrepancies surrounding the methods of obtaining the iRuvalue however,
alternative methods to reduce iR in the system were used instead and these are

mentioned in Section 3.6.

3.4.1.3. Tafel plot

Another activity parameter selected for assessing catalyst performance was the
Tafel slope which relies on the reaction mechanism. This activity parameter was used
to compare the activity of OER catalysts in Chapters 6 and 7. In general, the Tafel
slope gives an indication of the reaction’s rate of change of current density with
overpotential. The values of the Tafel plot are hugely dependent on the measurement
conditions such as scan rate and scan direction, therefore to ensure steady-state
conditions were maintained, slow scan voltammetry at scan rate of 1 mV s was used

to measure current for Tafel slope analysis.
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3.4.1.4. Chronopotentiometry

Chronopotentiometry is a constant current electrochemical technique whereby
a fixed current is applied to an electrode in an environment of excess supporting
electrolyte for a period of time. This electrochemical method was used in the cathodic
electrodeposition synthesis method of catalyst in Chapters 6 and 7. Additionally, this
technique was used to determine the stability of catalyst materials over prolonged
periods of time at constant operating conditions. A plot of potential as a function of
time is commonly obtained and this is used to demonstrate the catalyst durability at
oxidising or reducing conditions. Cyclic chronopoteniometry or galvanostatic cycling,
whereby the current is reversed after a period of time and this is repeated as required,
was carried out in Chapter 8 to verify the stability of both oxygen electrodes in the

same system over long periods of time.

3.4.2. Rotating disc electrode (RDE)

By combining the use of LSV with the RDE, the kinetic parameters and the ORR
reaction pathway of the catalysed reaction under steady state conditions were able to
be studied in Chapters 4 and 5, in order to provide a better understanding of the
system’s performance in non-steady state conditions. The rate of the electrochemical
reaction is given by the current density which varies with potential; and the Levich and
Koutecky-Levich equations were also employed to determine the mass transfer
parameters in this study.

This method was chosen as it is very well-developed. Results from this tool are
usually accurate and reproducible. To immobilise the catalyst powders onto the glassy
carbon electrode surface, catalyst inks of samples were formulated by mixing the
catalyst with 5 wt% Nafion solution to increase ionic conductivity and solvent of IPA
and deionised H20. These inks were ultrasonicated and homogenised before being
applied to electrode surface with a micropipette to prevent aggregation of the catalyst
particles in the ink and ensure that the particles were evenly dispersed throughout.
Since the same RDE tip was used for multiple experiments, the glassy carbon
electrode surface was wet polished with alumina powders of two particle sizes 1.0 mm
and 0.5 mm (MicroPolish, Buehler) and MicroCloth (Buehler), and then ultrasonicated

in deionised water between each use.
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3.4.3. Microelectrode

A unique microelectrode set-up in a custom-made glass cell was chosen for
rapid synthesis and screening of OER catalyst performance in Chapter 7. The
microelectrode was fabricated by sealing a stainless steel microwire (¢ ~ 25 um) in
glass. This microelectrode set-up is considered advantageous in this work since less
time is required for the system to reach steady state due to convergent diffusion to the
working microelectrode tip, the charging effect of double-layer capacitance is reduced
due to the smaller area and ohmic losses from solution resistance are reduced since
a smaller current is used. As the microelectrode was reused for different samples, the
surface of the microdisc was wet polished with 1.0 mm and 0.5 mm (MicroPolish,
Buehler) alumina powders and MicroCloth (Buehler), and then ultrasonicated in

deionised water in between each use.

The condition of the surface of the microelectrode was examined with SEM
before and after screening all OER catalysts to determine if any severe wear had been
sustained. SEM micrographs in Figure 3.1 a & b confirm the surface of the microdisc

was intact after use with fewer scratches, possibly from incessant polishing.

Figure 3.1 SEM micrographs of stainless steel microdisc a) before and b) after
screening OER catalysts.

3.4.4. Selection of electrode material

The selection of electrode materials and methods of incorporating the synthesised
catalysts into an electrode were based on the specific requirements of the oxygen
electrochemical reaction environments and ensuring the electrode material would be

mechanically robust, whilst keeping material costs low.
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3.4.4.1. Gas diffusion electrode (GDE)

After suitable ORR catalysts were selected using the RDE setup as described
in Section 3.4.2., carbon fibre paper was selected as an ORR electrode material for
ORR catalyst to be coated onto. A custom-made GDE cell was used to test ORR
electrode performances in Chapter 4 and 5 at different current densities. The ORR
electrode displaying the best overall performance was then selected for further

optimisation.

Carbon fibre paper is a well-developed material for fuel cells and was therefore
seen as a suitable electrode material for the GDE cell. The advantages that it has as
a material are that it is light, porous, has a high conductivity, large surface area,
sufficient resistance to chemical corrosion, hydrophobic but still highly permeable to
gas. This allowed the catalyst coated side to be immersed in electrolyte whilst oxygen
gas was supplied as a reactant to the back of the GDE. Carbon paper was initially
purchased from Alfa Aesar (TGP-H-60, Baselayered) however the production and
supply of this product was discontinued. Subsequently, an alternative brand of carbon
paper from AvCarb (GDS 1120) was sourced and purchased instead. Both brands of
carbon paper were selected for their microporous coating layered on one side which
was composed of a slurry of carbon and PTFE dispersion. The average PTFE content
of the carbon paper from Alfa Aesar was ~ 25% whilst the PTFE content in the AvCarb
carbon paper was between 10-13%. The microporous coating helps to reduce the
contact resistance between the catalyst and gas diffusion layers, prevent the catalyst
from being trapped in the gas diffusion layer as well as assist in the transport of
electrolyte through the GDL. The properties of these brands of carbon paper, as
reported by the companies, are compared side-by-side in the table below. The
comparison of the performances of these two types of carbon paper are given in

Appendix B.

Table 3.2 Specifications of the two brands of carbon paper.

TGP-H-60 GDS 1120
Nominal thickness/ mm 0.190 0.184
Bulk density/ g cm 0.44 0.40
Through-plane resistivity/ mQ cm 80 <14.5
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3.4.4.2. Metal mesh electrode

Metal mesh electrodes were coated with selected and optimised OER catalysts
for stability testing in a custom-designed water electrolyser unit cell (ITM power, plc
UK). Expanded metal mesh (DeXmet Corporation, 4SS 5-050, 0.004" nominal
thickness, 0.005" strand width, 0.050" long diagonal of the diamond) was selected as
an OER electrode substrate as it is highly conductive, light, and porous to facilitate the
escape of bubbles from the surface of the electrode whilst avoiding the complexity of

a three-dimensional electrode structure.

3.4.5. Secondary cell design and assembly

In order to evaluate the performance of both oxygen reduction and evolution
electrodes in a secondary cell, a Zn-air system was selected as it has a high theoretical
energy density and can be considered safer than other systems since Zn is not
reactive or flammable in air. Considering the difficulties associated with a bifunctional
oxygen electrode, a tri-electrode configuration was adopted for this system to avoid
the issue of the instability of electrocatalysts and ancillary additives used to fabricate
electrodes over the full cycling potential range. This meant that the oxygen reactions
were decoupled into two separate reaction-specific cathodes on either side of the Zn
anode, which helped to minimise the degradation of materials at oxidative potentials.
During discharge, the ORR electrode was connected to the Zn anode and
subsequently during charge, the OER electrode was connected to the Zn anode.

As the potentiostat was unable to differentiate between the ORR and OER
oxygen cathodes, an automated set-up was constructed specially for these
experiments with a Raspberry Pi as a microcontroller of a relay module to ensure the
ORR and OER electrode could be connected to the Zn anode during discharge and
charge respectively. The advantages of using a Raspberry Pi as a microcontroller in
this set-up were that it is small, cheap, requires simple programming skills, is practical
as it has digital 10 pins for on/ off states and has sufficient voltage to control the relay
module. An EC-lab galvanostatic cycling technique designed for a three-electrode cell
setup was used to allow the electrode potentials to be monitored and recorded

separately against an Hg/HgO reference electrode positioned in the cell.
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3.5. Physical characterisation of catalysts

The physical properties of the synthesised catalyst materials were examined using
techniques described in this section. This was necessary as the surface morphology,
structure and composition of these materials are closely linked to their catalytic activity.
These technigues were chosen based on the information that they could provide and
most were non-destructive towards the samples which meant the same sample could
be characterised by several techniques so different types of information of the same
material could be gathered.

3.5.1. Scanning Electron Microscopy (SEM) - Energy Dispersive X-ray
Spectroscopy (EDX)

SEM-EDX measurements were used to characterise the catalyst sample
morphology at microscales and determine elemental composition at different points
over the sample area. These techniques allowed rapid, high-resolution non-
destructive assessment of the interfaces or surfaces that were involved in the
reactions. Samples were mounted onto small aluminium stubs with carbon or copper
tape to ensure good conductive contact. These stubs were then placed in specimen
holders specific to the microscope. Measurements for catalyst samples were carried
out using a FEI Quanta 650 FEG-SEM with Bruker EDX system. Typically,
accelerating voltages of 1-5 kV were used to reduce the penetration depth of the
electrons into the sample and allow the surface structures and morphology of the
catalyst and electrode structures to be studied in better quality. ‘Charging’ artefacts,
particularly from samples with higher resistivity such as metal oxides, were also able

to be avoided by using lower accelerating voltages.

3.5.2. Transmission Electron Microscopy (TEM)

TEM was used to determine the morphology of the catalyst samples at nano-
scale as well as identify the chemical composition of the different phases. Samples for
TEM were prepared by directly electrodepositing samples onto the TEM Cu grids
(AGG 2100C, Agar Scientific). Areas for electrodeposition were masked off with
Kapton® polyimide tape (DuPont). A JEM-2100 LaB6 TEM was used at accelerating

voltage of 200 kV to capture the micrographs for samples in Chapter 7. Diffraction
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patterns of the samples were analysed using ImageJ software and compared against

reflections of known patterns.

3.5.3. X-ray diffraction (XRD)

Diffraction was used to determine the crystal phrases present in the samples
and the quantity of the phase since the intensity of the reflections are greater in an
area of high electron density, and conversely in areas of low electron density, the
planes are more weakly reflected. Powder diffraction measurements were carried out
on a Bruker D8 Advance X-ray diffractometer for powder in Chapters 4 and 5. For
powder samples, small amounts of powder samples were pressed firmly between two
glass slides to create a uniformly flat surface and equipment was calibrated before
each measurement was taken. A Siemens D5000 X-ray diffractometer was used for
thin film diffraction of catalyst coated electrode samples in Chapter 6. Both systems
were configured with a Cu tube source (A= 1.5418 A) and measurements were carried
out with a step size of 0.02 degrees held for 1 to 4 s to ensure good resolution. XRD

results were analysed using Bruker Diffraction Suite EVA software.

3.5.4. X-ray Photoelectron Spectroscopy (XPS)

XPS was used to determine elemental composition, chemical and electronic
state of the catalyst materials up to depths of 1-10 nm. Elements present as well as
bonding-specific information of the sample were gathered from the XPS spectra. XPS
samples were prepared by cathodic electrodeposition in a three electrode half-cell
onto polymer carbon plate (BMAS5, Eisenhuth). This substrate material was chosen as
it is conductive but can also be easily distinguished from the catalyst sample material
and therefore not have any effect on the results. Measurements were carried out with
Thermo Fisher, ESCALAB 250Xi XPS system with a monochromatic Al Ka source
over energy range of 0 to 1350 eV with pass energy of 30.0 eV, step size of 0.05 eV
and X-ray spot size of 500 um. All spectra was analysed with XPSPEAK 4.1 software
and XPS database http://srdata.nist.gov/xps/.
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3.5.5. Surface adsorption and desorption measurements

Nitrogen gas sorptions of powder catalyst samples in Chapters 4 and 5 were
carried out on Quantachrome Autosorb-iQ gas sorptometer or Belsorp max
(MicrotracBEL Corp.) via the conventional volumetric technique. The catalyst powder
samples were evacuated for 2-3 h at 200 °C under vacuum before gas analysis. The
textural properties of the samples were determined via N2 sorption at 77 K. The
sorption data was analysed with Braunner-Emmett-Teller (BET), Barrett-Joyner-
Halenda (BJH) and Density Functional Theory (DFT) methods for comparison as each
method has its limitations. Analysis of specific surface areas of the materials was
based on adsorption data in partial pressure, P/Porange of 0.02-0.22 and total pore

volume was obtained from the amount of N2 adsorbed at P/Po ca. 0.99.

3.6. Experimental limitations

As the measurement of catalyst reaction kinetics is dependent on ohmic
resistance through the electrolyte and cell components, a three-electrode set-up
consisting of a working, counter and reference electrode was employed in this work to
minimise this resistance. The reliability of the experiments was maintained by keeping
the distances between these electrodes constant with the help of polymer lids and
using Luggin capillaries wherever possible. The condition of the reference and counter
electrodes were checked regularly and the same electrodes were used for the same
sets of experiments to ensure consistency. Furthermore, resistances through
connecting wires were tested and deemed negligible. Care was taken to ensure that
glassware was free from contaminants before use. Fresh electrolyte was used for each
experiment and glassware had inbuilt water jackets which were used in conjunction
with recirculating water baths to maintain the temperature of the electrolyte solutions.
Lastly, each experiment was repeated at least twice to ensure that results were

reproducible.
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Chapter 4 Selection of Catalyst for Oxygen Reduction

Reaction

This chapter presents the results of the characterisation and performances of
different groups of ORR electrocatalysts under identical conditions. Non-precious
metal oxides and non-metals were selected for comparison because of their good
activity and high abundance in the environment. The ORR activity of metal oxide
catalysts amorphous MnOx, MnOz2, C0304, NiC0204 and MnCo0204 were compared
against graphene nanoplatelets and N-doped graphene as well as benchmark
catalysts 5 wt% Pt/C and Vulcan XC-72R in alkaline media in a rotating disk electrode
(RDE) set-up.

From previous studies, the addition of a carbon support to the catalyst layer was
observed to not only increase conductivity and assist in catalyst dispersion but also to
have an effect on the ORR pathway (Chapter 2, Section 2.1.1.2).Therefore, the effect
on ORR performance of mixing Vulcan XC-72R carbon black with these catalysts was

investigated in this chapter.

As highlighted in the literature review, much of the published work on catalysts
tends to focus on determining ORR reaction kinetics with rotating disc and ring-disc
electrode (RRDE) set-ups, whilst few studies have incorporated these catalysts into
gas diffusion electrodes (GDE) in order to establish the operational performances of
these catalysts at practical current densities. In this chapter, selected catalysts were

incorporated into gas diffusion electrodes and tested at various current densities.

4.1. Experimental section

4.1.1. Synthesis of catalysts

The synthesis of C0304, NiC0204 and MnCo0204 were carried out via a thermal
decomposition method. NiCo0204 and MnCo0204 were prepared by adding 0.5 M (14.5
g) of nickel (Il) nitrate hexahydrate, Ni(NOs3)2.6H20 (Fisher Scientific, 99.9%) or 0.5 M
(12.6 g) manganese (I1) nitrate tetrahydrate Mn(NO3)2.4H20 (Sigma Aldrich, = 97%),
respectively and 1 M (29.1 g) cobalt (Il) nitrate hexahydrate, Co(NO3)2.6H20 (Fisher
Scientific, 98+%, ACS reagent) to methanol (Fisher Scientific, 99.9%) in a 100 mL

95



Chapter 4 Selection of Catalyst for Oxygen Reduction Reaction

dilution flask. The methanol was added to the transition metal nitrates in small amounts
and stirred continuously to obtain a homogenous solution. The solution was then
transferred to a crucible and evaporated to dryness on a hotplate leaving a dark red
solid. The solid was calcined in air at 648 K for 20 h. The resulting solid was then
ground down to a fine black powder. The addition of Ni(NO3)2.6H20 or Mn(NO3)2.4H20

was omitted for the synthesis of C030a.

A chemical redox method was used to prepare amorphous MnOx. In general,
50 mL of 0.04 M KMnO4 (Fisher Scientific, 99%) was added into 100 mL of 0.03 M
Mn(CH3COO): (Fisher Scientific, 98%) to from a brown precipitate. The mixture was
adjusted to a pH of 12 with dilute sodium hydroxide before being centrifuged at 2500
rpm 3-5 times for 20 mins each time to collect the precipitate. The deposit was then
rinsed with deionised H20 to remove the purple colour of the permanganate ions.

Finally, the deposit was dried overnight in air at 333 K and then ground into a powder.

Functional carbon catalysts such as graphene nanoplatelets of 300 m? g*
surface area (Sigma Aldrich), N-doped graphene (Sigma Aldrich), carbon black
powder (Vulcan XC-72R, Cabot Corp., 100%), commercial MnO2 (Sigma Aldrich) and
5 wt% Pt/C (Acros Organics) were used as received.

4.1.2. Preparation of RDE samples

Rotating disc electrode (RDE) (Pine Research Instrumentation) measurements
were used to characterise the catalytic activity of the various samples in 1 M NaOH.
The catalyst ink consisted of 1 mg of catalyst + 1 mL deionised H20 + 0.5 mL
isopropanol + 5 pL of 5 wt% Nafion 117 (Sigma-Aldrich), used as received. If Vulcan
XC-72R was added, the catalyst ink was composed of 0.50 mg catalyst + 0.50 mg
Vulcan XC-72R + 1 mL deionised H20 + 0.5 mL isopropanol + 5 pL of 5 wt% Nafion
117. This was to keep the loading of material on the surface of the glassy carbon (GC)
tip consistent. To ensure a well-dispersed mixture, the ink was ultrasonicated for at
least 20 mins and then homogenised at 28 000 rpm for 4 mins with a Cole-Parmer
LabGen 7 series homogeniser. The catalyst ink was loaded with a micropipette onto
the surface of a glassy carbon electrode (Pine Instrument Company) of 4 mm diameter
(working area = 0.126 cm?) in three aliquots of 8 L with drying in between each layer

to give a loading of ~120 ug cm2. The catalyst layers were fully dried in air before the
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electrode was attached to the rotating disc electrode shaft. The glassy carbon
electrode surface was consecutively wet polished with MicroCloth (Buehler) and
alumina powders, 1.0 mm and 0.5 mm (MicroPolish, Buehler) and ultrasonicated in
deionised H20 before use.

4.1.3. Preparation of GDE samples

Catalyst ink for GDE samples were prepared by adding catalyst powder to
Vulcan XC-72R (Cabot Corp) in a 1:1 weight ratio. A mixture of polytetrafluoroethylene
(PTFE) solution (60 wt% in H20) and solvent of 1:1 wt% IPA/ H20 was then introduced
to the powders, in which, the PTFE solution was combined with deionised H20 first
before isopropanol was added. This helped to prevent the particles from aggregating
and forming a suspension. A catalyst to PTFE weight ratio of 10:2 was chosen as this
was optimised previously [1]. To ensure homogeneity, the catalyst ink was
ultrasonicated for 20 mins and homogenised at 28 000 rpm for 3-4 mins. Thin layers
of the catalyst ink were then applied to carbon paper (AvCarb GDS 1120) of diameter
13 mm using a stainless steel spatula with drying and weighing in between. This was

carried out until a loading of 2 mg cm of catalyst was achieved.

4.1.4. Physical characterisation

The surface morphology and composition of the catalysts were characterized
using a SEM-EDS (FEI Quanta 650 FEG) operated at accelerating voltage of 5 kV.
Powder X-ray diffraction results were collected on a Bruker D8 Advance X-ray
diffractometer with Cu tube source (A= 1.5418 A) and analysed using Bruker Diffraction
Suite EVA software. Surface area measurements were carried out with a gas
adsorption measurement instrument Belsorp max (MicrotracBEL Corp.) and results
analysed with BELMaster. The samples were under vacuum at 200 °C for 2 h before
measurement and N2 adsorption was done at 77 K. Specific surface areas of the
samples were determined using the Brunauer-Emmett-Teller (BET) method and
further analysis on the pore volume and pore size distribution within the samples were
carried out with the Barrett-Joyner-Halenda (BJH) method and non-local density
functional theory (NLDFT) method.

97



Chapter 4 Selection of Catalyst for Oxygen Reduction Reaction

4.1.5. Electrochemical characterisation

All electrochemical measurements were carried out using Biologic potentiostatic
instrumentation with the EC-Lab software package. Both RDE and GDE samples were
tested in conventional three electrode cells consisting of a 200 cm? jacketed glass cell
with a Luggin capillary for the reference electrode. Pt mesh and Hg/ HgO in 1 M NaOH

were used as counter and reference electrodes respectively.

The RDE glass cell shown in Figure 4.1 was designed with three inlets, one for
each of the electrodes. A Luggin capillary helped to minimise the distance between
the reference and working electrodes as the working electrode was orientated
downwards in the cell. For the RDE electrochemical measurements, fresh electrolyte
was used for each experiment and the temperature of the electrolyte was kept
constant at 298 K by connecting the inbuilt water jacket to a recirculating water bath
(TC120, Grant). A glass frit (Sigma Aldrich) of porosity 25-50 um was used to saturate
the electrolyte with oxygen (BOC) for a minimum of 30 mins before each experiment.
To obtain ORR polarisation curves, the potential was swept from 0.1 to -0.5 V (vs. Hg/
HgO) at a scan rate of 5 mV st at controlled rotation speeds — 100 rpm, 400 rpm, 900
rpom, 1600 rpm and 2500 rpm. Cyclic voltammograms were obtained by linearly
scanning the potential at a rate of 50 mV s between 0 V and -1.0 V then back to 0 V
vs. Hg/ HgO. Working

electrode Reference

Jacketed glass cell

A »
<« »
~8cm

Figure 4.1 Labelled cross-section of jacketed RDE glass cell with Luggin capillary.

The GDE glass cell (200 cm?) seen in Figure 4.2 included a cylindrical PTFE insert
for the oxygen or working electrode, held in place with a screw cap and an O-ring to
prevent any leakages. The inbuilt jacket ensured the temperature of the cell
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environment could be maintained when connected to a recirculating water bath
(TC120, Grant). Special glass fittings allowed the reference electrode to be connected
to a Luggin capillary positioned at a fixed distance of 10 mm from working electrode
and a polymer lid (not pictured here) fitted onto the GDE cell held the working electrode

at a distance of 13—15 mm from the counter electrode.

Reference
= zlzctrods
Counter
glectrods
]
Water outlet
4u
Luggin capillary PTFE insert  Working
() electrods
]} ; (i; Oxygen inlet
—
. 4 Water inlet

Jacketed glass cell
Figure 4.2 Labelled cross-section of jacketed GDE glass cell with Luggin capillary
fitting and PTFE insert.

%— PTFE screw lid

=
-— Carbon paper electrode
77— Nickel mesh

< > Nickel wire
=

fn ]

1 2 2

oxygen in' out

Figure 4.3 lllustration of the assembly of the PTFE insert with labelled components.

The cylindrical insert (Figure 4.3) was constructed of PTFE as it is non-reactive

and maintains good corrosion resistance to hydroxides. The electrodes were of
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circular discs of catalyst coated carbon paper, 1.3 cm in diameter with working area of
0.8 cm? based on the inner diameter of the O-ring. The electrodes were positioned
with the catalyst coated side exposed to the electrolyte and uncoated side exposed to
the oxygen inlet. A constant supply of oxygen was fed in from the rear of the working
electrode holder and controlled at a flowrate of 200 cm® min-! with a flowmeter. Nickel
wire and mesh provided electrical contact from the gas side. For the GDE
electrochemical measurements, the temperature of the electrolyte 1 M NaOH was
controlled to 333 K with a recirculating water bath. Chronopotentiometric
measurements were carried out at 10, 20, 50 and 100 mA cm2 to evaluate the stability

and performance of the electrodes.

4.2. Results and discussion

4.2.1. Sample characterisation

The SEM micrographs of the various catalysts are given in Figure 4.4. The
morphology of commercial MnO2 in Figure 4.4 a is composed of agglomerated
particles with rough angular surfaces. In contrast, the surface of the amorphous MnOx
in Figure 4.4 b is uneven and fluffy’ in texture. Cobalt based oxides Co304, NiC0204
and MnCo204 in Figure 4.4 c, d and e respectively are composed of clusters of
particles. The sizes of the particles within the clusters appear more irregular in
NiC0204 and MnCo0204 probably due to the presence of two different transition metals.
Based on these micrographs, as a greater availability of electrochemically active
surface sites per volume ratio yields higher ORR activity for metal oxides, it is likely
that amorphous MnOx, NiC0204 and MnCo0204 in (Figure 4.4 b, d and e respectively)
may exhibit better performance.

The SEM micrograph of Vulcan XC-72R carbon black in Figure 4.4 f reveals
an uneven surface composed of tightly packed nanoparticles. The appearance of
graphene in Figure 4.4 g is that of highly disordered platelets with some
agglomeration which could have an effect on its performance as surface area and the
availability of edge or defect sites is especially important for carbonaceous materials
(Chapter 2, Section 2.1.1.3). In comparison, nitrogen-doped graphene (Figure 4.4 h)
appears to be composed of a structure of thin layered sheets, likely graphene.
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Figure4.4 SEM icrogphs
d) NiC0204, €) MnCo0204, f) Vulcan XC-72R, g) graphene, h) N-doped graphene, and
i) 5 wt% Pt/C.

In Figure 4.4 i, SEM micrographs of 5 wt% Pt/C reveal rod-like fragments of
carbon with circular voids filled with small amounts of platinum. EDX analysis on the
percentage content of Pt to C demonstrated that =5% Pt is present which corresponds
well with the supplier’s reported specifications. Although the surface area of the 5 wt%
Pt/C does not appear to be as high as the metal oxide or carbon-based catalysts, as
shown in Section 2.1.1.1 in Chapter 2, the activity of the precious metal catalyst is

expected to be more reliant on its structure rather than surface area.

