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Chemical Engineering

In the past decade, energy generation using solar, wind, and hydroelectricity has increased
dramatically. Widespread adoption of these renewable sources, however, is bottlenecked by
energy conversion and storage devices such as fuel cells and batteries. Hydrogen is a promis-
ing energy carrier that can be produced through low temperature alkaline water electrolysis,
stored as a gas or liquid, and later converted back to electrical energy when needed. The
cost-effectiveness of a hydrogen-based energy storage system, however, is in part limited
by the high electrochemical overpotentials needed to drive the hydrogen evolution reaction
(HER), oxygen evolution reaction (OER), and/or urea oxidation reaction (UOR). Conse-
quently, development and understanding of advanced electrocatalysts is a critical step in
realizing hydrogen energy for grid-scale power applications.

In this work, nickel and nickel-transition metal alloys were investigated as HER, OER,
and UOR catalysts. Reproducible oxide layers were grown by potential cycling between 0.85
and 1.52 V vs. RHE up to 600 cycles, and the transition between Ni(OH), and NiOOH was
monitored by cyclic voltammetry throughout. Through voltammograms and a Tafel analysis,
it was determined that dissolution of chromium and molybdenum led to the formation of
high electrochemical surface area electrodes with increased formation of the v~-NiOOH phase.

Alloys with dissimilar Cr:Mo ratios leached significantly more, suggesting an electrode with



similarly high Cr and Mo content is more stable in the examined conditions. Dissolution
of Cr was verified through the use of x-ray impedance spectroscopy. The equal Cr:Mo
concentration alloy and pure Ni developed a primarily S-NiOOH surface, and had 1.8-2.0
times larger TOF values than those containing significant v-NiOOH. The NiCrMo alloys
required smaller overpotentials (54-80 mV) to produce 10 mA cm~2 of OER current, and had
comparable Tafel slopes to pure Ni. The findings here indicate a 5-NiOOH-developed surface
to be more OER-active than a 7-NiOOH-developed surface and suggest certain NiCrMo
alloys have promise as OER electrocatalysts.

Next, the OER-active nickel-oxyhydroxide (NiOOH) phases were characterized using
cyclic voltammetry, impedance spectroscopy, and scanning electron microscopy on pure Ni.
Using selective electrochemical cycling from 0.9 Vgypg to switching potentials between 1.51
and 1.61 Vgygg in 0.5 M KOH at 25 °C, it was determined that the v-NiOOH phase would
preferentially form at higher switching potentials. This phenomenon was attributed to in-
duced surface roughening through NiOOH lattice expansion and contraction, thereby en-
hancing electrochemical surface area (ECSA) and improving the intercalation of cations. The
resulting increase in the number of grain boundaries was verified through scanning electron
microscopy. Kinetics of the OER were evaluated using Tafel analysis and turnover frequency
(TOF); an electrode developed with a switching potential of 1.51 Vgryg had TOF values 6-17
times larger than an electrode developed with a switching potential of 1.61 Vgyg, indicating
improved OER kinetics of the 5-NiOOH phase. The results from this study provided evi-
dence for the relative activity of NIOOH phases, and showed that selective electrochemical
cycling can be used to control the formation of NiOOH species.

The findings in these studies indicate that, while alkaline water electrolysis is a ma-
ture technology, there is still significant room for improvement using nickel-based electrodes.
Moreover, the techniques developed here may have application in other NIOOH-based sys-

tems for examining and improving their electrocatalytic performance.
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Chapter 1

INTRODUCTION

In the past decade, energy generation through renewable energy sources (RES) has dra-
matically increased; between 2008 and 2019, energy produced by RES — including wind,
hydroelectric, solar, and thermal sources — increased from 7.9% to 16.3%, as shown in

Figure 1.1.[1] While the amount of power generated by RES is generally predictable, their
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Geothermal
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Il Clean
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Figure 1.1: U.S. energy production by source. [1] ’Other’ consists of combined renewable,
clean, and traditional energy sources. Interactive version and additional visualizations avail-

able at: https://observablehq.com/@isaack8/energy-visualizations
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intermittency introduces issues regarding electrical stability and availability. As a result,
the absence of efficient and affordable technologies for electricity storage remains a major
hindrance towards the widespread adoption of clean, renewable energy.[2, 3] This bottleneck
has led to the development of energy storage systems (ESS). ESS are used to decouple energy
production from demand by converting electrical energy to magnetic, chemical, kinetic, or
potential energy. By storing energy during excessive generation periods and supplying energy
during periods of high demand, the availability of electricity for the residential and industrial
sectors is more consistent and intermittency issues can be minimized. Pumped hydroelectric
is by far the most common form of ESS, accounting for approximately 95% of the U.S. —
and 90% globally — utility-scale energy storage.[4] While an effective and tested renewable
form of ESS, recent studies indicate the greenhouse gas costs of water storage reservoirs
are more significant than previously believed. Methane, a potent greenhouse gas, makes up
80% of water storage reservoir emissions.[5] Anoxic methane production occurs in the pores
of fine-grained sediment that accumulate in water reservoirs, while organic material from
decaying vegetation or watershed runoff will decompose to form methane.[6] When water
levels in the reservoir lower, the decrease in hydrostatic pressure allows stored methane to
escape and subsequently enter the atmosphere.[6] As a result, emerging technologies such as
grid-scale batteries and hydrogen storage have the potential to greatly increase grid storage
capacity and reliability while reducing the overall carbon footprint of ESSs.

Advancements in ESS technologies are greatly dependent on electrochemical materials
research and development. In particular, nickel (Ni) is designated a “high importance” min-
eral for the development of electric vehicles, battery storage, and hydrogen technologies.|[7]
Ni is a major component in common secondary (rechargeable) lithium-ion batteries such
as nickel-cobalt-aluminum and nickel-manganese-cobalt as well as the nickel-metal hydride
battery often used in consumer electronics. Consequently, Ni is an essential material in the

development of advanced battery technologies for grid-scale energy storage applications.[§]

Nickel-based catalysts also have a prominent role in the field of hydrogen fuel production

through alkaline water electrolysis (AWE). In AWE, hydrogen gas is produced through the



hydrogen evolution half reaction (HER), where water is reduced at the cathode surface. At
the anode, the oxygen evolution half reaction (OER) occurs when hydroxide ions are oxidized
to form oxygen gas. While this reaction is clean, the electricity input required to drive AWE
results in a more expensive process than producing hydrogen through fossil fuels and other
production methods. As a result, efficient and low-cost electrocatalysts are a necessary
development before hydrogen as an ESS can be actualized. Nickel is an especially attractive
option for AWE due to its low cost, high electrical conductivity, and resistance to corrosive
alkaline environments.[9] Ni acts as a bifunctional catalyst for AWE, capable of operating as
the anode, cathode, or both. Nickel can take on a variety of forms, including nickel-foam, a
porous, high-surface area material that is ideal for electrocatalytic applications. Moreover,
Ni often has a synergistic relationship with additive elements such as iron, cobalt, chromium,

and molybdenum, enhancing the electrocatalytic properties of the material as a whole.[10]

Compared to the HER, however, the OER is a complex, 4-electron reaction with sluggish
kinetics; the high overpotential required to drive the OER hinders the overall efficiency of
AWE. Consequently, development of stable, low-cost Ni-based materials for high-efficiency
OER is an intensely studied field, and there have been more publications regarding Ni for

the OER than the HER, as seen in Figure 1.2.
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Figure 1.2: Publications by year with titles or abstracts containing the words “Nickel” and

“X Evolution”, where X is either “Hydrogen” or “Oxygen”.[11]



In the past two decades, the discovery of nickel’s affinity for the urea oxidation reaction
(UOR) has led to a new research focus. Urea is the largest constituent in urine, Earth’s most
abundant waste product.[12] Through urea electrolysis, Ni splits urea into gaseous carbon
dioxide and nitrogen at the anode, while hydrogen is produced at the cathode. Additionally,
the lower overpotential of the UOR compared to the OER reduces the energy input required
to drive hydrogen formation. In this system, Ni is capable of facilitating the production of

low-cost hydrogen while simultaneously treating urea-rich wastewater, as shown in Figure 1.3.

This work is motivated by the need for a transition to efficient, reliable, and clean energy
production and storage methods. Hydrogen storage is a promising option, and Ni, conse-
quently, is an important material in the development of this ESS technology. The focus of
this research is to advance the understanding and development of Ni-based materials for use
in electrochemical applications, specifically the oxygen evolution half-reaction. While the

HER is the electrochemical process by which hydrogen — the fuel of interest in AWE — is

4 — € DH

Urea + H,0
:a- ®. P b

Figure 1.3: Schematic of the urea electrolysis system, where hydrogen is produced at the

cathode and urea is oxidized to gaseous carbon dioxide and nitrogen at the anode.



produced, the OER is the electrochemical process causing a bottleneck towards the adoption
of hydrogen power as a grid-scale ESS technology. Consequently, significantly more research
has been dedicated in this work towards the OER. Additionally, urea oxidation on Ni-based
materials is evaluated as an alternative to the OER. Through the use of a wide variety of
electroanalytical and materials characterization techniques, the state of the electrocatalytic
oxide layer formed during alkaline electrolysis is first examined. Subsequently, the stability,
activity, and feasibility of Ni and Ni-based electrocatalysts towards the OER and UOR elec-
trolytic processes are quantified and discussed. In Chapter 2, the current state of Ni-based
electrocatalysis is reviewed with respect to alkaline water and urea electrolysis. Chapters
3 and 4 will discuss the development and benchmarking of nickel-chromium-molybdenum
materials for the HER, OER, and UOR. In chapter 5, the use of potential cycling to control
the electrocatalytic properties of the NiIOOH layer is investigated. Chapter 6 examines the
use of computational fluid dynamics modeling to improve mass transfer of the UOR, and
finally, chapter 7 summarizes the results of these studies and provides a perspective on the

research of Ni-based materials for alkaline electrochemistry.



Chapter 2
LITERATURE REVIEW

2.1 Nickel Electrocatalysis

2.1.1 Nickel (Ozy)Hydroxide Phases

Practical electrocatalysis using nickel has been studied since the late 1960s, with some of
the earliest work focusing on applications for hydrogen fuel cells.[13] The earliest electro-
chemical characterization of nickel in alkaline conditions, however, was studied over two
decades earlier. The works of Feitknecht et al. and Bode et al. were pioneering in the field of
Ni electrocatalysis, first identifying the formation of nickel hydroxide (Ni(OH)y) and nickel
oxyhydroxide (NiOOH) phases in alkaline conditions.[14, 15] The Bode scheme, illustrated
in Figure 2.1, was first introduced in 1966 and has been extensively studied by the catalyst
community through electrochemical, morphological, and spectroscopic techniques.[10, 15-24]

In alkaline media, and in the potential range of 0 to 0.5 Vrgg (0.1 M KOHT), Ni metal
forms NiO and the alpha-phase hydroxide, a-Ni(OH),.[25] The a-Ni(OH), phase is described
as turbostratic layers of Ni(OH), intercalated by water molecules.[22] This phase is unstable
in alkaline conditions; potentials greater than 0.5 Vgyyg cause an irreversible transformation
of a-Ni(OH), to the beta-phase hydroxide 5-Ni(OH),, the dehydrated form of a-Ni(OH),.[20]
While the oxidation state of the two hydroxide phases is identical, the hydrated a-Ni(OH),
form has almost double the interlayer spacing than that of S-Ni(OH)y (8 vs. 4.6 A), con-
tributing to its instability. Due to the low potentials required for these reactions, formation
of a-Ni(OH), and subsequently $-Ni(OH), happen spontaneously when exposed to alkaline

media at open circuit potential, the rates of which depend on hydroxide concentration and

fSubsequent potentials are also reported for a 0.1 M KOH electrolyte unless specified otherwise.
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Figure 2.1: The general Bode scheme representation of the relationship between hydroxide
and oxyhydroxide Ni surface states formed during the charge-discharge cycle in alkaline

media. Adapted from Van der Ven et al.[18]

temperature. At more positive potentials greater than 1.35 Vrug, S-Ni(OH), undergoes ox-
idation to its oxyhydroxide state, f-NiOOH.[12, 21| The reaction for this oxidation process
is often described by Equation 2.1:

Ni(OH); + OH™ === NiOOH + H,0 + e~ (2.1)

This transformation is reversible, and S-NiOOH is easily reduced back to 5-Ni(OH)s,.
When subjected to overcharge, 5-NiOOH transforms to v-NiOOH.[22] Overcharge is loosely
described as application of potentials much greater than the standard equilibrium potential
(E°) over prolonged periods. The value of E° is reported to be 1.33 Vipug for the a-Ni(OH),
to 7-NiOOH transformation and 1.36 Vgug for the S-Ni(OH), to S-NiOOH transforma-



tion.[26] One possible mechanism for the reaction is described by Equation 2.2:[18]

The chemical formula HoK(H20)2NizOg is just one of many possible forms of the y-phase
family, which is written simply as v-NiOOH. When discharged, 7-NiOOH reduces to both
a-Ni(OH)y or $-Ni(OH),.[21] Studies indicate that v-NiOOH can also directly form from
a-Ni(OH)y during the charging process due to their similar intercalated structures.[26] The
structure, electrochemical properties, and stability of these phases vary considerably depend-
ing on the conditions and potential bias, and the complex pathways make electrochemical

investigation of the Ni oxide layer challenging.

2.1.2  Ozygen and Hydrogen FEvolution on Nickel

The hydrogen evolution reaction (HER) and the oxygen evolution reaction (OER) are the
two crucial mechanisms of clean hydrogen production. The focus of this paper is alkaline
water electrolysis (AWE), and as such, all water-based reactions will be written in their
alkaline form. The HER — occurring at the cathode in AWE — is described overall by
Equation 2.3:[10, 27|

2H,O+2e” — Hy +20H™ (2.3)

The HER is a multistep mechanism consisting of a Volmer, Tafel, and Heyrovsky step, and

the overall reaction can occur by either a Volmer-Tafel or Volmer-Heyrovsky process:[10, 27|

Volmer: 2H,O+M+2e” —— 2MH,qs + 20H™ (2.4)
Tafel : 2MH,4s — Hy +2M (2.5)
Heyrovsky : MH,qs + Ho O +e~ —— Hy + M + OH™ (2.6)

The OER occurs at the anode in AWE, as described by Equation 2.7:[10, 27]

40H™ — Oy 4 2H,0 + 4 e~ (2.7)



While the HER is neatly described using the Volmer, Tafel, and Heyrovsky steps above,
the mechanism by which the OER occurs is dependent on the electrocatalyst and the pH of
the electrolyte. Multiple possible intermediate variations have been reported, and the exact
mechanism for a specific system is difficult to determine. The same two elementary steps are

usually assumed to initiate the OER, as described by Equation 2.8 and Equation 2.9:[10, 27|

M+ OH — MOH +e¢e™ (2.8)

MOH + OH™ — MO + H,0 + e~ (2.9)

In these two steps, a hydroxide ion (OH ) adsorbs to a metal active site (M), forming MOH,
a metal-hydroxide species. The subsequent electrochemical removal of a proton results in
MO, a lone oxygen atom adsorbed on an active site. Following these initiation steps, one of

two possible pathways may occur. The first is described by Equation 2.10:[10, 27]
2MO — 2M + Oy (2.10)

Here, two adsorbed oxygen atoms may combine to form an O, molecule and free up two active
sites. Alternatively, an additional three-step process may follow the original two elementary

steps, as described by Equation 2.11, Equation 2.12, and Equation 2.13:[10, 27, 28]

MO + OH™ — MOOH + e~ (2.11)
MOOH + OH™ — MOO™ + H,0 (2.12)
MOO™ — M+ Og + ¢~ (2.13)

In this mechanism, a MO species reacts with a hydroxide ion in solution to form MOOH,
a metal oxyhydroxide species. Deprotonation of the oxyhydroxide species results in the
formation of MOO | which is subsequently oxidized to form an Os molecule and the original
active site. The final two steps in this mechanism are often written as a combined chemical-

electrochemical step:

MOOH 4+ OH™ —— M + Oy + HyO + e~ (2.14)
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The additional three-step mechanism is more often referenced in electrochemical studies, as
many transition metals — including Ni — will often form the necessary oxyhydroxide phases
for O4 evolution to occur. [10, 27]

Oxygen evolution on Ni-based catalysts is a well-studied field, and much effort has been
dedicated to increasing reaction kinetics through surface area modifications, morphological
adjustments, and elemental doping.[10, 16, 24, 29-36] A commonly used method for improv-
ing the OER performance is through transition metal doping, the addition of one or more
different transition metals to a Ni electrode. Iron is often incorporated, and NiFe electrodes
have shown exceptional electrocatalytic activity, increased stability during the OER, and
high electrochemical surface areas.[16, 37] Furthermore, Ni-based oxides have a high affinity
for Fe adsorption, resulting in the formation of dynamic active sites with increased OER
activity.[29] Other commonly used transition metals are cobalt and manganese.

Examples of electrocatalytic performance benchmarks include the Tafel slope, overpo-
tential, and turnover frequency. The Tafel slope (b) is a measure of how responsive the
reaction rate is to a change in applied potential. It is measured in units of millivolt-per-
decade (mV dec™!), corresponding to the amount of potential increase that is required to
increase the current response by a factor of 10. Consequently, a lower Tafel slope is desired.
The overpotential required to generate 10 mA ¢cm™2 (1) is another kinetic benchmark elec-
trocatalysis. The value of 10 mA cm~2 is often used, as it corresponds to the approximate
current density required at the anode in a 10% efficient solar water electrolysis device under
1 sun illumination.[38] As the overpotential is a measure of applied energy per charge, a
lower 79 value corresponds to a more effective catalyst. The turnover frequency (TOF) is
a measure of catalytic frequency. Measured in units of s~!, the TOF corresponds to how
many times a catalytic reaction can occur (“turns”) in a given time period, and a higher
value indicates a better catalyst.

Electrocatalytic benchmarks values for Ni(OH),/NiOOH and some Ni-based materials are
shown in Table 2.1. Iron is one of the most commonly used additives for Ni-based oxygen

evolution; a strong electron interaction between Ni and Fe leads to a decrease in the energy
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Table 2.1: Comparison of Ni-based electrocatalysts for the OER in alkaline medium. Values
compared are the Tafel slope (b), overpotential (119) required to generate 10 mA cm~2 of

OER current, and the turnover frequency (TOF).

Electrocatalyst Ref. b Mo (10 mA em™2)  TOF (300 mV)
mV dec™? mV st
Ni(OH),/NiOOH  [31, 39] 100 530 0.011
NiFe-LDH 32] 40 302 0.05
FeNi-GO 130] 40 220 0.38
NiCo-LDH [32] A1 334 0.1
CoNiP 135] 66.5 280 -
(NiCo)o.g55¢ [40] 79 255 ;
NiMn-LDH [41] 40 350 :

needed to initiate OER.[29] Moreover, doping with Fe increased the formation of active sites,
improving kinetics of the OER.[39] The subsequent Tafel slope and overpotential decrease,
as well as the increase in turnover frequency, can be seen in Table 2.1. Using a NiFe-LDH
(layered double hydroxides) electrode decreases the Tafel slope by 60 mV dec™ and the
overpotential by 228 mV compared to pure Ni. Additionally, the turnover frequency of the
NiFe-LDH electrode was almost 5 times that of the pure Ni electrode. The use of a FeNi-GO
(graphene oxide) electrode resulted in a similar Tafel slope decrease, but also reduced the
overpotential by 310 mV and increased the turnover frequency by a factor of 35. Cobalt and
manganese have similar, synergistic effects with Ni, resulting in the improved OER kinetics
shown in Table 2.1. Summarily, “cheap” transition metals keep the electrocatalyst cost low

while improving the intrinsic activity of the electrode towards the OER.
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2.2 Urea Oxidation

The earliest research on the oxidation of urea was published by NASA in the 1960s.[42] These
studies were motivated by extended space flight, with research focused on reclaiming clean
water from urine. Here, urea oxidation was presumed to undergo an indirect mechanism,
reacting with hypochlorite in solution that forms from the oxidation of chloride ions. The

hypochlorite-mediated urea decomposition process is described by the following reaction:[42]
CO(NHs3)2 + 3NaOCl — Ny + CO4 4+ 3NaCl + 2 H,O (2.15)

In the 1970s, continued research revealed the presence of an alternative, direct urea oxidation

reaction (direct-UOR) on a platinum electrode, as described by Equation 2.16:[43]

This electrochemical oxidation reaction does not rely on hypochlorite-mediation, allowing for
the direct decomposition of urea-rich, chloride-free electrolytes using a noble metal catalyst.
Following this development, research on additional catalysts such as ruthenium oxide (RuOy)
and iridium oxide (IrO) led to the determination that noble metals — while active towards
the direct-UOR — had a low efficiency, forming partial decomposition products such as
nitrates and nitrites.[44, 45] The high cost of noble metal catalysts and undesirable side
products would hinder development of a practical direct-UOR, catalyst.

