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Abstract

In this dissertation electrochemical nickel oxide formation in alkaline solution and
the electro-oxidation of glycerol on polycrystalline electrodes are studied as a function
of temperature. This is done using electrochemical impedance spectroscopy (EIS),
Tafel analysis, cyclic voltammetry, chronoamperometry, and chronopotentiometry
among other techniques. Additionally, in order to facilitate the study of aqueous
alkaline systems beyond the normal boiling point of water, an electrochemical cell
was designed utilizing a self-pressurizing autoclave. This allowed for the study of
aqueous alkaline systems up to 140 °C.

Product analysis of glycerol electro-oxidation on nickel was performed at various
temperatures using HPLC. A reaction pathway for the organic products was
determined. At sufficiently high temperatures a polymer was discovered. This
polymer product was characterized by DLS, DSC, CP-MAS NMR, and ATR-IR
and determined to likely be a pseudo-polysaccharide. DSC analysis suggests that
the polymer exists as three distinct structures, and DLS analysis suggests that the
polymer exists in three different size distributions. The lack of a glass transition
temperature in the DSC spectrum indicates that it is likely thoroughly cross-linked.

The aging process of «-Ni(OH)s to -Ni(OH); was studied as a function of
temperature using cyclic voltammetry and dynamic EIS. This lead to the observation
that B-Ni(OH), does not appear to form on the oxide surface at 100 °C and above. A
methodology was developed for preferentially stabilizing either 3-NiOOH or v-NiOOH
on the electrode surface. This methodology was used to determine that 3-NiOOH is
the better oxygen evolution catalyst of the two oxide phases. The reversible potential
of Ni(OH), oxidation was observed to have a shift of —1.14 mV K™, and this data

was used in a thermodynamic analysis to identify the nickel species involved in the
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reaction. Based on data from the literature the oxidation of NiO or Ni(OH), to NiO,
appears to best match the observed data.

Mechanistic analysis was performed for glycerol on nickel in alkaline solution
using a combination of Tafel analysis, cyclic voltammetry, AC voltammetry, and
EIS. This study indicates that glycerol oxidation behaves differently on ~+-NiOOH
and 3-NiOOH, perhaps explaining the discrepancy between various pieces of data
found in the literature. Tafel analysis led to the observation that there appear to be
two different glycerol oxidation regimes. Below 80 °C, a = 0.5, indicating that the
rate determining step is an electron transfer step with no pre-equilibrium electron
transfers. At 80 °C and above a = 1, indicating that the rate determining step has
no electron transfer and one pre-equilibrium electron transfer. This was determined
to be caused by the transition of the underlying nickel oxide phase from ~-NiOOH
to B-NiOOH because the change is retained upon cooling. Additionally, EIS showed
two semicircles which indicates the presence of one kinetically significant adsorbed
intermediate. These observations were incorporated into a detailed proposed reaction

mechanism.
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Chapter 1

Introduction

1.1 Objectives

This dissertation presents a high temperature electrochemical study on nickel and
nickel oxides for the application of glycerol valorization. Valorization is the term
coined for converting one thing to another thing of higher value. By learning more
about the nickel oxide phases and the glycerol oxidation mechanism it is hoped that
they may be better applied to the purpose of glycerol valorization in the future. By
tuning glycerol oxidation product selectivity to yield higher value products biodiesel
synthesis can be made even more lucrative, drawing a larger market for green energy.
Additionally, work done on the nickel oxide phases provides perspective that has
previously been absent from the literature.

Electrochemistry is performed using two and three-electrode electrochemical
cell setups built inside a self-pressurizing autoclave. Aqueous alkaline solutions
are used and the autoclave allows for the cell to be heated beyond the normal
boiling point of the electrolyte. To perform the high temperature experiments,
earlier high temperature methodology developed in the Harrington group [1] was
modified to enable use in concentrated alkaline solutions up to 140 °C, beyond
the typical evaporation temperature for aqueous solutions. This was done using
a self-pressurizing autoclave. The developed methodology and equipment are fully
described in Section 2.2.

High temperature aqueous electrochemistry was chosen as the major focus for
this dissertation because temperatures beyond the normal boiling point of water

remain largely unexplored. A small body of work exists exploring the effect of



supercritical conditions on electrochemical systems [2-4], and the corrosion literature
makes thorough use of high temperature studies to study thick film formation and
other processes under industrial conditions [5-7]. Additionally, high temperatures
have been previously shown to have mechanistic effects for the oxidation of organics
on platinum [1, 8]. More general studies have also been performed exploring the effects
of temperature on reaction thermodynamics [9]. However, there is little mechanistic
and electrocatalytic work, and high temperatures represent a broad opportunity for
study.

Chapter 3 describes high temperature glycerol oxidation product analysis
and selectivity studies, with a focus on maximizing product yields. Glycerol
oxidation product selectivity analysis was done quantitatively using standard HPLC
methodologies [10, 11]. This, along with literature comparisons, allows for a reaction
pathway to be determined. High temperature oxidation of organics has been shown
to alter product selectivities [1, 8], and the autoclave setup allowed for the study of
reaction conditions that had not yet been explored. Upon discovering that a polymer
is formed under certain conditions this project changed course to investigate the
polymer more thoroughly. The likely structure of the polymer and the mechanism by
which it forms are presented.