The crystal structures of the various catalysts were confirmed by X-ray powder
diffraction. The diffraction patterns are given in Figure 4.5 and structural parameters
are reported in Table 4.1. The transition metal oxides Co304, NiC0204 and MNnC0204
in Figure 4.5 a, b, ¢ have spinel structures with cubic crystal systems which match
JCPDS 001-1152, JCPDS 020-0781 and JCPDS 23-1237 patterns, respectively. The
synthesised MnOx powder diffraction in Figure 4.5 d exhibits weak broad peaks which
is characteristic of a non-crystalline nature. The peaks at 13.3 °, 37 °, and 66 ° match
the (110), (211) and (541) peaks of tetragonal body-centred a-MnO: hydrate, JCPDS
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44-0140. In contrast, the diffraction pattern of the commercially obtained MnO: in
Figure 4.5 e matches that of JCPDS 24-0735 for tetragonal 3-MnOz.

Table 4.1 Summary of XRD structures of the patterns given in Figure 4.5.

Catalyst Crystal Space Lattice constant/ | Cell volume/
system group A A3

C0304 Cubic Fd3m a=b=c=8.09 529.5

Amorphous MnOx | Amorphous | n/a n/a n/a

Commercial MnO, | Tetragonal P42/mnm a=b=4.4 55.6
c=2.87

NiC0204 Cubic Fd3m a=b=c=8.11 533.4

MnCo0204 Cubic Fd3m a=b=c=8.28 567.7

XC-72R Hexagonal P63/mmc |a=b=2.41 42.2
c=7.26

Graphene Hexagonal P63/mmc | a=b=2.38 38.1
c=6.72

N-doped graphene | Hexagonal P63/mmc |a=b=2.41 38.8
c=6.68

5 wt% Pt/C Cubic Pt Fm3m a=b=c=3.92 60.2
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Intensity / a. u.
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e Cubic Pt (JCPDS 04-0802)
A Carbon
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Figure 4.5 X-ray diffraction patterns of a) Co030as4, b) NiC0204, ¢c) MnCo0204, d)
amorphous MnOx, €) commercial MnOz, f) Vulcan XC-72R, graphene and N-doped
graphene; and g) 5 wt% Pt/C.

Figure 4.5 f shows a comparison of the diffraction patterns including Vulcan
XC-72R, commercial graphene nanoplatelets and N-doped graphene, the (002) and
(100) peaks of carbon are observed in all three materials at slightly varying 26 values.
Vulcan XC-72R is identified to be hexagonal graphite from JCPDS 41-1487 with (002)
and (100) peaks present at 24.5 ° and 43.2 ° respectively. Similarly, the (002) and (100)
peaks of N-doped graphene are present at 26.7 © and at 43.3 °, respectively. The
diffraction pattern of commercial graphene nanoplatelets displays a sharp, intense
(002) peak at 26.5 ° and a small broad (100) peak at 44 ° which indicates that the
sample is highly crystalline. In contrast, the background intensity observed in
diffraction patterns of Vulcan XC-72R and N-doped graphene is attributed to the highly
disordered nature of these materials. The diffraction pattern of commercial Pt on
carbon in Figure 4.5 g clearly indicates that cubic Pt is present and the peak at 23 °
is attributed to the (002) peak of the carbon support.

4.2.2. RDE results

Cyclic voltammograms of the catalysts inks in Oz saturated 1 M NaOH
electrolyte on glassy carbon RDE tip without electrode rotation are shown in Figure
4.6 a & b. Thin uniform catalyst ink coatings were applied to the surface of the GC tip

to reduce the influence of mass transfer effects on the data and ensure reliable results.
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Voltammograms of the uncoated glassy carbon tip and Vulcan XC-72R ink were also

collected under the same conditions and plotted for comparison.

(a) 02
0.0 A
c}‘E
o
< 4
s -02
>
% 04 - Glassy carbon tip
= Commercial MnO,
© Amorphous MnO,
Co,0
0.6 e
NiCo,0,
—— MnCo,0,
'0.8 T T T T T T
-1.0 -0.8 -0.6 -0.4 -0.2 0.0
E vs Hg/HgO / V
(b)o.6
0.4 4
0.2 4
€ 0.0
o
g
-~ -0.2 ~
=
2
3 -0.4
g
8 -0.6
0.8 1 Vulcan XC-72R
e - —— Graphene
-1.0 ~ /' N-doped graphene
‘12 T T T T T
-1.0 -0.8 -0.6 -0.4 -0.2 0.0

E vs Hg/HgO / V
Figure 4.6 Cyclic voltammograms of thin films of a) metal oxides and b) functional
carbon catalysts measured on glassy carbon RDE tip between cathodic potentials 0 V
and -1.0 V at a scan rate of 50 mV s in Oz saturated 1 M NaOH solution at 298 K.
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In Figure 4.6 a, all the voltammograms of metal oxide catalyst coated GC
display earlier onset potentials and greater current densities for oxygen reduction in
contrast to uncoated GC indicating that these materials are active for ORR. The
cathodic peaks seen at ~-0.25 V for these catalysts is representative of the formation
of OH" from oxygen reduction reaction. Voltammograms of MnCo0204 and amorphous
MnOx have much greater peak currents compared to the other metal oxide catalysts
tested. The onset of oxygen reduction occurs at a slightly more positive potential at
MnCo0204 than at amorphous MnOx and this was shown to be due to the presence of

Co in the mixed metal oxide leading to enhanced conductivity [2].

From Figure 4.6 b the cathodic peak of benchmark Vulcan XC-72R carbon is
found at -0.2 V whilst the voltammograms of both graphene-based catalysts have
cathodic peaks at -0.14 V displaying improvements in onset potentials and current
densities. These peaks signify the reduction of Oz to HO2 via the indirect peroxide

pathway as described in equation (4.1) commonly seen on graphite and carbon [3].

O2 + H20 + 2e” - HO2 + OH- -0.165 V vs Hg/ HgO (4.2)

The shape of the voltammograms for the graphene catalysts is typical of carbon
materials, generally featureless, indicative of the double layer capacitance effect [4].
The onset potential for ORR at these carbon-based materials is slightly less negative
than that seen for the catalysts in Figure 4.6 a which is representative of better
catalytic activity. This is due to the higher electrical conductivity of these materials (up
to 108 S m?) [5, 6] which helps to facilitate the rate of electron transfer for
electrocatalysis. The peak currents at ~ -0.2 V in the voltammograms relate to the
electrochemically active sites available. Compared to graphene, N-doped graphene
has a slightly more negative onset potential for oxygen reduction, but the
voltammogram of graphene has a greater peak current at more reductive potentials
suggesting a trade-off between conductivity and electrochemically active sites

available.
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Figure 4.7 Linear sweep voltammograms of thin films of catalysts measured on glassy
carbon RDE tip at 400 rpm rotation rate, scan rate of 5 mV s? in Oz saturated 1 M
NaOH at 298 K.

The linear sweep voltammograms of the synthesised catalysts were recorded at a
rotating speed of 400 rpm using a scan rate of 5 mV s! in oxygen saturated 1 M NaOH
at 298 K and presented in Figure 4.7 against Vulcan XC-72R and 5 wt% Pt/C for
reference. Generally, the linear sweep voltammogram plots are observed to be
sigmoidal in shape extending into plateaus at higher potentials. Within the defined
ORR potential range, three distinct sections are identified: (1) electron or charge
transfer controlled, (2) mixture of electron transfer and mass transport controlled and
(3) mass transport controlled. The limiting current densities and Evs, E12 and Ezas
potentials (potentials at which j/j. = ¥4, ¥2 and % respectively) were extracted from
these plots for all samples as reasonable estimates of the reaction potentials for these
three regions (Table 4.2). On top of this, the potential at current density of -0.1 mA cm-

2 was used as an indicator of the onset potential for ORR.

It is apparent from Figure 4.7 that the catalysts can be divided according to their
onset potentials into three groups: 1) Metal oxides, 2) Carbon materials and, 3)
Precious metals. Within the first group of metal oxides, single metal oxides of Mn and
Co display the most negative onset potentials for ORR at ~-0.17 V and -0.19 V

respectively as well as Eiz values between -0.24 V and -0.26 V. The reduction
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reactions of these metal oxides described in equations (4.2) and (4.3) occur around
the onset potentials of these plots in Figure 4.7 and also coincides with the standard

potential of the first 2e- step of the indirect pathway of ORR given in equation (4.1).
C0304 + 4H20 + 2e” - 3Co(OH)2 + 20H" -0.19 V vs Hg/ HgO (4.2)
MnO:2 + H20 + e > MnOOH + 20H- -0.15 V vs Hg/ HgO (4.3)

It can be seen clearly from Fig 4.7 that the value of limiting current density of
commercial MnO2 and Co304 are approximately half of that of Pt/C, this corresponds
to the two electron indirect pathway [7] because limiting current density is dependent
on the number of electrons transferred in the ORR pathway. The amorphous MnOx
on the other hand, has a slightly higher current density which is suggestive of a mixture
of 2e” and 4e" pathway. In the same category, mixed metal oxides of MnCo0204 and
NiCo0204 display slightly more positive ORR onset potentials of -0.10 and -0.12 V
respectively but retain similar E1» values of ~-0.23 V. These positive shifts in onset
potential are likely to be due to the substitution of Co for Mn or Ni. As indicated in
Section 2.1.1.2 in Chapter 2, MnCo0204 cationic sites of higher oxidation states namely,
Co®**and Mn%*, are active sites for ORR [8, 9]. The presence of these cations and the
interaction between them leads to increased conductivity which also contributes to the
improvement in activity [10]. The four electron direct pathway of ORR has been
reported to be favoured on NiCo204 and this was also observed for MnC0204 [11-14].
This explains why the limiting current densities for these mixed metal oxides,

especially MnCo204, are greater.

Graphene and N-doped graphene in the second group display much more
positive ORR onset potentials at ~-0.07 V and E1» values of ~-0.11 V which is almost
half that of the values seen for metal oxides. In contrast, the ORR onset potential for
Vulcan XC-72R carbon black is ~-0.12 V with an E12 value of -0.17 V. This variation
in performance is due to the difference in conductivities and the mixture of 2e- and 4e-
pathways which occur in parallel at these graphene materials [15, 16]. From the
voltammograms in Figure 4.7, the ORR appears to occur predominately via the two
electron pathway as the limiting current density is observed to be approximately half
that of Pt/C [17].

In the last group, noble metal catalyst Pt/C has the most positive onset potential

at 0.02 V, an Ey» value of -0.055 V and greatest limiting current density at -0.4 V as
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expected since oxygen reduction proceeds via the four electron pathway [17]. As
expected, Pt/C also has the smallest E1> value due to its high electrical conductivity
and reversible kinetics for the ORR reaction. The shift in half wave potential towards
more negative potentials for the functional carbon materials, mixed metal and metal
oxide catalysts indicates a decrease in catalytic performance in comparison to the
benchmark catalysts Pt/C and XC-72R.

Table 4.2 Summary of kinetic parameters from Figure 4.7 of the various catalysts at
400 rpm rotation rate.

Catalyst lLat 0.4 vl E o1ma cm'z E., vs E., vs Es, vs Es, - Ev, vs
mA cm2 | vs Hg/ HgO | Hg/ HgO | Hg/ HgO | Hg/ HgO | Hg/ HgO /
. IV Y, IV v
Commercial -0.73 -0.174 -0.196 -0.236 -0.272 0.076
MnO-
Qr:gphous -1.01 -0.177 -0.221 -0.261 -0.307 0.086
C0s04 0.71 -0.186 -0.202 -0.236 -0.270 0.068
NiC0,0. -0.92 -0.119 0174 | -0.229 -0.273 0.099
MNnCo0,0. -1.19 -0.102 -0.181 -0.228 -0.280 0.099
XC-72R -0.98 -0.117 0144 | -0.173 -0.205 0.061
Graphene -0.95 -0.073 20.094 | -0.116 -0.142 0.048
N-doped 1.01 -0.074 0097 | 0129 | -0177 0.080
graphene
5 Wt% Pt/C -1.65 +0.020 -0.029 -0.055 -0.089 0.060

The (Eais - Eva) values in Table 4.2 describe the region of mixed control of the
LSV voltammograms in Figure 4.7. A low value of =60 mV is observed for Pt/C and
XC-72R which suggests that the rate of electron transfer is fast for these benchmark
catalysts. Graphene has an Esus - Eys value of 48 mV which is characteristic of a
reversible system however N-doped graphene has an Ezs - E1/4 value nearly twice that
of 80 mV. Numerically greater Ezis - E1s values of 99 mV are also recorded for the
mixed metal oxides compared to the metal oxides which have Ez4 - Eys values in the
range of 70 to 86 mV, indicating that electron transfer for ORR is slower at these

catalysts or that a greater number of chemical steps are involved.

Linear sweep voltammograms for rotating speeds of 100, 400, 900, 1600 and
2500 rpm were collected for the various catalyst samples to determine reaction kinetic

parameters using the Koutecky-Levich (K-L) equation (4.4), which is an extension of
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the Levich equation (4.6). The K-L equation is valid in the mass transfer limiting region
of the voltammograms, where the total measured current density, j, is the sum of the

current density from electron transfer and mass transfer.

1 1 1

J, Jskand j_ are the total measured, kinetic and limiting current density respectively.
The electron transfer or kinetic current density, jk is expressed as
jx = nFAkC (4.5)
Where K is the rate constant for electron transfer
n is the overall electron transfer number
F is Faraday’s constant (96 485 C mol?)

A is the area of the electrode
C is the concentration of oxygen in the bulk solution (8.4 x 10" mol cm=[18])

2 1 1
ji = 0.201 nFAD3 sCw? (4.6)

The limiting current density, j. is seen to be proportional to the square root of rotation

speed. As such, the K-L equation can be written as in (4.7) to describe a linear plot of

1
j* vs w ™z, where the intercept is jk and the slope of the plot is K.

. (4.7)

I Ik gz

1

V6

Hence, K = ———— (4.8)
0.201 nFD3C

Where v is the kinematic viscosity of electrolyte 1 M NaOH (1.1 x 10 2 cm? s1[19]) ,
D is the diffusion coefficient of Oz in 1 M NaOH (1.89 x 10° cm? s1[18]) and wis the
rotation speed in rpm.
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Figure 4.8 Koutecky-Levich plot j1 versus w2 for catalysts taken from the mass
transfer controlled region of -0.4 V for rotation rates 100, 400, 900, 1600 and 2500
rpm.

Koutecky-Levich plots of -1 vs w2 for the various catalysts are given in
Figure 4.8 using values taken from a fixed potential at —-0.4 V in the mass transfer
limited region for rotation rates of 100, 400, 900, 1600 and 2500 rpm. Using the RDE,
indicators of catalyst performance such as the kinetic current density without mass-
transfer effects can be determined from the intercept and the electron transfer number,
from the slope of the plot. Using equation (4.4) the slope of the plots, K is determined
and the best fit line is extrapolated to obtain the y-intercept, kinetic current density jk.

The values of K and jk for the catalyst samples are tabulated in Table 4.3.
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Table 4.3 Intercept, slope values and apparent electron transfer numbers derived from
the Koutecky-Levich plots given in Figure 4.8 for various catalyst samples.

Catalyst Slope,r};rggf\-l cm? Intercec;:)rtr,‘zjk /mAL /?F;)na}srfir:tneultra:gr;?

Napp
Commercial MnO -16.3 -0.56 2.55
Amorphous MnOx -9.1 -0.57 4.56
C0304 -19.1 -0.48 2.18
NiC0204 -13.6 -0.45 3.05
MnCo0204 -9.9 -0.36 4.20
XC-72R -18.8 -0.12 2.21
N-doped graphene -15.3 -0.20 2.71
Graphene -19.2 -0.13 2.17
5 wt% Pt/C -10.3 -0.11 4.04

The limiting current density is dependent on both kinetic and diffusion current
densities, hence a lower absolute value of kinetic current density indicates a smaller
limitation to the ORR kinetics. Under infinite mass transport conditions a zero intercept
will be observed on the K-L plot that suggests electron transfer kinetics of the catalyst
is very fast or reversible and current density is not dependent on voltage. From the
intercept, jx values in Table 4.3, Pt/C and XC-72R are observed to have the lowest
absolute intercept values suggesting faster kinetics for these catalysts, due to their
high electrical conductivity. The numerical value of the slope of the plot for XC-72R is
almost double that for Pt/C which is expected as the value of slope, K is an indicator
of the number of electrons involved in the oxygen reduction reaction. Theoretically the
K-L plot for Pt/C should pass through the origin under mass transport limiting
conditions [20] however this was not observed in Figure 4.8, suggesting that there
were kinetic or diffusional limitations which affected the results. This could be due to
a slight inconsistency in topology and morphology of the Pt/C catalyst film which has
been shown by Garsany et al. [21] to affect the accuracy of ORR activity values.
However, since all catalyst films were prepared in the same manner any effect on the
results should be similar for all catalyst samples. The intercept of graphene, = -0.13
mA- cm?, is very close to that of XC-72R whereas the intercept of N-doped graphene,
-0.20 mA cm?, indicates that the current density is more dependent on voltage for
this catalyst. This can be explained that although the doping of graphene with nitrogen
tends to reduce the overall conductivity which contributes to the slower electron
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transfer kinetics, the presence of nitrogen helps to create more active sites for the
ORR reaction [22, 23]. The effect of this can be seen in the smaller absolute slope

value of the best fit line for N-doped graphene compared to graphene.

On the other hand, the intercepts with greatest absolute values come from the
two forms of MnO2 which have nearly identical intercept values of -0.57 mA 1 cm?,
These numerically large intercept values are attributed to the low electrical conductivity
of MnO2[24] (10° to 10°® S cmt) which hinders electron transport. Despite this, the
slope of the best fit line for amorphous MnOx is much lower than that of the commercial
MnO:2 and is close to the value of the slope for 5 wt% Pt/C suggesting that the ORR
pathway for this catalyst is similar to that of Pt/C. It has been reported that the number
of electrons exchanged in the ORR pathway of a-MnOz: is close to 4 whilst for $-MnOz,
the commercial MnOz in this case, the number of electrons tends to be less than 4
[25]. The ORR pathway therefore appears to be affected by the polymorphic form of
the MnO2 catalyst although the rate of the chemical step remains approximately the

same.

The intercept for Co3z0s, = -0.48 mA™l cm?, is less negative compared to both
forms of MnO2 since it is more electrically conductive, however the absolute value of
the slope of the plot is twice that for Pt/C reaffirming that oxygen reduction takes place
via the two electron pathway on Co30a. Substituting Co for transition metals Ni and Mn
in NiCo204 reduces the absolute intercept value signifying the improvement in the
electron transfer kinetics at mixed metal oxides. Furthermore, the presence of Mn in
the Co30a4 is observed to alter the slope of the plot significantly to a value similar to
the slope of amorphous MnOx and Pt/C suggesting that oxygen reduction favours the

four electron pathway at MNCo020a4.

Finally, comparing the absolute slope values for the various catalysts,
amorphous MnOx and MnCo0204 have a slope value close to that of Pt/C signifying a
preference for the 4e- pathway; this is followed by NiCo0204 > N-doped graphene > XC-
72R > commercial MnO2 > Co304 = graphene.

113



Chapter 4 Selection of Catalyst for Oxygen Reduction Reaction

4.2.3. Influence of carbon on electrochemical performance

The use of carbon as a support material for catalysts originates in fuel cells [26]
due to its properties such as high specific surface area, high electrical conductivity,
good pore structure, suitable surface chemistry and low cost [27]. A carbon support
material is normally added to the catalyst ink to enhance conductivity and assist in
forming a suitable three-phase boundary in the gas diffusion electrode for ORR.
Vulcan-XC-72R was selected in this case as it is inexpensive, has a high surface area
of 250 m? g* and low electrical resistivity of 0.08 to 1 Q cm [28, 29]. The effect of the
presence of Vulcan XC-72R on electrochemical activity was investigated using the
RDE set-up. A catalyst to carbon ratio of 1:1 was used in ink preparation whilst
maintaining the total catalyst loading at 1 mg (i.e. 0.5 mg catalyst + 0.5 mg carbon
powder). This ratio was selected as it was previously optimised from a range of
different catalyst to carbon ratios [1] and it was found that a catalyst to carbon ratio of
1:1 was optimal at both low and high current densities.

Figure 4.9 shows the electrochemical activities of catalyst samples with the
addition of Vulcan XC-72R compared against benchmark catalyst Pt/C at rotation
speed 400 rpm. The limiting current densities, onset potentials and E1/4, E12 and Eza

values of these plots are tabulated in Table 4.4.
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Figure 4.9 Linear sweep voltammograms of thin films of catalyst with Vulcan XC-72R
measured on glassy carbon RDE tip at 400 rpm rotation rate, 5 mV s scan rate in O2
saturated 1 M NaOH at 298 K.
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Table 4.4 Summary of kinetic parameters taken from Figure 4.9 of the various
catalysts with addition of Vulcan XC-72R.

Catalyst lLatoav/ | Eoimacm? | Ev VS E.. vs Ew vs Ex - Ev.
mA cm=2 | vs Hg/ Hg/ Hg/ Hg/ vs Hg/

HgO/ V HgO/V | HgO/V | HgO/V | Hgo/V

Amorphous MnOy +

XC-79R -1.65 -0.029 -0.106 -0.163 -0.209 0.103

Co0304+ XC-72R -1.32 -0.114 -0.153 -0.183 -0.213 0.060

NiC0,04+ XC-72R -1.28 -0.093 -0.138 -0.180 -0.220 0.082

MnCo0,04+ XC-72R -1.59 -0.049 -0.100 -0.141 -0.186 0.086

Graphene + XC-72R| -1.00 -0.086 -0.110 -0.137 -0.166 0.056

N-doped graphene

+ XC-72R -1.29 -0.066 -0.097 -0.122 -0.156 0.059

One of the most visible effects of the addition of Vulcan XC-72R was the
increase in limiting current density for all catalysts. This was noted to be an additional
~0.60 mA cm for single metal oxides and ~0.40 mA cm for mixed metal oxides. A
0.28 mA cm increase was recorded for N-doped graphene, however only a 4 mA cm-
2 increase was observed for graphene. Besides this, the inclusion of Vulcan XC-72R
in the catalyst ink resulted in shifts to more positive onset potentials and half wave
potentials, E1 for all catalysts with the exception of graphene. These changes were a
probable outcome of the increase in utilisation of electrochemical surface area [30]
and improvement in contact between catalyst particles [31] on Vulcan XC-72R

supported catalysts.

The greatest reduction in onset potential and Ei» value was observed at
amorphous MnOx with a decrease of 148 mV and 98 mV respectively, due to the
enhancement of conductivity of MnOx by the addition of Vulcan XC-72R. Conversely,
N-doped graphene displayed the smallest reduction in onset potential and E1» value
of 8 mV and 7 mV respectively. This implies that the effect of the addition of Vulcan
XC-72R is not as significant for N-doped graphene as it initially displayed high
conductivity. Graphene is the only catalyst which displayed an increase in onset
potential and E12> values of 13 mV and 21 mV respectively with the addition of Vulcan
XC-72R. This is likely to be due to the added Vulcan XC-72R filling the voids in
between the graphene nanoplatelets which could contribute to slower ion transfer
through the catalyst layer. This was supported by the decrease in specific surface area

of the mixture based on BET analysis (Table 4.5) of the nitrogen sorption plots in
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Figure 4.10 of graphene + XC-72R as opposed to just graphene. It is also likely that
the graphene nanoplatelets, which have a tendency to self-agglomerate due to the
strong Van der Waal forces between sp?-hybridised carbon atoms, form larger clusters
with the addition of Vulcan XC-72R thereby decreasing the electrochemically active

surface area.

Table 4.5 Summary of surface area analysis from sorption plots given in Figure 4.10
and 4.11.

Brunauer Emmett Teller (BET) Density Fugcél_lc_)nal Theory
Sample ( )
as,ger/ m? gt Vp/cmig? Vp/cmig?
Graphene 349.3 - -
Graphene + XC-72R
(1:1) 313.3 - -
Vulcan XC-72R 286.1 0.551 0.727
MnO, + XC-72R 185.0 0.408 0.487
(1:2)
400
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“% %“ 0.01
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£ 100 A
<
—a&— Graphene + Vulcan XC-72R
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0 4
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Relative pressure / p/p,

Figure 4.10 Nitrogen sorption isotherms of graphene (®), graphene and Vulcan XC-
72R combined (A) and Vulcan XC-72R (M). The inset is the corresponding graph of
pore size distribution.

The values of Ezs - Eys in Table 4.4 decreased to different extents for metal
oxides C0304, NiC0204 and MnCo0204 with the addition of Vulcan XC-72R indicating
that the region of mixed control is smaller, facilitated by the presence of carbon. In

contrast however, the addition of Vulcan XC-72R to amorphous MnOx appears to
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increase the Eazs - E1s value by 17 mV suggesting a greater dependency on mass

transport of reactants to and products away from the catalyst.
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Figure 4.11 Nitrogen sorption isotherms of Vulcan XC-72R (M) and amorphous MnOx
and Vulcan XC-72R combined (A). The inset is the corresponding graph of pore size

distribution.

Based on the non-local density functional theory analysis of the pore size
distribution (Table 4.5), the pore volume of the combined powder mixture of MnOx and
Vulcan XC-72R was significantly lower than that of Vulcan XC-72R. The BET analysis
of nitrogen sorption plots (Figure 4.11) also show a decrease in specific surface area
and pore volume with the addition of MnOx to Vulcan XC-72R. These results support
the electrochemical data and imply that MnOx particles are located in the mesopores
of the carbon support when mixed with Vulcan XC-72R which greatly reduces the
porosity of the carbon support and therefore hinders the mass transport of oxygen and
electrolyte through the catalyst film. Nevertheless, at high overpotentials in the mass
transport controlled region, the limiting current density for amorphous MnOx with

addition of carbon is seen to be comparable to that of 5 wt% Pt/C.
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Figure 4.12 Koutecky-Levich plots j* versus w™? for a) metal oxide b) functional
carbon catalysts combined with Vulcan XC-72R taken from the mass transfer
controlled region of -0.4 V for rotation rates 100, 400, 900, 1600 and 2500 rpm.