It was not until 2009 that the discovery of nickel’s exceptional activity towards urea
oxidation resulted in a series of important new research.[12, 46, 47] Through these studies,
it was determined that the NIOOH phase formed through the electrochemical oxidation of
Ni in alkaline electrolyte would be reduced to the Ni(OH), phase by urea, resulting in an
additional pathway for urea electrolysis to occur. This indirect mechanism (indirect-UOR)

is described by Equation 2.17:[47]

When Ni is used as the electrocatalyst, both the direct and indirect mechanisms occur

and NiOOH will catalyze the reaction in both cases. The direct mechanism is classified as
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an E,FE; case, where a reversible electrochemical reaction (Ni(OH), oxidation) precedes an
irreversible electrochemical reaction (direct-UOR).[48] The indirect mechanism is considered
an E,C! case, where the same reversible Ni(OH), oxidation precedes a catalytic chemical
reaction (indirect-UOR).[48]

Following these discoveries, nickel-based urea electrocatalysts have become a subject of
intense study. The addition of doping elements such as cobalt, rhodium, iron, molybde-
num, and phosphides has been shown to increase the performance of urea oxidation.[49-53]
The addition of these doping elements can effectively reduce the overpotential required for
urea oxidation, increase the electrochemical surface area, and increase electrode stability,
extending catalyst lifetime.

Transition-metal doping for the UOR has similar benefits to that of the OER: improved
catalytic activity at a low cost. Incorporating cobalt during Ni(OH), electrodeposition neg-
atively shifts the UOR onset potential of the resulting electrocatalyst.[54] The negative
shift was attributed to an overall reduction in the energy required to oxidize Ni — and
subsequently urea — due to the Ni-Ci electronic interactions. Adding iron to a-Ni(OH),
nanosheets has been shown to reduce the overall charge-transfer resistance of the UOR,
while including Mo into a NizS,-based electrode improves the cleavage of urea C—N bonds.
The electrolyzer developed using the Mo—Ni3S, electrodes was capable of producing 10 mA
cm~2 a 70 mV smaller overpotential compared to traditional water electrolysis.[55]

The use of specialized deposition methods can significantly increase the electrochemi-
cal surface area and improve the UOR performance. By directly depositing a-Ni(OH), on
a carbon cloth substrate using a methanol-directed hydrothermal method, a multi-layered
nanosheet catalyst was formed.[56] The nanosheet catalyst had a high capacitance — an
equivalent measure of ECSA — of 130.2 mF cm™2, and a UOR current density of 436.4

mA cm™2

at 0.5 Vag/agcr. Cobalt electrodeposited on a Ni-foam based electrode has been
shown to form a “chrysanthemum-like” catalyst structure, increasing the base electrode’s
electrochemical surface area by 2.4-23.4 times.[57] Depositing manganese-cobalt using a

hydrothermal-calcination-hydrothermal method results in a very high ECSA and an ex-
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ceptional UOR current density of 650 mA cm™2 in 5 M KOH and 0.33 M urea electrolyte at
0.6 Vag/agci-[58]

Recently, density functional theory (DFT) has been used to uncover the catalytic UOR
mechanisms. A DFT study analyzed the elementary dissociation reactions of urea to nitrogen
and carbon dioxide in the presence of NiOOH and hydroxide ions, and determined that
the removal of carbon dioxide was the rate-determining step (4.3 x 107%° s71).[59] A study
on the fate of nitrogen during the UOR on Ni-based catalysts revealed that side products
such as NOy, NyO, and NO3~ were formed due to over-oxidation.[60] To combat these
undesirable reactions, a polyaniline coating was designed to shift the UOR selectivity towards
Nj. Additionally, DFT has been used to improve catalyst development by determining the
role of catalyst structure on efficient urea oxidation. One study determined that the Ni atoms
near the edge of a $-Ni(OH), layer displayed significant UOR activity compared to atoms
within the basal plane, and large 5-Ni(OH), vacancies resulted in lower urea adsorption

energies.[61]
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Chapter 3
ELECTROCHEMICAL TECHNIQUES

As the focus of this work is an electroanalytical study of nickel electrocatalysis, a brief de-
scription of the electrochemical techniques used throughout the paper is included. The cyclic
voltammetry and staircase voltammetry sections summarize the electroanalytical methods as
described by Bard et al..[48] The basic theory and usage of electrochemical impedance spec-
troscopy is summarized as described by Orazem & Tribollet, Lacey, Pine Research, Gamry

Instruments. [62-65]
3.1 Cyclic Voltammetry

Cyclic voltammetry (CV) is a potentiodynamic measurement where the potential of the
working electrode is ramped over time from an initial potential (£}) to a switching potential
(Ey) and back down to Ej, as shown in Figure 3.1(a). This is one cycle, taking ¢ seconds
to complete. The sweep rate (v / mV s~!) remains constant during each experiment but
may differ between experiments. This is repeated until n cycles are completed. The current
response is measured throughout and then plotted as a function of time (Figure 3.1(b)) or
potential (Figure 3.1(c)). This electrochemical process is generally used qualitatively, pro-
viding information on which electrochemical processes are occurring in a particular potential
range and the reversibility of a reaction.

In Figure 3.1, panels (b) and (c) show the same current response, but vs. time and
vs. potential, respectively. The current vs. potential representation is more common, as it
provides a visual representation of characteristic potentials. A pair of matching peaks in a

cyclic voltammogram usually corresponds to a simple, reversible “E” redox-reaction:

O+ne” =—R (3.1)
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Figure 3.1: (a) A typical cyclic voltammetry experimental waveform and the corresponding

(b) current-time and (c) current-potential responses.

while an unmatched peak — as seen in Figure 3.1(b) might correspond to to an irrerversible

redox reaction:

O+ne- — R (3.2)

A sample CV is shown in Figure 3.2, annotated with the characteristic potentials and
currents of interest. In a typical scan, the potential is swept positively from an initial poten-
tial (0.2 V) to a final potential (0.7 V) and negatively back to the initial potential. Current
is measured as the applied potential drives an oxidation reaction during the forward (anodic)
scan. The formation of a peak appears where the rate of oxidation is at its highest. The
current at this point is referred to as the anodic peak current, i, ,, and it occurs at the anodic
peak potential, E,,. During the reverse (cathodic) scan from 0.7 V back to 0.2 V, the rate
of reduction is at its highest at the cathodic peak potential, E, ., and the current measured
here is the anodic peak current, i, .. The potential directly in the middle of £, , and £}, . is
referred to as the half-wave potential, F} /3, and is generally a good estimate for the standard
equilibrium potential of a reversible or quasi-reversible redox reaction.[66] The difference

between £, , and E, . is called the peak-to-peak separation, AE,, and combined with the
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Figure 3.2: A sample cyclic voltammogram between 0.2 V and 0.7 V with characteristic

potentials and currents.

half-wave potential, acts as an indicator for the magnitude of oxidation and reduction over-
potentials. Finally, the onset potential (Fqys) is estimated by drawing a tangent down from
the rising current of a wave. This value roughly corresponds to the “initiation point” of an
electrochemical process, or the minimum potential required for an electrochemical reaction

to occur.

3.2 Staircase Voltammetry

Staircase voltammetry (SV) is a type of potentiostatic voltammetry, where — like CV —
the potential of the working electrode is ramped over time. In this case, however, discrete

potential steps are each held for a time ¢, as shown in Figure 3.3(a). Holding at a set potential



18

En (a) — (b) () ¢
En_11 J— [
I__ ([ J
z ¢/ r——I <\E ¢
w 1 —~ PY
—
[ J
El 7 |_ Py o
[ J
EO L 1 1 //// 1 1 1 1 ? . 1
tO tl tn—l tn tO tn EO En
Time /s Time/s E/V

Figure 3.3: (a) A typical staircase voltammetry experimental waveform, the corresponding

(b) current-time response, and (c) a polarization curve constructed from the data in (b).

allows for a concentration gradient to form near the electrode surface, causing the current
to decay until a steady-state reaction rate is realized (Figure 3.3(b)). Generally, the current

decays according to the Cottrell equation:

i TLFAC?\/ Di
= ———
vt

where n is the number of electrons exchanged, F' is the Faraday constant, A is the geometric

(3.3)

area of the electrode, ¢ is the initial concentration of the oxidized/reduced species (i), Dj
is the diffusion coefficient of species i, and ¢ is time. The Cottrell equation is often used
in conjunction with staircase voltammetry to evaluate the diffusion coefficient of a chemical
species.

The current may not decay to a complete steady state due to the time scales in which some
electrochemical processes occur, and in these cases, a hold of at least 15 minutes is generally
considered sufficient for a practical steady state. Multiple steps may be conducted, resulting
in a current-time response like the one seen in Figure 3.3(b). The steady state current value
for each step can be evaluated and plotted vs. the potential used for each step, resulting

in a current-potential plot as seen in Figure 3.3(c). This type of polarization data is used
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to evaluate the Tafel slope, turnover frequency, and other benchmarks for electrochemical
reaction kinetics.

A Tafel plot — as shown in Figure 3.4 — is an alternate representation of the polarization
curve shown in Figure 3.3(c). Here, the half-cell potential is converted to an overpotential

by subtracting the standard equilibrium potential of the reaction being examined:
n=FE—FE° (3.4)

Consequently, the overpotential is reference-agnostic and plotted on the y-axis. The log of
current (or current density) is plotted on the x-axis, resulting in a plot of 7 vs. log(i). The
slope of this curve has units of mV-per-decade, and is often referred to as a Tafel slope (b /

mV dec™!). Mathematically, the Tafel equation is as follows:

The Tafel equation is a simplification of the Butler-Volmer equation under the assumption
that n > 0.1V and that the concentration of reactant at the surface of the electrode is

sufficiently high such that the system is not limited by the mass transfer rate. In other
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Figure 3.4: An example Tafel plot with a Tafel slope fit using the low overpotential range.
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words, the Tafel equation is valid for a kinetically limited system at a sufficiently high
overpotential. Consequently, the Tafel slope is often used as a kinetic benchmark, and
measures how responsive the reaction rate is to a change in applied potential, i.e. a low Tafel

slope corresponds to a system with faster kinetics.

3.3 Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) is an electroanalytical technique that uses a
sinusoidal input to probe the electrochemical response of a system, as shown in Figure 3.5.
While EIS can be conducted potentiostatically or galvanostatically, only potentiostatic EIS

is used and discussed in this work.

During a typical EIS experiment, a sinusoidal potential is applied to an electrochemical

system and the resulting current is measured. The time-dependent expressions for potential

Input signal Output signal
(potential or current) (current or potential)
Electrochemical ‘\'/T\l\‘/‘\/‘\
System |
11
11
Time ——) ¢ Phase Angle

Figure 3.5: A typical EIS experiment flow, where a sinusoidal potential or current is ap-
plied to an electrochemical system, the resulting current or potential is measured, an FFT
is applied, and a Nyquist plot constructed from the impedance data. Figure from Pine Re-

search.[64]
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and current are described by:

E(t) = E, sin(wt) (3.6)

i(t) =i, sin(wt + ¢) (3.7)

where E, and i, are the potential (V) and current (A) wave amplitudes, respectively, w
is the angular frequency (rad s7!), ¢ is time (s), and ¢ is the phase shift (rad). Both
the potential amplitude and frequency are controlled, and the output current signal may be
shifted by a finite amount (¢). The phase shift is due to electrical reactance, an opposition to
alternating current caused by a system’s inductance or capacitance. This process is repeated
several times, with the frequency of the varying between each experiment. In this work,
the frequency is evenly spaced on a log scale, descending from ~1 MHz to ~0.1 Hz. The

impedance of the system (Z) can be expressed using an equation analogous to Ohm’s Law:

_E(t)  Epsin(wt) sin(wt)
4= i(t)  dpsin(wt+ @) Zosm(wt ¥ 9) (3.8)

Using Euler’s formula:
exp(j¢) = cos(¢) + j sin(¢) (3.9)

where 7 is the imaginary unit, the potential and current time responses can be expressed as

complex functions:

E(t) = E, exp(jwt) (3.10)

i(t) =i, exp(jwt — @) (3.11)

allowing for impedance to be represented as a complex number:

=y = Zoexp(jo) = Zoleos(9) + 7 sin(9)] (3.12)

The impedance is often split into a real (Z;) and imaginary (Z;) impedance:

Z(w) = Zylcos(¢) + j sin(¢)] = Zocos(¢) + Zoj sin(¢) = Z, + jZ; (3.13)
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A Nyquist plot is a graphical representation of impedance data — where each data point
corresponds to Equation 3.13 evaluated at a different frequency value — generally plotted
as —Z; vs. Z,. The former term is the reactive portion of impedance, while the latter is
the resistive portion. FEach feature on a Nyquist plot has a defining shape, width, and
characteristic frequency, and quantitative characteristics about the electrochemical system
can be extracted from these features.

The electrochemical systems in this work can be described simply using resistors and
capacitors. A resistor — which obeys Ohm’s law — is always proportional to the volt-
age. There is no reactive part (phase shift) and therefore no dependency on the frequency.

Consequently, the impedance of a resistor (Zr) is simply equal to its resistance (R):
Zn = R (3.14)

A capacitor, conversely, is purely reactive. An electrode-electrolyte interface acts as a ca-
pacitor, which opposes changes in the flow of charge. Consequently, as w — 0, Z¢ — oo. In
other words, frequency and capacitive impedance have an inversely proportional relationship:

1

Jo=——
¢ jwC

(3.15)

where C' is the capacitance. An RC circuit — consisting of a resistor and capacitor —
can either be in series or in parallel. Impedance circuits follow the same additive rules as

traditional circuits, leading to the following relationships:

1
Series: Zpc = Zgr + Z¢ =R+ —— (3.16)
jwC
1 1 1 1 R
Paralle: —=—+4+ —=—=+jwC . Zpc = ——— 3.17
arale ZRC ZR * ZC R v RC 1+ ijC ( )

For a series relationship, the capacitive impedance element is simply shifted along the real
axis by a resistance R. In a parallel relationship, it can be seen that as the frequency goes
to zero, the capacitive impedance term (jwRC') also goes to zero, and the circuit behaves
like a resistor. As the frequency goes to infinity, however, the impedance trends towards 0.

The resulting circuit element takes on the form of a semicircle with a diameter R. In EIS,
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a semicircle generally corresponds to a charge transfer process and is a good indicator of
the type of electrochemical process occurring in the system. In many actual electrochemical
systems, however, capacitors behave imperfectly due to rough surfaces, multiple reaction
rates, non-uniform current distributions, etc. To account for this, a circuit element called
the constant phase element (CPE, Q) is often used:

1
Zo = oG (3.18)

where @), is a pseudo-capacitance (S s") and n is an exponent between 0 and 1, where a value
of n = 1 would represent an ideal capacitor. The exponent n deviating from 1 results in a
“depressed” semicircle, and the corresponding effective capacitance (Ceg) can be estimated
from a CPE using the equation:

(QoR)

Ceff - T (319)

To extract useful electrochemical system parameters from complex EIS data, an equiva-
lent circuit model is developed to describe the system accurately. Each element in the circuit
corresponds to a physical aspect of the electrochemical system. A resistor may correspond
to the electrolyte providing a resistance to ionic charge transfer, while the electrochemical
double-layer can be represented by a simple RC circuit element. In this work, a simplified
Randles circuit is used to describe the electrochemical reactions occurring at the electrode
surface, and is shown in Figure 3.6(left).

In this system, the Ohmic resistance (R;) is the sum of all ionic and electrical resistances
between the potentiostat and the electrodes. As the electrolyte generally makes up the
majority of this term, the Ohmic resistance is often called the ionic, solution, or electrolyte
resistance. Due to the electrode-electrolyte interface, a capacitive element is included to
represent the double layer capacitance. In this work, a CPE is used. When a Faradaic
reaction such as the OER is also occurring at the electrode-electrolyte interface, it is described
using a charge-transfer resistance (R.;) in parallel with the double-layer capacitance. The
parallel RC circuit has a diameter of R and is shifted positively along the Z, axis by R,
as shown in Figure 3.6(right).
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Figure 3.6: (left) The simplified Randles circuit and its (right) corresponding characteristic
Nyquist plot. Figure from Pine Research.[64]

The Randles circuit is fit to the experimental EIS data using software or other programs.
In this work, impedance.py — a Python package developed by Murbach, Gerwe, Dawson-
Elli & Tsui — is used for equivalent circuit fitting.[67] From the circuit fit, values of Ry, Q,,

n, Re, and Ceg can be estimated and analyzed.
3.4 Electrochemical Surface Area

In this work, the electrochemical surface area (ECSA) was estimated using the “Capac-
itance”, “Beta”, or “Impedance” method, as described by Cossar et al. and Orazem &
Tribollet[62, 68] The “Beta” method will subsequently be referred to as the “Reduction”

method to more appropriately describe its use here.

3.4.1 The “Capacitance” Method

In the capacitance method, the electrode is cycled around its open circuit potential (OCP) in
a small window (£50 mV) at a series of scan rates (v / mV s™!), as shown in Figure 3.7(a).
For each scan rate, a charging current (iq, / uA) can be measured. The charging current
corresponds to the anodic or cathodic current value at the open circuit potential. Here, the

anodic charging current is evaluated for each scan rate, resulting in a plot of iy, vs. v, as
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shown in Figure 3.7(b)
The slope of this line has equivalent units of AsV~! equal to a capacitance (F). This
value is used as an estimate of the double-layer capacitance (Cq), and can be converted to

an estimated ECSA by dividing by the specific capacitance (q):

Bosa = G4 (3.20)

q
The specific capacitance is a material property, and is approximated as 40 uF cm™2 for pure
Ni.[68] This value is used for all Ni-based electrodes examined in this study due to their high

Ni content, and consequently, the calculated ECSA is considered an estimated value.

3.4.2  The “Reduction” Method

In the reduction method, the electrochemical surface area is estimated by calculating the
amount of charge passed during the reduction of NIOOH. During the reverse sweep of a
cyclic voltammogram, the point where the current crosses the ¢ = 0 axis — and becomes

reducing current — is designated ¢;. The end of the sweep is designated 9, and these two

(a) (b)
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Figure 3.7: Example electrochemical surface area estimation plot, where (a) shows the OCP-

cycling at different scan rates, and (b) shows the plot of charging current vs. scan rate.
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points are shown in Figure 3.8(a). The area between the current response and the i = 0 axis
is designated the “reduction area”. By plotting the same data in its current-time format
(Figure 3.8(b)), the reduction area can be seen between the x-axis bounds of ¢, and t,.

Integrating this region results in evaluation of the reduction charge (¢, / C):

to
&= —/ idt (3.21)
t1

This reduction charge corresponds to one monolayer of the OER-active NiIOOH surface, and
is proportional to the ECSA.[68] The ECSA can then be calculated for a NiOOH surface by

using the equation:

ECcsA — &V

(3.22)

where N4 is the Avogadro number (mol™!), n is the number of electrons exchanged during the
oxidation of Ni(OH)y to NiOOH (taken to be 1 mol.- mol™'), F' is the Faraday constant (C
mol,- ), and T is the average NiOOH site density (cm™2) calculated using lattice constants.[69]
A T value of 5.743 x 10" cm~2 was calculated using a lattice constant of 0.283 nm.

When evaluating electrochemical reaction kinetics, a variation of ECSA is used; before
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Figure 3.8: Example (a) current-potential and (b) current-time plots, highlighting the eval-

uated reduction area.
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integrating the reduction area, the current is normalized by the geometric surface area (A /

cm?). As a result, the integration results in a reduction charge density (o, / C cm™2):

1)
oy = —/ jdt (3.23)
t1

The reduction site density (I'; / cm™2) is then evaluated using the elementary charge (e /
C):
r, =2 (3.24)

3.4.3 The “Impedance” Method

In the impedance method, the effective capacitance is first estimated using EIS as previously
described. The capacitance — along with the often-used value of specific capacitance (q) for
pure Ni (40 uF cm™2) — can be used to estimate the electrochemical surface area through

the following equation:[68]
Ceﬂ

q

ECSA = (3.25)
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Chapter 4

ELECTROCHEMICAL OXIDE DEVELOPMENT OF
NICKEL-CHROMIUM-MOLYBDENUM ALLOYS

4.1 Motivation

While nickel has desirable electrocatalytic properties, catalyst stability is of primary concern
for practical applications. Pure Ni is prone to crevice corrosion attacks in chloride-containing
environments, even in the presence of significant KOH concentrations.[70-72] Chloride ions
destroy the NiO/NizO,/NiOy passive film at a pitting potential E;, the value of which
decreases with increasing chloride concentration.[72, 73] Studies on Ni-passivity have shown
that local breaks and defects in the oxide film provide sites for film breakdown; aggressive
chloride ions hinder repassivation at these local sites, the formation of which occurs during

the Ni(OH), to NiOOH transformation.|74]

Nickel-chromium-molybdenum (NiCrMo) is an attractive alternative to pure nickel elec-
trocatalysts in unfavorable (chloride-containing) electrolyte conditions and they are among
the most versatile materials for a wide range of chemical and physical processes includ-
ing marine environments, chlorination plants, and desulfurization processes.[70, 71, 75, 76|
Chromium and molybdenum are added to Ni to improve its degradation resistance through
the formation of Cr(III), Mo(IV), and Mo(VI) surface oxide layers.[77, 78] This passive film
formation leads to improved breakdown potential and stability in corrosive environments.[77]

A study on the role of Cr and Mo during repassivation in chloride-containing solutions showed

This is an adapted manuscript version of an article accepted for publication in The Journal of The
Electrochemical Society. IOP Publishing Ltd is not responsible for any errors or omissions in this version of
the manuscript or any version derived from it. The Version of Record is available online at [10.1149/1945-

7111 /acd7a6].
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that oxidizing a NiCrMo alloy would initially break down the Cr(III) barrier layer.[79] After
returning to the passive region, the formation of a new passive oxide — with greatly im-
proved corrosion resistance — would occur. For a high Cr:Mo alloy, this improvement was
attributed to the reformation of the Cr(III) layer, while an accumulation of Mo(VI) had also
occurred for the low Cr:Mo alloy. Consequently, it is clear that the amount of alloying Cr

and Mo influences the type of oxide layer that forms.