The focus of the work in Chapter 4 was to study the interconversion of the
various nickel oxide phases, alongside the initial steps of their formation, as a
function of temperature. The basis of this work is a mechanistic analysis on smooth
polycrystalline nickel electrodes, and not on alloy or custom catalyst development.
There have been many literature studies on bulk nickel oxide electrodes [12-19].
These studies have done an excellent job characterizing bulk nickel oxide electrodes
using various techniques such as X-Ray Diffraction, and Electrochemical Quartz
Crystal Microbalance analysis. Work in this Chapter seeks to take the literature
understanding of the bulk oxide phases and apply that knowledge to study the thin
film growth of the various oxide phases from a metallic nickel electrode, focusing
largely on the effect temperature has on the conversion of a-Ni(OH), to 3-Ni(OH),
as well as the effect on the oxide phases caused by potential cycling to steady state
through different potential regions. A study involving the aging of nickel electrodes in
alkaline solution was performed to stabilize specific active oxide phases on the surface,
and mechanistic information is determined for their formation. Thermodynamic
analysis was performed in order to determine the source of a shift in the reversible

potentials of these active phases as a function of temperature. Cyclic voltammetry



and dynamic electrochemical impedance spectroscopy was then used to examine the
passive oxide phases that exist on the electrode surface. It was also discovered that
specific phases of nickel oxide cease to form beyond 100 °C.

Chapter 5 combines insights acquired from the previous two chapters, and uses
these to perform a mechanistic analysis on the high temperature oxidation of glycerol
on nickel. High temperatures have been previously shown to have mechanistic
effects for the oxidation of organics on platinum [1, 8], and this work set out to
determine if similar effects could be observed in the glycerol/nickel system. The
study uses knowledge of surface species obtained from literature [20], alongside
knowledge of solution state species determined in Chapter 3 to achieve this. The
standard mechanistic analysis in literature for the oxidation of organics on nickel
oxide electrodes involves the Fleischmann mechanism [16, 21, 22], and makes a bold
assumption that many monolayers of NiIOOH are reduced to Ni(OH), by the glycerol
substrate. The work in this chapter challenges that model by performing a ground
up mechanistic analysis using an alternative mechanism from the literature that

ultimately better describes the observed data.

1.2 Literature and Background

1.2.1 Glycerol

Glycerol is a byproduct of biodiesel synthesis, making up approximately 10 wt.%
of the biodiesel synthesis products [23]. The demand for biodiesel has grown
substantially in recent years, with an estimated demand of approximately 20 billion
gallons worldwide in 2020 [24]. With such a high demand for biodiesel, a vast amount
of glycerol is created. However, the world has little use for glycerol in these quantities.
Due to the glut of glycerol available and its low cost, the valorization of glycerol has
become a topic of some interest [23, 25-29]. These studies have resulted in the
production of various chemicals [23, 30-32] including many small acids, alcohols, and
hydrogen.

Glycerol fuel cells represent a promising avenue of study [33, 34]. Glycerol
oxidation is performed at the anode of an electrochemical cell, while water reduction
to hydrogen is performed at the cathode. The result is that glycerol valorization and
hydrogen production are performed simultaneously. Because glycerol does not readily

reduce and hydrogen can be collected in the gas phase no conductive membrane is



needed to separate the anode and cathode chambers.

1.2.1.1 Glycerol oxidation on noble metals

Noble metals have long been the predominant catalysts used for glycerol valorization
due to their high activities. While the processes that result in these high activities are
of scientific interest, nickel has more recently been sought after due to its inexpensive
nature. This makes nickel more industrially viable. Nevertheless it is useful to look
at some of the noble metal literature to understand the state of the field.

There are two pathways that glycerol can take to undergo electrooxidation, either
through the adsorption of an oxygen atom or through the adsorption of a carbon
atom to the electrode surface (Fig. 1.1) [35]. This occurs through the coordination
of a lone pair of electrons at the specified atom to the metal surface. These pathways
result in the formation of different products [36]. Catalysts can then be tuned in an
attempt to promote selectivity for specific reaction pathways, and therefore different

products.

OH
HO OH

Figure 1.1: The chemical structure of glycerol.

Platinum is known to be the most active noble metal for glycerol oxidation. This is
owing to its ability to efficiently deprotonate OH groups, which is favorable for the O
adsorption pathway [37]. Since the O adsorption pathway requires the deprotonation
of OH groups its rate is increased by the presence of alkaline solution [38]. Of the
two oxidation pathways available on platinum the C adsorption pathway occurs at a
lower potential than the O adsorption pathway [35]. After the initial deprotonation
and adsorption of glycerol to the platinum surface, a second deprotonation results in
the formation of either glyceraldehyde or dihydroxyacetone [39]. These species can
interconvert in alkaline solution, and further react to form glyceric acid [40].