K-L plots in Figure 4.12 a & b for the metal oxide catalysts and functional
carbon materials combined with Vulcan XC-72R compared against 5 wt% Pt/C give
an indication of how the catalyst performance has been affected. The values of slope,

K and intercept, jx of these plots are summarised in Table 4.6. Comparing the absolute
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intercept values of the plots, the addition of Vulcan XC-72R results in a decrease in
the absolute intercept values of all catalysts. In general, the metal oxide catalysts show
a greater increase in electron transfer kinetics due to the addition of Vulcan XC-72R
compared to functional carbon materials with amorphous MnOx showing the greatest
decrease in absolute intercept value of 55 mA?® cm? followed by NiCo0204 with a
decrease of 32 mA! cm?and graphene showing the smallest decrease of 5 mA cm?.
This suggests that the effect of addition of Vulcan XC-72R to various catalysts is
subject to the initial conductivity and ORR activity of the catalyst.

Table 4.6 Intercept, slope values and apparent electron transfer numbers derived from
the Koutecky-Levich plots in Figure 4.12 for various catalyst samples with addition of
Vulcan XC-72R.

) . ; Apparent electron

1 1

Catalyst Slgrp;ez, rlgr;r?’f\ Intercegrg;zjk ImA transfer number,
Napp

Amorphous MnOy +

XC-79R -12.8 -0.02 3.25

C0304 + XC-72R -11.5 -0.18 3.62

NiC0204 + XC-72R -13.1 -0.13 3.17

MnCo0,04 + XC-72R -10.7 -0.11 3.89

Graphene + XC-72R -16.6 -0.18 2.50

N-doped graphene +

XC-72R -15.1 -0.06 2.75

The absolute slope values obtained from the K-L plots (Table 4.6) are
representative of the ORR electron transfer number. The slope values for mixed metal
oxides NiCo0204, MnC0204 graphene and N-doped graphene do not appear to be
significantly affected by the presence of Vulcan XC-72R. However, the K-L slope value
for Co304 decreased considerably with the addition of Vulcan XC-72R, indicating an
increase in electron transfer number of the ORR pathway. This synergetic coupling of
Co304 with a carbon component has been reported by several other studies [32, 33].
Without a carbon support, CosOa4 is proposed to favour the disproportionation of HO2
into O2 and OH" [12, 34] which agrees well with the slope value for Co3O4in Table 4.3.
Therefore it is expected that the physical adsorption of Co304 onto a carbon support
yields a 2 + 2, four electron ORR pathway [35] that begins with the electroreduction of

O2 to HOz2 (equation 4.1) at the Co30O4 catalyst and Vulcan XC-72R interface followed
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by rapid disproportionation of the HO2" at the metal oxide surface into Oz which is then

further electroreduced.

In contrast, the absolute slope value of the K-L plot of amorphous MnOx is
observed to increase with the addition of Vulcan XC-72R, representative of a decrease
in the electron transfer number. This has been suggested to be a result of the presence
of two sites on the carbon-catalyst composite for the two step electron pathway. The
initial reduction of Oz into HO2™ takes place at the carbon support more readily, causing

a small increase in preference for the two electron ORR pathway [36].

4.2.4. GDE stability test

The stability of the catalysts was evaluated by chronopotentiometric
measurements over a range of current densities. Figure 4.13 shows the potential
versus time plots for gas diffusion electrodes of amorphous MnOx, MNC0204, NiC0204,

graphene and N-doped graphene catalysts.

0.0
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024 T T T T .
>
e) e
e [ et
5 047
I
g
w Amorphous MnO,
MnCo,0O, A
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-0.6 1 - NIC0204 ~\\\‘*\\r
N-doped Graphene 1
— — —  Graphene nanoplatelets
'08 T T T T T
0 200 400 600 800 1000 1200

Time/s

Figure 4.13 Chronopotentiometric measurements at various cathodic current
densities of gas diffusion electrode (GDE) samples of various catalysts (catalyst
loading 2 mg cm) in electrolyte of 1 M NaOH at 333 K with O: feed rate of 200 cm?
min-! to the rear of the electrode.
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Amorphous MnOx showed good stability and performance for ORR at low and
high current densities signifying its suitability for further optimisation. MnCo0204 also
appears to retain good stability for ORR over the range of current densities however
at higher current densities of 50 and 100 mA cm™, a more pronounced potential
difference between amorphous MnOx and MnCo204 was observed indicating that
MnCo0204 does not perform as well as amorphous MnOx at high current densities. At
low current densities of 10 and 20 mA cm?, both mixed metal oxide NiC0204 and N-
doped graphene demonstrated comparable stability; at higher current densities
however, the N-doped graphene electrode presented lower ORR overpotentials

compared to NiC020a4.

The GDE sample of graphene nanoplatelets displayed the lowest ORR
performance over the range of current densities tested, seen in Figure 4.13. Although
the RDE data measurements showed rapid electron transfer for the graphene catalyst,
when the graphene nanoplatelets were incorporated into a GDE and tested at 100 mA
cm? it exhibited a rapid deterioration in performance, possibly due to flooding of the

electrode. Hence, graphene is not a suitable catalyst for ORR.

4.3. Conclusion

In this chapter, several transition metal oxide catalysts C0304, MNnO2, MnOx,
NiC0204, and MnCo0204 as well as graphene and N-doped graphene materials were
tested for ORR performance using RDE measurements and compared against
benchmark catalysts 5 wt% Pt/C and Vulcan XC-72R. All catalyst-coated glassy
carbon voltammograms showed earlier onset potentials and greater current densities
compared to bare glassy carbon. From the voltammograms recorded at 400 rpm and
scan rate of 5 mV st in Figure 4.7, the ORR catalysts were divided into three groups
1) metal oxides, 2) carbon materials and 3) precious metals, based on their onset
potentials. Single and mixed metal oxides in the first group had the most negative
onset potentials for ORR and Eu2 values of ~-0.24 to -0.26 V. In the second group,
graphene and N-doped graphene exhibited more positive onset potentials for ORR
and displayed Ei2 values of ~-0.11 V. Lastly in the third group, precious metal Pt/C

showed the most positive onset potential for ORR and Eu2 value of -0.055 V.
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Further analysis of the data using the K-L equation gave an indication of the
catalysts preference for the two or four electron pathway. From the K-L plot in Figure
4.8, the slope values for amorphous MnOx and MnCo204 were close to that of Pt/C
signifying that the 4e- pathway is dominant for these catalysts. The remaining catalysts
ranked according to their absolute slope values were NiCo204 > N-doped graphene >

XC-72R > commercial MnO2 > Co304 = graphene.

The effect of the addition of Vulcan XC-72R on the catalysts’ kinetic parameters
was investigated, and observed to be dependent on the initial conductivity and ORR
activity. Amorphous MnOx combined with Vulcan XC-72R displayed the greatest
reduction in ORR onset potential and Ei2 value, due to the enhancement of the
conductivity of MnOx. Conversely, graphene was the only catalyst which displayed an
increase in onset potential and E12 value with the addition of Vulcan XC-72R, due to
the reduction in electrochemically active surface area from agglomeration of the
particles. More importantly, from the K-L plots in Figure 4.12 the introduction of Vulcan
XC-72R to the catalyst layer resulted in an increase in electron transfer number at
Co304 and a slight increase in preference for the indirect two electron pathway at

amorphous MnOx.

Finally, the stability test at low and high current densities showed that amorphous
MnOx demonstrated the highest ORR activity, with good stability over the range of
current densities indicating its suitability for further optimisation.
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Chapter 5 Optimisation of Selected ORR Catalyst

Amorphous MnOx has demonstrated good activity and stability as a potential
candidate for ORR in the previous chapter. The catalytic activity of manganese oxides
is dependent on its composition, crystal phase and morphology, therefore altering the
preparation conditions can be an effective way of controlling the structural and surface
properties of the resultant MnOx. However, the influence of preparation parameters on
their ORR activity has not been systematically studied yet. In this chapter, a series of
amorphous MnOx catalysts were prepared by varying the parameters of the catalyst
preparation method including molar ratio of MnO47/ Mn?*, addition order of reactants,
synthesis pH, and temperature. The influence of the MnO4/ Mn?* molar ratios of the
precursor solutions on the catalysts’ ORR performance is discussed in more detail
using a rotating disc electrode (RDE) set-up to assess improved activity. In addition,
the electroreduction of Mn and reduction of Oz at the amorphous MnOx were
investigated in Oz and Nz saturated environments. Finally, the performance and
stability of the optimal amorphous MnOx was tested in a gas diffusion electrode cell
set-up.

5.1. Experimental section

5.1.1. Synthesis of catalysts

A series of amorphous MnOx was prepared by chemical redox method by
varying selected preparation conditions. In this experiment, a volume ratio is defined
as volume of 0.04 M KMnO4 vs that of 0.03 M Mn(CH3COO)2. The mixed solutions
were made by different volume ratios at room temperature with stirring. Several MnOx
catalysts were prepared over a range of MnO4/Mn?* molar ratios presented in Table
5.1 and these have been labelled in increasing order from M1 to M5 in Table 5.2. As
shown in the synthesis reaction [1, 2] in equation (5.1), the theoretical molar ratio of
MnO4/Mn?* for the synthesis of MnOz2 is 2:3.

2Mn"™* + 3 Mn?* - 5 Mn** (5.1)

The order in which these solutions were added to each other was also varied. For

instance, when KMnO4 was added dropwise to Mn(CH3COO)2 with stirring, this order
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is represented by ‘A’. Alternatively, when Mn(CH3COOQO). was added to KMnOa, this
order is represented by ‘B’. The pH of the mixture at this stage was measured to be
pH 5. This was increased to pH of 8, 10 or 12 with sodium hydroxide added slowly
with continuous stirring. In some cases, the temperature of the solution during mixing
was heated to 333 K.

Table 5.1 Volume ratios of 0.04 M KMnO4 and 0.03 M Mn(CH3COO)2 and their
respective MnO4:Mn?* molar ratios.

Volume ratloMor:(%ng'\Aog';:nO4: 0.03 M Molar ratio of MnO4Mn2*
1:4 0.33
1:2 0.67
1:1 1.33
2:1 2.67
4:1 5.33

The precipitate which formed when the two solutions were added together was
collected from the mixture using a bench-top centrifuge. The mixture was initially
centrifuged at 2500 rpm for 20 mins at a time to remove the excess liquid. The deposit
was then rinsed with deionised H20 and centrifuged another 2 times to remove the
purple colour of excess permanganate ions. The sediment was collected and dried at
333 K overnight in an oven to remove any moisture present. Finally, the dried sediment
was ground with a pestle to a fine powder. The series of MnOx synthesised is displayed
in Table 5.2. Additional samples of stoichiometric sample M2 annealed in air at 873 K

for 3 h and M2 without basic pH adjustment were prepared as well.

Table 5.2 Series of MnOx catalyst prepared with different parameters.

Sample Molar ratio of Order of pH Temperature
MnO4:Mn?* reactants
M1 0.33
M2 0.67
M3 1.33 AorB 8,100r 12 295 Kor 333K
M4 2.67
M5 5.33
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5.1.2. Preparation of RDE samples

The glassy carbon RDE tip was initially cleaned by polishing with 1.0 mm and
0.5 mm alumina powders (MicroPolish, Buehler) on MicroCloth (Buehler). The tip was
then sonicated in deionised H20 to remove any excess polishing powder and dried in
air before use. Catalyst inks were prepared as described in Chapter 4, 1 mg of catalyst
was added to solvent of 1 mL deionised H20 + 0.5 mL isopropanol and 5 pL of 5 wt%
Nafion 117. With the inclusion of Vulcan XC-72R, 1 mg catalyst in the ink was replaced
by 0.5 mg of catalyst + 0.5 mg of Vulcan XC-72R. The mixture was ultrasonicated for
~20 mins and then homogenised with a hand held homogeniser (LabGen 7 mixer,
Cole-Parmer) for 3-4 mins at 28 000 rpm. Finally, the ink was applied to the surface of
the glassy carbon RDE tip 2 = 4 mm. Aliquots of 8 pL of catalyst ink was loaded onto

the surface three times with drying in air in between, for a loading of ~120 ug cm2.

5.1.3. Preparation of GDE samples

Carbon paper (Alfa Aesar, TGP-H-60, base-layered) was initially pre-cut with
hand-held 2 =13 mm hole punch. Catalyst ink for GDE catalyst layer was prepared by
adding catalyst, Vulcan XC-72R carbon powder (Cabot Corp.) and a polymeric binder,
PTFE (Sigma Aldrich, 60 wt% dispersion in H20) in a 10:10:2 weight ratio. The PTFE
solution was firstly mixed with solvent of 1:1 weight ratio of deionised H20 to IPA
before being added to the solid catalyst and carbon powders. The ink was sonicated
for ~20 mins and homogenised for 3-4 mins. This well-mixed ink was carefully applied
with a stainless steel spatula to the pre-cut carbon paper with drying in between until

a loading of 2 mg cm? was reached.

5.1.4. Physical characterisation

The series of catalysts were characterised with SEM-EDS (FEI Quanta 650
FEG) at accelerating voltage of 1 kV to obtain surface morphology of the catalysts. A
Bruker D8 Advance X-ray diffractometer with Cu tube source (A= 1.5418 A) was used
to collect powder X-ray diffraction results which were then analysed using Bruker

Diffraction Suite EVA software.
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5.1.5. Electrochemical characterisation

The same RDE and GDE set-ups described in Chapter 4 were used and
electrochemical measurements were performed with Biologic SP-150 potentiostat and
recorded with EC-lab software package. Similar to RDE experiments carried out in
Chapter 4, cyclic voltammograms were collected without electrode rotation by
scanning in the reduction region between 0.0 V and -1.0 V (vs Hg/ HgO) at a scan rate
of 50 mV s1. Polarisation curves were collected at electrode rotation speeds of 100,
400, 900, 1600 and 2500 rpm between potentials of 0.1 and -0.5 V (vs Hg/ HgO) using
a slower scan rate of 5 mV s1. The 1 M NaOH electrolyte was replaced before each
experiment and electrolyte temperature was maintained at 298 K by recirculating water
bath (TC120, Grant) connected to the glass cell’s inbuilt water jacket. The electrolyte
was saturated with oxygen (BOC) or nitrogen (BOC) for at least 30 mins before each
experiment using a glass frit (Sigma Aldrich, 25-50 ym porosity).

For measurements using the GDE set-up, cathodic current densities of 10, 20,
50 and 100 mA cm? were chosen to validate the performance of the electrodes as
they are representative of a working system. The electrodes were exposed
consecutively to each current density in increasing order from 10 to 100 mA cm for a
relatively short period of time. This was to allow rapid evaluation of the electrode
performance over a wide range of current densities. The MnOx catalyst coated GDEs
were assessed based on their activation potential or potential above open circuit
potential to maintain the required current density as well as stability. The temperature
of the 1 M NaOH electrolyte was regulated to 333 K using a recirculating water bath
connected to inbuilt water jacket and O2 was supplied at a flowrate of 200 cm? min!
to the back of the GDE.

5.2. Results and discussion

5.2.1. Sample characterisation

SEM micrographs of selected MnOx samples are given in Figure 5.1. A low
accelerating voltage of 1 kV was used as the MnOx samples were found to be very

non-conductive. This helped to minimise unwanted charging effects from the
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accumulation of electrons on the surface of these samples such as image distortion
and reduction in image quality.

- v

Sy ,\"j, e

Py

Figure 5.1 SEM micrographs of a) M3-A pH , 295 K, b) M3-A 10, 9, M3-
A pH 12, 333 K, d) M3-A pH 10, 333 K, e) M3-B pH 12, 295 K and f) M4-B pH 12, 295
K.

The catalyst sample in Figure. 5.1 a was prepared with molar ratio MNO4:MnO2
of 1.33 and presents a morphology which is composed of small particles loosely
grouped together. Samples prepared at different MnO4:MnO2 molar ratios (given in
Appendix A) did not show any appreciative differences in morphology and this is likely
because changing the molar ratio only affects the bulk elemental composition.
Similarly, basic pH adjustment to pH 10 in Figure 5.1 b instead of pH 12 does not
appear to affect the morphology of the catalyst surface either. The increase in
synthesis temperature from 295 K to 333 K causes aggregation of the particles

resulting in a smoother, cohesive surface as seen in Figure 5.1 c. The effect of
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aggregation occurs to a lesser extent in Figure 5.1 d. as the M3 catalyst only
experienced basic pH adjustment to pH 10. Using order B instead of A to add the
reactant solutions of KMnO4 and Mn(CH3COO)2 together produced a similar effect for
M3 and M4 in Figure 5.1 e & f respectively, regardless of their different molar ratios.
This is proposed to be due to the excess of oxidising agent KMnO4 which causes rapid

nucleation and affects the degree of crystallisation of the product [3, 4].

No apparent differences in morphology were observed in SEM micrographs of
M2 with and without basic pH adjustment (Figure 5.2 a & b) as well. Annealing the
M2 sample, however, results in the growth of needle-like structures as displayed in
Figure 5.2 c.

e
2 oy o f NN
Figure 5.2 SEM micrographs of a) M2-A pH 12, 295 K, b) M2-A 295 K, without basic
pH adjustment and c¢) annealed M2-A pH 12, 295 K.

X-ray diffraction of various samples were carried out and displayed in Figure
5.3. In Figure 5.3 a, diffractograms of samples M1 to M5 displayed broad weakly
defined peaks which suggested that the catalyst samples were amorphous in nature.
Due to this, not much variation was seen between diffractograms of different samples.
The diffractogram of the annealed M2 sample in Figure 5.3 b exhibited peaks which
matched that of tetragonal a-MnO2 hydrate (JCPDS 44-0140).
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Figure 5.3 XRD diffractograms of a) MnOx samples synthesised with various
MnO4:Mn?* molar ratios and b) Annealed M2 MnOx sample and standard pattern of
tetragonal a-MnO2 hydrate (JCPDS 44-0140).

Further XPS measurements of the surface composition and BET analysis of
specific surface area for these catalyst samples were also previously reported [5]. A
substantial amount of hydrated trivalent MNnOOH and structural H20 was found to be
present in the amorphous MnOx. The oxidation states of the MnOx samples were in
the range of 3.5 to 4.0 from the XPS data and specific surface areas of the catalyst
samples were generally between 93 and 130 m? g'1. The M2 sample synthesised with
stoichiometric molar ratio of 0.67 at 333 K with pH adjustment to pH 12 however
presented the greatest oxidation state closest to the value of 4.0 with a
correspondingly small specific surface area of 61 m? g* indicating that the product was

most pure and crystalline.
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5.2.2. RDE results

Cyclic voltammograms of catalysts M1 to M5 prepared with order A at 295 K
with basic pH adjustment to 12 were made into inks and coated onto glassy carbon
tips. These tips were then cycled between 0 V and 1.0 V in Oz saturated 1M NaOH to
give the plots shown in Figure 5.4. The voltammogram of the glassy carbon (GC) tip
yields two cathodic peaks. The first cathodic peak at ~-0.26 V is representative of the
le reduction of O2 to superoxide anion Oze™ [6] and the second broader cathodic peak

at -0.85 V is characteristic of the reduction of HO2"to OH" given in equation (5.2) [7].
HO2 + H20 + 2e” > 30H" (5.2)

The shape of the voltammograms of various MnOx catalysts are similar indicating that
all catalyst variations have a common redox couple and they all exhibit greater peak
currents compared to the GC tip. Voltammograms of M3 and M4 MnOx samples yield
higher currents and have slightly more positive onset potentials as compared to the
other variations of MnOx. This shows that altering the MnO47/ Mn?* molar ratio during
catalyst preparation affects the specific capacitance of the catalyst which is related to
the voltammetric charge, Q [8-10]. This is a consequence of changes in surface

properties such as hydration, surface area and pore structure.
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E vs Hg/HgO/ vV
Figure 5.4 Cyclic voltammograms of thin films of MnOx catalysts synthesised with
different MnO4/Mn?* ratios coated on glassy carbon RDE tip and swept between

potentials 0 to -1.0 V at a scan rate of 50 mV s in Oz saturated 1 M NaOH solution at
298 K.
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Figure 5.5 Linear sweep voltammograms of MnOx samples synthesised with different
MnO4/ Mn?* molar ratios coated on a glassy carbon RDE tip at 400 rpm rotation rate
swept between 0 and -0.5 V at a scan rate of 5 mV s in O2 saturated 1 M NaOH at
298 K.

Table 5.3 Summary of kinetic parameters extracted from Figure 5.4 of the series of
catalysts at 400 rpm rotation rate.

Catalyst ILat 0.4 v/ E.oimaecm? | Ewvs Hg/ | E»vs Hg/ | Ex.vs Hg/ | Ew- Eyvs
mA cm?2 | vs Hg/ HgO | HgO / V HgO/V HgO/V Hg/ HgO /
IV V
GC tip -0.46 -0.237 -0.243 -0.283 -0.325 -0.082
M1 -0.95 -0.172 -0.210 -0.250 -0.292 -0.082
M2 -1.07 -0.171 -0.217 -0.257 -0.300 -0.083
M3 -1.15 -0.153 -0.200 -0.238 -0.278 -0.078
M4 -1.18 -0.151 -0.206 -0.244 -0.283 -0.077
M5 -1.00 -0.174 -0.213 -0.245 -0.294 -0.081

From the linear sweep voltammograms in Figure 5.5 of these catalysts at 400
rpm, the GC tip presents the most negative ORR onset potential at ~ -0.24 V and least
negative limiting current. Coating the GC tip with MnOx catalyst ink clearly improves
ORR activity. Catalysts M1, M2 and M5 display ORR onset potentials of approximately
-0.17 V, whilst the onset potentials of M3 and M4 are more positive at ~-0.15 V. The
limiting current densities of M3 and M4 recorded in Table 5.3 are also more negative
than that of M1, M2 and M5 indicating that these catalysts have a greater preference
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for the 4e- pathway over the 2e- pathway. In addition, catalysts M3 and M4 have
numerically smaller E12 values compared to the other catalysts in the series indicative
of a slightly faster rate of electron transfer for ORR. These results are consistent with
the cyclic voltammogram data. Since the reduction of O2 to HO2 is expected to
proceed alongside the electroreduction of MnO2 to MNOOH [11] via reactions (5.3),
(5.4) and (5.5), the rate of reaction relies on how easily the M-O bond in MnO2 can be
broken [12].

MnO2 + H20 + e- > MnOOH + OH- (5.3)
2MNOOH + 02 > 2MNOOH(O2)ads (5.4)
MNOOH(O2)ads + €- > MnO2 + OH- (5.5)

The different catalytic activities of the series of MnOx are therefore expected to
be due to the varying content of MnO2 with suitable M-O bond strength, which can give
rise to a greater production of MNOOH [13].The catalysts can be ranked based on their
kinetic parameters from most active for ORR to least M4 > M3 > M2 > M5 > M1. The
same trend in performance was observed when this series of catalysts were
incorporated into GDEs and tested at different current densities [5]. Further work on
the influence of synthesis pH, temperature and addition sequence of reactants on
ORR catalyst performance was also reported [5], and it was found that the catalysts
which demonstrated the best ORR performance were M3 and M4-A 295 K with basic
pH adjustment to pH 12. The reduction of Oz at either of these two catalysts is

therefore investigated in the rest of this chapter.

5.2.3. Importance of carbon in the catalyst layer

In Figure 5.6, catalyst inks of M2 and M4 with and without the inclusion of a
carbon component were compared against catalyst inks of Vulcan XC-72R and 5 wt%
Pt/C tested at the same conditions. Positive shifts of ~ 98 mV in the mixed control
region represented by the Ei2 value seen in Table 5.4 indicates that the catalysts M2
and M4 were both limited by low conductivity and low utilisation of the MnOx
electrochemically active sites. Hence, Vulcan XC-72R acts as an electrically
conductive support with high surface area for the MnOx powder to be distributed

across. With the inclusion of Vulcan XC-72R, an increase of ~ 0.60 mA cm2 in limiting
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currents as well as an increase of ~ 150 mV in ORR onset potentials of both M2 and
M4 was observed. The Esus-14 values were equally observed to increase with the
addition of carbon which has been explained in Chapter 4 to be due to the greater
influence of transport of reactants to and products away from the catalyst. The similar
effect of carbon on both M2 and M4 implies that the ORR reaction mechanism is the

same for both variations of catalyst.
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Figure 5.6 Linear sweep voltammograms of MnOx samples M2 and M4 with and
without Vulcan XC-72R coated on a glassy carbon RDE tip at 400 rpm rotation rate
swept between 0 and -0.5 V at a scan rate of 5 mV s in O2 saturated 1 M NaOH at
298 K.

Table 5.4 Summary of kinetic parameters extracted from plots in Figure 5.5.

Catalyst lLatoav/ | E o01maem? | Ev VS E. vs Es vs Ev - Ev. Vs

mA cm= | vs Hg/ HJO | Hg/ HgO | Hg/ HgO | Hg/ HgO | Hg/ HgO /
IV IV IV IV V

M2 -1.01 -0.177 -0.221 -0.261 -0.307 0.086

M4 -1.16 -0.138 -0.196 -0.235 -0.276 0.080

M2 + XC-72R -1.65 -0.029 -0.106 -0.163 -0.209 0.103

M4 + XC-72R -1.73 +0.011 -0.084 -0.138 -0.181 0.097

XC-72R -0.98 -0.117 -0.144 -0.173 -0.205 0.061

5 wt% Pt/C -1.65 +0.020 -0.029 -0.055 -0.089 0.060

Based on the K-L plot in Figure 5.7, after the inclusion of Vulcan XC-72R the
value of the slope (Table 5.5) is seen to increase which suggests a preference for the
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two electron pathway. As previously explained in Chapter 4, this is because in the
mixture of catalyst and carbon, the reduction of Oz to HO2" occurs at the carbon support
and the MnOx assists in catalysing the further reduction of HO2" to OH" and O..
However, between M2 and M4 the slope value of M4 + XC-72R is smaller, indicating
that it still has a greater preference for the 4e- pathway compared to M2. This agrees
well with the results seen in Section 5.2.2. Lastly, the intercept of the plots of M2 and
M4 with XC-72R are very close to zero, which suggests that this combination of
catalyst and carbon gives rapid electron transfer without mass transfer effects

comparable to benchmark Pt/C.
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Figure 5.7 Koutecky-Levich plot j1 versus w2 for various catalysts taken from the

mass transfer controlled region of -0.4 V for rotation rates 100, 400, 900, 1600 and
2500 rpm.