In addition to their passivating properties, chromium and molybdenum modifiers for Ni-
based electrodes have been shown to affect its electrocatalytic properties; NiCr alloys in
alkaline electrolyte show improved toward the oxygen evolution reaction [80] and the urea
oxidation reaction [81]. The addition of molybdenum to this mix has resulted in electrodes
showing promise for both the hydrogen evolution reaction and the oxygen evolution reac-
tion.[82-84] While these preliminary studies have shown that NiCrMo materials are active
towards the hydrogen, oxygen, and urea evolution reactions, a firm understanding of their
surface oxide has not been established. The presence of Cr and Mo — as well as the range
of applied bias — can shift the preferential formation of particular (oxy)hydroxide phases,

further complicating the redox pathways presented in the Bode scheme.[85, 86]

In this chapter, cyclic voltammetry is used to elucidate the contributions of Cr and Mo —
as expressed in the commercial alloys G35, B3, and C276 — to the development of NIOOH
electrocatalyst phases on NiCrMo alloys. The use of commercial alloys was motivated by
their potential to serve as reference materials for studies of alkaline electrocatalysis, since
their preparation is standardized by the manufacturer and is therefore independent of sample
preparation protocols specific to a particular laboratory. Commercial HASTELLOY®) alloys
with high Cr:Mo (G35), low Cr:Mo (B3), and equal Cr:Mo (C276) ratios were supplied by

Haynes International.[87]
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4.2 Experimental

4.2.1 FElectrode Preparation

Working electrodes were made from alloys G35, B3, and C276, as well as Ni foil (0.254
mm thickness, 99.5% in purity; Alfa Aesar). The three Ni alloys were provided by Haynes
International with nominal compositions shown in Table 4.1. Before electrochemical studies,
the electrodes were cut to size (1 cm x 1 cm, ca. 2.5 cm? total geometric area) using a rotary
tool (Dremel 200), followed by mechanical sanding (Buehler Ecomet III). Silicon-carbide
sandpaper grits of 400, 600, 800, 1500, 3000, and 5000 were used sequentially, resulting in
a smooth surface. A felt-tipped Dremel attachment and polishing compound was then used
to buff the surface and remove any remaining blemishes. Finally, the electrodes were hand-
polished using 1, 0.5, and 0.3 micron alumina suspension. The electrodes were sonicated in
ethanol and deionized water (Millipore-Q water system) for 10 minutes each between each
of the sanding and polishing steps. The resulting surfaces had a mirror finish that improved

the quality of electrochemical measurements. The counter electrode was a Pt coil (ca. 5 cm?,

Table 4.1: Nominal compositions (wt.%) for three Ni-based alloys.[87] Elements less than 1%

for all alloys were excluded. Italicized elements are listed with their maximum concentrations.

G35 B3 C276
Ni 58 65 57
Cr 33.2 1.5 16
Mo 8.1 28.5 16
w 0.6 3 4
Co 1 3 2.5
Fe 2 1.5 5

Mn 0.5 3 1
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99.99% in purity; Pine Electrochemistry), which was also sonicated in ethanol and DI water
for 10 minutes each before submersion in the electrochemical cell. An uncalibrated, single
junction mercury oxide (Hg/HgO) reference electrode (4 M KOH, Pine Electrochemistry)
was used due to the strong alkaline electrolyte. Subsequent unlabeled half-cell potentials will
be reported with respect to the reversible hydrogen reference electrode (RHE), calculated

using the following equation:
ERHE = EHg/HgO + (0059)pH + EI?g/HgO (41)

where Egg /HgO is the standard potential of the mercury oxide reference electrode, taken to

be +0.098 V wvs. the normal hydrogen electrode for a 20% KOH solution at 25°C. [88]

4.2.2  FElectrochemical Cell

Aqueous KOH solution was used as the electrolyte for all electrochemical experiments and
was prepared using KOH pellets (Fisher Scientific) in DI water (0.04 £ S cm™). A 0.1 M KOH
(pH 13) electrolyte was pre-electrolyzed at —0.54 Vgyg for 1 hour using two Pt electrodes
to minimize solution impurities.[89] Argon or nitrogen gas was then sparged through the
electrolyte for 20 minutes before each experiment to displace dissolved oxygen and create an
inert environment inside the three-electrode cell (Pine Electrochemistry, 150 mL). Studies
were conducted in a stagnant electrolyte, and the temperature of the cell was set to 25°C and

controlled using a water bath and hot plate (Fisher Scientific), as shown in Figure 4.1.[89]

4.2.83  Ozide Development

A description of the electrochemical techniques used is provided in Chapter 3. Electrochem-
ical experiments were carried out using a Solartron SI 1287 potentiostat and CorrWare(R)
for data acquisition. Once the polishing procedure and electrolyte preparation were com-
pleted, the electrode was submerged in 0.1 M KOH and subjected to a reducing potential of
—0.54 Vgygg to remove residual oxides and surface contaminants. An electrode in this state

is referred to as having an undeveloped oxide layer (UOL). To form an oxide layer, cyclic
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Figure 4.1: Experimental setup including the three electrode cell, working, counter, and

reference electrode positions, data acquisition, and temperature control.

voltammograms (CV) were collected by scanning between 0.85 and 1.52 Vgyg at 50 mV
s~! 50 times, followed by three scans in the same potential range at 1 mV s~!. After this
third scan, the electrode was allowed to discharge until the open circuit potential stabilized

(~ 30 minutes), and the electrochemical surface area procedure was conducted as described

in Chapter 3. A single block of scans is summarized as:

1. CV: 0.85-1.52 Vgug, 50 mV s, x50
2. CV:0.85-1.52 Vgug, 1 mV s71, x3

3. ECSA measurement

This block of scans was repeated 14 times for a total of 700 fast scans, 42 slow scans, and

14 ECSA measurements, leading to a developed oxide layer (DOL).
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4.2.4  X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) was conducted using a Kratos AXIS Ultra DLD.
Samples were removed from the electrochemical cell and stored in DI water before XPS
characterization to minimize air exposure. An undeveloped oxide layer was established after
submerging an electrode in alkaline electrolyte for 3 hours in order for a hydroxide layer to
form. This was done to ensure an undeveloped electrode would have a similar structure to

that of a developed electrode before cycling.
4.3 Results

4.8.1 Ouide Layer Development

Figure 4.2 presents the CV profiles obtained at 1 mV s~! and 25 °C in 0.1 M KOH electrolyte
during the oxide development procedure for Ni, G35, C276, and B3. The voltammograms are
the last scan from each block, as described in the experimental section. The first and final
blocks are indicated by blue and orange curves, respectively, while the gray curves show pro-
gression of the CV profiles between the first and final blocks. Due to the slow scan rate used,
the amount of charging current is minimal, and the measured current can be attributed to
Faradaic processes occurring at the electrode-electrolyte interface. To verify this assumption,

a calculation of charging current was conducted using the following equation:[48]
ic = ACle (42)

In Equation 4.2, A is the geometric surface area of the electrode (2.5 cm?), Cy the double
layer capacitance (40 uF ¢cm™2)[68], and v the scan rate (1 mV s™!). This gives an i. value
of 0.1 pA, judged insignificant compared to the total measured current.

The behavior of pure Ni (Figure 4.2a) has a single anodic (forward) peak at 1.43 V (A7}).
This peak is generally attributed to the electrochemical transformation of S-Ni(OH)y to
B-NiOOH and is present for all electrodes.[18, 20] A rise in current at more positive potentials

(~ 1.45) V marks the start of the OER. During the cathodic (reverse) scan, a cathodic peak
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Figure 4.2: Cyclic voltammograms of oxide layer development procedure for (a) pure Ni,
alloys (b) G35 (high Cr:Mo), (c) B3 (low Cr:Mo), and (d) C276 (equal Cr:Mo). The first
block (blue) is always the smallest voltammogram, while the final block (orange) is the
largest. The unlabeled blocks are 2, 3, 4, 5, 6, 8, 10, and 12, and progressively increase.
Each block consists of 50 scans at 50 mV s~! and 3 scans at 1 mV s~!, and the third scan
at 1 mV s! is shown. The electrolyte was an unstirred, 0.1M KOH solution held at 25 °C.

The inset in (a) shows the current response in the potential range of 0.85-1.2 V.
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at 1.36 V (Cj) signals the electrochemical reduction of 5-NiOOH to 5-Ni(OH),. Throughout
the oxide development process, the peak and shoulder potentials for peaks A; and C; stay
relatively constant, while the peak amplitude increases. After development, a wide, trailing
shoulder between 1.32 and 1.22 V (C3) of the cathodic scan signals the reduction of v-NiOOH
to 5-Ni(OH)s or a-Ni(OH),.[17, 85]

Alloy G35 (Figure 4.2b) initially has two conjoined peaks at 1.38 V (Aj)and 1.42 V in
the anodic scan. The peak at 1.42 V matches that of the 5-Ni(OH), to S-NiOOH transition
seen in pure Ni.[90] As the scans progress and the oxide layer develops, the 5-Ni(OH), to
B-NiOOH peak at 1.42 V becomes the dominant voltammogram feature, fully enveloping
the smaller peak by block 6. During the reverse scan, a clear reduction peak (S-NiOOH
— (-Ni(OH)3) with an E,. of 1.36 V and trailing shoulder (y-NiOOH — [-Ni(OH), or
a-Ni(OH)y) are initially evident. After oxide development, the shoulder has grown into a
new peak with a E, . of 1.29 V| while the S-NiOOH — p-Ni(OH), peak potential remains
constant at 1.36 V.

Alloy B3 (Figure 4.2¢) initially has no discernible peak during the forward scan, but
rather a broad shoulder (1.41-1.47 V) on the leading edge of the OER curve. The shape
of the reduction curve is initially similar to that of pure Ni, with a E,. of 1.37 V and a
broad, trailing tail. During oxide development, the forward scan separates into two distinct
shoulders on the leading edge of the OER curve that plateau near F = 1.43 and 1.47 V
(A3). Due to the significant overlap of these peaks with each other and the OER curve, it is
difficult to discern the exact peak potentials and currents. The reduction peak shifts slightly
negatively as the oxide develops, eventually stabilizing near £, . = 1.35 V. A trailing shoulder
on this wave also forms between 1.22 and 1.30 V, indicating the presence of v-NiOOH on
the oxide surface.

Alloy C276 (Figure 4.2d) initially has a broad wave with no discernible peak during the
forward scan, but develops into a single peak with a £, of 1.47 V similar to that seen in
the pure Ni voltammogram. During the reverse scan, a small cathodic wave develops into a

single peak at an approximately constant F,. of 1.40 V. Unlike the other electrodes, there
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is almost no indication of v-NiOOH on the surface.

4.83.2  Electrochemical Surface Area

Figure 4.3 shows the results of the open-circuit cycling procedure used to estimate the elec-
trochemical surface area. Throughout development, the open circuit potential and charging
current increases for all electrodes. The electrochemical response for alloy G35 was consis-
tently noisy, and repetitions of the experimental procedure produced similar results. Conse-
quently, accurate evaluation of the ECSA could not be conducted on alloy G35, and analysis
is left out. The open circuit potential and ECSA for the first and last blocks are tabulated
in Table 4.2. In general, the charging current increases with block number and scan rate. As
a result, the ECSA for these three electrodes increases with block number, albeit at different
rates. The ECSA of pure Ni increases logarithmically in the first few blocks, followed by
an approximately linear increase in ECSA through the remainder of development. Alloy
B3 initially increases linearly with ECSA, but begins to grow exponentially after the 11th
development block. Alloy C276 has a small increase in ECSA during the first three blocks,

followed by effectively no change during the remainder of development.

Table 4.2: Measured open circuit potential (FEo.p) and electrochemical surface area (ECSA)

for the first (1) and last (14) blocks of the oxide development procedure.

Eocp / \Y ECSA / CHI2
Block 1 Block 14 Block 1 Block 14
Ni 0.751 0.979 4.65 7.96
G35 0.188 0.873 - -
B3 0.608 1.12 2.89 14.0

C276 0.586 0.770 1.95 2.73
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Figure 4.3: (Column 1) The open circuit cycling current response for each block at varying
scan rates (increasing from green to purple), (Column 2) the calculated charging current vs.
scan rate for each block, and (Column 3) the estimated ECSA and roughness factor as a

function of block number.
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4.3.8  Voltammetry of the Developed Ozide Layer

Figure 4.4 presents the final scan block corresponding to a DOL for each of the electrodes.
Values of particular interest are the onset potential (E,ys), the peak potentials for the anodic
(Ep.a) and cathodic (Ey, ) scans, and the half-wave potential (£ /2). These values are shown
in Table 4.3. E, , and E) 5 could not be precisely calculated for alloy B3 due to peak overlap
during the anodic scan; however, it is estimated to be comparable to that of C276 due to
their similar leading edges.

The onset potential is a measure of the minimum potential needed to oxidize Ni from
Ni(OH); to NIOOH. The E,,;s is negatively shifted for the alloys compared to pure Ni. Alloy
G35 is shifted the most, followed by B3 and C276. Alloy G35 also has a larger negative
shift of F, , as compared with the other electrodes. All the values of Ej, . fall within a 4 mV
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Figure 4.4: Third scan (1 mV s™!) of the final block (14th) of the oxide development proce-
dure for alloys G35 (high Cr:Mo), B3 (low Cr:Mo), C276 (equal Cr:Mo), and pure Ni. The

inset shows the current response in the potential range of 0.8 to 1.2 V.
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Table 4.3: Primary characteristic voltammogram potentials (Vrug) for a developed oxide
layer of Ni-based alloys and pure Ni. Parameters in order are the onset potential, anodic
peak potential, cathodic peak potential, and half-wave potential. *Approximated due to

significant peak overlap

Cr:Mo  Eopns E, . Ey.c Ey/o

Ni NA 1.397 1431 1.355  1.393
G35  High 1.351 1417 1.358  1.387
B3 Low 1.367 1.43% 1.355 1.397
C276 Equal 1.379 1425 1354 1.39

range. The calculable values for E;/; have a margin of error of 1.39 V 4+ 2.45mV. In the
case of all alloys, OER current measured at the switching potential (E)) of 1.52 V is 4-5

times larger than pure Ni.

4.8.4  Coulometry

To study changes in the oxide layer growth using coulometry, the “reduction” method —
as described in Chapter 3 — was used to evaluate the reduction charge. Figure 4.5a shows
the magnitude of cathodic charge passed during the final 1 mV s™! scan of each block. The

cathodic charge percent increase (CPI):

CPI (%) = q(”+q”—_q" % 100 (4.3)

for each cycle is plotted in Figure 4.5b. To determine the limit of oxide growth, a bounded
exponential growth model of the following form was fit to the charge progression from Fig-
ure 4.5:[91]

& = Grtim — (Gejim — Gro)e ™" (4.4)
In this empirical equation, ¢ jim is the limiting cathodic charge, ¢ is the initial cathodic

charge, k is a growth rate constant, and n is the block number. Fitted values for ¢, o, ¢ lim,
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Figure 4.5: (a) Charge passed during the reverse (cathodic) sweep of each cycle, and (b)

percent increase in cathodic charge passed from the previous cycle during the oxide layer

development procedure. Equation 4.4 was used to fit the data in (a).

Table 4.4: Initial cathodic charge (¢, / mC), limiting cathodic charge (gyjim / mC), and

growth rate constant (k), residual standard error (RSE / mC), and number of cycles needed

to reach steady state (ngg) for the charge progression presented in Figure 4.5.

¢ / mC g lim / mC k RSE / mC nssg
Ni 3.40 12.4 0.107 0.097 41
G35 7.65 53.8 0.111 0.782 41
B3 22.0 69.4 0.137 0.702 31
C276 1.69 27.6 0.0834 0.229 55
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and k are presented in Table 4.4, along with the residual standard error (RSE), used as a
goodness-of-fit calculation, and ngg, the number of blocks required to reach steady state.
Steady state in this case is defined as the number of cycles needed to reach 99% of the

limiting charge.

4.8.5 XPS

Alloy C276 was characterized before electrochemical cycling (undeveloped) as well as after the
development procedure (developed) using XPS and is presented in Figure 4.6. Dehydration
of the oxide layer between experiment and characterization — as well as the presence of
an insulating potassium layer — resulted in noisy XPS data. To ensure the data are not
over-analyzed, only the relative peak shapes and positions are discussed here.

The Ni 2p spectra (Figure 4.6a) for an undeveloped and developed oxide layer are effec-
tively identical, having a main Ni 2p3/, peak (856 eV), a Ni 2p3/, satellite peak (861 eV), a
Ni 2p;/, main peak (873 eV), and a Ni 2p;/, satellite peak (879 eV).[92, 93] The Cr 2p XPS
spectrum for an undeveloped electrode (Figure 4.6b) has a Cr 2pz/, peak at 577 eV and a

(a) Ni 2p (b) Cr2p (b) Mo 3d
2
K7)
C
Q
kS

Undeveloped

W
890 870 850 590 580 570 238 232 226
Binding Energy / eV Binding Energy / eV Binding Energy / eV

Figure 4.6: XPS spectra for the (a) Ni 2p, (b) Cr 2p, and (c) Mo 3d of alloy C276 before

(blue) and after (orange) the oxide development procedure.
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Cr 2py /2 peak at 587 eV.[94, 95] After oxide development, there are no discernible peaks in
the Cr 2p binding energy range. Mo was not detected in the Mo 3d binding energy range

before or after the oxide development procedure.
4.4 Discussion

4.4.1  Omide Layer Development

The voltammetric response of pure Ni (Figure 4.2a) shows that the generation of active
B-NiOOH is crucial for OER, as the higher oxidation state assists in forming the necessary
oxyhydroxide intermediates.[96] The oxygen evolution reaction has a lower standard equi-
librium potential than the 5-Ni(OH), to S-NiOOH transformation, but its sluggish kinetics
require a high overpotential. Throughout the development procedure, an increase in current
indicates growth in the number of active, accessible Ni sites and thus a thickening of the
oxide layer.

The electrochemical response of alloy G35 (Figure 4.2b) shows an additional peak at
1.38 V during the forward scan, and is attributed to the dissolution of chromium from
the electrode; similar double-peaked features have been observed for pure Cr in alkaline
solutions, and chromium is well known to oxidize in alkaline media through the following

electrochemical process: [51, 77, 90, 97|
Cr(OH)3 + 50H™ — CrO4* +4H,0 + 3¢~ (4.5)

The double-peaked cathodic scans suggest a high concentration of v-NiOOH in the oxide
layer relative to the pure Ni electrode. The formation of v-NiOOH is generally limited by
the ability to intercalate water and cations between the hydroxide layers, but accessible
reaction sites may be created due to passive layer dissolution. Consequently, the role of Cr

in oxide development can be summarized as follows, and is shown in Figure 4.7:

e The formation of transport pathways due to Cr leaching exposes NiO and a-Ni(OH)s,

increasing the electrochemical surface area.
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e Fresh a-Ni(OH), can oxidize directly to v-NiOOH, increasing its relative surface con-

centration throughout development.

B-Ni(OH), Cr(OH);

Figure 4.7: Schematic representation of the chromium dissolution reaction as described by

Equation 4.5 and the subsequent exposure of available Ni sites.

For alloy B3 (Figure 4.2c), the shoulder at 1.43 V is presumably the S-Ni(OH)y to
B-NiOOH transition, but the second shoulder at 1.47 V is unique to B3 and suggests the
presence of an additional oxidation reaction. This feature is attributed to the electrochemical
dissolution of Mo species, consistent with the high concentration of Mo in alloy B3. It has
been documented that in alkaline conditions and under positive electrochemical bias, MoO,
— the predominant Mo(IV) barrier species — will oxidize to form soluble Mo(VI) species:|76,
78, 98, 99]

MOOQ + 2 HQO — HMOO47 +3 H +2e” (46)

Metallic Mo will also form (oxy)hydroxides, which can further oxidize to soluble Mo(VI)
species:

Mo + 30H~ — Mo(OH); + 3¢~ (4.7)

Mo(OH)3 +50H™ — MoO,*” +4H,0 + 3e” (4.8)

Freshly exposed Mo sites on the electrode may continue to oxidize and reduce, thereby

contributing to the high currents seen in alloy B3. Similar to the Cr-dissolution process
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shown in Figure 4.7, the dissolution of alloying elements may lead to an increase in accessible
sites, improving the formation of v-NiOOH.

Alloy C276 (Figure 4.2d) has 16% Cr and Mo, and one would expect to see the formation
of 7-NiOOH due to leaching, as with the other alloys. This is not the case, however, and
an explanation for this peculiarity lies in the high Cr and Mo concentrations; according to
Klapper et al., chromium has a strong influence on passive film formation by increasing the
crevice corrosion initiation potential (breakdown potential) and temperature, but has little
effect on the repassivation behavior.[70, 76] This means that even with a high Cr content, once
corrosion begins a runaway dissolution mechanism will occur. Conversely, the repassivation
potential of NiCrMo alloys is determined to be a stronger function of Mo content than Cr
content.[70, 100] A critical concentration of both elements (11% for Cr and 13% for Mo) is
required for complete passivation to occur.[100] Of the alloys studied here, only C276 meets
these criteria. The implication here is that C276 undergoes less dissolution than the other
alloys due to the high Cr and Mo concentrations, potentially preventing the formation of

transport pathways and inhibiting the growth of v-NiOOH.