Table 5.5 Intercept and slope values derived from the Koutecky-Levich plots given in
Figure 5.6 for various catalyst samples.

Catalyst Slope, K/ mA?* cm? rpm?2 Intercept, ik /mA™* cm?
M2 -9.1 -0.57
M4 -8.4 -0.47
M2 + XC-72R -12.8 -0.02
M4 + XC-72R -11.7 -0.06
Vulcan XC-72R -18.8 -0.12
5 wt% Pt/C -10.3 -0.11
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5.2.4. Cyclic voltammetry of Oz reduction on MnOx catalyst

To understand the reduction of Oz at the amorphous MnOx catalyst, CVs were
carried out over a wide range of scan rates from 5 up to 200 mV s in both N2 and O2
saturated electrolyte. From Figure 5.8, the electroreduction of the Mn species is
investigated at this range of scan rates in N2-saturated electrolyte. The inset graph of
cathodic current at -1.0 V vs Hg/ HgO versus scan rate was derived from the
voltammograms. The cathodic currents increase linearly with scan rate signifying that
the electroreduction of Mn** to Mn3* and then Mn?* occurs as a surface reaction.
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Figure 5.8 Cyclic voltammograms of MnOx M4 catalyst sample prepared with MnO47/
Mn?* molar ratio 2.67, measured on a glassy carbon RDE tip at various scan rates in
N2 saturated 1 M NaOH solution at 298 K. Inset: Graph of cathodic current versus
scan rate.
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Likewise, cyclic voltammograms of MnOx M4 catalyst cycled at different scan
rates in Oz saturated electrolyte were collected and presented in Figure 5.9. The
relationship between the O2 reduction peak current and scan rate (inset) is observed
to be linear as well which suggests that the electroactive species is confined to the
surface of the electrode, indicating that the reduction of oxygen which takes place

alongside the electroreduction of Mn** is also a surface reaction.
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Figure 5.9 Cyclic voltammograms of MnOx M4 catalyst sample prepared with MnO47/
Mn?* molar ratio 2.67, measured on a glassy carbon RDE tip at various scan rates in
O2 saturated 1 M NaOH solution at 298 K. Inset: Graph of cathodic current versus
scan rate.

Since it was established that both the electroreduction of Mn4* and oxygen
reduction reactions occur at the surface, the effect of the order of cycling the same
MnOx sample consecutively in an Oz or N2 environment first was investigated. The
same catalyst sample was cycled in an N2 saturated electrolyte first (Figure 5.10 a)
before being cycled in the same potential range at the same scan rate in an O:2
saturated electrolyte (Figure 5.10 b). Fresh electrolyte was used for each experiment
and purged with O2 or N2 for the same amount of time. From Figure 5.10 a, the
currents are much greater in the first cycle and a broad cathodic peak at ~-0.4 V is
seen. In the following cycles, the electroreduction of Mn** appears to occur over a
wide range of potentials as no distinct cathodic peaks are observed. This suggests

that the appearance of the cathodic peak in the first cycle was due to the reduction of
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oxygen initially trapped in the catalyst layer which took place alongside the

electroreduction of Mn**.
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Figure 5.10 Progression of cyclic voltammograms from cycle 1 to 10 of MnOx M4
catalyst sample prepared with MnO4/ Mn?* molar ratio 2.67, measured on a glassy
carbon RDE tip at 50 mV s in a) N2 saturated 1 M NaOH followed by b) O saturated
1 M NaOH at 298 K.

Cycle 1

Subsequently, when cycled in the Oz environment (Figure 5.10 b), a cathodic
peak at ~0.4 V and onset potential at ~-0.17 indicative of the first step of the 2e- ORR
pathway is observed for all cycles. The peak current in cycle 1 is more than double
that of the peak current of cycle 1 in N2 environment. The current gradually decreases
with increasing cycle number as the Oz in the electrolyte is used up over time since
cycle number is a function of time. The electrolyte was not able to be continuously
replenished with Oz as the design of the RDE cell did not permit constant bubbling of
O:2 into the electrolyte whilst the experiment was running. Over time the cathodic peak
shifted to slightly more positive potentials possibly as more electrochemically active
sites on the catalyst are exposed to electrolyte. The return scan in the anodic direction
reveals small broad peaks at -0.6 V and -0.2 which likely represents the oxidation of
Mn2?* to Mn3*[13].
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Figure 5.11 Progression of cyclic voltammograms from cycle 1 to 10 of MnOx M4
catalyst sample prepared with MnO4/ Mn?* molar ratio 2.67, measured on a glassy
carbon RDE tip at 50 mV s in a) Oz saturated 1 M NaOH followed by b) N2 saturated
1 M NaOH at 298 K.

In comparison, a MnOx M4 sample was cycled in Oz saturated electrolyte first
(Figure 5.11 a) before being cycled in N2 saturated electrolyte (Figure 5.11 b). When
the sample was initially cycled in Oz saturated electrolyte, the first cycle presents a
prominent cathodic peak at ~0.4 V with a peak current 2-3 times of that seen in Figure
5.10 b. This cathodic peak which is characteristic of oxygen reduction becomes
broader in the following cycles and anodic peaks on the reverse scan are also less
noticeable unlike the voltammograms in Figure 5.10 b. In general, the currents
gradually decrease with increasing cycle number analogous to Figure 5.10 b as the

oxygen in the electrolyte is depleted over time.

Subsequent cycling in a N2 saturated electrolyte (Figure 5.11 b) produces
voltammograms of a similar shape to Figure 5.11 a. The first cycle displays a peak at
~ -0.4 V which can be attributed to the reduction of the remaining Oz at the
electrochemically active sites. The current of this peak is gradually seen to decrease

with cycling as well likely due to residual oxygen being reduced.
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Figure 5.12 Cyclic voltammograms of the same MnOx catalyst sample M4 prepared
with MnO47/ Mn?* molar ratio 2.67, measured on a glassy carbon RDE tip in a) N2
followed by O2 saturated environment and b) Oz followed by N2 saturated environment.

The voltammograms from Figure 5.10 and 5.11 were overlaid in Figure 5.12 a
& b. The differences between these two graphs are suggested to be due to the surface
sites of the catalyst being affected by the cycling environment. When cycled in a N2
saturated electrolyte first, the catalyst surface may be occupied by Mn3* species [14]
hence peak current or charge is lower when cycled in Oz saturated environment after
compared to when the same sample is cycled in an Oz saturated electrolyte first in
Figure 5.12 b. Conversely when cycling in an Oz saturated electrolyte first, the catalyst
surface sites may be altered by the oxygen reduction reaction. For instance, the
oxygen intermediates which adsorb to the surface sites of amorphous MnOx may
cause the expansion of the surface structure since the ionic radius of 0% (1.40 A) is
approximately twice that of Mn2* (0.83 A), Mn3* (0.645 A) or Mn**(0.53 A) [15], thereby
helping to increase access to more electrochemically active sites. This explains the
greater peak currents and broad cathodic peak observed and therefore the same
voltammogram shape is seen for the sample when cycled in N2 saturated electrolyte
after. Overall, more cycles are recommended to determine if these changes are

reversible over a longer period of time.

Regardless of the order of cycling in Oz or N2 saturated electrolyte first however,
it is clear that the peak current density for the oxygen reduction reaction is greater in
O2 saturated electrolyte than in N2 saturated electrolyte. This indicates that the MnOx
catalyst assists in catalysing the oxygen reduction reaction alongside the

electroreduction of Mn**.
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5.2.5. Effect of electrolyte concentration on GDE performance

MnOx M3 catalyst was incorporated into GDEs using an optimised catalyst layer
composition [5] and the effect of electrolyte concentration on this was studied at
different current densities. Typically when varying the electrolyte concentration, the
solubility and diffusivity of oxygen in the various electrolyte concentrations are
considered significant factors. The solubility of oxygen has been shown previously [16,
17] to decrease as NaOH electrolyte concentration increases. In this set-up, although
gaseous oxygen is supplied to the backside of the electrode, these factors are still
seen to be equally important. In a basic environment, the four electron or direct
pathway of ORR takes place via reaction (5.6) and OH- is produced as the reaction is
occurring. A higher concentration of OH" in the electrolyte can therefore slow down the
rate of the protonation of Oz to HO2" resulting in a change in the ORR mechanism.

O2 + 2H20 + 4e” > 40H" (5.6)
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Figure 5.13 Chronopotentiometric measurements of GDEs coated with catalyst ink
containing MnOx M3 tested at different current densities in various NaOH electrolyte
concentrations of at temperature 333 K with Oz feed rate of 200 cm? min-.

The effect of the OH™ concentration on the electrochemical performance of the
GDE is displayed in the chronopotentiometric data at various current densities in
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Figure 5.13. From the graph, no linear trend between the electrolyte concentration
and the ORR performance is seen, likely due to the complex relationship between the
ORR kinetics on the MnOx catalyst and properties of the electrolyte. Of all the
electrolyte concentrations, the performance of the GDE in 1 M NaOH is the worst,
since the conductivity of 1 M NaOH is the lowest. Increasing the concentration of the
electrolyte to 4 M and 6M is observed to increase the catalytic performance of the
GDE and at this concentration, the GDE shows the best performance of all the
electrolyte concentrations tested. However, further increasing the concentration to 8
M is seen to reduce the activity for ORR. This negative effect of high electrolyte
concentrations on ORR performance is due to lower oxygen solubility, diffusivity and
higher solution viscosity [18] which contributes to a lower concentration of oxygen at
the three phase boundary within the GDE. Based on this GDE, the concentrations
suitable for ORR performance are ranked as 6 M >4 M >8 M > 1 M. An electrolyte
concentration of 4 M or 6 M NaOH is therefore suitable for obtaining good catalytic

performance for the optimised MnOx catalyst.

5.3. Conclusion

SEM micrographs of the catalysts indicated that changing the MnO4:MnO2 molar
ratio and adjusting the pH of the synthesis solution did not bring about obvious
changes in morphology. On the contrary, noticeable morphological differences were

seen with changes in the synthesis temperature and order of addition of the reactants.

The results from RDE and GDE have shown that the catalysts were ordered
according to their kinetic parameters M4 > M3 > M2 > M5 > M1. The catalysts which
gave the most promising ORR performance were M3 and M4-A-295 K with basic pH
adjustment to 12. The inclusion of carbon component of Vulcan XC-72R to the catalyst
layer was found to be proportionate for both M2 and M4. However, M4 + XC-72R

showed a greater preference for the 4e- pathway compared to M2 + XC-72R.

In an N2-saturated electrolyte, the electroreduction of Mn was determined to be
a surface reaction as the cathodic peak current increased linearly with scan rate. In an
O2-saturated electrolyte, it was established that the reduction of oxygen was also a

surface reaction which therefore occurred alongside the electroreduction of Mn. The

143



Chapter 5 Optimisation of Selected ORR Catalyst

differences of the same MnOx sample cycled consecutively in an Oz or N2 saturated
electrolyte first were suggested to be due to changes in the surface sites of the catalyst
over time. Longer cycling periods are suggested to determine if these changes in

surface structure are reversible.

Finally, the effect of electrolyte concentration on the ORR performance of the
optimised GDE catalyst layer was examined. 4 M and 6 M NaOH were found to be
most suitable for obtaining good ORR performance. This was proposed to be due to
a trade-off between an increase in conductivity and a decrease in the solubility and

diffusivity of oxygen at these concentrations.
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Chapter 6 Selection of Catalyst for Oxygen Evolution

Reaction

A review of the literature on oxides and hydroxides of transition metals indicates
that the trend in reactivity for OER follows Ni > Co > Fe. In addition to being highly
active for OER, nickel is also commonly used in practical alkaline water electrolysis,
demonstrating good resistance to corrosion (refer to Section 2.2.1.2 in Chapter 2).
Since the mechanical stability of the OER catalyst layer is crucial due to the evolution
of Oz bubbles which can cause the degradation of the catalyst from the electrode over
time, in this chapter, spinel oxides C03z04 and NiCo0204 were directly coated onto a
stainless steel mesh electrode using a dip-coating process whilst the Ni and Ni-Fe
hydroxides were directly grown on the mesh electrode via an electrodeposition method.
The stability of selected catalysts were later assessed in a zero-gap alkaline water

electrolyser.

6.1. Experimental section

6.1.1 Synthesis of catalysts on electrode substrates

Nickel mesh (DeXmet Corporation, 4Ni 6-040, 0.004" nominal thickness, 0.006"
strand width, 0.040" long diagonal of the diamond) and stainless steel mesh (DeXmet
Corporation, 4SS 5-050, 0.004" nominal thickness, 0.005" strand width, 0.050" long
diagonal of the diamond) were selected as electrode substrates. These were cleaned
by ultrasonication in isopropanol for 15 mins followed by ultrasonication in deionised
H20 for another 15 mins. The mesh was then rinsed thoroughly in deionised H20 and
dried before use.

Spinel cobalt oxide, Co0304, and nickel cobaltite, NiCo204, catalysts were
synthesised by thermal decomposition of nitrates on stainless steel mesh substrate. A
100 mL solution of 0.5 M nickel (II) nitrate hexahydrate and 1 M cobalt (I) nitrate
hexahydrate were prepared with a 1:1 H20/ IPA solvent solution. Pre-cleaned
stainless steel mesh pieces were fully immersed in this solution for 6 mins before being
removed and dried at room temperature for 10 mins. Compressed air was used to

remove any excess solution from the mesh. This was followed by heat treatment in air
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at 648 K [1] for 10 mins. This coating procedure was repeated 4 more times before the
samples were calcined in air at 648 K for 2 h. The stainless steel mesh pieces were
weighed before and after the coating process to determine the catalyst loading per

unit surface area.

Ni(OH)2 and Ni-Fe(OH)2 coated stainless steel mesh electrodes were
synthesised using a cathodic electrodeposition method. This was carried out in a small
undivided glass cell (=20 cm?®) equipped with a water jacket and polymer lid and Pt
mesh and Hg/HgO in 1 M NaOH were used as counter and reference electrodes
respectively. Deposition solutions of 18 mM metal sulphate + 25 mM ammonium
sulphate were prepared with nickel (l) sulfate hexahydrate, NiSO4.6H20 (Sigma-
Aldrich, 298%), iron (ll) sulfate heptahydrate, FeSO4.7H20 (Sigma Aldrich, 299.0%)
and ammonium sulfate, (NH4)2S0Oa4 (Sigma Aldrich, 299.%) using different percentages
of metal salts: 100% Ni and 75%Ni 25%Fe for Ni(OH)2 and Ni-Fe(OH)2 respectively.
The depositions were carried out at a cathodic current of 200 mA cm for 120 s. The
catalyst loading per unit surface area was determined assuming 100% coulombic

efficiency.

Preparation of Ni(OH)2 and Ni-Fe(OH)2 coated SS mesh samples for stability
testing in an electrolyser was done using two pieces of Pt mesh counter electrodes
arranged on either side of the working electrode (Figure 6.1), 34 by 34 mm, to assist
in the even distribution of current during electrodeposition and reference electrode of
Hg/ HgO in 1 M NaOH.

Reference
electrode Counter

electrode

Working
electrode
1

Water outlet <{m Ii'f

- ] 4 Water inlet
R — — l)

Jacketed glass cell

Figure 6.1 Labelled cross-section of jacketed glass cell showing arrangement of
electrodes for cathodic electrodeposition of catalyst onto a SS mesh working electrode.

147



Chapter 6 Selection of Catalyst for Oxygen Evolution Reaction

6.1.2 Structural and morphological characterisation

The morphology of the catalyst samples were characterised using an SEM-
EDS (FEI Quanta 650 FEG) operated at 5 kV accelerating voltage. X-ray diffraction
measurements of the catalyst coated stainless steel mesh were collected on a
Siemens D5000 X-ray diffractometer with a Cu tube source ((A.= 1.5418 A) between
20 and 80 degrees at a step rate of 0.02, 4 s per step and analysed with Bruker

Diffraction Suite EVA software.

6.1.3 Electrochemical characterisation

Electrochemical measurements were carried out with a Bio-logic potentiostat
and EC-lab software. To regulate the size of the active surface area, a hole-punch was
used to punch a 2 mm diameter hole a piece of polyimide tape which was then taped
over the mesh samples to give an active area of ~0.0314 cm?. Air bubbles trapped
under the tape were carefully removed before testing. The samples were tested in a
standard three-electrode cell constructed of glass with an inbuilt water jacket and
polymer lid at ambient temperature. Pt mesh was used as a counter electrode and Hg/

HgO in 1 M NaOH was used as a reference electrode.

Cyclic voltammograms were obtained in potential range of 0.1 to 0.7 V at
various scan rates and slow scan linear sweep voltammograms were recorded
between anodic potentials of 0.45 to 0.8 V at scan rate of 1 mV s1. All reported results
were obtained after several scans when a stable response was recorded. The current
densities are reported as a function of the geometric surface area of the electrode as
well as the mass of catalyst coated on the electrode. Overpotential values were
calculated as described in Section 3.4.1.2, Erev is the potential at which OER is
expected to take place at and this is taken to be 0.303 V vs Hg/ HgO in 1 M NaOH [2].
Selected catalyst coated mesh samples were further tested in a zero-gap alkaline
water electrolyser to demonstrate preliminary OER performance.

6.1.4
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Figure 6.2 Schematic of assembly of custom-designed water electrolyser unit cell.
Electrolyte inlet and outlets were connected to an electrolyte reservoir by Marprene
tubing and circulated by peristaltic pump.

The electrolyser in Figure 6.2 was assembled with two metal mesh electrodes
of working area ~9 cm? on either side of an anion exchange membrane. 4 M NaOH
electrolyte solution was continuously pumped through the cell from an electrolyte
reservoir at a flowrate of 250 mL min-! by peristaltic pump (300 series, Watson Marlow,
UK) via Marprene tubing (i.d. 1.4 mm; Watson Marlow, UK) to remove any build-up of
gas bubbles at the surface of the electrodes. The electrolyte reservoir was maintained
at atemperature of 333 K by a recirculating water bath (TC120, Grant). The membrane
was a commercial anion exchange membrane A201, supplied by Tokuyama Corp,
pre-treated initially in deionised H20 for a period of 24 h at room temperature, followed
by soaking in 1 M NaOH overnight for ~ 18 h at room temperature. Finally the
membrane was immersed in 4 M NaOH at 333 K for 2 h before being assembled into

the electrolyser cell.

Expanded Ni mesh and SS mesh electrode substrates were used for the
cathode and anode respectively. The metal substrates were cleaned and dried before
use. The selected anode catalysts were coated onto the mesh either via a dip-coating
method or by cathodic electrodeposition onto pre-treated SS mesh as described in
Section 6.1.1.
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6.2. Results and discussion

6.2.1. Physical characterisation of catalyst samples

The morphology of the catalysts and the homogeneity of the catalyst coatings
on the stainless steel substrate as described in Section 6.1.1 were observed with SEM.
SEM micrographs of uncoated SS mesh at high and low magnification are shown in
Figure 6.3 as a benchmark. The uncoated SS mesh appears to have a relatively even

texture as is characteristic of an uncoated metal surface.

Figure 6.3 SEM micrographs of uncoated SS mesh at a) high and b) low magnification.
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Figure 6.4 SEM micrographs of SS mesh coated with (a, b) CosOg4; (c, d) NiC0204; (e,
f) Ni(OH)2; (g,h) Ni-Fe(OH)2 at high and low magnifications respectively.

The Co304 catalyst coating on the surface of the SS mesh in Figure6.4a &b
is composed of loosely packed clusters of small spherical particles of average
diameter ~0.8 um. Larger clusters of the spinel oxide appear to be more present at the
edges of the apertures of the SS mesh and at the bonds where the strands intersect.
In contrast, the NiCo0204 catalyst coating in Figure 6.4 c consists of tightly packed

layers of particles with uniform coverage of the SS mesh surface. Lower magnification
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micrographs in Figure 6.4 d of the mesh indicate that some of the apertures of the SS
mesh are considerably reduced in size due to the thickness of the NiCo204 catalyst
layer. The Ni(OH)2 catalyst layer is observed to be dendritic (Figure 6.4 e) with
branches as long as 10 ym and the overall coating of catalyst on the SS mesh in
Figure 6.4 f is uneven as some areas of the mesh are covered in thicker layers of
catalyst. Several fragments of the catalyst layer also appear to be flaking off the SS
substrate indicating poor adhesion. The Ni-Fe(OH)2 catalyst layer in Figure 6.4 h
appears to be constructed of shorter branches of dendritic Ni(OH)2 mixed with
spherical particles of a different morphology most likely an Fe based oxide or
hydroxide which was simultaneously electrodeposited. The addition of Fe into the
electrodeposition solution appears to control the thickness of the catalyst layer across
the SS substrate and help improve the distribution of catalyst across the surface such

that the apertures of the mesh are not reduced in size.

(100) Uncoated SS mesh

(220)
L (200) J

= Plastic holder with putty
<
iy
)
7
5
k=
= Fe PDF 01-071-4649
| |
‘ CaCO; PDF 01-071-3699
T T T T T
20 30 40 50 60 70 80
20/ degree

Figure 6.5 XRD diffractograms of uncoated SS mesh and the plastic sample holder
with putty.

The crystal structures and chemical compositions of the various catalyst coated
electrodes are obtained via X-ray diffraction as displayed in Figure 6.5 and 6.6. The
structural parameters of the diffractograms are summarised in Table 6.1. Since the
samples were secured in the sample holder with a small amount of putty, a
diffractogram of the plastic holder with putty was obtained for comparison. From the

graph in Figure 6.5, trigonal CaCOs (PDF 01-071-3699) was identified to be present
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as a particulate filler in the putty and the most intense peak at 29.5 ° is seen in the
diffractogram of uncoated stainless steel mesh. The peaks in the diffractogram of
uncoated stainless steel mesh match the standard pattern of cubic Fe (PDF 01-071-
4649) and the (100), (200) and (220) peaks are observed in all subsequent
diffractograms. These peaks can therefore be disregarded in the following

diffractograms.

Table 6.1 Summary of XRD structures of the diffractograms in Figure 6.5 and 6.6.

Sample Crystal Space group | Lattice constant / A Cell volume / A3
system
CaCos Trigonal R-3cH a=b=4.99, c =17.1 368.07
Fe metal Cubic Fm-3m a=b=c=3.61 47.05
Co304 Cubic Fd-3m S a=b=c=8.07 525.56
NiC0204 Cubic Fd-3m Z a=b=c=8.11 533.41
Ni metal Cubic Fm-3m a=b=c=3.54 44.36
(a) L (b) M
i Uncoated SS mesh : ' Uncoated SS mesh
: 1 | JL 2 L N
Co;0,PDF 01-076-1802 NiCo,0, PDF 01-073-1702
, A l A 1 : A l' ‘ . As A . A | A A' A . s

20 30 40 50 60 70 80 20 30 40 50 60 70 80

26/ degree

Ni(OH), on SS mesh

Ni-Fe(OH); on SS mesh

260/ degree

(©)

Ni PDF 01-071-4653

Intensity / a. u.
e
(M
e

Fe PDF 01-071-4649

T T T T T
20 30 40 50 60 70 80

20/ degree

Figure 6.6 XRD diffractograms of SS mesh coated with a) C0304, b) NiC0204, C)
Ni(OH)2 and Ni-Fe(OH)-.
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From the diffractogram of spinels C03z04 and NiCo204 coated on stainless steel
mesh, it can be seen clearly that the peaks are sharp and intense indicating the
crystallinity of these materials. The peaks of these diffractograms match standard
patterns for cubic Co304 (PDF 01-076-1802) and cubic NiC0204 (PDF 01-073-1702)
as illustrated. In the diffractograms of Ni(OH)2 and Ni-Fe(OH)z, both have peaks which
match the standard pattern for cubic Ni metal (PDF 01-071-4653), but the lack of
appearance of other peaks is likely due to the amorphous nature of the Fe hydroxide
and this has been investigated further and discussed in Chapter 7. The greater
intensity of the Ni peaks in the diffractogram of Ni-Fe(OH)2 compared to the same
peaks in the diffractogram of Ni(OH)2, can be attributed to the better coverage of the

SS mesh by the deposited Ni-Fe(OH)2 catalyst layer.

6.2.2. Electrochemical characterisation of catalyst samples

The interconversion of Ni ion species was introduced by Bode [3] for nickel oxy/
hydroxide electrodes. All species or phases are non-stoichoimetric with different
ranges of oxidation states and one phase can be easily converted to another by
charging or discharging at different potentials. The presence of certain Ni oxide phases
indicate more active species are available for oxygen evolution reaction which has
been shown by more than one study to be true. A labelled voltammogram of Ni-based
oxidation is presented in Figure 6.7 and a brief description of each stage is given

below.
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Figure 6.7 Labelled cyclic voltammogram of Ni mesh cycled at scan rate of 50 mV s
between 0.1 and 0.675 V (vs Hg/HgO) in 1 M NaOH at 295 K.

(1) The Ni electrode upon contact with alkaline solution forms NiO or mildly soluble
Ni(OH)2 phase, since the two reactions take place at roughly the same potentials,
they are both favourable thermodynamically [4]. Some studies mention the
spontaneous passivation of nickel forms an NiO layer and then Ni(OH): layers are
formed on top of this layer [5, 6]. These layers give the Ni electrode an open circuit

potential of ~0.3 V.

(2) Upon cycling in an anodic direction, the first anodic peak at ~0.47 V indicates the
oxidation of Ni?* surface species to Ni®*. This species of NiOOH is referred to as
B-NiOOH [7-9] and is suggested to be the desired species for oxygen evolution,

providing active sites for the reaction to occur at.

(3) The second anodic peak is found between 0.6 and 0.7 V and indicates the evolution
of oxygen. It is suggested that the Ni species at this stage consists of a mixture of
NiO2 and NiOOH compounds and the composition of this mixture is dependent on

the electrolyte used. The Ni** species is inactive for the oxygen evolution reaction.
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(4) On the return sweep in the cathodic direction, the reduction of NIOOH to Ni(OH)2
takes place leading up to the cathodic peak at ~0.4 V. Further reduction

continues past 0.4 V until only Ni(OH): is present again.