The electrochemical surface area is an additional method for tracking oxide layer develop-
ment, and is shown in Figure 4.3. In general, the ECSA increased with potential cycle, and
the amount of increase varied greatly with electrode. For pure Ni and alloy C276, the most
significant changes in ECSA happened during the early cycles of development. The likely
explanation for this is due to the irreversible oxidation of the larger, hydrated a-Ni(OH),
layers (8 A) to the more compact S-Ni(OH), layers (4.6 A), leading to surface roughening
through lattice expansion and contraction. The final ECSA of pure Ni is 7.96 cm?, corre-
sponding to a roughness factor of approximately 3.2, calculated using the ratio of ECSA to
geometric surface area. Conversely, alloy C276 has effectively no change in ECSA over the
majority of development, reaching 2.73 cm? — a roughness factor of 1.1 — by the final block;
the implication here is that the similarly high Cr and Mo concentrations inhibit dissolution,
creating a stable oxide layer that does not significantly roughen in the examined potential

window and time period. The rate of ECSA increase is greatest for alloy B3. The linear
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increase through the first 8 development blocks is presumed to be due to a mix of Ni-phase
changes and molybdenum dissolution. It is hypothesized that given enough potential cycles,
the stability of the oxide layer breaks down, resulting in a period of rapid Mo dissolution
and oxide growth. As a result, an exponential ECSA increase is seen in development blocks
9 and onward.

The electrochemical responses of pure Ni, G35, B3, and C276 can be summarized as

follows:

e Electrochemical dissolution of Cr and Mo occurs throughout the cycling process and

is most prevalent during the oxidation of Ni(OH), to NiOOH.

e Freshly exposed Cr and Mo sites on the electrode contribute to the overall higher

current seen in alloys G35 and B3.

e Alloying element dissolution leads to an increase in transport pathways through the
oxide layer, roughening the surface and increasing the ECSA. Direct oxidation of
a-Ni(OH), sites and improved intercalation of cations and water also increase the

formation of v-NiOOH.

e The dissolution of alloying elements and formation of v-NiOOH is more pronounced
for electrodes with dissimilar concentrations of Cr or Mo (G35 and B3). At similar
concentrations of Cr and Mo (C276), a more stable surface layer consisting primarily

of S-NiOOH is formed upon oxidation.

4.4.2  Voltammetry of the Developed Oxide Layer

To further analyze the NiCrMo electrodes, characteristic potentials and features for a devel-
oped oxide layer were evaluated (Figure 4.4 and Table 4.3). A negative shift in onset potential
is often attributed to improved electrical conductivity of the electrode or electrolyte, as well
as cation intercalation and lattice structural differences between the alloys.[101] It has been

reported that the intercalation of alkali metal ions such as K™ and Na™* between layers of
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Ni(OH); during the charging process can cause a negative shift in onset potential.[102] This
may lead to stabilization of a-Ni(OH),, suppressing its transformation to S-Ni(OH)y and
favoring the formation of v-NiOOH.[26] An increase in transport pathways due to Cr and
Mo leaching may lead to improved KT intercalation, driving the formation of y-NiOOH
and negatively shifting the Ni(OH)y to NIOOH redox onset potential through a-Ni(OH),

stabilization.

Chromium and molybdenum oxidation at potentials near the Ni(OH)y to NiOOH re-
dox peaks may affect the measurement of onset potential. To account for this, exami-
nation of the peak and half-wave potentials can provide a better estimate of the charac-
teristic Ni redox features. In this case, E,, acts as a marker for the overall Ni(OH), to
NiOOH oxidation reactions and is comparable for all the electrodes. The E° value for the
a-Ni(OH)y == 7-NiOOH reaction is reported to be between 30 and 50 mV less than that of
the 5-Ni(OH)s == B-NiOOH reaction, meaning that the formation of even small amounts
of v-NiOOH can cause negative shifts in the peak potentials.[26] For alloy G35, increased
formation of y-NiOOH— caused by Cr dissolution — leads to a shift in peak potential as
well as an increase in current and electrochemical surface area. The cathodic peak potential,
E, ¢, is a useful benchmark for the 8-NiOOH reduction reaction as there is less overlap with
the 7-NiOOH peak. The values of E, . fall within a 4 mV range, indicating that, while
exposed Cr and Mo may contribute to increased reduction current, there is little effect on

the reduction potential of 5-NiOOH.

The half-wave potential £/, is often used to fingerprint reversible electrochemical reac-
tions as it is an excellent estimate of E°.[66] For all electrodes, the values of E; /, are similar
and in good agreement with reported values.[26] It should be noted that that £/, values
presented in Table 4.3 are calculated using the E,, , values from the combined oxidation peak,

which will lead to some discrepancy with other sources.



47

4.4.3  Coulometry

The coulometry data presented in Figure 4.5 were used to estimate and track growth of
the oxide layer. Before electrochemical cycling, the electrode surface will consist primarily
of a-Ni(OH), due to its spontaneous formation in alkaline environments, even when non-
polarized.[25] When positively polarized, a-Ni(OH)s is irreversibly and rapidly transformed
to 5-Ni(OH),, leading to significant oxide growth (20%+ CPI/cycle) during the early stages
of oxide development (blocks 1-3). a-Ni(OH), also directly forms v-NiOOH, leading to the
characteristic double-peaks seen in the early scans of Figure 4.2. During the middle cycles
(blocks 4-7), oxide growth begins to slow (10-20% CPI/cycle) as the amount of surface
a-Ni(OH), decreases and the more-stable 8-Ni(OH); —— [-NiOOH redox pair becomes
the dominant surface process. By block 8, the CPI is less than 10%, and by block 13, is
under 5% for all electrodes. This region has little change in the characteristic voltammogram
shape, suggesting the surface composition stays relatively uniform. Consequently, oxide layer
thickening through charge/discharge cycling is presumed to be the primary electrochemical

process occurring in this region.

From the fitting parameters shown in Table 4.4, the cathodic charge limit ¢, jim is of
particular interest as it can be used to estimate the relative, steady-state oxide thickness.
For a given number of cycles, alloys B3 and G35 — containing the Mo and Cr extremes,
respectively — pass more charge than a balanced Cr-Mo electrode. Pure Ni passes the
least charge of all examined electrodes. It is unlikely that the difference in charge is due
to an improvement in electrical or ionic conductivity as previously discussed, suggesting a
mechanical or structural improvement is responsible. Alloy C276 has the lowest & value out
of the electrodes, emphasizing the alloy’s stability under polarizing conditions. In all cases,
the RSE is less than 1.5% of ¢, m, indicating the empirical equation is a good fit for the

presented data.
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444 XPS

To verify the claim that Cr and Mo dissolution contribute to the formation of transport
pathways, XPS was conducted on alloy C276 before and after oxide development, and the
resulting spectra are shown in Figure 4.6. The Ni 2p3/, main peak is a singlet, indicating the
presence of Ni(OH)y or NIOOH. Considering XPS was conducted ex-situ, any NIOOH would
likely discharge to Ni(OH), in the time between experiment completion and characterization,
and . The “flattened” Ni 2p;/, peak indicates a multiplet-split peak, suggesting the presence
of NiO in the oxide layer.[92, 93] As a result, a mixed NiO-Ni(OH), oxide is believed to make
up the bulk of the outer layer. The undeveloped Cr 2p spectra shows two singlet peaks at 577
and 587 eV. In both cases, however, the width of these peaks suggests multiple overlapping
peaks, indicating a mixed oxide-hydroxide layer.[94, 95] Consequently, the oxide layer of an
undeveloped electrode in alkaline electrolyte is believed to contain chromium primarily in the
Cr(III) form, present as both Cr(OH); and CryO3. Molybdenum was not present in either
of the XPS spectra in the Mo 3d binding energy range. Considering alloy C276 has 16% Mo,

it is likely that Mo is simply not present in the outer layer of the oxide structure.

The results here support the claim that dissolution of Cr is occurring, even if the cyclic
voltammograms do not show a corresponding current response. The implication here is that
the dissolution of Cr may occur by both electrochemical or chemical dissolution, depending
on the electrode. Regarding Mo, the lack of peaks both before and after electrochemical
cycling clouds analysis, and the results here neither confirm nor deny that this metal is
leaching during the cycling process. Consequently, a more in-depth XPS characterization
should be conducted, and the results here are simply an exploratory analysis. Conducting
XPS on the remaining alloys — in a more controlled environment — and using XPS spectra

fitting software would provide more conclusive evidence of metal dissolution.
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4.5 Conclusions

Electrochemical oxidation and development of the oxide layer of Ni and NiCrMo alloys in
alkaline electrolyte was studied as a function of potential cycling. Voltammetry and XPS were
used to characterize and compare the behavior of the electrodes, from which the following

conclusions can be drawn:

e Varying the concentration of alloying elements led to preferential formation of different
Ni(III) phases, but the characteristic potentials of the a-Ni(OH), == ~-NiOOH and
B-Ni(OH)y; == B-NiOOH reactions were unaffected.

e Leaching of alloying elements led to an increase in transport pathways and electro-

chemical surface area, improving the formation of the 7-NiOOH phase.

e Alloys with dissimilar Cr:Mo ratios (G35, B3) had significantly higher oxidation and
reduction currents than the alloy with a similar Cr:Mo ratio (C276) or pure Ni. This
may be due to exposed Cr and Mo that do not dissolve, but rather continuously oxidize

and reduce alongside Ni during the cycling process.
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Chapter 5

NICKEL-CHROMIUM-MOLYBDENUM MATERIALS FOR
THE ELECTROCHEMICAL HYDROGEN EVOLUTION,
OXYGEN EVOLUTION, AND UREA OXIDATION

5.1 Motivation

In Section 4.1, the electrochemically formed oxide layer was investigated using a variety of
electrochemical and materials characterization. It was determined that the presence of Cr
or Mo led to preferential formation of different NIOOH phases, the active species towards
oxygen evolution and urea oxidation. To assess the viability of NiCrMo materials as alkaline
electrocatalysts for these reactions, kinetic benchmarks should be measured. In this chapter,
potential-step and cyclic voltammetry are used to investigate the electrocatalytic activity of
NiCrMo alloys towards the HER, OER, and UOR. Tafel analysis and turnover frequency are

the electrochemical benchmarks used to quantify the electrocatalytic activity.
5.2 Experimental

5.2.1 FElectrochemical Procedures

After forming a DOL as described in 4.2, the electrolyte KOH concentration was increased
to 1 M, and a potential-step experiment was conducted with 10 mV steps between 1.47-1.62
VRuEg, each step held for 15 minutes at which an approximately steady-state current was
reached. The final 3 minutes (1800 data points) for each step were averaged to reduce noise.
The OER overpotential at pH 14 was calculated using an E° of 1.23 Vgyg.

Following the potential step experiment, the electrode was cycled in 1M KOH between
1.12-1.62 Vgpg, 75 times at 15 mV s™! to open the potential window of the electrode. Two

slow scans (1 mV s7!) were then conducted in the same range. Subsequently, urea was
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added to the electrolyte to create a 1 M KOH + 0.01 M urea electrolyte, and the 1.12-1.62
Vrug cycling procedure was repeated. Finally, the urea concentration of the electrolyte was
increased to 0.33 M and the cycling procedure repeated.

In a separate experiment, an electrode with an undeveloped oxide layer was submerged
in 1 M KOH. The electrode was cycled 30 times between 0 and —0.46 Vgyug at 30 mV s~!
to reduce the air-formed oxide layer. Finally, a single scan between 0 and —0.46 Vrugg was

-1

conducted at 1 mV s™ . The HER overpotential at pH 14 was calculated using an E° of 0

VRHE-
5.3 Results

5.3.1 Oxygen Evolution

Figure 5.1 shows (a) polarization curves and (b) Tafel plots for each of the electrodes. Char-
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Figure 5.1: (a) Polarization curves and (b) Tafel plots for Ni, G35 (high Cr:Mo), B3 (low
Cr:Mo), and C276 (equal Cr:Mo). Data extracted from potential step experiments. The
electrolyte is 1 M KOH and stirred using a magnetic stir-bar at 200 RPM to improve mass-

transfer.
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acteristic values for these plots, including the OER overpotential required to produce 10 mA

cm, 2 of current (10) and Tafel (b) slopes, are presented in Table 5.1. Two overpotential

ranges are designated: a low range of 270-310 mV (bjy) and a high range of 350-390 mV
(Dhign)-

The polarization curves show an OER onset potential in the range of 1.49 to 1.52 V for all
electrodes. The 1, values for alloys G35, B3, and C276 were 58, 80, and 54 mV lower than
that for pure Ni. In the low overpotential range, alloys G35, C276, and Ni have comparable
Tafel slopes. In the high overpotential range, all alloys have noticeably higher Tafel slopes
than pure Ni. The Tafel slope of alloy B3 is noticeably higher than for the other electrodes
in both overpotential ranges.

The third kinetic benchmark used for OER is the turnover frequency (TOF), presented
in Figure 5.2 and evaluated using the equation:[103]
JNa
nFT,

TOF = (5.1)

where j is the OER current density, N4 is the Avogadro number, n is the number of electrons
exchanged during OER (4), F' is the Faraday constant, and T', is the reduction site density.
The TOF evaluated here is based on the amount of available sites as determined by the

reduction charge in the voltammograms from Figure 4.4, calculated as described in Chapter 3.

Table 5.1: Overpotential (1,0 / mV) required to reach 10 mA cm_ 2 and Tafel slopes (b /

geo

mV dec™!) for the polarization curves presented in Figure 5.1. Tafel slopes were calculated

using data points in the overpotential ranges of 270-310 mV (bioy) and 350-390 mV (bpigh )

Cr:Mo o blow bhigh
Ni NA 415 42.7 108
G35 High 357 46.4 134
B3 Low 335 60.6 156

C276  Equal 361 45.9 138
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Figure 5.2: Calculated TOF values at overpotentials of 300, 340, and 380 mV. Bars from left
to right are as follows: Pure Ni (pink), G35 (orange, high Cr:Mo), B3 (green, low Cr:Mo),
and C276 (blue, equal Cr:Mo).

The majority of reduction current is attributed to the reduction of S-NiOOH and 7-NiOOH,
as the characteristic half-wave and cathodic peak potentials are approximately the same for
the alloys and pure Ni. The reduction of other alloy-specific species cannot be ruled out,
however, and would require further quantitative investigation. Turnover frequencies were
calculated for three overpotentials (300, 340, and 380 mV), which encompass the range of
Tafel slope measurements. In the low overpotential range (7300), TOF values are highest
for alloys C276 and B3, followed by pure Ni and G35. At 734, the TOFs increase by a
factor of three or more; the value for C276 is greatest, followed by pure Ni, B3, and G35. In
the highest overpotential region, 7sg9, the TOFs for Ni and C276 are similar and markedly
greater than those for G35 and B3.



5.3.2 Urea Oxidation
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Figure 5.3 shows the current response in the potential window of 1.12 — 1.62 V for electrodes

in (a) 1 M KOH, (b) 1 M KOH + 0.01 M urea, and (¢) 1 M KOH + 0.33 M urea. In 1

M KOH (Figure 5.3a), the characteristic NIOOH peaks are different from those observed in

Section 4.1; pure Ni has a peak at 1.395 V, followed by a trailing shoulder. Alloy G35 has

two clear peaks at 1.39 and 1.42 V, alloy B3 has a wide plateau between 1.40 and 1.45 V, and

alloy C276 has a peak at 1.39 V and a plateau between 1.42 and 1.45 V. At higher oxidation

potentials (>1.5 V), the oxygen evolution reaction is the dominant electrochemical process.

30
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Figure 5.3: Linear sweep voltammograms for the examined electrodes in 1 M KOH and (a)

0 M urea, (b) 0.01 M urea, (c) 0.33 M urea. The inset in (a) is a zoomed view of the Ni(II)

to Ni(III) oxidation peak, while the inset in (c¢) shows the extent of the current response at

the highest potentials
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When a small amount (0.01 M) of urea is added (Figure 5.3b), new electrochemical
features are visible; in the potential range of 1.37-1.45 V, the NiOOH peaks increase by a
factor of up to 9 for all the examined electrodes. Between approximately 1.45 V and 1.53
V, all electrodes have varying degrees of a current plateau. At higher potentials, the oxygen

evolution reaction is the dominant electrochemical process.

When a high concentration (0.33 M) of urea is added to the electrolyte (Figure 5.3c), the
current response is markedly different from the previous cases; mainly, the electrochemical
onset potential is approximately the same as (a) and (b), but there is no peak visible in the
range of 1.37-1.45 V. Near potentials between 1.47 and 1.50 V, the current response shows

a slight “bend” before increasing semi-linearly at higher potentials.

5.3.83  Hydrogen Evolution

Kinetics of the hydrogen evolution reaction were estimated by cycling in a reducing potential
range (0 to —1.46 V). A slow scan rate of 1 mV s~ was used to minimize the effect of capac-
itive current on the calculated Tafel slopes. The final scan for this procedure is presented
in Figure 5.4, along with the calculated Tafel slopes for each electrode. Generally, cyclic
voltammetry is not used to measure Tafel slopes due to the inherent unsteady-state value
of current. To ensure the activity was measured equivalently for all electrodes, Tafel slopes
were evaluated at a set current range, rather than at a set overpotential. The elected current

-2

gc0» TOughly equivalent to the onset potential of each

range was between —1 and -2 mA cm

voltammogram.

Pure Ni had a noticeably lower onset overpotential for the HER; the onset overpotential
was approximately 157, 65, and 58 mV less than alloys G35, B3, and C276, respectively.
Tafel slopes were also evaluated; the slopes for alloys G35 and C276 (95.4 and 97 mV dec™)
were markedly lower than the identical Tafel slopes of pure Ni and alloy B3 (121 mV dec™!).
As the exact electrochemical surface area could not be readily determined in the reducing

potential range of the HER, turnover frequency was not calculated.
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Figure 5.4: (a) Linear sweep voltammogram in the hydrogen evolution region for the exam-
ined materials. (b) Tafel plot for the corresponding electrodes, evaluated in the -1 to -2 mA

cm 2 region, along with the calculated Tafel slopes

geo

5.4 Discussion

5.4.1 Ozxygen FEvolution — Tafel Analysis

-2

gco 15 one common benchmark used to

The overpotential required to produce 10 mA cm
evaluate the kinetics of the OER reaction, and is shown in Table 5.1. The results here
indicate that alloys G35, B3, and C276 all have improved OER kinetics, as their values of
1o are 58, 80, and 54 mV lower than that of pure Ni. Due to the likelihood of Cr or Mo
dissolution occurring during this potential range, however, the measured current may not
be completely due to the OER. As a result, additional kinetic benchmarks should be used
to evaluate the electrochemical performance. Tafel slopes in two overpotential ranges are

calculated for the electrodes and shown in Table 5.1. For Ni, the values of bioy and byign of

42.7 and 108 mV dec™! are reasonably close to values of 40 and 120 mV dec™! derived from
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a microkinetics model of OER by Shinagawa et al.[28] This particular combination of Tafel

slopes results from two possible rate-determining steps:|[28]

RDS-1: MO + OH™ = MOOH + ¢~ (5.2)

RDS-2: MOO™ == M+ Oy + e~ (5.3)

Distinguishing the exact rate-determining step (RDS) would require a more thorough inves-
tigation of reaction mechanisms than presented here. Comparing these possible reactions to
the mechanism discussed in 2, however, indicates that the RDS may be the formation of a
NiOOH site, a claim corroborated by Lyons & Brandon.[104] The implication here is that
the type of NIOOH species formed may have considerable impact on the overall kinetics of
the OER.

In the low overpotential range, alloys G35, C276, and Ni have comparable Tafel slopes,
suggesting similar OER mechanisms and rate-determining steps. In the high overpotential
range, Tafel slopes for pure Ni, G35, and C276 fall in a range encompassing the value of
120 mV dec™! expected for an ideal, one-electron transfer reaction.[28] The Tafel slope of
alloy B3 is noticeably higher than for the other electrodes in both overpotential ranges,
however, indicating a possible change in reaction mechanism or at least a different rate-
determining step within the same mechanism. Molybdenum oxidation may also contribute
to the discrepancy in Tafel slopes for alloy B3; as seen in Figure 4.2c, there is significant

non-OER current at potentials greater than 1.5 V, overlapping with the OER feature.

5.4.2  Oxygen Fvolution — Turnover Frequency

The turnover frequency is defined as the number of catalytic cycles per unit time, and is
a measure of the intrinsic activity of a catalyst. In Figure 5.2, it is clear that the TOF
values for pure Ni and alloy C276 are comparable and considerably higher than alloys G35
and B3. One explanation for this is the relationship between Cr:Mo ratio and y-NiOOH
formation; the electrodes with dissimilar Cr:Mo ratios (G35 and B3) have lower TOF, yet

form higher concentrations of v~-NiOOH than those with similar Cr:Mo ratios (or no Cr/Mo).
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The implication here is that the v-NiOOH phase has a lower TOF relative to the f-NiOOH
phase, corroborating a report that the $-NiOOH phase is more active towards OER than
the v-NiOOH phase.[105]

One final point regards the results for OER kinetics based on geometric surface area
(Figure 5.1) vs. density of active sites (Figure 5.2). Specifically, Ni and C276 require higher
overpotentials for a given current density, yet exhibit higher TOFs compared to alloys G35
and B3. We interpret this along the line of total accessible surface area wvs. accessible oxy-
hydroxide sites. While exposed Cr and Mo contribute to the high electrochemical surface
area of alloys G35 and B3, these alloying elements are inactive towards OER in the mea-
sured potential range.[34, 106] As a result, the TOF values for G35 and B3 are lower than
those for Ni and C276, the electrodes with less total electrochemical surface area but higher

concentrations of active NIOOH sites.