Cyclic voltammograms of the various catalyst coated SS mesh were carried out
at 100 mV s between oxidising potentials of 0.1 and 0.7 V. The current values
recorded were normalised against both geometrical electrode area (Figure 6.8 a) as
well as catalyst mass or loading (Figure 6.8 b) as the electrodes were not evenly
coated with the same amount of catalyst due to the different methods of preparation.
This was to ensure a better representation of the catalysts performance since
normalising the current value solely against electrode geometrical area is not likely to

be accurate enough especially for three dimensional electrodes [10].

From the results, all catalyst coated SS mesh appear to be more active for OER
compared to uncoated SS mesh. In both graphs, the Ni-Fe(OH)2 catalyst displayed
the earliest onset potential for OER even though the OER peak currents of the plots
differed in magnitude. This was followed by spinel oxide NiC0204, Ni(OH)2 and lastly
Co0304. The OER activity of Ni-Fe(OH)2 and NiCo0204 appear unchanged regardless of
whether the current was normalised against geometric surface area or catalyst mass
which indicates that the better performance for OER of Ni-Fe(OH)2 was due to the
catalyst’s intrinsic activity for the reaction and unlikely a result from a greater surface

area or mass of catalyst.
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Figure 6.8 Cyclic voltammograms of various catalyst coated SS mesh cycled between
0.1V and 0.7 V vs Hg/HgO at 100 mV s in 1 M NaOH at 295 K plotted against current
per a) electrode geometric surface area and b) mass of catalyst.

From the voltammogram of the Co304 catalyst film (— blue curve), the anodic
peak at 0.56 V and cathodic peak at 0.49 V are related to the Co3*/** redox couple [11,
12] given in equation (6.3). The broad anodic and cathodic peaks around 0.2 V are
expected to be due to the small number of Co?* cations present in tetrahedral sites
being oxidised to Co3®* [12, 13] as represented by equation (6.4) and the low intensity
of these peaks is a result of the higher bonding energy required for oxidation and
reduction of Co?*/3* [14].

CoOOH + OH «+ Co0O2 + H20 + e 0.56 V vs Hg/HgO (6.3)

CoOOH + e - « C0304 + OH + H20 0.22 V vs Hg/HgO (6.4)
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The voltammogram for NiC0204 (— pink curve) in this study is consistent with
that of NiC0204 prepared in a similar manner on a Ni substrate by thermal
decomposition of nitrates dissolved in ethanol [15]. The broad anodic peaks at 0.37 V
can be assigned to the Co?*/** and Ni?*/3* couples based on equations (6.4) and (6.5).
The second anodic peak at 0.54 V can be related to Co3*/** and Ni®*/** redox couples
[16, 17] represented by equations (6.3) and (6.6) respectively whilst the broad cathodic
peak at 0.3 V is due to the reduction of Ni** and Co**.

2Ni3O4 + 20H" < 3Ni203 + H20 + 2~ 0.37 V vs Hg/HgO (6.5)
NiOOH + OH" < NiO2 +H20 + e 0.50 V vs Hg/HgO (6.6)

The shape of the voltammogram for Ni(OH)2 (— black curve) is similar to the
voltammogram for Ni mesh described in Figure 6.7. However, the broad anodic peak
seen at 0.48 V is likely to consist of two forms of Ni(OH)z, the hydrated a-phase and
the unhydrated B-phase [3]. From literature, the B-phase is observed to be more active
for the oxygen evolution reaction compared to the a-phase as the B/ oxidation cycle
occurs at more positive potentials than the a/y cycle. The Bode plot in Figure 6.9
illustrates the transition of Ni?* to Ni* seen in equation (6.7) and indicates that aging
or dehydration of the a-phase gives the desirable stable B-phase. This reaction occurs
around the same oxidative potentials as the oxygen evolution reaction given in
equation (6.2) [18].

Ni(OH)2 + OH - NIOOH + H20 + e- 0.39 V vs Hg/HgO (6.7)

The presence of two phases of NIOOH is more obvious in the overlapping
cathodic peaks at 0.33 V and 0.37 V which are typically related to the B/B cycle and

a/y cycle respectively.
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Figure 6.9 Bode plot for Ni?* to Ni®* redox transition [18].
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Finally, in the voltammogram of Ni-Fe(OH)2 (— green curve) the addition of Fe
appears to cause a shift in the anodic peak for redox couple Ni?*/3* to more positive
potentials of ~0.59 V, likely due to the oxidation of Fe3*, and a decrease in OER onset
potential is observed to coincide with this peak [19]. This decrease in OER
overpotential is suggested to be a result of the stabilisation of an intermediate in the
rate determining step from the substitution of Ni®* with Fe3* in NiOOH [20, 21]
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Figure 6.10 Slow scan voltammograms of various OER catalysts swept between 0.45
and 0.8 V vs Hg/HgO at 1 mV st in 1 M NaOH at 295 K plotted against current per a)
electrode geometric surface area and b) mass of catalyst.

Additional slow scan anodic polarisations at 1 mV s (Figure 6.10) were carried
out on the catalyst films under the same conditions and plotted against current
normalised against geometric surface area and mass of catalyst. A low scan rate was

selected to increase accuracy as holding the potentials for a slightly longer period of
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time helps to ensure that steady current values can be obtained. Overall, the results
of the slow scan voltammograms match that of the cyclic voltammograms with Ni-
Fe(OH):2 displaying the lowest overpotential for OER of 262 mV at 10 mA cmgeo and
265 mV at 2 A geatalyst* (Table 6.2). At low current densities, the spinel NiCo204 initially
displays a lower onset potential for OER than Ni(OH)2 however at higher current
densities, the overpotential for OER is greater for NiC0204 than Ni(OH)2. The noise
observed at higher overpotentials is due to the evolution of oxygen gas bubbles on the
surface of the electrodes, masking the active area available. The growth of bubbles at
the surface of the electrode affects the voltage of the cell by increasing ohmic
resistance and hence overpotential of the reaction, and the release of bubbles from
the electrode surface also creates turbulence in the electrode boundary layer which
affects heat and mass transfer [22].

Table 6.2 Comparison of catalyst composition on OER activity in 1 M NaOH, 295 K.

Sample Overpotential | Tafel slope/ | Overpotential Tafel slope/
at 10 mA mV dec? at 2 A geatalyst ™ mV dec?
CMgeo/ MV /I mV
Uncoated
SS mesh 430 45 ] )
Co0304 391 68 371 69
NiC0204 323 - 331 -
Ni(OH)2 325 71 328 74
Ni-Fe(OH)2 262 64 265 69

The overpotentials from the slow scan voltammograms and corresponding
Tafel slope values are summarised in Table 6.2. In both log j vs potential graphs
presented in Figure 6.11 there is no linear region in the plots for NiC0204 catalyst
layer for the Tafel equation to be fitted against possibly because a charge transfer
process does not control the reaction rate of OER [23]. The Tafel slope value of
uncoated SS mesh is in agreement with previously recorded Tafel slope values 45- 48
mV dec? for Fe electrode [24]. This value of ca. 40 mV dec! suggests that the second

electron transfer step is the rate determining step.

160



Chapter 6 Selection of Catalyst for Oxygen Evolution Reaction

@ -

—— Uncoated SS mesh

: 2
Logj/mA CMyg,
o

// —— Co,0,
1 _~ Slope of 70 mV dec’ —— NiCo,0,
— Ni(OH),
Ni-Fe(OH),
-2 T T T T T
0.50 0.55 0.60 0.65 0.70 0.75 0.80

E vs Hg/HgO / V

(b) 45

Slope of 70 mV dec™ /

4.0

3.5 4

3.0 4

. 1
LOg J IA gcatalyst

—— Co,0,

—— NiCo,0,

—— Ni(OH),
Ni-Fe(OH),

2.5 A

2.0 T T T T T
0.50 0.55 0.60 0.65 0.70 0.75 0.80

E vs Hg/HgO / V

Figure 6.11 Tafel slope plots of various OER catalysts at low overpotentials in 1 M
NaOH at 295 K for current per a) electrode geometric surface area and b) mass of

catalyst.

The Tafel slope values of Cos04, Ni(OH)2 and Ni-Fe(OH)2 presented in Table
6.2 are in the range of 60 to 75 mV dec. Tafel slope values of ca. 60 mV dec! indicate
that a chemical step, for instance the chemical decomposition of OH" radicals which
are adsorbed to the surface, is the rate determining step. However these slope values
are greater than values reported elsewhere for these catalysts, which is suggested to
be due to greater resistances at the electrolyte/ electrode interface. The Tafel equation
normally only takes into account the overpotential from charge transfer and assumes
that the cation is able to move away from the reaction interface once dissolved [25].

However mass transfer and double layer effects which are normally assumed to be
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negligible for the Tafel equation are more significant in this case especially for catalyst

layers coated on a three dimensional electrode substrate.

6.2.3. Electrode stability test

The stability of spinel oxide NiC0204 and Ni-Fe(OH)2 on SS mesh were
evaluated for OER performance at 500 mA cm over a period of 3.5 h (Figure 6.12).

An uncoated Ni mesh was used as the cathode in the experiments.
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Figure 6.12 Cell voltage of alkaline water electrolyser over a period of 3.5 h at 0.5 A
cm2 of different catalyst coated SS mesh anodes and expanded Ni mesh as cathode
pressed up against Tokuyama A201 hydroxide anion exchange membrane in 4 M
NaOH at 333 K, 250 mL min-t pump rate.

Over the duration of the experiment, both catalyst coated electrodes presented
lower overpotentials compared to that of uncoated SS. The performance of the
NiCo0204 catalyst was observed to improve over the first half an hour before gradually
degrading as seen from the increase in cell voltage over time. This was perhaps due
to the weaker attachment of the catalyst to the SS mesh as catalyst particles were
observed to collect in the electrolyte reservoir over time. The recirculation of electrolyte
through the electrolyser and evolution of oxygen could have removed the catalyst from

the surface of the mesh, which will be examined in the future by weighing the mass of
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the mesh, and/ or collecting SEM micrographs, before and after testing. In contrast,
the electrodeposited Ni-Fe(OH)2 catalyst on SS mesh displayed consistent
performance and high activity for OER over the same period of time indicating its
stability and potential for further optimisation.

6.3. Conclusion

In this chapter, spinel oxide catalysts were prepared with a thermal
decomposition method and coated onto stainless steel mesh via a dip-coating process;
and hydroxide catalysts were synthesised via an electrodeposition method directly
onto stainless steel mesh. SEM characterisation revealed the microstructures of the
catalyst layers and coverage of the mesh samples. XRD characterisation confirmed
the presence of cubic Coz04 and NiC0204 catalyst layers whilst the shape of the cyclic

voltammograms confirmed the presence of Ni(OH)2 and Ni-Fe(OH)2 catalyst layers.

The activity of these electrodes for oxygen evolution were compared and
evaluated with slow scan anodic polarisation under similar conditions. The Ni-Fe(OH)2
catalyst coated SS mesh displayed the highest OER activity with lowest overpotentials
for both current normalised against geometric surface area and current normalised
against mass of catalyst plots. Due to the higher resistance at the electrolyte/ electrode
interfaces of the catalyst coated SS mesh, the Tafel slope values for Co30a4, Ni(OH)2
and Ni-Fe(OH)2 were greater than expected. Preliminary stability tests in a water
electrolyser set-up verified the Ni-Fe hydroxide catalyst's durability when held at

anodic potentials over an extended period of time and potential for further optimisation.
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Chapter 7 Optimisation and Characterisation of Selected
OER Catalyst

Based on the results of the previous chapter, this chapter focuses on the
characterisation and optimisation of various transition metal hydroxide catalysts for
OER performance. The synergism of multiple first row transition metals with various
oxidation states is proposed to enhance the catalyst's OER activity. In this chapter, a
unique microelectrode set-up was used to prepare different compositions of unary,
binary and ternary metal hydroxide catalysts by cathodic electrodeposition and test
their performance at high current densities > 1 A cm™. In addition, the effects of
changing the electrodeposition parameters on the OER catalytic performance, was
investigated and discussed in detail. Lastly, the stability of the optimal Ni-Fe-Co

hydroxide catalyst was assessed in a zero-gap alkaline water electrolyser.

7.1. Experimental section

7.1.1 Synthesis of metal hydroxide catalysts

Table 7.1 Table of chemicals, and their respective suppliers, used for the synthesis of
catalysts.

Material Supplier
Nickel (Il) sulfate hexahydrate, NiSO4.6H.0 (=98%) Sigma-Aldrich
Iron (I1) sulfate heptahydrate, FeS0O4.7H,0 (299%) Sigma Aldrich
Chromium (lll) sulfate hydrate Cr(SO4)3.xH.0 Sigma Aldrich
Cobalt (1) sulfate heptahydrate, CoSO4.7H20 (98%) Alfa Aesar
Ammonium molybdate tetrahydrate, (NH4)sM07024.4H20 (99%) Alfa Aesar
Ammonium sulfate, (NH4)2SO4 (299%) Sigma Aldrich

The chemicals listed in Table 7.1 were used to prepare agueous
electrodeposition solutions of 18 mM binary (i.e. Ni-Fe, Ni-Co, Ni-Cr, Ni-Mo) and
ternary (i.e. Ni-Fe-Co, Ni-Fe-Cr and Ni-Fe-Mo) metal salts for catalyst synthesis. The
cathodic deposition of the various metal hydroxides was conducted under
galvanostatic control using current densities of 100-500 mA cm-2 for deposition times
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of 60 to 300 s at pH between 2 and 6 and temperatures of 22-70 °C. Standard
deposition parameters used were cathodic current density of 200 mA cm?for 120 s at
ambient temperature unless otherwise mentioned. The stainless steel microdisc
electrode was fabricated by sealing a stainless steel wire (Goodfellow, purity 99.0 %,
@ =25 um) in glass to give an exposed area of = 5 x 10°® cm?. The microelectrode tip
was polished with 1.0 ym and 0.05 ym alumina slurry (MicroPolish, Buehlar)
consecutively on Microcloth (Buehlar) followed by sonicating in deionised H20 for ~15

mins between each run.

Reference

electrode
Counter o

electrode

1
Working, !
electrode |}

Water outlet 4

I 4m Water inlet

Jacketed glass cell

Figure 7.1 Labelled cross section of custom-made jacketed glass cell for rapid catalyst
synthesis via cathodic electrodeposition.

The glass cell (=20 cm?3) used for catalyst synthesis via three electrode cathodic
electrodeposition is shown in Figure 7.1. An inbuilt water jacket allowed the
temperature of the cell environment to be controlled using a recirculating water bath
(TC120, Grant) and the volume and shape of the cell were designed to minimise
material waste and permit quick electrolyte changeover for rapid catalyst synthesis. A
polymer lid (not pictured here) and inbuilt glass holder held the working, counter and
reference electrodes at a fixed distance from each other. Pt mesh and in-house
manufactured Hg/ HgO in 1 M NaOH were used as counter and reference electrodes
respectively. The working electrode was positioned at a distance of 3 mm from the
counter electrode whilst the reference electrode was kept at a distance of 18 mm from

the working electrode.
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7.1.2. Physical characterisation

The surface morphology of the catalyst samples were characterised with a
SEM-EDX (FEI Quanta 650 FEG) operated at accelerating voltage 5 kV. TEM analysis
was conducted with a JEM-2100 LaB6 at an accelerating voltage of 200 kV and
catalyst samples were directly deposited onto 3.05 mm diameter Cu grid of 100 square
mesh (AGG2100C, Agar Scientific) for characterisation. The composition of transition
metals in the catalyst layers were determined with EDX from samples that were
deposited on carbon polymer plate (BMAS5, Eisenhuth) with a controlled working area
of ~0.126 cm?. Carbon polymer plate was selected as the electrode substrate material,
to allow the composition of the deposit to be determined more accurately. In the same
manner, samples were prepared on carbon polymer plate for X-ray photoelectron
spectroscopy (XPS, Thermo Fisher, ESCALAB 250Xi) measurements carried out with
a monochromatic Al Ka source over energy range of 0 to 1350 eV with pass energy of
30.0 eV, step size of 0.05 eV and X-ray spot size of 500 um. All spectra were analysed
with XPSPEAK 4.1 software and NIST XPS database [1].

7.1.3. Electrochemical characterisation

Electrochemical measurements were carried out with a Bio-logic potentiostat
using EC-lab software. After catalyst was deposited on the surface of the microdisc,
the microelectrode was removed from the glass cell pictured in Figure 7.1 and the tip
was rinsed several times with deionised H20. The microelectrode was then inserted
into the bottom of another custom-made glass cell (Figure 7.2) of ~25 cm?® with a

screw cap and an O-ring to prevent any leakages.
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Figure 7.2 Labelled cross section of jacketed glass cell used for screening of catalyst

performance.

The microdisc was orientated facing upwards in the cell to help facilitate the
release of O2 bubbles and prevent the build-up of bubbles on the electrode surface.
The inbuilt cell jacket was connected to a recirculating water bath which maintained
the cell environment at 333 K. A polymer lid (not pictured here) and an in-built glass
holder held the Pt mesh counter electrode and in-house manufactured Hg/ HgO in 1
M NaOH reference electrodes in place at a fixed distance from each other and the
working electrode. The working electrode a distance of 5 mm from the counter
electrode and 7 mm from the reference electrode.

Cyclic voltammograms were obtained in potential range of 0.1 to 0.7 V at scan
rate of 100 mV s and slow scan linear sweep voltammograms were carried out at
anodic potentials of 0.45 to 0.8 V at scan rate of 1 mV s1. Overpotential values were
calculated as described in Section 3.4.1.2, Erev Was taken to be 0.303 V vs Hg/ HgO
in 1 M NaOH [2]. All experiments were carried out in a static alkaline electrolyte and
results were obtained after several scans when a stable response was recorded. The
current densities are reported as a function of the geometric surface area of the

microelectrode tip.

The optimised catalyst samples were electrodeposited onto SS mesh for further
tests in a zero-gap alkaline water electrolyser as described in Chapter 6 to
demonstrate preliminary stability for OER. The cell was constructed with an expanded

Ni mesh cathode and a catalyst coated expanded SS mesh on either side of a
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hydroxide membrane a peristaltic pump helped to pump 4 M NaOH electrolyte at a
flow rate of 250 mL mint through the system and across the face of the mesh
electrodes to remove Hz and O2 bubbles produced. The cell was run at current density
of 0.5 A cm? over 3.5 h.

7.2. Results and discussion

7.2.1. Cathodic electrodeposition of metal hydroxides
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Figure 7.3 Potential versus time plot for the chronopotentiometric electrodeposition
from 18 mM nickel sulphate + 25 mM ammonium sulphate at cathodic current densities
of 200 mA cm2and 300 mA cm on SS microelectrode over 120 s at room temperature.

Figure 7.3 shows the potential versus time plots for the chronopotentiometric
cathodic deposition of 18 mM nickel sulphate + 25 mM ammonium sulphate at 200 mA
cm? and 300 mA cm2 on SS microelectrode over 120 s. This causes the precipitation
of insoluble transition metal hydroxides out onto the microdisc surface [3] as described
by equation (7.1). Since in this case very high current densities are used, the potential
response is usually more negative than the standard reduction potential of water
represented by equation (7.2) therefore a small percentage of the current efficiency is

lost to the production of Ho.
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Ni2* + 20H" = Ni(OH): (7.2)
2H20 +2e" > Hz2 + 20H" -0.73 V vs Hg/HgO (7.2)

From the plot of cathodic deposition at 200 mA cm? in Figure 7.3, the potential
is observed to dip initially indicating the onset of the reduction reaction and the
overpotential observed is due to the nucleation of the nickel hydroxide deposits at the
surface of the microdisc. This is then followed by a gradual decrease in the magnitude
of potential over time as the surface area increases from the growth in the catalyst
layer therefore the current applied per area decreases over time. Since the thickness
of the deposit over the microdisc is dependent on the current density at each point on
the surface, a uniformly thick deposit is difficult to achieve due to various irregularities
across the surface of the microdisc hence polishing of the microdisc between
experiments was carried out to reduce this effect. At 300 mA cm-2, the plot has a similar
shape to the plot at 200 mA cm?, however, dip at the beginning is sharper and
overpotential is much greater in comparison. This is due to the greater current applied
to the conductive microdisc and indicates that the rate of nucleation of the hydroxide
deposits increases as well. The effect of changing this parameter on OER

performance is discussed in Section 7.2.6.1.

7.2.2. Oxygen evolution on Ni hydroxide catalyst

Cyclic voltammograms of polished stainless steel microelectrode and Ni(OH)2
layer deposited on the SS microelectrode cycled between 0.1 and 0.7 V at 100 mV s
1in 1 M NaOH at 333 K are compared in Figure 7.4. On the current density scale of
the figure, the features of the voltammogram of uncoated SS microelectrode are
indistinct. Whilst in the voltammogram of Ni(OH)2 catalyst layer, a well-formed
symmetrical anodic peak at 0.49 V and corresponding cathodic peak at 0.42 V are
seen which relates to the surface conversion between Ni(OH)2 and NiOOH [4]. The

reaction is described previously by equation (6.7).
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The anodic peak at > 0.6 V in both voltammograms indicates the evolution of
oxygen. The oxidation of Ni(OH)2 and evolution of Oz theoretically occur around the
same potentials, however, due to the sluggish kinetics of the oxygen evolution reaction,
the experimental onset of this reaction usually takes place at more positive potentials.
Overall, the presence of Ni(OH)2 catalyst layer on the surface of the microelectrode
clearly helps to decrease the overpotential of the oxygen evolution reaction by ~65 mV

at 0.1 A cm?compared to the bare SS microdisc surface.
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Figure 7.4 Cyclic voltammograms of uncoated stainless steel microelectrode and
stainless steel microelectrode with Ni(OH)2 cathodically electrodeposited at 200 mA
cm2 for 120 s from 18 mM nickel sulfate solution onto the surface. Cycled between
0.1 and 0.7 V vs Hg/HgO in 1 M NaOH, 333 K at scan rate of 100 mV s,
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7.2.3. Comparison of unary metal hydroxide catalysts

The linear sweep voltammograms of unary hydroxide catalysts are displayed in
Figure 7.5 a. From the voltammograms, Ni and Co unary hydroxide are observed to
demonstrate the best overall OER performance with lowest overpotentials. At lower
current densities, unary Cr hydroxide demonstrates better catalytic performance than
Fe and Mo unary hydroxides. However, at current densities greater than 1 A cm, the

catalytic performance of Fe unary hydroxide surpasses that of Cr unary hydroxide.
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Figure 7.5 a) Linear sweep voltammograms swept at scan rate 1 mV s from 0.45 to
0.75V b) Tafel slope plots of unary hydroxide catalysts tested in 1M NaOH, 333 K. All
catalysts were cathodically electrodeposited at 200 mA cm for 120s on the surface
of the stainless steel microelectrode from their respective 18 mM metal sulfate + 25
MM (NHa4)2S0a4 solutions.

From Figure 7.5 b the Tafel slopes of unary hydroxides of Ni, Co, Fe and Cr
were in the range of 38 to 43 mV dec* at low overpotentials (Table 7.2) which agree
well with reported values [5, 6]. Since these values are close to slope value of ~ 39
mV dec?, this corresponds to an OER mechanism where the second electron transfer
step is rate determining. On the contrary, the Tafel slope of Mo unary hydroxide was
found to be 50 mV dec™ indicating that the rate determining step for OER at this

catalyst is a chemical step[7].
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Table 7.2 Overpotentials and Tafel slope values for unary hydroxide catalysts
extracted from Figure 7.6.

Unary hydroxide Overpotential, Overpotential, Tafel slope, b/
770 54 cm_z / mV no 14 Cm—Z / mV mV deC-l
Ni 348 307 40
Co 335 301 38
Fe 400 357 42
Cr 387 337 43
Mo 420 361 50

Figure 7.6 i) SEM micrographs (left), ii) TEM and iii) corresponding diffraction
patterns (right) of cathodic depositions from solutions of 18 mM a) Ni b) Fe and ¢) Co
metal sulfate +25 mM (NH4)2SOa.

Depositions from unary metal sulfate solutions of Ni, Fe and Co were
characterised with SEM and TEM to determine the morphology of the films at micro
and nano-scale. XPS was carried out to confirm the presence of metal hydroxides in
the films. SEM and TEM micrographs presented in Figure 7.6 a i and ii reveal the

morphology of the sample deposited from Ni sulphate solution to be composed of
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interconnected crystals forming clumps of dendritic structures. In Figure 7.6 b i and ii,
micrographs of the deposit from Fe sulphate solution shows densely packed crumpled
layers of nanosheets which form flake-like structures on a micro-scale. Finally in
Figure 7.6 c i and ii of sample deposited from Co sulphate solution, the TEM
micrograph displays a nanoflower-like architecture which translates into layers of
aggregated nanoflowers at micro-scale The diffraction patterns of these samples are
composed of concentric circles which suggest that all three deposits are polycrystalline.
However, the diffused rings in diffraction patterns of all samples also indicate the low
crystallinity of the deposits. The ring diameters of diffraction pattern Figure 7.6 a iii
are indexed to the lattice planes of hexagonal Ni(OH)2 (JCPDS 00-002-1112, space
group: P-3m1 (164) with lattice constants a = 3.11 and ¢ = 4.66) and rings in Figure
7.6 b iii and c iii are similarly found to correspond to standard dn« patterns for
orthorhombic FeOOH (COD 9003076, space group: Pbnm (62) with lattice constants
a=4.63, b =999 c=3.04, a/b =0.463 and c/b =0.304) and hexagonal Co(OH)2
(JCPDS 00-030-0443, space group: P-3m1 (164) with lattice constants a = 3.18 and ¢
= 4.65) respectively.
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Figure 7.7 XPS M-2p for samples cathodically from 18 mM sulfate solutions of a) 100%
Ni, b) 100% Fe and ¢) 100% Co and d) O1s spectra for the various samples. All sulfate
solutions contained 25 mM (NH4)2SOa.