5.4.8 Urea Oxidation

Using a wide potential window, the electrochemical oxidation of urea was examined at low
(0.01 M) and high (0.33 M) concentrations in 1 M KOH, and the voltammetric response is
shown in Figure 5.3. In the “blank” electrolyte (0.5 M KOH only), all the electrodes had
NiOOH oxidation features with multiple peaks. There are two likely contributing factors to
this occurrence: increased electrochemical formation of the v-NiOOH phase and the dissolu-
tion of alloying element, the latter having been previously discussed in Section 4.1. Due to
the higher switching potential used here (1.62 vs. 1.56 Vryg), an increase in oxygen evolution
— and consequently overcharge — will lead to an increase in 7-NiOOH formation. This is
caused by surface place-exchange mechanisms occurring in parallel with the OER at high
potentials, leading to structural rearrangement and surface roughening.[107-109] The results
here indicate that how an oxide layer forms — and the corresponding relative composition
of S-NiOOH and y-NiOOH— is dependent on the potential window used.

When 0.01 M urea is added to the electrolyte and the cycling procedure is repeated,

the electrochemical response changes. In the potential range of 1.35-1.45 V, the current
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magnitude of the NiOOH peaks increases by a factor of 2-9 depending on the electrode.
The increase in current is due to the electrochemical oxidation of urea through the direct

Equation 5.4 and/or indirect Equation 5.5 mechanisms.[12, 47]

Direct: CO(NHz)2 + OH™ —— Ny + COg + 5H0 + 6¢e~ (5.4)

Due to the catalytic nature of these reactions, it is difficult to directly isolate and quantify
the decomposition rate of urea separate from current due to Ni(OH), oxidation. One method
often used is to examine the region following the NIOOH peak, but before significant urea
oxidation begins. In Figure 5.3, this would be at approximate 1.47 V. For all electrodes,
this point corresponds to a current plateau, estimated to be the mass-transfer limited urea
oxidation reaction. At 1.47 V, the current ranges from 5.5 mA (pure Ni and alloy C276) to
7.0 mA (alloys G35 and B3), a 24% difference. The likelihood of Cr and Mo dissolution in
this potential range may explain the difference, but additional experimentation and data is
required.

Increasing the urea concentration to 0.33 M results in another significant change in current
response. The oxidation peak usually seen between 1.37-1.45 V is no longer visible. The
higher concentration of urea changes the system from mass-transfer limited to kinetically
limited, hiding the current plateau seen in Figure 5.3(b). Moreover, there is a slight increase
in onset potential of the combined Ni(OH),; and urea oxidation wave as compared to the
0.01 M urea electrolyte. While urea is considered a small organic molecule, its presence in a
high concentration may act as an inhibitor for the Ni(OH), oxidation reaction, resulting in a
slight decrease in kinetics. At higher potentials, (> 1.55 V), large currents indicate parallel
OER and UOR.

Benchmarking the urea oxidation kinetics is difficult due to its overlap with both the
Ni(OH), oxidation reaction and the oxygen evolution reaction. When parallel reactions are
occurring, an “effective” Tafel slope is measured; the fastest reaction will dictate the Tafel

slope magnitude, but the rate is influenced by the presence of other reactions. The effective
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Table 5.2: Effective Tafel slopes (b) and potential required to generate 10 mA cm
(E10) evaluated for electrodes in 1 M KOH plus 0 M, 0.01 M, or 0.33 M urea

b / mV dec™? Eyw/V

OM 001M 033M OM 001M 033M

Ni 121 160 78.5 1.62 1.62 1.46
G35 134 173 170 1.61 1.61 1.49
B3 124 150 108 1.56 1.55 1.48
€276 116 131 102 1.58 1.58 1.47

Tafel slopes for the data presented in Figure 5.3 are shown in Table 5.2. As an additional

2o, Of current (Eyg) is also calculated.

benchmark, the potential required to generate 10 mA cm

The Tafel slopes here are evaluated not at the onset potential, but rather in a constant
current range (17-19 mA) to ensure equivalent reaction rates for all urea concentrations,
as indicated by the black lines in Figure 5.3. When no urea is included in the system, the
Tafel slopes range from 116-134 mV dec™!, bracketing the expected, limiting 120 mV dec™*
value for the OER seen in a microkinetics study and Table 5.1.]28] When urea is added to the
system at a concentration of 0.01 M, all Tafel slopes increase by 15-39 mV dec™! depending on
the electrode. The potential range where this is measured, however, is effectively identical to
that of 0 M urea. This indicates that the OER is still the dominant electrochemical reaction
being measured, and the increase in Tafel slope is due to an inhibition of the OER reaction
kinetics. The presence of urea in a low concentration will occupy some active NiOOH sites,
reducing accessible electrochemical surface area for the OER. When the urea concentration
is increased to 0.33 M, the trends in Tafel slope change; for pure Ni, alloy B3, and alloy C276,
the Tafel slopes decrease to values lower than the 0 M or 0.01 M systems. Here, it is suggested

that — when at a high enough concentration — urea oxidation is a faster electrochemical
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process than the OER, resulting in a significant decrease in Tafel slope. This claim has been
recently corroborated by Li et al., who came to the conclusion that the UOR was more facile
than the OER by examining Ni-based layered double hydroxides in 1 M KOH and 0.5 M
urea.[110] Alloy G35 does not follow this trend, however, having approximately the same,
higher Tafel slope for 0.01 M and 0.33 M urea. One possible explanation for this occurrence
is simply that G35 is less active towards UOR than the other electrodes. Considering that
alloy G35 had a considerably higher v-NiOOH percentage than the other electrodes, it would
suggest that S-NiOOH is the more active phase towards the UOR.

When using urea oxidation for hydrogen production, an important benchmark is the

-2

a0 Of current. As seen in Table 5.2, when no urea

potential required to generate 10 mA cm
is in the system and the OER is the anodic process, potentials between 1.56-1.62 Vryg are
required. The addition of 0.01 M urea does not lead to a significant shift in F,q, as the OER
is still the dominant anodic process. At 0.33 M urea, however, the potential required for

10 mA em,? is 80 to 160 mV less than 0 M urea; due to NIOOH’s affinity for the UOR,

a considerably lower overpotential — and electrical input — is needed. The values for all

electrodes are comparable, but follow the same trend as the Tafel slopes for 0.33 M urea.

5.4.4  Hydrogen Evolution

The hydrogen evolution reaction was examined for each electrode and is shown in Figure 5.4.
Pure Ni had the lowest onset overpotential out of all the examined electrodes, followed by
alloys B3 and C276, and then alloy G35. This trend is not matched by the Tafel slopes, which
are low for alloys G35 and C276 (95.4 and 97.0 mV dec™!), and high for pure Ni and alloy
B3 (121 mV dec™!). A likely explanation for this occurrence is the presence of chromium on
alloys G35 and C276, and the relationship between the HER Tafel slope, overpotential, and
Cr-content is summarized in Figure 5.5.

In the reducing potential range of HER, Cr dissolution does not occur, and instead leads
to the formation of CryOgs, a passivated Cr(III) layer. This oxide component acts as a

stabilizing agent towards NiO,, the active species towards the HER, by preventing it from
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Figure 5.5: The Tafel slope (b, orange) and overpotential required to generate 8 mA cm™2

of HER current (ns, blue) for the three Cr-containing alloys

reducing to metallic Ni.[111] The comparably low Tafel slopes for the Cr-containing alloys
is evidence for this synergistic relationship. The variance in the HER overpotential may
also be caused by the differing chromium concentrations, as CryOj3 is an insulating oxide
component. By reducing the electrical conductivity of the electrode, a higher overpotential
would be required to overcome the activation barrier for the HER, reducing the kinetics of
the HER. Alternatively, as seen in alloy C276, the addition of Mo helps maintain the low

HER overpotential while also reducing the Tafel slope.
5.5 Conclusions

Through the electrochemical studies described in this chapter, the characteristics and viabil-
ity of NiCrMo alloys as oxygen evolution, hydrogen evolution, and urea oxidation catalysts

have been examined. From these results, the following conclusions have been drawn:

e NiCrMo electrodes show increased OER kinetics per geometric area relative to pure
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Ni, although Ni and C276 have higher and similar TOFs compared to those of G35 and
B3. The difference in OER activity can be attributed to the differing electrocatalytic
properties of 5-NiOOH and y-NiOOH.

e Pure Ni has a lower Tafel slope than all NiCrMo alloys, indicating it has faster UOR

reaction kinetics. All electrodes require similar overpotentials, however.

e Hydrogen evolution overpotentials and Tafel slopes appear to be a strong function of
the electrode’s Cr content, and that formation of an insulating CryO3 oxide layer may

contribute to higher HER overpotentials and lower HER Tafel slopes.

The 5-NiOOH and v-NiOOH concentrations had a strong influence on the OER — and
to a lesser degree, the UOR — kinetics. It is clear that understanding the electrochemical
characteristics of each of these phases is necessary to understand the Ni-oxide layer, and an
in-depth investigation of this phenomenon is conducted in chapter 4. Regarding urea oxida-
tion, it is clear that all the Ni-based catalysts are electrochemically active. In 0.33 M urea,

2 of cur-

specifically, a significant reduction in overpotential required to generate 10 mA cm,

rent for all electrodes highlights how wastewater or urine can be used to generate lower-cost
hydrogen. Moreover, the Tafel slopes indicate that the viability of NiCrMo electrodes as
urea oxidation electrocatalysts depends on the system conditions. For urine and wastewater
streams (0.33 M urea), a pure Ni is the catalyst of choice.[112] In 0.01 M urea — the ap-
proximate concentration of urea in dialysate fluid — both alloys C276 and B3 have improved
UOR kinetics (~10-20%) over pure Ni.[113] For dialysis and other low urea concentration
applications, using a high Cr or high Mo will improve reaction kinetics. Finally, the HER
kinetics appeared to be related to the Cr and Mo concentrations. The inclusion of Cr led to

a decrease in Tafel slope, while also including Mo resulted in a lower overpotential than just

Cr.
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Chapter 6

SELECTIVE DEVELOPMENT OF NICKEL
OXYHYDROXIDES THROUGH ELECTROCHEMICAL
CYCLING TECHNIQUES

6.1 Motivation

In Section 4.1, oxide development and electrochemical analysis was conducted on a series
of nickel-chromium-molybdenum alloys. It was determined that the relative concentration
of B-NiOOH and 7-NiOOH were directly tied to the oxygen evolution, hydrogen evolution,
and urea oxidation electrocatalytic properties. While the relationship between these NNOOH
phases is well-described by the expanded Bode diagram (Figure 2.1), practical electrochem-
ical control of these surface species has not been extensively studied. Pissinis et al. devised
special potential-scan techniques to increase the growth of v-NiOOH species, while Dose
et al. used targeted electrochemical aging protocols to control capacity loss in nickel-rich
lithium-ion batteries.[85, 114] The reaction mechanisms are suggested to differ between the
oxyhydroxide phases, as indicated by respective Tafel slops of 89 and 104 mV dec™! for
B-NiOOH and v-NiOOH, though this is presumably not the case for all redox reactions.[105,
115] In general, electrochemical techniques are more often used as diagnostic and characteri-
zation tools, but these studies indicate that specific cycling techniques can be used to target

desirable electrochemical properties.

In this chapter, the relationship between potential and surface NIOOH phases is exam-
ined through the application of cyclic voltammetry, chronoamperometry, and electrochemi-
cal impedance spectroscopy. Characteristic electrochemical parameters are estimated using
coulometry, peak fitting, and equivalent circuit fitting. Differing oxyhydroxide phases are

imaged by scanning electron microscopy (SEM). These methods make it possible to quan-
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tify changes in the catalyst surface as a function of electrochemical cycling and switching
potential, influence the relative surface concentrations of NiOOH phases, and observe the

relationship between surface state and reaction kinetics.

6.2 Experimental

6.2.1 FElectrodes

The working electrode was prepared by sanding a 99.995% Ni disk (ESPI Metals) using 240
and 600 grit sandpaper until planar, followed by polishing with 9, 3, and 1 micron diamond

suspensions (Buehler) until a mirror surface was obtained. The geometric surface area of

2
geo*

the polished region was calculated to be 0.709 cm After polishing, the working electrodes
were sonicated in deionized water and dichloromethane (99.5 wt.%, Fisher Scientific) for 15
minutes each to remove remaining surface contaminants. A Pt coil (ca. 5 cm?) was used
as the counter electrode, while an uncalibrated, double-junction mercury oxide electrode
(Hg/HgO, 4.24 M KOH, Pine electrochemistry) was used as the reference electrode. All
reported voltages are with respect to the reversible hydrogen electrode (RHE), calculated

using Equation 4.1.

6.2.2  FElectrochemical Apparatus

All electrochemical experiments were performed in a glass 150 mL, three-electrode cell (Pine
electrochemistry). The cell was filled with concentrated HoSOy4 (> 51 wt.% , Mallinckrodt
Chemicals) for at least an hour before experimentation to remove trace amounts of iron
and other metal solutes in the glass. The electrolyte was an unstirred, 0.5 M potassium
hydroxide (KOH) solution created using KOH pellets (87.4 wt.%, Fisher Scientific) and DI
water (0.04 uS cm™1). A 25 °C water bath (Fisher Scientific) was used to maintain a constant
cell temperature. A Solartron 1287 potentiostat paired with a Solartron 1252A frequency
response analyzer was used to collect electrochemical data.

The working electrode was first heated by electron bombardment in vacuum to temper-
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atures greater than 600 °C.[116] As seen in Figure 6.1, the vacuum chamber was connected
to the electrochemical cell through a gate valve and a ConFlat-to-glass connection. The
ConFlat connection had a gas port used to replace the cell headspace with argon gas (Linde,
99.998 %). Once heated and cooled under vacuum, the working electrode was lowered into
the three electrode cell under argon flow to prevent oxygen exposure. When the electrolyte’s
surface tension was broken, the electrode was raised to form a meniscus on the surface. This
prevented reactions from occurring on the sides and top of the electrode and improved the
removal of gaseous products from the electrolyte. Electrochemical experiments were initiated

immediately upon exposure of the working electrode to the alkaline electrolyte.

Figure 6.1: Left: vacuum chamber and three electrode cell. Center: close-up of the vacuum

chamber where the working electrode was heated to thermally desorb oxides. Right: 3D-
rendered cross-section of vacuum system showing the filament and electrode position during

heating
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6.2.3 Electrochemical Methods

A 600-cycle oxide development procedure was performed using cyclic voltammetry (CV)
for switching potentials (E)) between 1.51 and 1.61 V in 0.02 V increments per 600-cycle

set. The starting potential was 0.90 V, and the scan rate was 10 mV s~*

. Following oxide
development, EIS was conducted every 10 mV between 1.51 and 1.66 V using an amplitude
of 5 mV and a frequency range of 100 kHz to 0.1 Hz. Overpotentials were calculated using

the standard equilibrium potential of 1.23 Vgrug for OER in 0.5 M KOH at 25 °C.

6.2.4 Scanning FElectron Microscopy

The morphology of electrodes after thermal annealing in vacuum and after oxide development
for switching potentials of 1.51 and 1.61 V was analyzed by scanning electron microscopy
(SEM) via a ThermoFisher Scientific Apreo-Symmetry with Ultimax 100 at 2kV with 65x—
25,000x magnification. Electrodes were placed in ethanol (95 wt. %, Fisher-Scientific) post-

heating or post-electrochemical treatment and were sampled immediately.

6.3 Results

To electrochemically activate Ni electrodes and develop an oxide layer in alkaline medium,
potential cycling was conducted up to varying switching potentials, as presented in Fig-
ure 6.2. During the forward (anodic) scan, current response is minimal until an oxidation
wave forms at potentials greater than 1.36 V (A*). The peak potential for this wave is ini-
tially between 1.37 and 1.38 V, shifting positively and increasing in magnitude throughout
oxide development and stabilizing between 1.40 and 1.43 V (peak A) depending on E). An
exponential current response corresponding to the oxygen evolution reaction is observed at
potentials greater than 1.46 V. The magnitude of OER current increases with scan number,
denoted by a vertical arrow. During the reverse (cathodic) scan, a single peak between 1.28
and 1.32 V is initially observed (C*). As the number of cycles increases, this feature either

remains a single peak (Figure 6.2a), splits into multiple peaks (Figure 6.2b-e), or forms a
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Figure 6.2: Oxide development cyclic voltammograms for switching potentials of (a) 1.51,

(b) 1.53, (c¢) 1.55, (d) 1.57, (e) 1.59, and (f) 1.61 Vgryg. The initial scan is orange, while

gray lines indicate every 60th scan up to the final (blue), 600th scan. The scan direction is

denoted by the horizontal arrows, while the vertical arrow shows the change in maximum

OER current over the course of oxide development

peak with a shoulder (Figure 6.2f). Reduction peak and shoulder potentials are between
1.29 and 1.35 V (peaks C; and Cs). The reduction current magnitude increases with cycle
number, more notably for the higher E) values. This increase in current corresponds to a
thickening of the Ni oxide layer.

Figure 6.3a shows the anodic current normalized by ECSA using Equation 3.22 The
magnitude of the Ni oxidation wave is approximately constant, when normalized according

to ECSA, while the onset potential undergoes a slight negative shift at the two highest
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Figure 6.3: (a) The final (600th), forward oxide development sweep for each F) potential,
presented as ECSA-normalized current. (b) The corresponding reverse sweep for selected

switching potentials. (¢) ECSA, calculated using Equation 3.22

switching potentials. The OER feature at potentials greater than 1.46 V shifts positively
with switching potential. The ECSA-normalized reduction waves for switching potentials of

1.51, 1.57, and 1.61 V are shown in Figure 6.3b. Here, the reduction peak between 1.29 and
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1.30 V is the most pronounced for a E) of 1.51 V, followed by those at 1.57 V and 1.61 V.
The peak between 1.33 and 1.35 V is most pronounced for a E) of 1.61 V followed closely
by the peak at 1.57 V, while only a small shoulder is visible for a E) of 1.51 V. The values

of ECSA used to normalize the data are shown in Figure 6.3c.:

6.3.1 Potentiostatic Hold

Figure 6.4 shows a 10-hour potential hold at 1.61 V conducted after oxide development for
switching potentials of 1.53 and 1.61 V. After the initial step to 1.61 V, the current for
the electrode with a switching potential of 1.53 V is approximately 3x higher than that of
the electrode developed with a switching potential of 1.61 V. Both currents initially decay,
reaching a minimum after ~ 1 hour. Both currents then increase over the remaining 9 hours,

with final values of 4.9 and 2.9 mA for switching potentials of 1.53 and 1.61 V, respectively.

6_
Erolg = 1.61V

4-vf

< Ey=153V

£

~~

ot <
Ey=161V

% T2 4 6 8 10
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Figure 6.4: Current response for a 10 hour potentiostatic hold at 1.61 V after 600 cycles up
to 1.53 V (blue) and 1.61 V (orange)
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6.3.2 FElectrochemical Impedance Spectroscopy

A Nyquist plot for EIS conducted at 1.61 V for electrodes developed with different switching
potentials is shown in Figure 6.5. A simplified Randles circuit — inset in Figure 6.5 — is used
for equivalent circuit fitting, and the resulting parameters are tabulated in Table 6.1. Nyquist
plots for other biases are shown in Figure B.6 and Figure B.7. With increasing switching
potential, both the charge transfer resistance and the constant phase element (CPE) param-
eter increase. The capacitance was estimated for each curve fit and is presented along with
the remaining fitting parameters in Figure B.8. The ohmic resistance stays approximately
constant with switching potential, while the charge transfer resistance increases. All values
for the CPE exponent are within a range of 0.946-0.972. The effective capacitance trends
upwards with switching potential, and this value was used to estimate the ECSA using the

Impedance Method’ as described in Chapter 3.