XPS analysis give further insight into the elements present in these samples as
well as their oxidation states. Figure 7.7 a shows the spectra for Ni 2p with peaks for
p orbitals 2ps2 and 2p12 centred at 856.7 eV and 874.5 eV respectively. The spin orbit
separation of these two peaks is 17.8 eV which is characteristic of Ni(OH)z [8]. The
O1s spectrum of this sample (Figure 7.7 d) was fitted with peaks for lattice H20, M-O
and M-OH bonds. The peak at binding energy 532 eV is characteristic of the OH"
bound hydroxide group for Ni(OH)2 and peak at ~530 eV is characteristic of 0% of M-
O bond for NiO. Overall, the shapes and positions of the Ni 2p and O1s peaks match
those of standard XPS spectra for Ni?* [9-12]. The signal areas of M-O and M-OH
peaks in the O1ls spectra also correspond well to that of NiO and Ni(OH)z in the Ni2p

spectrum confirming that the sample is largely composed of Ni(OH)2.

The Fe 2p spectrum (Figure 7.7 b) shows peaks for Fe2ps2 and Fe2pui2 at
711.5 eV and 724.9 eV giving a spin separation of 13.4 eV characteristic of both
FeOOH and Fe20s3 [13]. The broad satellite peak at ~720 eV in this spectra indicates
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that the Fe has an oxidation state of 3 [14] and BEo1s — BEre2p32 = 181.1 eV gives
further evidence of the presence of Fe3* [15]. The accompanying O1s spectra (Figure
7.7 d) has a peak at 531.6 eV from M-OH of FeOOH and a shoulder peak at 530.2 eV
for M-O of Fe20s3, consistent for metal oxyhydroxide of Fe3*. Overall, the Fe2p and
O1s spectra matches that of FeOOH in the literature [15-18].

The Co 2p spectrum (Figure 7.7 c) shows peaks for Co2ps2 and Co2pi2 at
binding energies of 781.0 eV and 797.0 eV giving a spin separation of 16.0 eV which
is characteristic of Co(OH)2 [19]. The prominent satellite peaks which accompany the
Co 2p peaks further indicate that high-spin Co?* species is dominant in the deposit as
these satellite peaks are usually weak or absent for low-spin Co®* species [20, 21].
The accompanying Ols spectrum (Figure 7.7 d) has a peak at 531.2 eV which is
characteristic of the M-OH bond in Co(OH)z [22, 23]. The signal areas of M-O and M-
OH in O1s spectrum correspond well to that of Co2p spectrum confirming that Co?*

species is present and the sample is largely composed of Co(OH)-.

7.2.4. Comparison of binary metal hydroxide catalysts

Binary hydroxides of Ni-Fe, Ni-Co, Ni-Mo and Ni-Cr were investigated in the
same manner and their overpotentials and Tafel slope values are summarised in
Table 7.3. The electrodeposition bath compositions used to prepare the catalysts as
well as the atomic percentages of the elements present in selected catalyst samples

are also displayed.
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Table 7.3 Overpotentials and Tafel slope values for unary and binary Ni-Fe, Ni-Co, Ni-
Mo and Ni-Cr hydroxides tested in 1 M NaOH, 333 K.

Electroplating EDX of Tafel
Binary bath catalyst Overpotential, | Overpotential, | slope, b
hydroxide | composition/ surface Nosacm=2! MV | No1aem-2/ MV | [mV
molar % (at. %) dec
75:25 76:24 323 292 48
Ni-Fe 50:50 - 341 304 39
25:75 - 354 320 42
75:25 - 332 299 36
Ni-Co 50:50 - 326 298 34
25:75 34:66 322 295 36
75:25 - 357 312 41
Ni-Mo 50:50 75:25 335 298 42
25:75 - 339 300 42
75:25 83:17 329 293 38
Ni-Cr 50:50 - 354 309 43
25:75 - 379 333 44

The cyclic voltammograms of catalyst hydroxide films deposited from solutions
of varying molar percentages between Ni and Fe are given in Figure 7.8 a. The anodic
peak potential representative of the Ni?*/** redox couple shifts to more positive
potentials in response to increases in molar percentage of Fe in the deposition solution.
The sample deposited from solution containing 25% Fe gives the lowest overpotential
of 292 mV at 0.1 Acm2 (Figure 7.8 b), which has also been reported by several other
studies [24-26]. Compared to the Tafel slope values of unary Ni and Fe hydroxides,
the Tafel slope of catalyst deposited from deposition solution containing 25% Fe is
determined to be 48 mV dec™ indicating a change in OER mechanism to one where
the formation of a superoxy intermediate —OOH is the rate determining step [5].
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Figure 7.8 a) Cyclic voltammograms cycled between 0.1 and 0.7 V vs Hg/HgO at scan
rate of 100 mV s and b) linear sweep voltammogram swept at scan rate 1 mV s
tested in 1M NaOH, 333 K. All catalysts were cathodically electrodeposited from their
respective 18 mM metal sulfate solutions of various molar percentages + 25 mM
(NH4)2SO0a.

Among the Ni-Co binary hydroxides, the overpotential for the oxygen evolution
reaction is lowest at 295 mV at 0.1 A cm for the catalyst from deposition solution
containing 75% Co. The OER overpotential is observed to increase gradually with the
Ni content in the deposition solution. Tafel slope values for the mixed Ni-Co based
binary hydroxide catalysts are found to be between 34 and 36 mV dec! which

suggests that the OER reaction pathway is similar to that of Co unary hydroxide.

Mixed hydroxides of Ni-Mo are observed to be more active OER catalysts than
unary Mo hydroxide. Electroplating solutions with 50% and 75% Mo content produced
catalysts with lower OER overpotentials compared to unary Ni hydroxide, with the
sample prepared from a deposition solution of 50% Mo content exhibiting the lowest
overpotential for OER. EDX analysis of the sample’s surface showed that it was
actually composed of 75% Ni and 25% Mo indicating that Ni is deposited preferentially
to Mo.

Compared to other binary Ni-Cr hydroxides and their respective unary
hydroxides, the presence of 25% Cr in the deposition solution gives a catalyst with the
lowest overpotential for OER. Catalysts from electroplating solutions with 50 - 100%
Cr content however, have much higher overpotentials for OER. This result is
supported by Diaz-Morales et al.’s computational study [27] of doped Ni oxyhydroxides
which proposed that Ni is the active site on Cr-doped Ni oxyhydroxide hence a catalyst
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prepared from a solution with a larger percentage of Ni is likely to have more OER
sites. The Tafel slope of the Ni-Cr binary hydroxide sample from 25% Cr 75% Ni
deposition solution was determined to be 38 mV dec* which is very close to that of
the sample from 100 % Ni deposition solution (40 mV dec™). It is therefore likely that
the presence of ~ 20 % Cr in the Ni(OH)2 catalyst does not change the OER pathway,

but instead increases the rate of the rate determining step.

Overall, the optimal Ni-based binary metal hydroxides ranked according to their
overpotential values are Ni-Fe < Ni-Cr < Ni-Co < Ni-Mo at 0.1 A cm™ and Ni-Fe = Ni-
Co < Ni-Cr < Ni-Mo at 0.5 A cm2. These trends are generally similar to those obtained
from benchmarking studies of Ni-based metal oxides [28], hydroxides [26] and

oxyhydroxides [27].

7.2.5. Comparison of ternary metal hydroxide catalysts

The optimisation of the ternary metal hydroxide catalyst composition is
complicated by the preferential order of unary hydroxide deposition [29-31]. In order
to account for the interactions between binary metal hydroxides, the experimentally
obtained optimal compositions of binary metal hydroxides of Ni-Fe, Ni-Co, Ni-Cr and
Ni-Mo were initially used to determine electroplating solution compositions of the Ni-
Fe based hydroxide of Ni-Fe-Co, Ni-Fe-Mo and Ni-Fe-Cr although other plating
compositions were also tested. The overpotentials and corresponding Tafel slope
values of these ternary metal hydroxides are shown in Table 7.4. From the table, the
optimal ternary hydroxides of Ni-Fe-Cr, Ni-Fe-Mo and Ni-Fe-Co were found to be
closely associated to the molar percentages of the optimal binary hydroxides. For
example, the optimal Ni-Fe-Mo catalyst was synthesised from a bath composition of
Ni 44.5: Fe 11: Mo 44.5 metal sulphate solution since the optimal molar percentage of
Ni:Fe is 75:25 and Ni:Mo is 50:50.
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Table 7.4 Overpotentials and Tafel slope values for Ni-Fe based ternary metal
hydroxide catalysts tested in 1 M NaOH, 333 K.

Ternary Electroplati_n_g bath Overpotential, | Overpotential, Tafel
hydroxide composition/ Mosaem—2 I MV | Mot 4o 2 MV slope, b.1/
molar % mV dec
75:12.5:12.5 322 287 48
Ni-Fe-Cr 70:20:10 339 301 53
66:17:17 335 299 46
44.5:11:44.5 300 270 40
Ni-Fe-Mo 62.5:12.5:25 319 282 44
40:10:50 309 279 37
62.5:12.5:25 326 296 40
Ni-Fe-Co 44.5:11:44.5 316 290 31
23:8:69 296 265 37

The voltammograms of unary Ni and binary Ni-Fe metal hydroxide as well as
the optimal ternary metal hydroxides of Ni-Fe-Co, Ni-Fe-Mo and Ni-Fe-Cr are
displayed in Figure 7.9. The lowest overpotential at 0.1 A cm and 0.5 A cm™, was
obtained from Ni-Fe-Co ternary metal hydroxide followed by Ni-Fe-Mo < Ni-Fe-Cr <
Ni-Fe < Ni. This implies that the combination of ternary transition metals in the metal
hydroxide catalyst versus binary or unary metals has a greater effect on the OER

catalytic activity.
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Figure 7.9 Steady state polarisation curves swept at scan rate of 1 mV s1in1 M
NaOH, 333 K of various catalysts cathodically deposited from various 18 mM metal
sulfate solutions at 200 mA cm for 120 s on SS microelectrode.

The morphological effect of co-depositing more than one transition metal
hydroxide in binary and ternary hydroxides of Ni-Fe, Ni-Co and Ni-Fe-Co was
observed with TEM. The TEM micrograph of Ni-Fe binary hydroxide in Figure 7.10 a
displays a morphology of unary Ni hydroxide crystals encased by nanosheets of unary

Fe hydroxide. It is likely that during electrodeposition, unary Fe hydroxide coats the

dendritic structure of unary Ni hydroxide.

e s & ! 255 3,
igure 7.10 TEM micrographs of cathodic depositions at 200 mA cm for 120 s from
18 mM metal sulfate solutions of a) 75%Ni-25%Fe b) 25%Ni-75%Co and c) 23%Ni-
8%Fe-69%Co. All sulfate solutions contained 25 mM (NH4)2SOa.
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In Figure 7.10 b, the Ni-Co binary hydroxide reveals a dendrite of unary Ni
hydroxide with unary Co hydroxide nanoflowers interwoven within it. This suggests
that the Ni hydroxide provides a platform for the smaller discs of Co hydroxide to attach
to. The TEM micrograph of ternary Ni-Fe-Co hydroxide in Figure 7.10 ¢ shows an
interwoven network of Co hydroxide nanoflowers with Ni hydroxide platelets dispersed
throughout. The Fe hydroxide nanosheets present are difficult to discern from the Co
hydroxide nanoflowers as they closely resemble each other. The Ni hydroxide
therefore, likely serves as a scaffold for the Co hydroxide to deposit onto and the Fe

hydroxide is deposited at the edges of the structure.

7.2.6. Optimisation of ternary metal hydroxide catalysts

As the Ni-Fe-Co ternary metal hydroxide catalyst demonstrated lowest overpotential
at both 0.1 and 0.5 A cm?, it was selected for further study of the effects of
electrodeposition conditions on catalytic performance. The parameters investigated

were cathodic current density, pH, electroplating time and temperature.
7.2.6.1. Electrodeposition current density

Comparing the effect of cathodic current density, the SEM micrograph of
deposit at 100 mA cm? (Figure 7.11 a) shows deposit particles which are relatively
uniform in size and approximately 20-40 um in characteristic length. Increasing the

deposition current density to 200 or 300 mA cm causes the nucleation rate of the

deposit to speed up due, to the higher overpotential of the deposition reaction.

Flgure 7. 115EM 'mlcrographs of N| Fe Co ternary hydrOX|de catalyst prepared at a)
100 and b) 500 mA cm electrodeposition current density.

At very high current densities of 500 mA cm (Figure 7.11 b), the rate of growth
of the deposit becomes mass-transfer controlled [32] resulting in much larger clusters
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of deposit and the influence of other electrochemical reactions such as the evolution

of hydrogen which becomes more prominent.

At these higher current densities, not only are the deposit particles larger
because of increasing nucleation rate, voids in the particles which are created by the
competing hydrogen evolution reaction also appear to increase in number and size.
Based on the slow scan voltammogram results, a deposition current density of 300
mA cm gives the best OER catalytic activity for Ni-Fe-Co hydroxide catalyst (Figure
7.12) at both low and high current densities. This reduction in overpotential at 300 mA
cm? is likely to be due to increased electrocatalytically active surface area from the
mixture of large and small deposit particles and increase in number and size of voids
caused by hydrogen evolution, which exposes more surface area for the catalysis of

oxygen evolution.
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Figure 7.12 Linear sweep voltammograms of Ni-Fe-Co ternary hydroxide catalyst
prepared from 18 mM metal sulfate solution of 23%Ni-8%Fe-69%Co electrodeposited
at different cathodic current densities.

7.2.6.2. pH of electroplating bath

The effect of the deposition solution pH on deposits were investigated by
adjusting the solution pH with diluted H2SO4 and NaOH to acidic and alkaline pH
respectively. The pH of the unadjusted plating solution of Ni-Fe-Co hydroxide was ~5.5.

This was adjusted to values between pH 2.5 to 6.6; the reason being that at pH values
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greater than 7.0, Fe?* present in the solutions oxidised and precipitated out as
insoluble Fe3*. From the slow scan voltammograms (Figure 7.13), a low pH of 2.5 is

observed to produce catalyst which is less active for OER. Conversely, at higher pH

values of 3.9 and 5.5 the catalyst deposit is more active for OER.

1.0 g -
* ]
m pH25 . } -
#« pH3.2 * H
0.8 1 * pH3.9 ol H
* u
o pH5.5 A a
£ A pH66 * N
* ]
< 06 * ]
> * :
:
o %
£ 04 -
g
5
O
0.2
0.0 T T T
0.45 0.50 0.55 0.60 0.65 0.70 0.7¢

E vs Hg/HgO / V

Figure 7.13 Linear sweep voltammograms of Ni-Fe-Co ternary hydroxide catalyst
prepared from 18 mM metal sulfate solution of 23%Ni-8%Fe-69%Co adjusted to

different pH at cathodic current density of 300 mA cm-2.

Comparing the surface morphology of the deposits at pH 2.5 and 3.9 from SEM
micrographs (Figure 7.14 a & b respectively), the surface of the deposit from pH 3.9
displays clusters of nanoflower-like structures representative of Co hydroxide which
are not seen on the surface of the deposit from pH 2.5. The deposition solution pH
therefore affects the surface composition of the deposits. At a much lower pH, the
competing hydrogen evolution reaction is also enhanced [33, 34] resulting in weak and
unstable deposits which appear to negatively affect catalytic activity for OER. When
adjusting to higher pH values, the deposition of metal hydroxides are favoured due to

the higher concentration of hydroxyl ions near the electrode surface. As shown the
overpotential for OER is lowest for Ni-Fe-Co hydroxide deposits at pH 3.9 and pH 5.5,
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this suggests that electrodeposition solutions in this pH range are able to produce

stable and catalytically active deposits for oxygen evolution.

n

Figure 7.14 SEM micrographs of Ni-Fe-Co ternary hydroxide catalyst prepared from
electrodeposition solution of pH a) 2.5 and b) 3.9.

7.2.6.3. Electrodeposition time

While keeping deposition current density constant at 300 mA cm2, the mass of
the deposits will be increased by increasing electrodeposition time. This ensured that
the nucleation rate of the deposits remained constant therefore the size of the deposits
did not appear to be hugely affected.

Figure 7.15 SEM micrographs of Ni-Fe-Co ternary hydroxide catalyst prepared with
a) 60 s and b) 180 s electrodeposition time.

As seen in Figure 7.15 a, at a plating time of 60 s, the surface of the electrode
was evenly covered by the deposit. Owing to the high nucleation rate, a mixture of
large clusters and smaller fragments are seen on the surface of the electrode. With
increasing electrodeposition time, the large clusters remained similar in size but some
appeared more distorted due to the greater number of voids created by the consistent
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production of hydrogen bubbles over this longer period of time [35-37], which also

contributed to the surface of the electrode being less well covered (Figure 7.15 b).

The decrease in overpotential of catalyst performance of catalyst prepared with
180 s electrodeposition time correlates to the increase in voids and three dimensional
features observed in the deposit clusters on the electrode support, indicating an
increase in electrocatalytically active surface area for oxygen evolution. This was
considered a strategic way of using the competing hydrogen evolution reaction to
increase the porosity of the deposits. A plating time of 240 s was found to give the
lowest overpotential value of 235 mV at 0.1 Acm?and 262 mV at 0.5 A cm for the
Ni-Fe-Co hydroxide catalyst (Figure 7.16). In addition, the Tafel slope value for this
catalyst was found to be 36.3 mV dec* which is the lowest value obtained of all the
tested Ni-Fe based ternary metal hydroxides. Since Tafel slope is a measure of the

change in rate of OER to potential applied for the reaction, a lower Tafel slope value

typically indicates a more efficient catalyst for the reaction.
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Figure 7.16 Linear sweep voltammograms of Ni-Fe-Co ternary hydroxide catalyst
prepared from 18 mM metal sulfate solution of 23%Ni-8%Fe-69%Co adjusted to pH
3.9 at cathodic current density of 300 mA cm at varying lengths of electrodeposition

time.

7.2.6.4. Electrodeposition temperature

Distinct morphological changes are observed in deposit when the

electrodeposition temperature increase. Initially increasing the temperature from 22
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°C to 35 °C causes the rate of deposition to speed up due to the quicker diffusion of
ions and lower nucleation activation energy resulting in the formation of larger deposits
on the surface of the electrode. At temperatures = 50 °C however, the effect of
increasing electrodeposition temperature changes abruptly and structure of the

deposits become thinner, weaker and less compact.

Figure 7.17 SEM micrographs of Ni-Fe-Co ternary hydroxide catalyst prepared from
deposition solutions adjusted to a) 22 °C and b) 70 °C.

At a high temperature of 70°C, the deposits curl up to expose more uncovered
electrode surface (Figure 7.17 b). This could be partially attributed to the greater
enhancement of the rate of hydrogen evolution at the electrode surface. Increasing
the temperature also led to observable chemical changes in the electrodeposition
sulfate solution which could have affected the electrodeposition reactions. For
example, at = 35 °C insoluble reddish-brown Fe(OH)s was observed to precipitate out
of the Ni-Fe-Co sulfate solution after electrodeposition. It is clear from the linear sweep
voltammograms of catalyst produced from deposition solutions of different
temperatures that overpotential increases with temperature (Figure 7.18) and the
catalyst prepared at 22 °C displayed the lowest overpotential for OER.
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Figure 7.18 Linear sweep voltammograms of Ni-Fe-Co ternary hydroxide catalyst
prepared from 18 mM metal sulfate solution of 23%Ni-8%Fe-69%Co adjusted to pH
3.9 at cathodic current density of 300 mA cm for 240s at varying temperatures.

7.2.7. Characterisation of optimised ternary hydroxide catalyst

The optimised Ni-Fe-Co ternary hydroxide catalyst was deposited onto carbon
polymer plate and examined with SEM, EDX and XPS before and after undergoing
anodic polarisation at high current density of 100 mA cm- for 15 mins. From SEM
micrographs in Figure 7.19, the catalyst layer did not undergo any size or shape
changes after oxidation, however the most noticeable difference was the growth of
clusters of nanoflowers from all exposed surfaces of the deposit in Figure 7.19 b.
Similar nanoflower-like structures were seen on the deposit surface before evolving
oxygen (Figure 7.19 a) but these were only present on small areas of the deposit
surface. It is therefore apparent that this morphological change is linked to the
evolution of oxygen which occurs at the surface of the particles. EDX analysis showed
that the atomic composition of the deposit remained fairly constant across the

electrode before and after oxygen evolution, confirming sample homogeneity.
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Figure 7.19 SEM micrographs of optimised Ni-Fe-Co ternary hydroxide catalyst a)
before and b) after anodic polarisation at 100 mA cm.

XPS spectra of the ternary Ni-Fe-Co hydroxide before and after anodic
polarisation reveal that changes occur during the surface chemical reactions. From
the Co 2p spectra (Figure 7.20 a) of the sample before evolving oxygen, a peak at
781.3 eV with accompanying satellite peak at 786.2 eV confirms the presence of
Co(OH). After being subjected to oxidising conditions, the spectra displays a Co2pas/2
peak at binding energy 780.4 eV which is characteristic of Co®"#* in both CoOOH and
Co304 due to their slightly overlapping binding energies. Given the absence of the
accompanying satellite peak of the Co2ps2 peak at 786.2 eV as well, it is apparent
that Co3®* species is present predominantly as CoOOH [20, 23]. Additionally, the
difference in binding energy of multiplet peaks 2ps2 and 2p12 peaks before evolving
oxygen is ~16 eV which is characteristic of Co(OH)2 and after evolving oxygen it is
reduced to ~15 eV which is characteristic of CoOOOH [38] (Figure 7.20 b). Itis therefore

evident that during the evolution of oxygen, reaction (7.3) takes place.

Co(OH)2 + OH > COOOH + H20 + & (7.3)

190



Chapter 7 Optimisation and Characterisation of Selected OER Catalyst

(b) [ coz Cozpy,

(@)

Before anodic polarisatiqn
i

16.1eV

Intensity / a. u.
Intensity / a. u.

e ==

After anodic polarisation S After anodic polarisation |
l 15.1eV
790 785 780 775 810 800 790 780
Binding energy / eV Binding energy / eV
O1ls
(C) (d) Lattice

H20

Before anodic polarisation Lattice

Intensity / a. u.
Intensity / a. u.

)
t
Gaseous H2O |
H20 t
. »
After anodic polarisation t
[
865 860 855 850 545 540 535 530
Binding energy /eV Binding energy / eV

Figure 7.20 XPS a) Co2ps2 b) Co2p c) Ni2p d) Ols spectra of optimised Ni-Fe-Co
ternary hydroxide catalyst before and after anodic polarisation at 100 mA cm-2 for 15
mins.

The Ni2ps2 spectra (Figure 7.20 c) for the sample before anodic polarisation
displays peaks at 856.4 eV and corresponding satellite peak at 861.2 eV characteristic
of Ni(OH)2. However, after evolving oxygen the binding energies of the 2ps/2 and 2pi2
peaks are shifted to slightly lower values which are characteristic of Ni®* in NiOOH
and the corresponding satellite peaks also appear broader and flattened [10, 39]. This
suggests that under OER conditions the Ni(OH)2 present undergoes oxidation to form

NiOOH as presented in reaction (7.4).
Ni(OH)2 + OH" - NiOOH + H20 + e (7.4)

Due to the extremely low quantity of Fe species present in the surface of the
deposit, the Fe 2ps2 and 2p12 peaks are not well defined and appear merged in the
spectra (not shown). Comparing the electron binding energies before and after anodic
polarisation, the Fe2ps2 peak at 712.7 eV which is characteristic of Fe** did not change
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significantly. The observation that Fe remains at 3+ oxidation state during anodic
polarisation was also seen in several detailed studies on Fe-incorporated oxide and
oxyhydroxide catalysts [24, 40, 41]. For a similar ternary Ni-Fe-Co metal oxide catalyst
[40], it was proposed that the presence of Ni and Co activated the Fe active sites for
binding to OER intermediates —OH and —OOH leading to enhanced OER activity

compared to the binary Ni-Fe oxide.

Before anodic polarisation, the Ols spectra of the Ni-Fe-Co ternary metal
hydroxide (Figure 7.20 d) displays a peak at 532.0 eV which is characteristic of the
M-OH bond in Ni(OH)2 and Co(OH)2, and a peak at 531.2 eV which can be assigned
to the O and OH- oxygen atoms in FeOOH [13]. After evolving oxygen, the Ols
spectra reveals a decrease in signal area for the peak at 532.0 eV by ~23% likely due
to the oxidation of Ni(OH)2 and Co(OH)2 to NiOOH and CoOOH respectively. The peak
at 531.2 eV correspondingly increases in signal area by ~20% after anodic polarisation
and the increase is attributed to the presence of M-OH bond for CoOOH [23] and M-
O bond for NIOOH [42]. A small peak at 529.8 eV of ~3% signal area in the O1s spectra
after anodic polarisation is assigned to the M-O bond in CoOOH [23]. A minor peak at
535.9 eV was observed in the Ols spectra after anodic polarisation and assigned to
gaseous phase H20 [43]. Since the increase in signal area of the peak for H20 (Q)
matches the decrease in signal area of the peak at 533.0 eV for lattice H20 (1), it is
likely that lattice H20 (I) was converted to H20 (g) due to changes in the catalyst
morphology during anodic polarisation. These changes observed in the Ols spectra
correspond well to the changes observed in the M2p spectra that the catalyst
undergoes under OER conditions.

7.2.8. Stability test in a zero-gap alkaline water electrolyser

Preliminary stability tests of the optimised ternary metal hydroxide were carried
out in an alkaline zero gap water electrolyser with working area of 9 cm? (Section
6.1.4.). The current density was held at 0.5 A cm for a period of 3.5 h and the cell
voltage was recorded during this time. Binary Ni-Fe hydroxide catalyst and ternary Ni-
Fe-Co hydroxide catalyst on SS expanded mesh were prepared by cathodic
electrodeposition using the optimised deposition solution and parameters. As the

difference in current density distribution across a planar versus mesh working
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electrode must be taken into account, two pieces of Pt mesh counter electrodes were
placed on either side of the SS mesh to facilitate a well-distributed electric field for
electrodeposition and the deposition time was extended to ensure that the meshes
were sufficiently coated with catalyst. In addition to this since Hz gas is evolved as a
side reaction during electrodeposition, the area and rate of mass transfer [44]
becomes more significant over a larger electrode area. To ensure more uniformly
coated SS meshes, the deposition solution was stirred at a slow stir rate of 100 rpm
to prevent Hz bubbles from obstructing the surface to be coated.