Eqc=161V Ex/V
CPE ¢ 151
R, 1 m 155
154 oA H A 157
1.61
c
~~
=N10-
100 kHz 13 Hz 0.1 Hz
v
5_
5 10 15 20 25
Z'1Q

Figure 6.5: Impedance spectroscopy conducted at a bias of 1.61 V for a series of electrodes

developed with different switching potentials
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Table 6.1: Equivalent circuit fitting parameters for EIS data presented in Figure 6.5. Values
from left to right are the switching potential (E)), ohmic resistance (R.), charge-transfer
resistance (R.;), CPE parameter (Q),), CPE exponent (n), the effective capacitance (Ceg),

and the electrochemical surface area (ECSA)

E\/V R./Q Ry /Q @,/ mSs™® n Ceg / mF ECSA / cm?
1.51 8.47 4.3 0.762 0.951 0.555 13.9
1.53 7.61 4.18 0.704 0.946 0.493 12.3
1.55 8.24 5.37 0.721 0.972 0.608 15.2
1.57 7.65 7.84 0.884 0.95 0.656 16.4
1.59 10.1 13 1.14 0.949 0.873 21.8
1.61 7.4 12.6 1.21 0.95 0.919 23.0
6.3.3 SEM

SEM images of electrodes before and after oxide development using switching potentials
of 1.51 V and 1.61 V are shown in Figure 6.6. The undeveloped electrode (Figure 6.6(a))
exhibited grain structures similar to those of electrodes annealed in vacuum as reported in
the literature.[117, 118] The electrode developed with a switching potential of 1.51 V had
larger facet planes and fewer grain boundaries than the electrode developed with a switching
potential of 1.61 V. The larger facets in Figure 6.6(b) showed large, uniform planes with
length scales greater than 250 M, while smaller facets showed broken planes with mottled

texture and sizes ranging from 10-200 puM, as seen in Figure 6.6(c).
6.4 Discussion

6.4.1 Oxyhydroxide Development

Before electrochemical cycling, the Ni working electrode was subjected to a thermal desorp-

tion preparation procedure at temperatures greater than 600 °C to remove surface oxides
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Figure 6.6: 250x scanning electron microscopy images of nickel electrodes with (a) initial

and post-oxide growth procedures for (b) 1.51 V and (c) 1.61 V switching potentials.
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and contaminants. According to Alsabet et al., a-Ni(OH), is the predominant Ni phase to
form after high-temperature annealing and exposure to alkaline media, which is attributed to
the low standard equilibrium potential of the Ni to a-Ni(OH); reaction (0.256 Vgug).[25] A
primarily a-Ni(OH), surface will oxidize to both S-Ni(OH)y and v-NiOOH, forming a high
concentration of the latter. In Figure 6.7, the anodic peak near 1.37 V (A*) corresponds
to the a-Ni(OH)s to 7-NiOOH oxidation reaction, with a matching reduction peak near
1.32 V (C*). As the electrode is cycled, peak A* shrinks while a new, larger anodic peak
forms (A) with a peak potential of 1.42 V. Peak A is almost universally attributed to the
B-Ni(OH), to 5-NiOOH oxidation reaction.[25, 36, 119] During the cathodic sweep, the re-
duction of v-NiOOH appears as a peak near 1.34 V (C;), while the reduction of 5-NiOOH to
B-Ni(OH), appears as a peak near 1.29 V (C,).[85] As v-NiOOH reduces to both a-Ni(OH)
and B-NiOOH, it is difficult to identify which species is preferentially formed during the
reduction reaction. Considering 5-Ni(OH), the more thermodynamically stable phase, the

reduction of v-NiOOH to -Ni(OH)y would seem preferred.[22]

When the cycling process is repeated at different switching potentials, the electrochemical

157 Phase Transitions
A~ a-Ni(OH); - HoO —— ~-NiOOH - H,O
g A B-Ni(OH); — A-NiOOH
= C* ~-NiOOH - H,0 — a-Ni(OH), - H,O
C v-NiOOH - H,0 — B-Ni(OH),
A B-NiOOH — B-Ni(OH),
1.2 1.4 1.6
E /VRrHE

Figure 6.7: Summary of phase transitions referenced in this work and their corresponding

peaks. Cyclic voltammogram is a reprint of the data presented in Figure 6.2(d)
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responses change, as shown in Figure 6.2. The [-redox pair is the dominant surface process
for electrodes with a low switching potential (1.51, 1.53, and 1.55 V).[22] At switching
potentials of 1.57 V or higher, the Cy peak corresponding to v-NiOOH develops considerably
more than the S-NiOOH peak, indicating that higher switching potentials lead to preferential
formation of the v-NiOOH phase. The process of overcharging an electrode is proposed to

drive the transformation of 5-NiOOH to v-NiOOH, corroborating this claim.[23]

For all switching potentials, a net increase in the maximum OER current (occurring at the
switching potential) was seen, as indicated by the vertical arrow in each plot of Figure 6.2.
The improvement in OER current with cycle number can be explained by an increase in
ECSA caused by roughening of the surface, as well as varying activities between the different
B-NiOOH phases. The act of cycling a Ni electrode between the various (oxy)hydroxide
phases induces lattice expansion and contraction.[22] The mechanical stress leads to cracks
and faults in the oxide layer, exposing fresh, active Ni sites.[114] Moreover, it is suggested
that place-exchange processes will occur in parallel with the OER at high potentials, leading

to structural rearrangement and surface roughening.[107-109]

In Figure 6.3a, the cyclic voltammogram data is normalized by the ECSA to more readily
compare the wave features. Here, the onset potential of the Ni oxidation reaction is approx-
imately constant for switching potentials up to 1.57 V. For E) of 1.59 and 1.61 V, there is a
negative shift in onset potential. The increased formation of v-NiOOH that occurs at higher
switching potentials provides more v-NiOOH upon reduction, leading to a decrease in onset
potential.[26] The area of the oxidation wave is approximately constant, indicating that sys-
tem reversibility is similar for all switching potentials. In Figure 6.3b, two major peaks are
identified: the reduction of S-NiOOH to S-Ni(OH), at 1.30 V and the reduction of v~-NiOOH
to either S-Ni(OH)s or a-Ni(OH) near 1.35 V. The ratio of -NiOOH to 8-NiOOH increases

with switching potential, consistent with electrode overcharge.
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6.4.2 Oxygen FEvolution

To examine the effect of switching potential on electrocatalytic properties, oxygen evolution
kinetics were measured using three benchmark parameters: Tafel slope (b), overpotential (),
and turnover frequency (TOF). The first benchmark, Tafel slopes, were evaluated using EIS
data, along with the following equation:[120]

1 n 2.3034,
1 =—=-+1 1
o8 (Rct) b " o8 < b > (6 )

A plot of the inverse log of charge-transfer resistance vs. overpotential yields a slope equal to

the inverse of the Tafel slope. In Figure 6.8, Nyquist plots for a range of biases along with a
Tafel plot are presented for an electrode developed with a switching potential of 1.51 V. The
Tafel slopes for all switching potentials are also tabulated. Although decreasing slightly from
44.2 to 39.1 mV dec™! with increasing switching potential, the Tafel slopes are approximately
constant, indicating that a change in mechanistic rate-determining step is unlikely.[115, 121]

As discussed in Chapter 5 an OER Tafel slope of ~ 40 mV dec™! can arise from one of two

40t (@) o5L®) e E\/V  b/mVdec™
/ A
151 Eq/V 166 /AN
sl ~ /a 1.51 44.2
c 280 noe/mv 430 | S I 1.53 43.2
20 T
3 Fod £ 1.55 40.7
= , 1.57 38.2
10k = A 442mVdec™?
ol 1.59 38.7
JBNY ) I 1.61 19.1
10 20 30 40 250 300 350 400 450
Z'[Q Noer / MV

Figure 6.8: (a) Nyquist plots for EIS conducted between 1.51 and 1.61 V (select plots shown)
and (b) Tafel plot constructed using R from equivalent circuit fits for an electrode developed
with a switching potential of 1.51 V. (Table) Tafel slopes evaluated using the same procedure

for the remaining switching potentials.
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possible rate-determining steps:[28]

MO + OH™ =—= MOOH + e~ (6.2)

MOO™ Z—= M+ Oy + e~ (6.3)

While identification of the exact step is outside the scope of this work, the results presented
here show good agreement with Tafel slopes estimated in the microkinetics analysis conducted
by Shinagawa et al., as well as the data presented in Chapter 5.[28]

To further quantify the OER kinetics as a function of switching potential, overpoten-
tials were calculated for two conditions and are presented in Figure 6.9(a); the first, 7nops,

corresponds to the onset overpotential of OER, measured at 0.5 mA cm_?

g0 tangent, as de-

-2

scribed in Chapter 3. The second, 719, is the overpotential required to generate 10 mA cmg,

of OER current, an often-used metric for water splitting devices.[38] To estimate 7o, the

charge-transfer coefficient was first calculated from the Tafel slope:

RT
- 6.4
Ry (64)
The current-potential data was then fit to the anodic Butler-Volmer equation:
S (1 —a)nF
2 = Jo - ~ 6.5
Ja = Jo - exp ( T (6.5)

-2
geo*

and extrapolated to the overpotential corresponding to 10 mA cm Both overpotentials
generally increase with switching potential; the value of 7., increases from 260 to 322 mV,
while 7y trends from 322 to 399 mV.

Turnover frequency (TOF) is presented for each switching potential in Figure 6.9(b),
evaluated using the site densities shown in Figure 6.9(c). The TOF values were calculated
at potentials of 1.56 and 1.66 V after a hold of 3.5 minutes. In the low switching potential
range (1.51-1.53 V), TOF values were high, ranging between 10-18 s~!. As the switching
potential increased, TOF values decreased. At switching potentials of 1.59 and 1.61 V| the

TOF values were only between 0.57-3.5 s .
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Figure 6.9: (a) The OER onset overpotential and theoretical overpotential required to reach
10 mA cm? of OER current as a function of Ey. (b) TOF evaluated at 1.56 and 1.66 V as
a function of E) using Equation 5.1. (c) Site density of NiIOOH.

In conjunction with the potentiostatic hold data of Figure 6.4, the TOF values indicate
that the OER occurs at much shorter time scales compared with the duration of the po-

tentiostatic hold data. For example, the initial decay in current in Figure 6.4 has a time
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constant of approximately 10 minutes, while the long-term rise occurs on the order of 4 hours
or longer. With OER turnover frequencies of 9.2-19 s=* for £\, = 1.53 V and 0.57-3.7 s~ ! for
E\ = 1.61V, it is clear that, for even the lowest TOF, OER active sites are turned over at
least 600 times during the 10-minute time constant for the short-term decrease and at least
10,000 times for the time constant of the long-term increase. The interpretation here is that
OER kinetics are much faster than those for the processes responsible for the potentiostatic
hold features in Figure 6.4. We conclude, therefore, that changes in surface structure brought
about by potential cycling remain in the OER region, by which OER current can serve as
a measure of the activity of these surfaces. Thus, the higher OER current in Figure 6.4 for
the 8-NiOOH surface formed at F\ = 1.53 V reflects a higher OER activity than that of the
[-NiOOH surface formed at F\, = 1.61 V.

Moreover, the current increase after the initial decay indicates an improvement of the
catalyst surface over time, presumably due to an increase in active sites. Alternatively, an
additional electrochemical reaction made more favorable by the constant bias application
may be occurring. The formation of alternative Ni-species at higher potentials has been
suggested, including a S-phase that forms through the direction oxidation of Ni sublayers, as
well as a higher oxidation state S-phase that is not equivalent to 7-NiOOH.[122] At this time,
there is little evidence to support an additional electrochemical reaction and the simplest

explanation supported by these results is an increase in active sites.

6.4.3 FElectrochemical Impedance Spectroscopy

From the Nyquist plots shown in Figure 6.5 and the extracted parameters in Table 6.1, it
is clear that the switching potential has a direct impact on the electrode’s behavior. The
value of R increases by almost a factor of 3 with switching potential. As the charge-
transfer resistance measures the ratio of overpotential to current, making it a convenient
index of a reaction’s kinetics.[48] For a given overpotential, a low value of R, — as seen for
a switching potential of 1.51 V — indicates a higher resulting Faradaic current and a more

active surface. The results here support the original claim that the S-NiOOH surface is the
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more-active phase for the OER due to its lower charge-transfer resistance.

The effective capacitance (Ceg), is an estimation of an electrode’s double layer capac-
itance and its corresponding capacity for charge-transfer.[48, 64, 65] In general, a larger
effective capacitance indicates a higher electrochemical surface area. From the values shown
in Table 6.1, the electrochemical surface area increases from 13.9 cm? (R; = 19.6) to 23.0
cm? (Ry = 32.4), an increase by a factor of approximately 1.7. These results are consistent

with the proposed surface-roughening process that occurs at higher switching potentials.

6.4.4 Morphology

The distribution of facet sizes and number of grain boundaries changed between the initial
and developed oxide layers, as seen in Figure 6.6. A mixture of roughened (jagged) and
faceted (straight) boundaries was observed before oxide development (Figure 6.6a).[117, 123]
The oxide growth procedure altered the surface via growth of dominant facets and formation
of grain boundaries. During the growth of a dominant facet, the surface energy level reached
a minimum as lower-energy crystals covered the surface. [33, 124] The dominant facet growth
explains the large facet planes seen in Figure 6.6b. However, the oxide-growth procedure
introduced roughening of the surface by forming more grain boundaries at a higher switching
potential, as seen by the differences between Figure 6.6b and c. The increase in grain
boundaries may also explain the increase in surface sites during oxide growth among different
E)\, as seen in Figure 6.2. Thus, the oxide growth procedure was able to decrease or increase
the density of grain boundaries by allowing the surface to minimize its surface energy or by

roughening the surface, respectively.

6.5 Conclusions

The electrochemical development of NiOOH species through potential cycling in alkaline
media was studied as a function of switching potential. The influence of switching potential
on oxide composition and oxygen evolution kinetics was quantified using EIS and Tafel

analysis, while the surface morphology was studied using SEM. From these results, the
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following conclusions were drawn:

e At high switching potentials, increased overcharge and surface roughening leads to an

increase in electrochemical surface area and number of NiOOH sites.

e Switching potential can be used to control the formation of S-NiOOH (low E,) and
7-NiOOH (high E)), enabling their effect on OER to be probed.

e The 5-NiOOH phase has improved OER kinetics compared to the v-NiOOH, as the
overpotentials are lower and turnover frequencies are higher. Furthermore, the im-

proved kinetics last over a prolonged period when compared to v-NiOOH.

e Increasing the switching potential from 1.51 to 1.61 Vgrug decreases facet size and

increases the number of grain boundaries.
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Chapter 7

FLOW FIELD PATTERN OPTIMIZATION FOR DIALYSATE
REGENERATION USING COMPUTATIONAL FLUID
DYNAMICS

7.1 Context

While the kinetics of the urea oxidation reaction are primarily researched for wastewater
treatment and direct urea fuel cell applications, the UOR is also of great interest to the
medical field; the electrochemical oxidation of urea provides an attractive improvement to
the current state of dialysis. Currently, over two million people worldwide suffer from end
stage renal disease (ESRD), with almost 750,000 of those patients residing in the United
States alone. Comprising 7.2% of overall Medicare-paid claims, treatment for ESRD can

cost a patient up to $72,000 per year.[125]

The physical and psychological hurdles that come with dialysis are often cited as being
a more influential factor than the financial burden when determining treatment; while the
cost of treatment was ranked ninth in importance during a study of dialysis outcomes, the
ability to travel was ranked second.[126] The dialysis process occurs three to four times a
week for four hours at a time, and requires the patient to be present at a dialysis center.
Due to this intermittent treatment, rapid fluctuations of toxins in the body and consistent
buildup of waste materials between sessions are common.[126] Consequentially, patients often
report fatigue, anemia, and cramps after standard hemodialysis treatment. While the rate
of new ESRD cases has declined due to advancements in kidney failure prevention and
postponement, the quality of life improvements for those already on hemodialysis leaves
much to be desired. One study on the high morbidity and mortality rates of ESRD reports

that “an average patient would be willing to give up 10 years of life on dialysis in exchange for
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4 years with normal kidney function”.[125] Some studies have indicated that more frequent -
but shorter - treatments improve overall patient quality of life. A major improvement in the
field of hemodialysis is home-use devices, which can be run overnight and allow improved
recovery times and patient outcomes. The ultimate goal for dialysis devices, however, is one
that does not tether the patient to any particular location.

Hemodialysis is currently the most common treatment method for ESRD, where a pa-
tient’s blood is filtered past a semi-permeable membrane to remove waste products that the
patient’s body is incapable of removing on its own, as shown in Figure 7.1(left). On the
other side of the membrane passes dialysate fluid, which carries waste products away from
the patient and is ultimately discarded. In typical hemodialysis, between 300 and 900 liters
of water are spent as dialysate fluid per week, per patient, depending on the severity of renal
disease.

The concept of a portable dialysis device relies on the ability to regenerate dialysis fluid.
To “clean” dialysate fluid for continuous use, major toxins need to be removed. The primary

component of spent dialysate fluid is urea, which builds up in the body due to decreased kid-

Conventional Hemodialysis Portable Dialysis
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| Fresh dialysate fluid Clean blood ! ‘ i Clean blood l
T | —

o \\\
| |
A

o
T T

Blood ‘ i Blood -
' Spent dialysate fluid removed for ! | removed for Spent dialysate
| cleaning cleaning

Figure 7.1: Comparison of (left) conventional hemodialysis and (right) a proposed portable

dialysis system.
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ney function. While only mildly toxic, urea is the largest constituent of urine, and significant
buildup during kidney failure leads to uremia.[127] Electrochemical oxidation is an attractive
option for urea removal in a portable dialysis system because of its small form factor, low-
energy cost, and manageable byproducts.[12, 43, 47, 113] In a regenerative system, spent
dialysate is pumped from the dialyzer to the urea reactor, as shown in Figure 7.1(right).
Here, urea and other organics such as creatinine and glucose are oxidized to form nitrogen
and carbon dioxide, with hydrogen as a potential byproduct. These gaseous products can be
removed using a degasser, and the now cleaned dialysate fluid can be returned to the dialyzer
in a closed-loop system. With efficient toxin removal, only a small amount of dialysate fluid
would be needed, allowing for a portable system that could be transported in a suitcase or
backpack.

A schematic of a urea removal device (URD) is shown in Figure 7.2. From left to right, the
components are the anode flow field plate (FFP,), the anode gas diffusion layer (GDL,), the
anion exchange membrane (AEM), the cathode gas diffusion layer (GDL,), and the cathode
flow field plate (FFP.). During operation, urea-containing dialysate fluid is fed to the anode
side of the URD, where it is distributed by a flow field plate (FFP). Each FFP has a pattern
etched into the surface, providing channels for solution to flow across the gas diffusion layer
(GDL). The GDL is generally a porous, high surface area material such as carbon cloth or
carbon paper with an electrocatalyst deposited on the surface. When urea comes in contact

with the electrocatalyst, it is chemically oxidized:

CO(NHQ)Q +60H — N2 + COQ +5 HQO +6e” (71)

The product Ny and CO, are removed from the system using a degasser, and the dialysate
fluid is either returned to the dialyzer or fed back into the URD. On the cathode side, either
water or humidified Oy (not shown) can be fed to the URD. When water is fed, the URD

acts as an electrolyzer, forming Hj:

2H,0 + 2e” — Hy + 20H" (7.2)
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Figure 7.2: Schematic of the urea removal device.

The overall chemical equation for the URD in this configuration is:

When humidified O is fed to the cathode, the URD acts as a fuel cell with the following

cathode half-cell and overall reactions:

O, + 2H,0 +4e” — 40H™ (7.4)

There are a considerable number of challenges with dialysis-focused urea oxidation, and
research has been ongoing since the early 1970s [43]. The sluggish reaction rate of the

UOR limits the rate of urea decomposition, and the low urea concentration in the dialysate
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fluid (~0.01 M) makes efficient removal all the more difficult. One approach to increase the
removal rate is by improving the mass transfer of urea molecules to the electrocatalyst surface
through use of specialized flow field patterns. In this chapter, the effect of flow field design

on the efficiency of urea oxidation is investigated using the computational fluid dynamics

(CFD) software COMSOL Multiphysics®).
7.2 Experimental

7.2.1 Model Representation

A 3-D representation of a flow field plate with an example serpentine pattern is shown in
Figure 7.3(left). Here, solution flows into the channel with flow rate v, and concentration co,

at the top left, winds through the serpentine flow pattern, and exits at the bottom right. The

/ 3-D Representation \ / 2-D Simplified Model \

lNormal Inflow (Vo, Co yrea)

Porous Reacting Media (€., K, Iurea)

Porous Reacting Media (g, K, ryea)

Open Channel
Normal Inflow (v, Co urea)

\

Open Channel

Open
Boundaries

N\

Normal Outflow (p = 0)

%

No Slip, No Flux Walls No Slip, No Flux Exterior Walls

\\ / \\ Normal Outflow (p = 0)l /

Figure 7.3: A (left) 3-D and (right) 2-D representation of a serpentine flow field pattern

including the relevant boundary, flow, and reaction conditions
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side and top walls for this chamber have no-slip and no-flux conditions, while the bottom of
the chamber is an open boundary condition. Solution can leave through this open boundary
and enter the porous reacting media (GDL). The GDL has a set porosity (€), permeability
(), and homogenized urea reaction rate ().

In general, a 3-D representation will result in the most accurate simulation due to its
ability to simultaneously model reactant flow in the direction of the flow channel and per-
pendicular to the flow channel (into the GDL). The number of finite elements needed to
simulate an accurate 3-D model, however, will be orders of magnitude higher than a 2-D
simulation, resulting in a computationally expensive process. For that reason, a 2-D depth-
averaged model was developed to reduce simulation time, as shown in Figure 7.3(right). For

the 2-D simplified model to be possible, a number of assumptions have to be made:

e The interior boundaries — where the red channels meet the gray porous media — are

open boundaries such that fluid can flow between them.

e An effective porosity is used (e.q) — calculated by scaling the actual porosity by the
ratio of GDL height to total height — to correct for the differing heights of the flow
channel and the GDL.

e The porous reacting media volume that is present below the flow channels in the 3-D
representation is neglected in the 2-D representation. The majority of electrochemical
oxidation is assumed to occur in the ribs separating the channel, and thus the neglected

volume will have minimal impact on the simulation results.

In previous studies, these assumptions have been shown to minimally impact the simulation’s
accuracy, as seen in Figure 7.4.[128] According to Zhang et al., a 2-D, depth-averaged model
using similar flow field deigns and flow conditions will result in similar pressure drops as an
equivalent 3-D model and in experiments. The 2-D results tended to differ from experimental
data at high flow rates for the interdigitated design and at low flow rates for the serpentine

design, suggesting the 2-D depth averaged model may have a valid range, however.



38

7x10*

" Experimental (Houseretal) 2.0x10° ; ; .
M Z _ g_xpe:'lrpentz;: gﬁﬂusderlet 8l 1 [ ] Ex'perimentall (Houser'et al.)
6x10° [y oo (2'D o el) - - < - Simulation (3-D Model)
| —A— Simulation (2-D Model) . —— Simulation (2-D Model)
T 5x10*F 1 = 1.5x10° |- .
o r o
g— 4x10* . 2
o N A 1.0x10°F 1
O 3x10* . ©
2 2
o 2x10°F 1 8 .
& I o 50x10°F .
1x10* |- .
0 n 1 n 1 " 1 % 1 n 1 00 " " " P
0 20 40 60 80 100 0 20 40 60 80 100
Flow Rate (mL/min) Flow Rate (mL/min)
(a) Interdigitated (b) Serpentine

Figure 7.4: Comparison of simulated 3-D and 2-D pressure drops with experimental data for

an (a) interdigitated and (b) serpentine flow field pattern’

7.2.2  Mathematical Methods
In both the channel and porous media, the continuity equation is expressed as:
pV.-u=0 (7.6)

where p is the fluid density (kg m™3) and u is the velocity vector (ms™!). The single-phase,
laminar fluid velocity and pressure gradient are solved using the Navier-Stokes and Brinkman

equations for channel flow and porous media flow, respectively:

Channel: p(u-Viu= V- [—pl+ pu(Vu+ (Vu)")] (7.7)
GPL: L V)u=V-[pl+ E(TVut (Vu)") - gg(v -t (78)

where p is the pressure (Pa), u is the dynamic viscosity of the fluid (kg m~'s™!), € is the

porosity of the gas diffusion layer, and  is the permeability of the gas diffusion layer (m=2).

tReprinted from International Journal of Heat and Mass Transfer, Vol 135, Zhang, Lei, Bai & Zhao,
A two-dimensional model for the design of flow fields in vanadium redox flow batteries, 460-469, Copyright
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The mass conservation equation is used to model the diffusive and convective transport

of a chemical species (i) in the channel and porous media:

Channel: V.-(-=DiV¢)+u-Veg =0 (7.9)
GDL: V- (—=€3D\V¢)+u-Ve =n (7.10)
where D is the diffusion coefficient (m? s71), ¢ is the concentration (mol m™—3), and r is the
reaction rate expression (mol m=3s™1).
The electrochemical reaction rate was estimated using a Tafel kinetics model of the
following form:[129]

Ji = Joi (¢1)" exp (bE) (7.11)
where j is the current density (A m™2), jo is the exchange current density (A m™2), a is
the concentration dependence order, b is the potential response constant (V~!), and FE is
the applied potential (Vsyg). The current density was converted to a homogenized, porous-

medium chemical reaction rate using the following equation:

_ Ji
= X SSA (7.12)

where n is the number of electrons exchanged (6), F' is the Faraday constant (96485 C mol "),

and SSA is the specific surface area of the gas diffusion layer (m™!), estimated using the

SSA ¢
=/ o (7.13)

A summary of the relevant geometries, flow conditions, and electrochemical parameters

following equation:[130]

are presented in Table 7.1.

7.2.8 Flow Field Patterns

Many of the flow patterns in this study are commonly used in industry and research and
generally fall into one of four flow channel groups: single, split, interdigitated, or mixed.[131—

135] The designs used during the initial computational studies are presented in Figure 7.5.

2019, with permission from Elsevier.
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Table 7.1: Mathematical constants and variables used for computational modeling of flow

fields.

Parameter Variable Value Unit
Width of Gas Diffusion Layer Wedl 22 mim
Height of Gas Diffusion Layer heai 0.4 mm
Width of Flow Channel Wen 1 mm
Height of Flow Channel hen 1 min
Porosity of Gas Diffusion Layer € 0.5

Permeability of Gas Diffusion Layer K 3.0 x 10712 m?
Specific Surface Area SSA 1.44 x 1073 m~!
Reference Temperature Tret 293.15 K
Reference Pressure Pt 1 atm
Fluid Density p 1000 kg m—3
Fluid Dynamic Viscosity L 1.01 x 1073 kgm~ts!
Diffusion Coefficient of Urea in Water D, 1.382 x 107* m?
Inlet Concentration of Urea Cou 0.010 M
Exchange current density of the Jou 0.028 Am™2
UOR]J129]

Reaction Order of the UOR[129] a 0.216

Potential Response Constant[129] b 3.25 v
Number of electrons n 6 mol.-
Volumetric Flow Rate 10 mL min~!
Applied Potential E 1.5 VR&ue

Single flow channels including the serpentine, multi-serpentine, and spiral patterns consist

of a single, unbroken channel (red) that extends from the inlet (top left) to the outlet (bottom
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=
=]

Figure 7.5: Flow field patterns modeled during initial analysis.
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right). The serpentine style channel (Figure 7.5(a)) is an industry standard due to its robust
performance and product removal.[133] The single, winding channel maximizes coverage of
the GDL. While this causes a high pressure-drop across the active area and an increase in
pumping requirements, the pressure drop is necessary for good under-rib (porous-media)
flow, and generally results in good overall performance. The single channel, however, leads
to poor reactant distribution across the GDL. Other single-channel designs are often used
for specific applications; the multi-serpentine design (Figure 7.5(b)) increases the number of
channel bends, improving reactant distribution, while spiral channels (Figure 7.5(c)) have
been shown to generate local, secondary vortices that help distribute heat and mass across

the GDL.[133, 136]

Split flow channels such as the parallel, Murray-parallel, and grid patterns also directly
connect the inlet and outlet points, but do so through numerous channels (green). The
parallel design is another industry standard for applications where high pressure-drops are
not acceptable; less flow-per-channel reduces the pressure drop of the FFP and also provides
a more uniform reactant distribution.[137] Low pressure-drops will reduce the amount of
under-rib flow, however, reducing cell performance. Additionally, blockages occurring in a
parallel design channel will cause a redistribution of flow to the other channels, resulting in
the formation of a dead zone. Additional types of split flow designs are the Murray parallel
and grid patterns. Similar to the standard parallel, these designs trade performance for a
reduced pressure drop, but the two-dimensional directions of the channels results in a more

robust plate that is less affected by blockages.[133]

Interdigitated patterns (Figure 7.5(g-1)) are defined by a disconnected inlet (orange) and
outlet (blue) channels. These types of flow patterns can take on a number of designs, but
generally have a series of alternating inlet-outlet branches that dead-end. The traditional
interdigitated design (Figure 7.5(g)) has a single inlet manifold with “fingers” that stretch
away perpendicularly towards the outlet manifold. The interlocking fingers force reactant
flow through the GDL, resulting in efficient conversion and product removal. While the forced

under-rib leads to sharp increases in pressure-drop, the use of relatively short channels results
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in values similar to that of a serpentine design. Interdigitated plates often mimic biological
systems through the use of fractal designs, including the leaf pattern (Figure 7.5(k) and
constructal pattern (Figure 7.5(1)). These patterns replicate the flow conduction systems
that organically develop in the lungs, plants, and other biological structures. In general,
the defining forced under-rib flow characteristic of interdigitated type patterns makes their

efficacy significantly dependent on the physical characteristics of the GDL.[133]

Mixed patterns (Figure 7.5(j-1)) combine aspects of the flow groups to compensate for
weaknesses in a specific design. Parallel-serpentine patterns (Figure 7.5(j)) have multiple
channels that wind side-by-side from inlet to outlet. The resulting FFP sacrifices performance
for a reduced pressure drop (compared to a traditional serpentine), but performs better
than the standard parallel pattern. The interdigitated-spiral and interdigitated-serpentine
combine disconnected inlet-outlet channels with the spiral and serpentine channel patterns,
respectively. As with the traditional interdigitated patterns, the parameters of the GDL will
dictate the efficacy of these designs, but generally result in a better distribution of reactants

over the surface of the GDL.[133]

7.2.4 Mesh

A customized mesh was used for the CFD simulations, as shown in Figure 7.6. The base sizing
for the elements was COMSOL’s predefined “Extra Fine” sizing for a fluid dynamics physics,
with element sizes ranging from 0.0033 mm to 0.286 mm. A free triangular mesh was used
for the entire domain based on the previously defined element sizing. A corner refinement
node was added to decrease the element size by a factor of 0.25 at sharp corners (vertices).
Finally, a boundary layer node was added to create a dense element distribution along all
boundaries in the channel and GDL domains. This node creates a 5-layer quadrilateral mesh
on either side of the channel/GDL interface, the thickness of each stretched by a factor of 1.2
moving away from the boundary. The resulting mesh had 86 vertex elements, 1872 boundary

elements, and 31810 total elements.
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Figure 7.6: Meshing of (top) overall flow field pattern and (bottom) zoomed corner and

boundary mesh.

7.3 Results and Discussion

As an initial test, a selection of flow field patterns were screened using the parameters listed

in Table 7.1 and the patterns shown in Figure 7.5.

7.3.1 Single Channel Designs

The velocity, pressure, and concentration profiles of the single flow channel patterns are
presented as streamline, contour, and surface plots, respectively, in Figure 7.7. The fluid
velocity is roughly constant throughout the channel for all flow patterns. The exception
is the spiral pattern, where the fluid velocity is low in the center of the flow field and
increasing radially outward. Fluid velocity is lowest in the GDL for all patterns due to

the low permeability and porosity, and generally flows in the same direction as the nearby
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Figure 7.7: Velocity, pressure, and concentration profiles of the single flow patterns.

channels. Near sharp bends in the channels, local vortices form in the GDL due to the

bidirectional channel flow. Subsequently, there is an increase in fluid residence time, and
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it is in these bends that the majority of electrochemical conversion of urea occurs. In the
serpentine channels, for example, the lowest concentration of urea can be seen at the top
and bottom of the ribs separating each channel. For the multi-serpentine flow, vortices form
in the 4-way intersections between up-down and left-right flow, resulting in a curved urea
concentration gradient. Of the single flow channels studied here, the spiral design results
in the most even distribution, with just a small reactant “dead zone” at the center of the

spiral. For all single flow channels, the pressure drops roughly follow the channel direction.

7.3.2  Split Channel Designs

Profiles for the parallel, Murray-parallel, and grid patterns are presented in Figure 7.8. For
all the split flow designs, velocity is highest near the inlet and outlet manifolds, but slows
considerably as the fluid is distributed throughout the split pathways across the active area.
Correspondingly, the pressure drop is considerably lower than that of the single channel
designs. The contours of the pressure drop also decrease from top-left to bottom-right in
the direction of flow. Fluid flow inside the GDL is effectively unidirectional from inlet to
outlet. The lower overall plate pressure provides less of a driving force for under-rib flow,
resulting in what is effectively creeping flow from inlet to outlet. The concentration profiles
of the split channel designs show that the GDL “pockets” are roughly symmetric across the
flow field; a concentration gradient tends to form in the direction of flow, and the steepest
gradient is present at the channel-GDL boundary. The lower flow rate of the split channel
designs results in a significantly higher fluid residence time within the GDL. Consequently,

reactant is depleted in the GDL, causing the formation of dead zones.

7.3.8 Interdigitated Channel Designs

Velocity, pressure, and concentration profiles for the interdigitated channel designs are shown
in Figure 7.9. Similar to the split channel designs, the flow velocity is highest at the inlet
and outlet manifolds, but drops as fluid is directed into the distribution branches. Due to

the disconnected inlet and outlet branches, fluid is forced into the GDL. Unlike the split de-
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Figure 7.8: Velocity, pressure, and concentration profiles of the split flow patterns.

sign channels, however, fluid in an interdigitated design will generally take the shortest path

through the GDL from inlet to outlet. Consequently, streamlines generally trend perpendic-
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Figure 7.9: Velocity, pressure, and concentration profiles of the interdigitated flow patterns.



99

ularly from the inlet branches to the outlet branches. The exception to this is when fluid is
near bends and corners of the branches; the longer diagonal distance between inlet and outlet
branches causes curved streamlines to form in bends of the GDL. The disconnected inlet and
outlet branches of the interdigitated design also results in a high pressure-drop. Much of the
pressure-drop occurs within the GDL, resulting in an even flow velocity throughout the GDL.
As a result, the urea concentration gradient is less a function of the streamlines or pressure
drop, but rather the distance fluid travels through the GDL. As can be seen in Figure 7.9,
concentration gradients form primarily at the diagonals between the concave inlet channel
corners and the convex outlet corners. For the interdigitated and constructal design patterns,
this distance is equivalent throughout the active area. For the leaf design, however, the GDL

lengths at the 45 °C are longer and result in a noticeably larger concentration gradient.

7.3.4 Mized Channel Designs

By design, mixed channel patterns take on characteristics of the parent designs, as shown
in Figure 7.10. The parallel-serpentine pattern has two side-by-side winding channels along
the length of the GDL. Compared to the parallel design, however, the fluid velocity in
the channels is not equal. One explanation for this phenomenon is the orientation of the
fluid inlet, supported by the presence of a sharp pressure spike at the corner where the
two channels diverge. The velocity profile in the bends of this design shows that fluid
vortices form due to the multi-directional flow. Similar to the traditional serpentine design,
the pressure-drop follows the channel direction. The concentration profile for this design
shows an overall high amount of reactant utilization. Due to the parallel channels, two
effective concentration profiles can be seen. The first is a single, serpentine-shaped area
residing in between the channels. Here, the concentration gradient resembles that of the
split channel designs with evenly utilized GDL utilization. The second concentration profile
can be seen in the individual “digits” that the channels serpentine around. These profiles
strongly resemble that of the traditional serpentine pattern due to the bidirectional flow.

Both of the mixed-interdigitated designs studied here have the same characteristics of the
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Figure 7.10: Velocity, pressure, and concentration profiles of the mixed flow patterns.
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traditional interdigitated designs. The exception to this rule is that the longer channels result
in a more noticeable pressure drop in the channels. The majority of the drop, however, still
occurs in the GDL due to the disconnected inlet-outlet branches. The diagonal corners of

the GDL develop a larger concentration gradient than other areas of the pattern.

7.3.5 Design Comparison

To quantify and compare the overall performance of the flow field patterns, values of partic-
ular interest are shown in Table 7.2. These values are the conversion (X / %), the pressure
drop (Ap / Pa), the scaled conversion to pressure drop ratio (X : Ap), the area of the
porous reacting media (Agq / ¢cm?), and the conversion per unit area (X, / % cm™2?). The
continuous conversion was evaluated by averaging the concentration of urea along the outlet
line (cyout) and using the following equation:

x — Sou ~ Cuout (7.14)
Co,u

The pressure drop is an important parameter for any type of portable, small form-factor
device such as the URD as it dictates the accessory power loading of the stack.[133] Conse-
quently, a low value is desired. From the patterns examined in this study, the parallel (36.9
Pa), Murrey-parallel (24.5 Pa), and grid (27.5 Pa) designs have significantly lower pressure
drops than the other patterns by about an order of magnitude. The highest pressure drops
were for the serpentine (452 Pa), spiral-interdigitated (451 Pa), and serpentine-interdigitated
(460 Pa) designs, although all the non split-design patterns were comparably high. The ex-
ception here is the parallel-serpentine design, which only has a pressure drop of 160 Pa. The
conversion to pressure drop ratio was evaluated by dividing the actual conversion by the
pressure drop and applying a scaling factor (1000) to compare the relative performance of
the flow field patterns. While the actual conversion of the split-channel designs is by far the
lowest, these designs have a considerably higher ratio of conversion to pressure. For a system

limited by form factor, using a design with a high conversion to pressure value results in a
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Table 7.2: The conversion (X / %), pressure drop (Ap / Pa), conversion to pressure drop

ratio (X : Ap), area of the porous reacting media (Agq / cm?), and conversion per unit area

(Xa / % ecm™2) for each of the flow field patterns shown in Figure 7.5, evaluated using the

parameters from Table 7.1. Green cells are used to highlight the desirable values in each

column, while the red are undesirable. Blue cells are used to show consistency.

Pattern X /% Ap / Pa X :Ap Agar / em? [ Xa / % cm™?
Serpentine 1.23 452 2.73 2.31 0.533
Multi-Serp. 0.979 399 2.45 24 0.407
Spiral 1.08 337 3.20 2.31 0.466
Parallel 0.496 36.9 13.4 2.6 0.191
Murray-Parallel 0.487 24.5 19.9 2.08 0.235
Grid 0.273 27.5 9.92 2.56 0.106
Interdigitated 1.18 405 291 2.53 0.465
Leaf 1.15 416 2.77 2.51 0.460
Constructal 1.14 387 2.93 2.45 0.463
Parallel-Serp. 1.28 160 8.01 2.51 0.512
Spiral-Interdig. 1.06 451 2.35 2.32 0.456
Serp.-Interdig. 1.17 460 2.55 2.53 0.463

lower auxiliary power cost. Out of the remaining designs, only the parallel-serpentine design

had a comparable conversion to pressure value.

The tradeoff one makes by using a split design is the number of plates needed to remove

the biologically relevant amount of urea (15 g day—!).[113] While less auxiliary power may

be needed, flow field plates make up over 60% of the weight of an electrolyzer stack.[133]

Consequently, a portable device such as the URD also relies on the electrochemical cell having
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a high conversion per unit area (X4 / % cm™2). Due to the channel width and GDL dimension
constraints, it was not possible to have identical active areas for every pattern. As a result,
the spacing between channels and the number of channels were varied to minimize differences
in the GDL area, and the values ranged from 0.208 to 0.260 cm?. When normalizing the
conversion by the Agq, both the serpentine (5.33% cm™2) and parallel-serpentine (5.12%
cm~?) patterns had the highest performance. The split channel designs were the lowest

performing due to their low conversion rate.

It is also worth noting that, while performing at about 90% of the potential of a serpentine-
design, all interdigitated channel designs have decidedly similar values of X,; the margin
of error was 4.61 4= 0.0351 % cm™2. These results indicate that, using the model developed
here, the pattern of an interdigitated type plate is not significant. Rather, the conversion
is directly related to the active area, dictated by the number of channels and spacing be-
tween channels; when plotting the conversion vs. active area of the GDL (gray) for two
types of interdigitated designs (Figure 7.11), it is clear that the active area — and not the
arrangement of branches — is directly proportional to the calculated conversion. This is

important to note, as it suggests the 2-D depth-averaged model may be oversimplifying the

M 2.0
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Figure 7.11: Flow field patterns for a (left) ng, = 4 and (middle) ng, = 14 layout. (Right)

The resulting linear relationship between conversion and active area
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relationship between interdigitated design and electrochemical conversion. Consequently, a
more robust, 3-D model may be needed to properly investigate the role of channel geometry

for interdigitated-type flow field plates.

7.4 Conclusions

In this section, computational fluid dynamics was used to evaluate the relative performance of
different flow field patterns on the electrochemical oxidation of urea. A 2-D, depth-averaged
model was used to expedite simulation times and allowed for rapid computational iterations.
Three of each single, multi, interdigitated, and mixed-type channel designs were investigated,
and practical parameters including the conversion and pressure drop used as benchmarks. It
was determined that for the given flow conditions, a low urea concentration electrolyte, and
the given electrochemical UOR parameters, a parallel-serpentine design provided the best
overall performance. The parallel-serpentine pattern had the highest overall conversion, the
second highest area-normalized conversion, and less than half the pressure drop of the other

non-split channel designs.
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Chapter 8
CONCLUSIONS AND PERSPECTIVES

The primary objective of this work was to advance our understanding of a developed oxide
layer’s role in the hydrogen evolution, oxygen evolution, and urea oxidation performance of
nickel and nickel-chromium-molybdenum materials. Motivated by the need for advanced
energy storage and production materials, we used a range of electrochemical methods to
elucidate changes in oxide structure over 600 or more potential cycles and the resulting

electrocatalytic surfaces in alkaline media.

8.0.1  Nickel-Chromium-Molybdenum Electrocatalysts

In Section 4.1, NiCrMo alloys were electrochemically cycled, and changes in the oxide layer
were identified through voltammetry, coulometry, and materials characterization. In Chap-
ter 5, the HER, OER, and UOR performance of these oxide structures were benchmarked
using Tafel slope, turnover frequency, and overpotentials. It was determined that the disso-
lution of alloying elements was the cause of unique voltammogram features for each of the
electrodes. While Cr and Mo leaching from Ni-based materials in alkaline media is not a
novel finding, the study conducted here uncovered its role in the preferential formation of
NiOOH phases; alloys with dissimilar amounts of Cr and Mo were more prone to electro-
chemical dissolution, increasing the electrochemical surface area and driving the formation
of transport pathways through the outer oxide layer. The improved intercalation of cations
and water molecules through these pathways enhanced formation of the v-NiOOH phase.
During electrocatalytic benchmarking, it was determined that the dissimilar Cr:Mo alloys
have lower OER turnover frequencies than pure Ni or the similar Cr:Mo alloy. Moreover,

similar rate-determining steps and characteristic Ni(OH); = NiOOH potentials implied
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that Cr and Mo as additives do not directly affect the OER and UOR kinetics. Differences
in these benchmarking values are instead attributed to the varying S-NiOOH:+-NiOOH

concentrations, and each of these phases has significantly different electrocatalytic properties

for each of the OER, HER, and UOR.

8.0.2 Nickel Phase Development

As a result of the studies conducted on NiCrMo alloys, it was apparent that a better un-
derstanding of the S-NiOOH and y-NiOOH phases was necessary for development of Ni-
based materials as HER, OER, and UOR electrocatalysts. In Chapter 6, selective cycling
procedures were developed to target formation of the individual NiOOH phases. The re-
sulting oxide structures were characterized using cyclic voltammetry and scanning electron
microscopy, and their electrocatalytic properties benchmarked using impedance spectroscopy,
Tafel analysis, and overpotentials.