2.5
2.4
z 2.3
T SN
LIJO
N
2.2 1

—— Bare SS mesh
2.1 1 —— Ni-Fe hydroxide on SS mesh
—— Ni-Fe-Co hydroxide on SS mesh

2.0 T T T T T T
0 2000 4000 6000 8000 10000 12000

Time/s

Figure 7.21 Cell voltage of alkaline water electrolyser over 3.5 h at 0.5 A cm™ of
different anodes and expanded Ni mesh as cathode pressed up against Tokuyama
A201 hydroxide ion exchange membrane in 4 M NaOH at 333 K, 250 mL mint pump
rate.

Figure 7.21 shows the Ecen against time plot for the uncoated and coated SS
anodes tested. The Ecen of electrolyser with anode of uncoated SS mesh was found to
be 2.33 V. This was compared to the Ecen of the cells assembled with anodes of Ni-Fe
binary hydroxide catalyst and Ni-Fe-Co ternary hydroxide catalyst coated onto SS
mesh which gave a 70 mV reduction and 110 mV reduction in Ecen respectively. This
demonstrates that the catalyst coatings help to reduce the potential required for the

same reaction rate. The potentials of these cells were maintained for the whole
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duration of the tests indicating the stability of the various anodes. Overall, the ternary
Ni-Fe-Co hydroxide catalyst demonstrated better performance for OER than the binary

Ni-Fe hydroxide catalyst and uncoated SS mesh.

7.3. Conclusion

A unique microelectrode set-up was employed for screening the performance of
unary and Ni-based binary and ternary metal hydroxide catalysts synthesised with a
cathodic electrodeposition method from transition metal sulfate solutions. A clear
reduction in the OER overpotential by ~65 mV at 0.1 A cm2 was observed with the
coating of a Ni(OH)2 catalyst layer on the SS microelectrode surface compared to the

uncoated SS microelectrode surface.

Of the unary hydroxides tested, hydroxides of Ni and Co displayed the lowest
overpotentials for OER. SEM and TEM were used to study the morphology of the
deposits from unary metal sulfate solutions of Ni, Fe and Co, whilst XPS analysis
confirmed the presence of transition metal hydroxides in the films. Binary hydroxides
of Ni-Fe, Ni-Co, Ni-Mo and Ni-Cr were investigated in the same manner and ordered
according to their overpotential values Ni-Fe < Ni-Cr < Ni-Co < Ni-Mo at 0.1 A cm
and Ni-Fe = Ni-Co < Ni-Cr < Ni-Mo at 0.5 A cm. The Ni-Fe-Co ternary metal hydroxide
displayed lowest overpotential values at 0.1 A cm? and 0.5 A cm followed by Ni-Fe-
Mo < Ni-Fe-Cr < Ni-Fe < Ni. The ternary metal hydroxide catalysts showed
considerably lower oxygen evolution overpotentials compared to their binary and

unary counterparts.

The influence of electrodeposition parameters on the crystallisation of ternary
Ni-Fe-Co hydroxide catalysts as well as their effect on the catalytic performance were
investigated using SEM and slow scan anodic polarisation. It was found that the
catalyst cathodically deposited at 300 mA cm for 240 s at 22 °C in electrodeposition
solution pH 3.9 produced the most active catalyst with an overpotential of 235 mV at
0.1 Acm=tested in 1 M NaOH, 333 K.

The catalytic activity of the optimal Ni-Fe-Co ternary hydroxide catalyst was

proven to be consistently better than Ni-Fe binary hydroxide and uncoated SS mesh
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when tested in an alkaline zero gap electrolyser at 0.5 A cm?for 3.5 h giving a potential

of ~2.22 V which was maintained throughout.
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Chapter 8 Design and Testing of a Secondary Tri-

electrode Zinc-Air Set-up

Bifunctional ORR and OER catalyst electrodes currently dominate the literature
of the research field. In theory, the “bifunctional” properties can simplify the electrode
construction and help with cost reduction. In reality, however, it is not always the case
that a catalyst which is optimal for ORR is optimal for OER and vice versa. Based on
the advantages and disadvantages of the proposed secondary oxygen electrode
designs (Chapter 2, Table 2.7), the tri-electrode configuration was found to be most
suitable in this research because the ORR and OER electrodes can be optimised
separately. In this chapter, the optimised ORR and OER electrodes from Chapters 5
and 7 were incorporated into a secondary tri-electrode Zn-air set-up. Details of the
construction of the secondary cycling set-up are provided; and the effects of varying
operational parameters on the performance as well as the long-term durability of the

oxygen electrodes are assessed with the set-up.

8.1. Experimental section

8.1.1. Synthesis of oxygen electrocatalysts

ORR catalysts amorphous MnOx and MnCo0204 were prepared as outlined in
Section 4.1.1. Amorphous MnOx was prepared via a chemical redox method as
previously reported [1]. 200 mL of 0.04 M KMnO4 (Fisher Scientific, 99%) was added
to 100 mL of 0.03 M Mn(CHsCOO): (Fisher Scientific, 98%) with continuous stirring.
The pH of the mixture was then adjusted to pH 12 with sodium hydroxide (Fisher
Scientific, 98%). Following this, the mixture was centrifuged for 20 mins at a speed of
2500 rpm. This was repeated 3 to 5 times with rinsing in between with deionised H20.
The brown precipitate collected was dried overnight in an oven at 333 K in air before

being ground into a powder.

MnCo0204 was synthesised by a thermal decomposition method. The precursor
solution was made by adding methanol (Fisher Scientific, 99.9%) to 0.5 M (12.6 g)
manganese (Il) nitrate tetrahydrate Mn(NO3)2.4H20 (Sigma Aldrich, 2 97%) and 1 M
(29.1 g) cobalt (1) nitrate hexahydrate, Co(NO3)2.6H20 (Fisher Scientific, 98+%, ACS
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reagent) in a 100 mL dilution flask. The mixture was stirred well to ensure homogeneity
and then heated in a crucible over a hot plate until dryness. The leftover dark red solid
was then calcined in a furnace at 648 K for 20 h before finally being ground into a fine

powder.

OER catalysts, Ni-Fe based hydroxides, were prepared as described in Section
7.1.1. Briefly, electroplating solutions comprising of 18 mM transition metal sulfate salt
+ 25 mM ammonium sulfate (Sigma Aldrich, 299%) were made from different ratios
of transition metal salts nickel (II) sulfate hexahydrate, NiSO4.6H20 (Sigma-Aldrich,
=298%), iron (Il) sulfate heptahydrate, FeSO4.7H20 (Sigma Aldrich, 299.0%), cobalt (II)
sulfate heptahydrate, CoSO4.7H20 (Alfa Aesar, 98%) and ammonium molybdate
tetrahydrate, (NH4)sM07024.4H20 (Alfa Aesar, 99%). Cathodic deposition was carried
out in ambient temperature at a current density of 200 mA cm- for 120s for the Ni-Fe
and Ni-Fe-Mo hydroxide and at a current density of 300 mA cm2 for 240s for the
ternary Ni-Fe-Co hydroxide catalyst. The electroplating metal sulfate solution of Ni-Fe-
Co hydroxide was adjusted to a pH of 3.9 with dilute sulfuric acid (AnalaR
NORMAPUR®, 295%) before electrodeposition.

8.1.2. Electrode fabrication

ORR catalyst ink was prepared and then coated onto carbon paper to make
gas diffusion electrodes following the previously reported protocol in Section 4.1.3.
OER electrodes were fabricated by direct electrodeposition of catalyst onto pieces of
15 mm by 15 mm expanded SS mesh (DeXmet Corp, 4SS 5-050). The catalyst coated
SS mesh was left to dry in air before an active area of ~ 0.8 cm? was cut out of it with

a 10 mm carbon steel die.

Commercial ORR and OER electrodes were used as received and tested under
the same conditions for comparison. The commercial ORR electrode (QSI-Nano® Gas
Diffusion Electrodes, Quantum Sphere, 0.35 mm thick) was composed of manganese
oxide and carbon coated onto a nickel mesh current collector, whilst the commercial
OER electrode (Type 1.7, Magneto special anodes, B.V.) was an expanded Ti mesh

1.3 to 1.6 mm thick, coated with Ru-Ir mixed metal oxides.
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8.1.3. Electrochemical characterisation

Electrochemical measurements were carried out with a Biologic SP-150
potentiostat and EC-lab software. The performances of the fabricated ORR and OER
electrodes were evaluated in a jacketed glass cell (200 cm?) with a PTFE insert similar
to the GDE cell described in Section 4.1.3. Figure 8.1 presents a schematic of the
jacketed glass cell with electrodes connected to a relay module and microcontroller.
The electrodes in the cell were connected as in a three electrode system. The working
electrode connector of the potentiostat was attached to the relay module, the counter
electrode connector was connected to the Zn anode and the reference electrode

connector was connected to the reference electrode.

RE Potentiostat -—
WE | (Programmed to apply current across - /
the set-up for charge and discharge
cycling and reads and records

voltage) ] [

CE

RV“
'\
\

|

Microcontroller
which controls relay

Raspberry pi

Water inlet
I

Reference Zinc Oxygen evolution
electrode anode cathode

=]
’_ ’4‘ !‘“\

Jacketed glass cell filled with electrolyte

Figure 8.1 Schematic of electrodes in jacketed glass cell used for galvanostatic
cycling connected to Raspberry Pi microcontroller set-up.

Oxygen reduction
cathode

Oyin |

E—
Water outlet

As seen in Figure 8.2 a, the cell was modified to accommodate a Zn foil
(Goodfellow, 1 mm thick, 99.95%) anode and the use of a polymer lid allowed the
electrodes to be positioned at a fixed distance of 4 mm in parallel to each other unless
otherwise stated. Stoppers were made from nitrile rubber to hold the electrodes in
position in the lid and nickel wire (Alfa Aesar, 0.5 mm dia, annealed, 99.5%) was used
for electrical contact of the electrodes. The Zn foil anode was cleaned in isopropanol
followed by deionised water before use. The surface of the Zn foil was then masked

off with polypropylene tape (Avon, 25 um thick) to expose an active area of ~ 0.8 cm?.
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Figure 8.2 Labelled photographs of the a) glass cell and b) relay module with
Raspberry Pi microcontroller in the cycling set-up.

The microcontroller (Figure 8.2 b) used in this set-up is a Raspberry Pi model
B+ V1. 2 (Raspberry Pi 2014 ©) which uses General Purpose Input/ Output (GPIO)
pins to control input and output devices etc. These digital 10 pins are either in an on
or off state. The relay (Songle relay, maximum output of AC 250 V, 10 A and DC 30V,
10 A) used in this set-up was part of a four-relay module which required 15-20 mA of
current and was controlled by a DC 5 V input voltage. The module was connected to
the Raspberry Pi and supplied with power via the VCC pin and ground via the GND
pin whilst the relays were initiated by low inputs to the IN1, IN2 etc. pins. Apart from
sharing the power and ground pin, each of the four relays in the module operated as
a separate circuit isolated from each other. Each relay had a common, normally open
(NO) and normally closed (NC) terminal which are marked clearly on the relay board.
The ORR electrode was connected to the normally closed terminal and the OER

electrode was connected to the normally open terminal.

The relay board consisted of an opto-coupler which uses light to transfer
electrical signals between two circuits, this allowed for isolation from the high voltage
inputs ensuring safety when using the board. LEDS embedded in the board acted as
a visual indication of the position of the relay switch. The interface of the relay board
was also directly compatible with several microcontrollers including the Raspberry Pi.
In this instance, Python programming language was used and the script written to

control the relay board is given in Appendix C. Variables ‘SleepTimel’ and
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‘SleepTimeS’ refer to the period of cycle time (e.g. 15 min) and rest time (e.g. 1 min at
OCV) in between cycles.

All experiments were carried out in electrolyte of 4 M NaOH + 0.3 M ZnO at 333 K
unless otherwise stated and potentials were measured against an Hg/ HgO reference
electrode in 4 M NaOH held at a distance of ~3 mm from the anode. Oxygen or
compressed air was supplied at a constant flow rate of 200 cm® min to the back of
the oxygen reduction electrode. The cycling stability and performance of the
electrodes was investigated at a current density of 20 mA cm-2 for a cycle period of 30
mins with 1 min rest period at OCV between each half cycle. Each test was run for at
least 10 cycles and data was extracted from cycles 1, 5 and 10 in order to establish
the state of the electrodes over time. Energy efficiency was calculated as described in

equation (8.1)

Discharge capacity,Ah x Discharge voltage,V
Charge capacity,Ah x Charge voltage,V

Energy ef ficiency (%) = x100%  (8.1)

8.2. Results and discussion

8.2.1. Selection of ORR and OER electrodes

The performances of the Ni-Fe based hydroxide electrodes were initially assessed
against the commercial OER electrode in the cycling set-up. Commercial ORR
electrodes were used for these tests, the voltage versus time plots of cycle 1, 5 and

10 are given in Figure 8.3.
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Figure 8.3 Comparison of OER electrodes at 20 mA cm alternating between oxygen
reduction and evolution in static electrolyte 4 M NaOH + 0.3 M ZnO at 333 K, Oz was
supplied at a constant flow rate of 200 cm? min-t,

Table 8.1 summarises the potentials of the OER electrodes at cycles 1, 5 and 10
as well as the polarisation, AE, between ORR and OER. A smaller potential window
between ORR and OER marks a higher voltage efficiency for the system, therefore it
is a good indicator of performance for both the forward and backward reactions of the
electrode. It can be seen clearly that all Ni-Fe hydroxide based catalysts had between
40 to 70 mV less OER overpotential than the precious metal benchmark electrode. In
cycle 1, the OER activity of both Ni-Fe(OH)2 and Ni-Fe-Mo(OH)2 coated SS mesh
electrodes surpasses that of Ni-Fe-Co(OH)2 coated SS mesh. However, the Ni-Fe-
Co(OH)2 coated SS mesh electrode displayed a gradual decrease in OER
overpotential over 10 cycles whilst the performance of both Ni-Fe(OH)2 and Ni-Fe-
Mo(OH)2 coated SS mesh electrodes degraded rapidly after the first 5 cycles with
increases of up to 22 mV in overpotential over the course of the experiment. This
indicates that the Ni-Fe-Co(OH)2 coated SS mesh electrode is more stable than the
Ni-Fe(OH)2 and Ni-Fe-Mo(OH)2 hydroxide coated SS mesh electrodes.
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Table 8.1 Results from Figure 8.3 of cycling data comparing various OER electrodes.

Cycle OER electrode Ewe (Charge) vs A E between ORR
number Hg/HgO / mV and OER/ mV
Ni-Fe(OH)2on SS mesh 544 646
1 Ni-Fe-Mo(OH), on SS mesh 550 649
Ni-Fe-Co(OH), on SS mesh 553 657
MMO on Ti mesh 615 712
Ni-Fe(OH)20on SS mesh 554 664
. Ni-Fe-Mo(OH), on SS mesh 566 675
Ni-Fe-Co(OH), on SS mesh 547 658
MMO on Ti mesh 614 719
Ni-Fe(OH)2on SS mesh 556 674
10 Ni-Fe-Mo(OH), on SS mesh 572 691
Ni-Fe-Co(OH), on SS mesh 545 660
MMO on Ti mesh 613 728

As the performance of the ORR commercial electrode was observed to degrade at
a constant rate across these experiments, the activities of prepared ORR catalysts
MnCo0204 and MnOx were compared against the commercial QSI-Nano® ORR
electrode in the cycling set-up. Ni-Fe-Co(OH)2 was employed as the OER electrode

for these tests and results are shown in Figure 8.4.

1% cycle 5% cyele 10™ cycle

0.6 1
= 04 A
@)
o0 —— QSI-Nano®
2 02 —— MnO,
2’ —— MnCo,0,
=
[=a]

0.0 / 4 f

-0.2 A
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Time /s

Figure 8.4 Comparison of ORR electrodes at 20 mA cm alternating between oxygen
reduction and evolution in static electrolyte 4 M NaOH + 0.3 M ZnO at 333 K, O2 was
supplied at a constant flow rate of 200 cm® min-L.
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The working potentials for these ORR electrodes are given in Table 8.2. Across all
cycles, the ORR overpotential of the MnCo204 catalyst coated electrode was 51-64
mV greater than that of the commercial ORR electrode and amorphous MnOx catalyst
coated electrode and therefore not used for further cycling experiments. The initial
performance of the commercial ORR electrode and amorphous MnOx appears to be
quite similar however the ORR overpotential of the commercial ORR electrode
increased more rapidly over 10 cycles due to electrode degradation or instability.
Additionally, the mass of the commercial electrode was nearly four times that of the
amorphous MnOx on carbon paper indicating that amorphous MnOx has a greater

activity per gram of catalyst.

Table 8.2 Results from Figure 8.4 of cycling data comparing various ORR electrodes.

Cycle ORR electrode Ewe (Discharge) vs A E between
number Hg/HgO / mV ORR and OER/

mV

QSI-Nano® -0.104 657

1 Amorphous MnOyon C paper -0.106 663
MnCo.040n C paper -0.165 720
QSI-Nano® -0.111 658

5 Amorphous MnOyon C paper -0.106 659
MnCo204 0n C paper -0.163 711
QSI-Nano® -0.115 660

10 Amorphous MnOyxon C paper -0.108 659
MnCo.040n C paper -0.172 721

The amorphous MnOx coated electrode and Ni-Fe-Co hydroxide coated SS mesh
which displayed good performance and stability over the duration of the experiment
were selected for further cycling experiments. Figure 8.5 shows consecutive charge
and discharge cycling data at 20 mA cm of the tri-electrode system with MnOx on
carbon paper (ORR) and Ni-Fe-Co hydroxide on stainless steel mesh (OER) oxygen
electrodes. As the overall shape of the Ecen plot resembles that of the oxygen electrode

(Ewe) plot, it is clear that the oxygen electrode has a much greater contribution to the
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overall overpotential of the reaction compared to the Zn electrode (Ece). The voltage
efficiency of the system was calculated to be approximately 64%. The coulombic
efficiency of the system is approximately 100% due to the utilisation of Zn folil, this
resulted in an energy efficiency of the same value, 64%. This indicates a strong link
between the reduction of oxygen overpotential and increase in the energy efficiency.
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Figure 8.5 Galvanostatic cycling data at 20 mA cm for 15 min charging period cycles
with 1 min OCV after each charge/ discharge step. Oxygen electrodes of amorphous
MnOx on C paper (ORR) and Ni-Fe-Co hydroxide on SS mesh (OER) were positioned
on either side of a Zn foil anode in static electrolyte 4 M NaOH + 0.3 M ZnO at 333 K.
O2 was supplied at a constant flow rate of 200 cm?® min-'.

8.2.2. Effect of testing parameters

8.2.2.1. Inter-electrode gap

As an important design consideration, the effect of the distance of the inter-
electrode gaps on the voltage drop across the electrodes needs to be investigated.
Considering Ohm’s law, the additional iR drop through the system given in equation
(8.2) is seen to be directly proportional to the current applied, i as well as the resistance

through the conductor, R.
E=IiR (8.2)

The resistance, R of a conductor is a function of |, p and A as expressed by equation
(8.3).
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_l_a
R=—="5 (8.3)

Where | is the length or distance through which the external electric field is applied
o is the conductivity of the material

. o . 1
p is the resistivity of the material (p = ;)
A is the cross sectional area of the conductor
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Figure 8.6 Effect of different inter-electrode gaps at 20 mA cm2 alternating between

oxygen reduction and evolution in static electrolyte 4 M NaOH + 0.3 M ZnO at 333 K,
Oz was supplied at a constant flow rate of 200 cm? min-L.

Table 8.3 Performance data extracted from the 10" cycle of Figures 8.6.

i mA | Gap Charge / V Discharge / V AE/mV Energy
cm? /mm | Ecn | EweVs = Ecevs Ecel Ewevs | Eccvs #ORR | zn | efficien
Hg/Hg | Hg/HgO Hg/HgO  Hg/Hg = and cy /%
o) o) OER
4 1.926 | 0551 @ 1.375 | 1.238 -0.108 @ 1.346 | 659 | 29 64
20 8 1.929 | 0550 & 1.379 | 1.231 = -0.114 | 1.345 664 | 34 64
12 1931 0555 | 1.376 | 1.213 @ -0.128 | 1.341 683 @ 35 63

In this study, the effect of three different distances i.e. 4 mm, 8 mm and 12 mm,
between the oxygen electrodes and the Zn electrode, were reported in Figure 8.6.
The performance and efficiency data from Figure 8.6 is extracted and tabulated in
Table 8.3. At a lower current density of 20 mA cm, the potential window between

ORR and OER was observed to increase with inter-electrode gap from 659 mV at 4
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mm to 683 mV at 12 mm. This was mainly due to increases in overpotential at the
ORR electrode and suggested to be because of the tortuosity of the ORR catalyst
layer, which increases the distance, [, affects the current distribution across the
surface and flux of reactants reaching the three phase boundary layer. On the other
hand, no significant increase in OER overpotential was observed with increases in
inter-electrode gap up to 12 mm indicating that the OER electrode’s performance is

independent of inter-electrode gap at 20 mA cm.

The voltage window between Zn potentials is observed to follow an increasing
trend with inter-electrode gap 4 mm <8 mm < 12 mm. The energy efficiency, however,
was not visibly affected by the increases in electrode gap at 20 mA cm™ as the
electrolyte was perhaps sufficiently conductive to prevent large voltage drops across

the electrodes.

8.2.2.2.  Current density

The performance of the oxygen electrodes was monitored using constant
chronopotentiometry at 10 mA cm?, 20 mA cm2, 50 mA cm? and 100 mA cm™ as
shown in Figure 8.7. As defined in equations (8.2) and (8.3), the overpotential at the
electrodes is a function of current density. At higher current densities, the
overpotentials of both oxygen electrodes are seen to increase although the rise in
overpotentials at the ORR electrode was three to five times greater than the OER
electrode. This indicates that the performance of the ORR electrode is more sensitive

to changes in current than the OER electrode.
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Figure 8.7 Effect of various current densities on oxygen electrode performance in
static electrolyte 4 M NaOH + 0.3 M ZnO at 333 K, Oz was supplied at a constant flow
rate of 200 cm® min-L.

Table 8.4 Performance data extracted from the 10™ cycle of Figure 8.7.

jImA | Capacit Charge/V Discharge / V AE/mV Energy
cm? | y/mAh | Eq EweVS | EceVs Ecel Ewevs | Ecevs | ORR | zn | efficien
Hg/HgO | Hg/HgO Hg/HgO @ Hg/Hg @ and cy /%
o) OER
10 2 1.903 | 0.532 1.371 | 1.281  -0.070 & 1.351 @ 606 & 20 67
20 4 1.926 | 0.551 1.375 | 1.238 | -0.108 | 1.346 @ 659 & 29 64
50 10 1.956 = 0.571 1.385 | 1.140 @ -0.204 | 1.344 775 @ 41 58
100 20 2011 @ 0.596 1.415 | 0.978 @ -0.346 | 1.324 942 91 49

The ORR electrode potential increased by ~ 40 mV following the first 10 mA cm
increase in current density from 10 to 20 mA cm. Every subsequent 10 mA cm?
increase up to 100 mA cm resulted in a further ~30 mV increase in overpotential
signifying a strong dependence of ORR overpotential on current density. Similarly, the
OER electrode potential was observed to increase at a decreasing rate with current
density. The first 10 mA cm increase in current density resulted in a ~ 20 mV increase
in overpotential, followed by an increase of only ~ 7 mV per 10 mA cm2 increase
between 20 and 50 mA cm. This was further reduced to just ~5 mV per 10 mA cm

increase between 50 and 100 mA cm. As the increases in overpotential, at the OER
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electrode in particular, were not directly proportional to increases in current density it

implies that the OER overpotential is much less dependent on this parameter.

On the contrary, the potential window between charge and discharge potentials for
the Zn electrode increased at a consistent rate of ~10 mV for every 10 mA cm
increase in current density indicating a strong dependence of the overpotential on
current. The contribution of the Zn electrode overpotential to the overall overpotential
of the system over the range of current densities tested however, was still significantly
lower than the oxygen electrodes. The voltage efficiency and hence the energy
efficiency of the whole system saw a decrease of ~ 3% per 10 mA cm2 increase in

current density.

8.2.2.3.  Electrolyte concentration

The molarity of the NaOH electrolyte was varied from 2 M to 8 M and the
electrolyte conductivity was measured with a benchtop conductivity meter (Jenway,
4310) at 333 K as shown in Table 8.5. The conductivity does not increase linearly with
molarity with the largest increase in conductivity of 89 mS cm- recorded between 2 M
and 4 M NaOH. Further increasing the molarity of the NaOH electrolyte from 4 M to 6
M only produced a rise of 9 mS cm* and an increase of just 7 mS - was seen between
6 M and 8 M.

Table 8.5 Conductivity of different molarities of electrolyte at 333 K.

Electrolyte Conductivity / mS cm**
2 M NaOH + 0.3 M ZnO 266
4 M NaOH + 0.3 M ZnO 353
6 M NaOH + 0.3 M ZnO 362
8 M NaOH + 0.3 M ZnO 369

The NaOH electrolyte concentration was observed to affect the Zn and oxygen
electrodes in different ways. As the electrolyte concentration increased, the oxidation
and reduction potentials of the Zn anode shifted to more negative values whilst
retaining the same potential separation of ~30 mV as seen in Figure 8.8. The Zn

anode half reaction is given as
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Charge: Zn(OH)4% + 2e” <> Zn + 40H" E®=-1.25V vs SHE (8.4)

The overall cathodic reaction, as proposed by Bockris [2], involves the reduction of
Zn?* to Zn* and then Zn, through two electron transfer steps. The rate determining

step is the same regardless of the direction in which the reaction proceeds.