The switching potential was used to control NIOOH formation, and it was shown that
~v-NiOOH can be preferentially formed at higher potentials (1.61 V) due to enhanced oxygen
evolution, while the more stable 5-NiOOH phase formed at lower potentials (1.51 V). The
NiOOH facets were captured using SEM, and a clear increase in grain boundaries was seen
for the 7-NiOOH-developed electrode. Consequently, it was concluded that increased OER
at higher switching potentials drives place-exchange mechanisms at the electrode-electrolyte
interface, leading to surface roughening and jagged facet borders. A kinetics analysis of the
NiOOH phases indicated that the 5-NiOOH phase was considerably more active towards the
OER as evidenced by lower overpotentials and higher turnover frequencies. Moreover, the
improved kinetics of the S-NiOOH phase lasted for an extended time period compared to
the 7-NiOOH phase.

8.0.3 CFD Modeling

In Chapter 7, a computational fluid dynamics study was conducted to determine the role

of flow field pattern on the performance of a urea removal device. By using biologically
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relevant conditions and electrochemical parameters, a 2-D, depth-averaged models was used
to screen three of each single, split, interdigitated, and mixed flow patterns. The low flow
rate of the split designs resulted in a low pressure-drop, but the lack of under-rib flow
prevented significant oxidation of urea from occurring. The interdigitated patterns had
approximately the same conversion per area, suggesting that in these flow conditions, the
pattern is insignificant compared to the total active area. Overall, the simulation results
indicate that the traditional serpentine design and the parallel-serpentine design result in
the highest urea conversion overall and on a per-area basis. Of these two designs, the
parallel-serpentine pattern has a lower pressure drop, making it the most optimal design

studied here.

8.0.4 Perspectives

In this work, the field of nickel-based alkaline catalysis has been advanced through the use of
electroanalytical and materials characterization. Nickel-chromium-molybdenum alloys can
be used to create high surface area electrodes with varying NiOOH-electrocatalytic properties
by adjusting the Cr and Mo concentrations. The overpotentials of the HER, OER, and UOR
were improved for certain Cr:Mo concentrations, indicating that more research into these
alloying elements will yield a worthwhile electrocatalyst. Moreover, evidence for the rate-
determining step of OER being the formation of NiOOH sites is shown through Tafel analysis,
laying the foundation for studies on RDS-improvement. An additional finding of note is that
the distinctions between these NiIOOH phases are not evident until a substantial number
of potential cycles have been conducted. Of the dozens of OER and UOR electroanalytical
studies referenced in this work, however, only two used more than 30 potential cycles, and
only one of those used more than 200. Accordingly, these works may not be representative of
long-term activity and stability, and it is suggested that future studies on the electrocatalytic
properties of NiIOOH-based electrodes ensure adequate development of the oxide structure

before benchmarking.
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Appendix A
PROCEDURES

Electrode polishing

To minimize noise and ensure that the reproducible electrochemical data, a polished electrode

was used during all experiments. The procedure for creating a polished electrode is shown

below, and the resulting electrode presented in Figure A.1.

10.

Support the electrode sheet to be cut using a C-clamp or other vise.
Use a Dremel rotary tool with cut-off attachment to cut the electrode to size.

Clean the electrode with ethanol and DI water, allow to dry completely, and tape to
the underside of specimen-holder.

Place a 400 grit silicon-carbide sandpaper sheet on the mechanical sander (Buehler
Ecomet III), followed by a small amount of water to hydrate the surface.

. While holding the specimen-holder firmly with one hand, turn the mechanical sander

on to the lowest setting.
Slowly increase the rotational speed to its maximum setting.

When the mechanical sander is at its maximum speed, with one hand controlling the
specimen holder and the other placed on top, press down to lower the electrode to the
sanding surface.

Move the specimen holder in a slow, circular pattern counter to the direction of the
mechanical sander’s rotation.

After 1 full rotation, rotate the specimen-holder 1800, then complete a second rotation.

Check the electrode by lifting the specimen-holder off the sandpaper, flipping it over,
and flushing with DI. Turn off the mechanical sander. If there are no major scratches,
divots, bumps, etc. on the electrode surface, it is ready for the next sandpaper grit.
Otherwise, repeat steps 5-9 again.
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12.

13.

14.

15.
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Flush the electrode with DI water until no loose particles remain on the surface. Repeat
steps 4-10 using the next highest grit sandpaper.

After polishing with the highest grit sandpaper, a smooth, semi-reflective surface with
no scratches should be obtained.

Remove the electrode from the specimen-holder, then flush with ethanol and DI re-
peatedly to ensure no particles remain.

Using a polishing pad and 9-micron diamond suspension, move the electrode in a
figure-8 motion for 1 minute. Flush the electrode with ethanol and DI water.

Repeat step 14 using 3-micron diamond suspension, then again with 1-micron diamond
suspension.

A number of variations of this procedure were used in this work, including the additional

use of a Dremel felt-tipped attachment and buffing paste to improve the reflectivity of the

surface. In all cases, the resulting electrode surface was effectively smoothed to the point of

no visible blemishes or defects.

Figure A.1: Resulting electrode after polishing procedure.
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A.2 Electrochemical Procedures

A variety of different electrochemical experiments were conducted in this work, and a step-

by-step breakdown is included below.

A.2.1 Cell and FElectrode preparation

1. Clean the three-electrode cell using concentrated HoSO4 to minimize iron contamina-
tion from the glassware.

2. Fill the three-electrode cell with KOH, then submerge two platinum electrodes and the
Hg/HgO reference electrode.

3. Pre-electrolyze the solution at a potential of —0.54 Vgyg for 1 hour to remove remaining
electrolyte contaminants.

4. Polish and prepare NiCrMo electrode during the pre-electrolysis period, then replace
the platinum working electrode with the NiCrMo electrode.

A.2.2  Oide Development and OER/UOR Benchmarking of NiCrMo Alloys

1. Follow the cell and electrode preparation process using 0.1 M KOH

2. Potential Hold: —0.54 Vgyg for 20 minutes to remove residual air-formed oxide layer.
3. CV: 0.85-1.52 Vggg, 50 mV s71, x50

4. CV:0.85-1.52 Viug, 1 mV s, x3

5. ECSA measurement (as described in Chapter 3)

6. Repeat steps 6-8 a total of fourteen times for a total of 700 fast scans, 42 slow scans,
and 14 ECSA measurements.

7. After the 14th “block” is completed, add KOH pellets while stirring until a 1 M KOH
electrolyte (pH 14) is reached.

8. Potential Step: 1.47-1.62 Vgryg in 10 mV, 15 minute increments.
9. CV: 1.12-1.62 Vgug, 15 mV s71, x75

10. CV: 1.12-1.62 Vgypg, 1 mV s7L, x2
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11. Add urea pellets to the electrolyte while stirring to create a 1 M KOH + 0.01 M urea
solution

12. Repeat steps 12-13

13. Add urea pellets to the electrolyte while stirring to create a 1 M KOH + 0.33 M urea
solution

14. Repeat steps 12-13

A.2.83 HER Benchmarking of NiCrMo Alloys

1. Follow the cell and electrode preparation process using 1 M KOH
2. CV: 0-0.46 Vryg, 30 mV s71 x30

3. CV:0-0.46 Vgug, 1 mV S_l, x1

A.2.4 Selective Development of NiOOH on Nickel

1. Follow the cell and electrode preparation process using 0.5 M KOH

2. Potential Hold: —0.49 Vgyug for 20 minutes to remove residual air-formed oxide layer.
3. CV: 0.90-X Vggg, 10 mV s71, x600, (X is initially 1.51 V)

4. EIS: 1.51-1.66 V Vggg, 10 mV increments, f = 100000 — 0.1 Hz, 5 mV amplitude

5. Repeat steps 14, increasing X by 20 mV. Repeat until values of 1.51, 1.53, 1.55, 1.57,
1.59, and 1.61 V have been completed

A.3 Data Processing

Due to the significant number of potential cycles used, manual processing of the data was not

4

possible. CorrWare — the software used for data collection — outputs data as a “.cor” file,
which can be opened in any text-editor. The following Python code is used to automatically
extract potential (E), current (i), and time (t) data from the .cor files and output them as a

dataframe:
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def CV_import(file,strng,FILES):
with open(file) as input_data:

for k,line in enumerate(input_data):
if line.strip() == ’End Comments’:
break

dfTEMP = pd.DataFrame ()

E_val = []
i_val = []
t_val = []

for line in (input_data):
arr = line.split(’\t’)
arr = [float(x) for x in arr]
E,i,t = arr([0],arr[1],arr[2]

E_val.append (E)
i_val.append (i)
t_val.append(t)

dfTEMP [strng+’-E’] = E_val
dfTEMP [strng+’-i’] = i_val
dfTEMP [strng+’-t’] = t_val
FILES.append (dfTEMP)

df

= pd.DataFrame ()

FILES = []
alloy_list = [’Ni’,’G35’,’B3’,’C276"]

for i,alloy in enumerate(tqdm(alloy_list)):

df

direc = r’G:\My Drive\Electrochemical Data\0Oxide’+’\\’+alloy

criteria = [’slow’,’Cy02°’] # 0Only accesses files with these terms in
the filename
file_list = [x for x in glob.glob(direc+’/*.cor’) if all(c in x for c

in criteria)]

for q,file in enumerate(file_list):

block str(file.split(’_Cy’) [0].split(’>_’)[-1]) # Splits filepath

based on these strings

strng ’-?_.join([alloy,block])
CV_import(file,strng,FILES)

= pd.concat (FILES,axis=1)

df .head ()
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As part of the urea oxidation reaction research, alternate electrocatalysts were investigated

for their urea oxidation capabilities and their chloride-resistance characteristics.

Catalyst Substrate Procedure Results
NiFe(OH), Stainless Steel  Electrolysis No urea EO, not stable in
316 -1 M KOH Cl™ conditions
- 75°C, 10 hours
Ni(OH) Stainless Steel ~ Hydrothermal Biologically relevant urea
316 -5 mM urea EO. Difficult to deposit
-1 mM Ni(NOj)s catalyst, not stable in Cl™
- 120°C, 12 hours conditions
Ni(OH) Stainless Steel ~ Hydrothermal Biologically relevant urea
316 - 100 mM urea EO, marginally higher than
- 20 mM Ni(NOs)s previous test. Difficult to
- 120°C, 12 hours deposit catalyst, not stable
in Cl" conditions
NiFe(OH), Stainless Steel ~ Solution-phase No urea EO, not stable in
316 - 2.7 M NaOH Cl™ conditions
-0.133 M APS
- 25°C, 18 hours
MgO, Nickel Foam Hydrothermal Biologically relevant urea

- 400 mM KMnO,
- 180°C, 24 hours

EO, low E,,. Not stable in
Cl™ conditions



NiCr(OH), Nickel Foam

NiFe(OH), Sulfur-doped

Nickel Foam

NiFe(OH),—S Nickel Foam

Ni(OH),—S Nickel Foam

Hydrothermal

- 100 mM urea

- 20 mM Ni(NOj),
- 10 mM Cr(NOs)s
- 160°C, 18 hours

Solvothermal

- 52 mM Toluene

- 150°C, 5 hours
Hydrothermal

- 100 mM urea

- 20 mM Ni(NO3),
-6 mM Fe(NO3)3
- 160°C, 18 hours

Solution phase

- 800 mM Fe(NO3)3
- 20 mM NayS503

- 25°C, 5 minutes

Hydrothermal
- 25 mM APS
- 150°C, 24 hours
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Biologically relevant urea
EO, low E,,. Less
inhibited in C1™ conditions,
but still unstable

Poor sulfur deposition, no
urea EO

Fast synthesis time,
biologically relevant urea
EO. Kinetics slowed with
Cl™, inconsistent at neutral
pH

Only sulfur is
hydrothermally deposited,
high urea EO, not limited
by ClI™ at pH 14

Table B.1: Summary of catalyst development for investigation of urea EO in Cl -containing

media.

A select few of the developed catalysts’ electrochemical responses are shown in Figure B.1.

It was clear that all the developed electrodes were active towards urea, as seen by the current

increase between 0.50-0.625 Vg /mg0 When urea was added to the solution (black to red). The

increase in current for the Cr-doped electrode was higher than the base Ni(OH), electrode,

while the Fe-doped electrode was the lowest. The implication here is that the addition of Cr

improves the UOR on a Ni(OH)s-based catalyst, while doping with Fe acts as an inhibitor.

Moreover, when Cl™ is added to the electrolyte, it acts as an inhibitor towards the UOR.
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o 25mM Bicarh o= 25mM Bicarb — 25mM Bicarb
= 25mM Bicarb + 10mM Urea === 25mM Bicarb + 10mM Urea = 25mM Bicarb + 10mM Urea
e 25mM Bicarb + 10mM Urea + 10mM NaCl === 25mM Bicarb + 10mM Urea + 10mM NeCI = 25mM Bicarb + 10mM Urea + 10mM NaCl

| (Amps/cm?)

o 0.25 0.50 075 100 O 0.25 0.50 0.78 100 g 0.25 050 075 100
E (Volts) vs. Hg/HgO E (Volts)vs. Hg/HgO E (Votts) vs. Hg/HgO

Figure B.1: Electrochemical response for (left) Ni(OH),, (middle) NiFe(OH),—S, and (right)
NiCr(OH); in 1 M KOH plus (black) 25 mM bicarbonate, (red) 25 mM bicarbonate + 10
mM urea, and (blue) 25 mM bicarbonate + 10 mM urea + 10 mM NaCl.

As seen in Figure B.1(a), there is a decrease in current back down to the approximate
original current with no urea or Cl™ addition. It is suggested that nickel’s strong affinity
for Cl™ results in blocking of active sites, inhibiting the UOR and OER while still allowing
the Ni(OH); to NiOOH oxidation reaction to occur. The effect is even more noticeable in
Figure B.1(b), as the current slope decreases dramatically throughout the entire UOR and
OER responses. In Figure B.1(c), however, the addition of Cr seems to inhibit the effect
of C1I". One possible explanation for this is the formation of CrCls species; due to the
dissolution of Cr from the electrode, the free Cr(III) ions may act as a “magnet” for the Cl

freeing up active sites.
B.2 Oxide Layer Thickness Estimation

As part of the NiCrMo oxide development process, an experimental procedure for estimating
the relative thickness of the oxyhydroxide layer was tested. The two oxide models used to
describe the structure are shown in Figure B.2

In the split — or ideal — model, the oxide structure is assumed to be made up of a metal

substrate, an inner compact layer and a separate, porous, outer layer. Using nickel as an
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Porous/Compact Layer

Layer

Layer

[ Idealized (Split) Model ] [Generalized (Combined) Model]
| | | | |
. ' compact | : |
| orous | Compact | | y |
Electrolyte E Outer i Inner i Alloy Electrolyte i Cambined i Alloy
i I l I l
| | | |

Figure B.2: Two of the possible equivalent circuit models to represent the structure of an

electrochemically formed oxide layer on NiCrMo in alkaline medium.

analogy, this would be Ni”, NiO, and Ni(OH),/NiOOH, respectively. In the generalized — or
combined — model, the inner compact layer is assumed to have defects, pores, etc., that result
in the formation of a mixed porous-compact layer. For nickel, this would be a combined NiO
and Ni(OH),/NiOOH layer. Both of these models have very similar characteristic equivalent

circuit shapes, but they differ in the resulting parameter values.

After conducting EIS near the onset of the Ni(OH), to NIOOH transition, the equivalent
circuits shown above were fit to the data, and an example Nyquist plot for each of the
NiCrMo alloys is shown in Figure B.3 The Nyquist plots are comparable in shape for most
of the electrodes, but the scale is not. The upper limit of the arc ranges from 3000-25000
Q) depending on the electrode. For alloys G35 and C276, the data is best fit by a single,
large semicircle, while for alloy B3 and pure Ni, the data is made up of two clear features,

assumed to be semicircles as well. Using the impedance equation for a capacitor:
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15000 30000
a) G35 b) C276
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Figure B.3: Impedance spectra measured at 1.4 Vgyyg using a 5 mV amplitude and from
100000-0.1 Hz in 0.5 M KOH for each of the NiCrMo alloys and pure Ni. The equivalent

circuit used to fit the data (red line) was the generalized model, shown in Figure B.2.

the effective capacitance can be estimated:

(QuR)~ (B2)

Cr =R

From the effective capacitance, the steady-state oxide layer thickness (L) can be estimated:

ce A
Ceff

Ly = (B3)
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where epsilon is the relative dielectric constant (~ 12), ¢, is the permittivity of free space
(8.854 x 107 Fm™!), and A is the area of the electrode. Evaluating this parameter for each
of the oxide models described in Figure B.2 results in the estimated thickness for (each) oxide

layer, as shown in Figure B.4 In the split model, two separate oxide layers are identified:

Porous Compact )
Outer Layer  Inner Layer  Alloy Combined Layer  Alloy
RN
S G35 SHRREEg e
PR R
SR Co76 SRS core

M Ni M Ni

5 4 3 2 1 0 4 3 2 1.0
* ¢ nm * - ¢ nm

Figure B.4: Estimated oxide layer thicknesses for the (left) split model and (right) combined

model.

the outer, porous hydroxide layer and the inner, compact oxide layer. The total thickness
is largest for alloy C276 (4.5 nm), followed by G35 (3.7 nm), B3 (3.1 nm), and pure Ni
(2.7 nm). The proportion of outer to inner oxide thickness is approximately equal for all
electrodes except alloy B3, which has a significantly larger outer layer than inner layer. In
the generalized model, the same trend in total oxide thickness is seen, but the values are
approximately 20% smaller.

This process was repeated over the course of 150 cycles for alloy G35. For each cycle,
the values of Ly were estimated and are plotted in Figure B.5. In the combined model,
the data is relatively noisy, and the resulting confidence band does not provide very much
evidence of how the oxide layer is changing with time. Using the split mode, however, there
is a clear trend in oxide thickness with cycle; the outer, porous hydroxide layer increases

in thickness over the course of 150 cycles, while the inner, compact layer decreases. These
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Figure B.5: Estimated oxide thickness as a function of potential cycle for alloy G35 using
the (a) combined model and (b-c¢) split model. (c¢) Linear regression fit to the data with a

95% confidence band.

results suggest that, throughout electrochemical cycling, the inner, compact layer is being
replaced by the thicker, outer porous layer. This is consistent with the electrochemical
development results seen throughout this work; due to lattice expansion and contraction,
transport pathways through the oxide layer form, exposing fresh Ni and NiO. These compact
oxides are electrochemically converted to Ni(OH), in the presence of hydroxide ions, resulting

in growth of the outer, porous hydroxide layer.

While these results are consistent with the analysis conducted in the body of this work,
there are a few unknowns that make its validity questionable. The primary reason is that
the actual oxide structure is not known. The addition of Cr and Mo cause formation of
multi-layered hydroxides with unknown structures. It would be presumptuous to assume
that either the split or generalized model accurately represents the oxide structure without
a more in-depth materials characterization and analysis. For this reason, the oxide thickness

modeling using EIS was left out of the main body and included here.
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B.3 Nickel-Phase Impedance Spectroscopy

As part of the investigation into how the switching potential affects the resulting oxide
layer and OER performance, EIS was conducted between 1.51 V and 1.66 V for each of the
electrodes. In Figure B.6, EIS using FE4. biases between 1.51 V and 1.56 V are shown for
each of the electrodes. In Figure B.7, EIS using Fy. biases between 1.57 V and 1.66 V are

shown for each of the electrodes.
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Figure B.6: Nyquist plots evaluated between Eg. values of 1.51 V (blue) and 1.56 V (orange)
for electrodes developed with switching potentials (a) 1.51 V to (f) 1.61 V.
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for electrodes developed with switching potentials (a) 1.51 V to (f) 1.61 V.
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Figure B.7: Nyquist plots evaluated between Eg. values of 1.57 V (blue) and 1.66 V (orange)
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The Nyquist plots can be summarized in the following way:

e For all biases and switching potentials, the simplified Randles circuit provides an ac-
curate fit for the characteristic shape: a semicircle shifted along the real impedance

axis

e With increasing Eq. bias (blue to orange), the size of the semicircles decrease. The
leftmost point of the semicircle (high-frequency), stays approximately constant for each

FE4. bias.

e With increasing switching potential (a to f), the size of the semicircles increase. The
leftmost point of the semicircle (high-frequency), stays approximately constant for each

switching potential.

In Figure B.8, parameters extracted using the simplified Randles circuit are shown as a
function of Fq4. bias (x-axis) for each of the electrodes. The ohmic resistance, R., encapsu-
lates the electrolyte and electrical resistances. This value increases slightly with Eg., but
not so significantly as to assume a significant change is occurring in the system. The ohmic
resistance for a switching potential of 1.55 V is noticeably higher than the other switching
potentials, and is assumed to be an outlier. The charge-transfer resistance, R, decreases
with EIS bias. As a higher overpotential is applied, the OER becomes more favorable, and
R decreases. Consequently, the charge-transfer resistance can be used as a performance
benchmark of the OER, where a lower value indicates a more active surface. With increas-
ing switching potential — and increasing v-NiOOH concentration — the charge-transfer

resistance increases, implying the v-NiOOH phase is less active than the 5-NiOOH phase.
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Figure B.8: Extracted equivalent circuit parameters as a function of applied EIS potential

for each switching potential, including the ohmic resistance (R.), charge-transfer resistance

(R.t), CPE parameter (Q,), CPE exponent (n), and the effective capacitance (Ceg)
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