Zn(OH),*” - Zn(OH);~ + OH- (8.5)
Zn(OH); ™ + e~ e Zn(OH),” + OH~ (8.6)
Zn(OH), — ZnOH+ OH~™ (8.7)
ZInOH +e™ - Zn+ OH™ (8.8)

The gradual shift in observed potentials towards more negative values for the charge
and discharge reaction of Zn anode agrees well with observations by Bockris of the

Zn rest potential, which was affected by the pH of the alkaline zincate solution that it

is placed in.
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Figure 8.8 Effect of electrolyte concentration on Zn electrode performance in static

electrolyte 4 M NaOH + 0.3 M ZnO at 333 K, Oz was supplied at a constant flow rate
of 200 cm® min1.
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Figure 8.9 Standard electrode potential versus pOH plot for the anodic and cathodic
reactions in a Zn-air cell [3].

Although the dissolution of Zn is an electrochemical process, the formation of
aqueous Zn(OH)4% is a chemical step which is dependent on the presence of OH" ions
in the solution. From the standard electrode potential plot versus pOH of the cathodic
and anodic reactions in a Zn-air cell in Figure 8.9 from Rossmeisl et al. [3], at higher
pH or lower pOH values the standard electrode potentials for the dissolution of zinc
are seen to decrease to more negative values. At lower pOH values, the energy levels
for Zn(OH)s~ and Zn(OH)4* converge suggesting that the zinc dissolution reaction
takes place more rapidly. This is reflected in the negative shift in potential of the
discharge reaction of zinc. On the other hand, the Zn(OH)z™ and Zn(OH)4+* ions are
more stable at higher pH or lower pOH values resulting in a greater equilibrium cell
potential for the reverse reaction or deposition of Zn as well. Since the two reactions
take place at different faces of the Zn anode in this secondary cell set-up, the reaction
potentials for both charge and discharge are shifted to the same extent resulting in a

similar potential gap for the Zn anode regardless of the electrolyte concentration.
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Figure 8.10 Effect of electrolyte concentration on oxygen electrode performance at 20
mA cm? in static electrolyte 4 M NaOH + 0.3 M ZnO at 333 K, O2 was supplied at a
constant flow rate of 200 cm? min-*.

The response of the ORR electrode at different electrolyte concentrations is
given in Figure 8.10. It is noted that in cycle 1, the ORR overpotentials for the
electrodes in 6 M and 8 M electrolyte concentration are slightly greater. This was likely
because of the greater viscosities of the electrolyte. The system equilibrated by cycle

5 as the ORR overpotentials remained quite consistent up to cycle 10.

The ORR electrode tested in 2 M NaOH electrolyte concentration displayed the
highest overpotential due to the low conductivity of the reaction environment.
Increasing the concentration of electrolyte to 4 M reduced the overpotential for ORR
significantly by ~20 mV which can be attributed to the large increase in conductivity.
However, further increasing the NaOH concentration to 6 M and 8 M resulted in
subsequent increases in overpotential for ORR. This suggests that at electrolyte
concentrations of = 6 M, the increase in conductivity is outweighed by detrimental
effects of greater viscosity and decreasing oxygen solubility and diffusivity [4], all of
which contribute to a lower concentration of oxygen at the three phase boundary. On
top of this, since the ORR results in the production of OH" ions, a high concentration
of OH" in the electrolyte can hinder the rate of protonation of Oz to HO2 thereby

increasing the overpotential of the reaction.
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The OER electrode performance was observed to improve with increasing
electrolyte concentration as presented in Table 8.6. This can be related to the changes
in adsorption energy of intermediates in the OER reaction pathway which has been
shown to be influenced by pH [5, 6]. In an electrolyte concentration of 4 M, the
overpotential of the OER electrode was ~30 mV less than that of the OER electrode
in 2 M. The OER electrode overpotential was decreased further in an electrolyte
concentration of 6 M by ~ 20 mV and by another 10 mV in an electrolyte concentration
of 8 M.

Table 8.6 Performance data extracted from the 10™ cycle of Figures 8.8 and 8.10.

Electrolyte Charge / V Discharge / V AE/mV Energy
molarity /' | Ecel Ewe Vs Ece VS Ecel Ewe VS Ecevs | ORR | zn | efficienc
M Hg/HgO | Hg/HgO Hg/HgO | Hg/HgO | and y /%
OER
2 1.944 0.590 1.354 1.195 -0.126 1.321 716 33 62
4 1.926 0.551 1.375 1.238 -0.108 1.346 659 | 29 64
6 1.927 0.535 1.392 1.247 -0.117 1.364 652 28 65
8 1.939 0.525 1.414 1.241 -0.140 1.381 665 33 64

Interestingly the polarisation, AE, between ORR and OER was comparable in
4 M and 6 M NaOH electrolyte concentration as the improvement in OER performance
offsets the reduction in ORR performance. Overall from Table 8.6, the voltage and
energy efficiencies of the system in both 4 M and 6 M electrolyte concentration were
fairly similar as well. Therefore, either 4 M or 6 M NaOH electrolyte concentration is

suitable for further tests.

8.2.2.4. Temperature

As reaction rates are dependent on temperature as seen from the Arrhenius
equation [7-9] given below, the effect of temperature on the performances of the

electrodes are examined.

k (T) = Ae" =t (8.9)

Where k is the reaction rate constant
R is the universal gas constant, 8.314 J mol* K
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Ea is the activation energy
A'is a pre-exponential factor
T is the temperature in Kelvin, K

The temperature of the NaOH electrolyte was varied from 25 °C to 80 °C. A
lower limit of 25 °C was selected to mimic room temperature conditions and an upper
limit of 80 °C was selected as temperatures higher than this could be hazardous and
loss of water from the electrolyte through evaporation occurs more rapidly. From the
plots in Figure 8.11, it is clear that as the temperature increases the overpotential of
both oxygen geéactions decreases.
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Figure 8.11 Effect of temperature on oxygen electrode performance at 20 mA cm2 in

static electrolyte 4 M NaOH + 0.3 M ZnO at 333 K, Oz was supplied at a constant flow
rate of 200 cm?3 min.

Table 8.7 Performance data extracted from cycle 10 of Figure 8.11.

Temperatu Charge / V Discharge / V AE/mV Energy
re/°C Ecel Ewe VS Ece VS Ecel Ewe VS Ecevs = ORR | zn | efficien
Hg/HgO | Hg/HgO Hg/HgO | Hg/HgO  and cy /%
OER

25 1.993 | 0.604 1.389 | 1.159 @ -0.189 1.348 | 793 | 42 58

40 1.955 | 0.575 1.380 | 1.200 @ -0.147 1.347 | 722 | 33 61

60 1.926 | 0.551 1.375 | 1.238 @ -0.108 1.346 | 659 @ 29 64

80 1.904 | 0.526 1.378 | 1.260 @ -0.094 1.354 | 620 | 24 66
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The reduction in the potential window between ORR and OER was observed to
occur at a decreasing rate with increases in temperature (Table 8.7). This can be
explained by the Arrhenius equation which describes the reaction rate as increasing
exponentially with temperature. Between temperatures of 25 °C and 40 °C a decrease
in overpotential of ~ 50 mV per 10 °C increase was observed. Subsequently between
40 °C and 60 °C, the overpotential was reduced by ~ 30 mV per 10 °C rise in
temperature and further increases in temperature from 60 °C to 80 °C resulted in a ~
20 mV reduction in overpotential per 10 °C increase in temperature. The potential
window between the zinc deposition/ dissolution was greater at lower temperatures as
well. The reduction in the polarisation for the zinc deposition/ dissolution was 6 mV per
10 °C increase in temperature between 25 °C and 40 °C. However at higher
temperatures between 60 °C and 80 °C, the potential gap was reduced by only ~2 mV
per 10 °C increase in temperature signifying that the Zn electrode reactions are less
sensitive to changes in temperature compared to the oxygen electrode reactions.
Overall, as the voltage and energy efficiency is mainly influenced by the potential
window between ORR and OER, the efficiency values are also observed to increase
at a decreasing rate accordingly with rises in temperature.

At a lower temperature of 25 °C to 40 °C the effect of temperature is initially more
significant at the ORR electrode than the OER electrode whereby a ~ 30 mV decrease
in ORR overpotential was observed per 10 °C increase compared to a ~ 20 mV
reduction in overpotential at the OER electrode. However between 60 °C and 80 °C,
the effect of temperature on either of the oxygen electrodes becomes more
comparable with a ~10 mV reduction in overpotential per 10 °C increase at either
electrode.

8.2.2.5. Compressed air versus O>

For large-scale applications, it would be challenging and impractical to supply
large volumes of pure oxygen to the system. It is therefore essential to understand
how the electrodes, especially the ORR electrode, responds to the use of air in place
of pure O2. A major challenge associated with the use of air instead of Oz, however, is
the formation of carbonates of low solubility from the interaction of atmospheric CO2

with the alkaline electrolyte [10], leading to clogging of the pores in the gas diffusion
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layer of the ORR electrode which contributes to the premature failure of the system.
Filters and continuous CO:2 scrubbers such as soda lime or amines [11] have been
shown to manage the concentration of CO2 in the compressed air before it enters the
system. In this work, the compressed air supplied to the oxygen reduction electrode
was not scrubbed as the formation of carbonates over this timescale was not expected

to be significant as seen from the relatively consistent discharge potentials of the ORR
electrode in Figure 8.12.
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Figure 8.12 Effect of supply of O2 on oxygen electrode performance at 20 mA cm in

static electrolyte 4 M NaOH + 0.3 M ZnO at 333 K, Oz or compressed air was supplied
at a constant flow rate of 200 cm® min-L.

From the plots, the overpotential of the OER electrode appears unaffected by
the use of compressed air, as expected, but the ORR electrode overpotential is seen
to be ~ 56 mV greater. The voltage window of the Zn electrode given in Table 8.8,
remains unaffected by the use of compressed air as well. Therefore the decrease in
voltage and energy efficiency of the system is affected solely by the increase in the
polarisation between ORR and OER. As air is typically composed of only ~21% oxygen,
the use of compressed air is seen to cause ~3% reduction in energy and voltage
efficiency of the system.
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Table 8.8 Performance data extracted from cycle 10 of Figure 8.12.

Source Charge / V Discharge /V AE/mV Energy
of Oz Ecel Ewe Vs Ece Vs Ecel Ewe vs Ece VS ORR | zn | efficien
Hg/HgO | Hg/HgO Hg/HgO | Hg/HgO and cy /%
OER
Compress
ed air 1.925 0.553 1.372 1.180 -0.164 1.344 718 28 61
Bottled Oz | 1. 926 0.551 1.375 1.238 -0.108 1.346 659 29 64

8.2.2.6.  Sensitivity of electrodes to test parameters

To determine the sensitivity of the oxygen electrodes to the parameters tested,
the changes in overpotential at the ORR and OER electrodes were plotted against
these parameters in Figure 8.13. The effect of compressed air versus Oz was omitted

as it is clear that this parameter only affects the ORR electrode.
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Figure 8.13 Change in overpotential at the ORR and OER electrode versus a) inter-
electrode gap, b) current density, c) electrolyte concentration and d) temperature.
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The performance of the ORR electrode compared to the OER electrode is more
sensitive to changes in inter-electrode distance as well as temperature and current
density. This suggests that a clear current path is vital for ensuring good ORR
performance hence the catalyst layer and electrode structure are of particular
importance for the ORR electrode. The transport of reactants to the three-phase
boundary within the ORR electrode catalyst layer is equally important as electrolyte
temperature, which alters the electrolyte viscosity and solubility of oxygen in the
electrolyte, producing a more noticeable effect on the rate of change of ORR
overpotential as well. In contrast, the OER electrode appears to be influenced by
electrolyte concentration to a greater extent compared to the ORR electrode. This is
because the OER requires OH" ions for the evolution of O2. Thus, a greater
concentration of OH" ions in the reaction environment brings about a greater decrease
in overpotential at the OER electrode.

8.2.3. Electrode durability

The overall performance and stability of the oxygen electrodes was assessed
over a longer period of time by cycling at 20 mA cm for 50 hours with compressed
air. The OER electrode was placed between the Zn electrode and ORR electrode for
these cycling tests (Figure 8.14) as this configuration is considered to be more
practical for applications since the same face of the Zn electrode is used for both
discharge and charge reactions. The growth of zinc dendrites over the extended

cycling period was also able to be better managed in this configuration to prevent short

circuits. Oxygen
evolution
electrode
Reference
electrode Zinc anode
-]
—
| “
Oxygen reduction U M
electrode [‘J
— g 0

Figure 8.14 Schematic of electrode arrangement for durability tests.
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From the results in Figure 8.15, the oxygen potentials were not hugely affected
by the arrangement of electrodes. However the potential window, AE, between the Zn
potentials appears to be ~ 20 mV greater in this arrangement most likely due to the
increased distance between the ORR electrode and the Zn anode and possibly the
presence of the OER electrode in between. The polarisation, AE, between ORR and
OER at 20 mA cm? was maintained at ~700 mV for the first 30 cycles, and the cell
exhibited an energy efficiency of ~61%. Subsequently, the AE between ORR and OER
increased by ~20 mV for every 10 cycles giving energy efficiencies of 58-60% between
cycle 31 and 75. These energy efficiencies seem reasonable as they are in the same
range as reported energy efficiencies (~58-65%) in the literature (Chapter 2, Table 2.8)
for secondary oxygen electrodes cycled at 20 mA cm-2 in the tri-electrode configuration.
The increase in polarisation observed was mainly due to the increase of ORR
overpotential as the OER electrode potential was maintained between 0.556 and
0.565 V vs Hg/HgO throughout the duration of the test. The ORR potential eventually
reached -0.663 V vs Hg/HgO by cycle 90 whereby the test was discontinued.
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Figure 8.15 Galvanostatic cycling performance of a) oxygen electrode potential and
b) full cell potential versus time in a tri-electrode Zn-air set-up of MnOx + Ni-Fe-
Co(OH)2 over a duration of 50 h at 20 mA cm2 with 30 min cycle period in static
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Figure 8.16 SEM micrographs of Ni-Fe-Co(OH)2 coated SS mesh OER electrode a)
before cycling and b) after cycling and the amorphous MnOx catalyst layer on carbon
paper electrode c) before cycling, d) after cycling.

Both the amorphous MnOx on C paper and Ni-Fe-Co(OH)2 on SS mesh
electrodes were examined with SEM before and after cycling. The SEM micrographs
of the OER electrode before and after cycling in Figure 8.16 a & b respectively show
no observable loss of catalyst layer however there is an obvious change in morphology
of the Ni-Fe-Co(OH)2 similar to that seen in Section 7.2.7 which is suggested to be
related to the oxidation of both Ni?* and Co?* to Ni®* and Co®* respectively. Contrary
to this, there is a noticeable difference in the amorphous MnOx catalyst layer on the
carbon paper after cycling. Compared to the SEM micrograph of the ORR electrode
before cycling in Figure 8.16 c, the fibres of the carbon paper are more visible under
the catalyst layer after cycling (Figure 8.16 d), which suggests that parts of the catalyst
layer were washed off or removed in the electrolyte during the long-term cycling test.
The SEM micrographs of the back of the ORR electrode which was facing the supply
of Oz did not display any apparent differences before and after cycling. It is therefore
likely that the increase in ORR overpotential was due to the loss of catalyst layer over
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time as well as a possible loss of hydrophobicity from PTFE degradation, especially
after 75 cycles, resulting in flooding of the electrode which reduced the number of

active sites for ORR.

Overall, the Ni-Fe-Co(OH)2 on SS mesh OER electrode demonstrated excellent
stability over the entire testing period whilst the amorphous MnOx on C paper ORR
electrode demonstrated adequate stability over 70 cycles in compressed air due to the
composition and structure of the catalyst layer which helped to delay the onset of

flooding.

8.3. Conclusion

A secondary tri-electrode Zn-air cycling set-up was constructed with a relay
module and Raspberry Pi as microcontroller to test the performance and stability of
the optimised oxygen electrodes. Initially, the performance of various ORR and OER
electrodes were compared in the set-up at 20 mA cm- alternating between reduction
and oxidation in static electrode of 4 M NaOH + 0.3 M ZnO at 333 K.

The effects of operational parameters including inter-electrode gap, current
density, electrolyte concentration, temperature and source of Oz have been
investigated. The amorphous MnOx on C paper ORR electrode was revealed to be
more sensitive to changes in inter-electrode gap, temperature and current density
whilst the Ni-Fe-Co(OH)2 on SS mesh OER electrode was regarded to be more prone
to changes in electrolyte concentration. The use of compressed air instead of bottled
O:2 resulted in a 3% decrease in energy and voltage efficiency of the system which

was solely due to the increase in overpotential at the ORR electrode.

The constructed cell was cycled at 20 mA cm- for a period of 50 h in compressed
air in order to demonstrate the overall performance and durability of these electrodes.
The ORR and OER electrodes displayed good performance and reasonable energy
efficiencies between 58-61% for up to 40 h. The loss in energy efficiency from cycle
75 onwards was mainly caused by degradation of the ORR electrode performance,
which was observed from the SEM micrographs. The degradation of the ORR
electrode performance was linked to the loss of catalyst layer as well as hydrophobicity
leading to premature flooding of gas diffusion pathways.
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Chapter 9 Conclusions and Suggestions for Future
Work

9.1. Conclusions

The main aim of this research project was to improve the performance of ORR and
OER electrodes by developing low-cost, high activity and stability transition metal-
based electrocatalysts. The designed experiments were carried out systematically
according to the research plan. Key findings from the research work can be

summarised as follows:

Regarding ORR catalyst selection and optimisation, the comparison of single and
mixed transition metal oxide catalysts as well as non-metal catalysts against Pt/C
benchmark catalyst showed that catalysts in the same category shared similar ORR
onset potentials, where non-precious metal oxides displayed the most negative onset
potentials which were strongly believed to be dictated by the simultaneous
electroreduction of the transition metal species at the catalyst surface. This was
followed by carbonaceous materials and then precious metals which had the least

negative onset potentials.

The addition of a carbon support, Vulcan XC-72R, was noticeably
electrochemically beneficial for all catalysts apart from graphene. More importantly,
significant changes in ORR pathway were observed at single metal oxides, such as
amorphous MnOx and Co3O4, after the introduction of Vulcan XC-72R to the catalyst
layer. When combined with Vulcan XC-72R in a gas diffusion electrode, amorphous
MnOx out-performed all of the other ORR catalysts demonstrating lowest ORR

overpotentials over a range of current densities from 10 to 100 mA cm.

Systematic examination of the influence of synthesis parameters on the resultant
amorphous MnOx as well as its catalytic activity revealed that an optimal amorphous
MnOx catalyst can be synthesised with a molar ratio of MnO4/ Mn?* of 2.67, by adding
KMnO4 to Mn(CH3COO):z in a basic solution of pH 12 at 295 K. The optimal GDE is
prepared with MnOx to Vulcan XC-72R in a weight ratio of 1:1, catalyst MnOx to PTFE

in a weight ratio of 10:2, and catalyst loading of 2 mg cm-2. The resulting GDE shows
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lower overpotentials for oxygen reduction reaction than a commercial MnO2-based

GDE with the same catalyst loading.

Regarding OER catalyst selection and optimisation, single and mixed transition
metal oxides and hydroxides coated directly onto stainless steel metal mesh were
tested for their OER activity. Screening of electrodeposited unary, binary and ternary
transition metal hydroxides in a unique microelectrode set-up revealed that ternary Ni-
Fe based metal hydroxides of Ni-Fe-Cr, Ni-Fe-Mo and Ni-Fe-Co displayed lower OER
overpotentials compared to their binary and unary counterparts as well. Among the
optimised ternary metal hydroxides, Ni-Fe-Co hydroxide presented the highest activity
for OER. The interaction between the transition metals Ni, Fe and Co in the hydroxide
is not yet fully understood however XPS measurements and SEM micrographs

showed that the Ni and Co hydroxide are involved in OER.

An investigation of the effect of electrodeposition parameters on the OER activity
of the Ni-Fe-Co hydroxide found that catalyst nucleation rate was dependent on
cathodic current density whilst catalyst surface morphology and composition was
affected by synthesis pH. Following this, the mass of catalyst deposited and
electrochemically active surface area in the catalyst layer could be strategically altered
using deposition time. The synthesis temperature was equally influential on OER
performance as the structure of the catalyst layer was less compact at higher
temperatures. Ni-Fe-Co hydroxide cathodically deposited at 300 mA cm for 240 s at
22 °C, pH 3.9 was found to demonstrate best OER performance and was also capable

of stable operation for 3.5 h at 0.5 A cmin a zero-gap alkaline membrane electrolyser.

Lastly, regarding the evaluation of performance in a laboratory cell, the activity and
stability of the two optimal electrodes, amorphous MnOx on carbon paper and Ni-Fe-
Co hydroxide on stainless steel mesh as ORR and OER electrodes respectively, were
assessed in a tri-electrode Zn-air secondary cell set-up. The results showed that the
inefficiency of the cell was dominated by the oxygen electrode, which had a potential
window of 659 mV at 20 mA cm as opposed to the Zn electrode’s 30 mV dissolution/

deposition potential window, giving a combined energy efficiency of 64%.

The experiments showed that operating parameters such as current density,
temperature and inter-electrode distance have a greater influence on the overpotential

at the ORR electrode. On the other hand, the overpotential at the OER electrode was
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more dependent on variations in electrolyte concentration. The use of compressed air

instead of bottled Oz, was observed to exclusively affect the ORR overpotential,

causing a 3% reduction in energy efficiency. The results of the durability experiment

showed that the electrodes were capable of being cycled with overall energy
efficiencies of 58-61 % at 20 mA cm? for up to 40 h in static electrolyte of 4 M NaOH

+ 0.3 M ZnO, 333 K. The eventual loss in performance was a result of the degradation
of the ORR electrode.

9.2.

Suggestions for future work

The use of carbon paper with two different microporous layer compositions as
an electrode support for the catalyst layer was seen to substantially affect the
ORR overpotential especially at high current densities (see Appendix B). The
composition of the microporous layer on the carbon paper GDE can be

optimised to further enhance the ORR performance.

Further characterisation of the amorphous MnOx can be performed using
complementary characterisation techniques such as X-ray Absorption
Spectroscopy (XAS) to investigate the chemical and structural changes of the
elements at the surface of the catalyst and ascertain the reactions which are

occurring during ORR.

XPS analysis and SEM micrographs in Chapter 7 have revealed changes in Ni
and Co- hydroxide species at the surface of the Ni-Fe-Co hydroxide catalyst
before and after anodic polarisation. Detailed ex- or in-situ chracterisation of
the catalyst surface during anodic polarisation can be performed to monitor the
interaction between the co-deposited transition metal hydroxides in the catalyst

and possibly determine the OER mechanism.

Based on the thorough investigation of composition and optimal deposition
conditions of Ni-Fe-Co hydroxide in Chapter 7, a beneficial extension of this
work could be to use a three dimensional electrode support such as a metal
foam to increase the catalyst loading, and therefore electrochemically active

surface area to enhance OER activity. Alternatively, the growth of stable

228



Chapter 9 Conclusions and Suggestions for Future Work

nanostructures on the electrode support for the catalyst to be deposited onto
can be attempted. Issues of mass transport will have to be taken into

consideration for these three dimensional electrode structures.
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Appendix A: SEM Micrographs of MnOyx Catalysts

Figure A1 SEM micrographs of catalysts a) M1 b) M2 c¢) M3 d) M4 and e) M5
synthesised at 295 K by order A, with basic pH adjustment to pH 12.

The SEM micrographs of MnOx catalysts M1, M2, M3, M4 and M5 in Figure Al
indicate that altering the synthesis molar ratio of MnO4:Mn?* did not cause any

noticeable changes in the surface morphology of the catalysts.
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Figure B1 Chronopotentiometric measurements at 10, 20, 50 and 100 mA cm? of M2
and M4 MnOx catalyst coated GDE (loading 2 mg cm-?) on either GDS 1120 or TGP-
H-60 carbon fibre paper in 1 M NaOH, 333 K, Oz feed rate of 200 cm?® min™! to the back
of the electrode.

The carbon fibre paper appears to have a significant impact on the GDE performance
as seen from the plot above. As seen in Figure B1, with either an M2 or M4 MnOx
catalyst layer, the TGP-H-60 electrodes yield better performance at low current
densities of 10 and 20 mA cm compared to the GDS 1120 electrodes. At higher
current densities, however, the GDS 1120 electrodes exhibits considerably lower
overpotentials. Since the TGP-H-60 paper has a greater average PTFE content than
GDS 1120 paper, this ensures good mass transfer of the gaseous reactants to the
catalyst layer, especially at low current densities. Whilst at higher current densities of
50 and 100 mA cm, the lower conductivity or higher resistance through the TGP-H-

60 paper likely contributes to its worse performance compared to the GDS 1120 paper.
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Appendix C: Python Script for Raspberry Pi-Relay System

#Script for controlling relay system

#This section sets the Pi up

import RPi.GPIO as GPIO
import time

GPIO.setmode (GPIO.BCM)

#Initial list with pin numbers (i.e. pin used was number 17)

pinList = [17]

#Loop through set mode and state to ‘high’
for i in pinlList:
GPIO.setup (i, GPIO.OUT)

GPIO.output (i, GPIO.HIGH)

#Length of time between operations in the main loop
#Held at oxidative or reduction current for 15 mins
SleepTimelL = 900

#Held at OCV for 60s

SleepTimeS = 60

#Main loop
#To set a countdown for the number of cycles the loop is repeated
try:

count = 20

while (count > 0)

print ‘The count is’, count
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#for i in pinList
GPIO.output (17, GPIO.HIGH)
print “DISCHARGE”

time.sleep (SleepTimel)

print “OCV”

time.sleep (SleepTimeS)

GPIO.output (17, GPIO.LOW)

print “CHARGE”

time.sleep (SleepTimel);

print “OCV”

time.sleep (SleepTimeS)

count = count - 1

GPIO.cleanup ()

print “Goodbye”
#End programme cleanly with keyboard
Except KeyboardInterrupt:

print “Quit”

#Reset GPIO settings

GPIO.cleanup ()
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