Palladium has a similar C adsorption pathway to platinum for glycerol oxidation
[41]. Palladium does not, however, offer the ability to efficiently deprotonate OH

groups. This requires a more alkaline electrolyte in order to quickly deprotonate the



OH groups [42]. Simultaneously, OH adsorbed to the metal surface from solution
can inhibit glycerol oxidation activity [43]. It appears that the palladium requires
free Pd sites next to OH adsorbed sites in order for glycerol oxidation to occur [44].
The ability of palladium to cleave C-C bonds is also reduced compared to Pt and Au
[45, 46]. This is owed to the necessity of neighboring C atoms to be adsorbed to the
palladium surface before C-C cleavage can occur [47]. So while palladium may require
more tuning with regards to pH in order to optimize its reaction, it offers opportunities
in determining glycerol oxidation methods that select for products wherein no C-C
bonds have been cleaved.

For gold, it has been shown that deprotonation is the rate determining step for
glycerol oxidation [48, 49], and while a high degree of deprotonation is favorable for
Pd and Pt reaction rates this step only appears to be rate determining for gold.
Computational studies have shown that adsorption of OH to the gold surface lowers
the activation barrier of both C and O pathway deprotonation [50], conversely to
what was discovered for Pd. On gold, OH deprotonates at a lower potential than
CH for glycerol oxidation [50], and this may actually apply to Pd as well [51]. Of
note, is that for gold electrodes it appears that glycerol can undergo the full oxidation
mechanism on sites that have adsorbed OH [52-54].

Since noble metals aren’t the focus of this work, this brief overview provides
background context for a more in-depth look of the glycerol oxidation literature

pertaining specifically to nickel and nickel oxides.

1.2.1.2 Glycerol oxidation on nickel oxides

Nickel has been shown to have a reasonable glycerol oxidation activity with respect to
the noble metals [55]. It is for this reason, alongside its low cost and high availability,
that glycerol oxidation on nickel has become a sought after process recently [14, 15,
20, 27, 28, 56-58].

Previous studies utilizing nickel electrodes for glycerol oxidation have found that
NiOOH is the active oxide phase on the electrode surface for oxidation processes
[59-68]. With specific regard to glycerol oxidation, the nature of the effect of the
3-NiOOH and ~-NiOOH phases has gone relatively unexplored. Due to the necessity
of some phase of NiOOH to be formed on the surface before glycerol oxidation can
occur, the oxidation of glycerol on nickel occurs at relatively high potentials (> 1.3 V)
compared to the noble metals (> 0.5 V for Pt) [14, 15, 56, 57]. NIOOH does appear



to be selective toward oxidizing glycerol and glycerol oxidation intermediates when
compared to the OH adsorption pathway, a feature not seen in the noble metals [69].
This affinity also appears to have the effect of shifting oxygen evolution to higher
potentials when glycerol is present in solution [70].

By performing long term oxidations at 1.6 V at room temperature on alkaline
glycerol solutions using nickel electrodes the major product detected when performing
HPLC has been found to be formate with glycerate, glycolate, tartronate, oxalate, and
carbonate making up the more minor products [70]. Performing similar experiments
at 1.9 V appears to not have a significant effect on product selectivity, save for the
fact that more carbonate appears to be formed [10]. A noteworthy observation is that
nickel appears to have affinity for oxidizing glycerol to carbonate in alkaline solution
[71].

Glyceraldehyde has been shown, using in-situ spectroscopic techniques, to be the
major product formed at the electrode surface during glycerol oxidation on nickel
20, 27, 28, 58]. Glyceraldehyde is not detected by HPLC however, because subsequent
product speciation occurs through further oxidation of product species in solution.
This either occurs by further oxidation at the electrode or by a redox reaction with
OH' ions in the solution itself [10, 69, 70].

Of note is that one of the more common reaction products seen for glycerol
electrooxidation on noble metal catalysts is lactic acid [72], which appears to be
absent from the nickel metal glycerol oxidation literature. Lactic acid can also be
seen to form when noble metal catalysts are mixed with alkaline glycerol solutions
and raised to high temperatures with no electrochemistry being involved [29, 73-75].
This missing product is relevant to the work performed later in this dissertation.

A rudimentary reaction pathway for the glycerol electrooxidation process on nickel
is suggested by Oliveira et al [69]. It is flawed in that it neglects some of the
reactivity that oxidation products can undergo in aqueous alkaline solution. Given
their reaction pathway, one would expect significantly more oxalic acid to appear
in solution, however two pathways exist for oxalic acid to be converted into formic
acid in an aqueous akaline glycerol solution. First, computational studies suggest
that unimolecular decomposition can occur [76]. Second, there is a notable means
by which oxalic acid can react with glycerol directly to form oxalic acid [77]. These
pathways account for the lack of a significant amount of oxalic acid as a reaction
product in product selectivity studies.

NiOOH has been studied mechanistically for general electrochemical oxidation



alcohols for some time, with the Fleischmann mechanism (Eqn. 1.1) being the
generally accepted mechanism by which oxidation occurs [21, 22, 78]. This explains

the potential independent nature often seen for the oxidation of alcohols on nickel.

Ni(OH), + OH" — NiOOH + H,0 + e

(1.1)
2 NiOOH + RCH,OH —2P5- 9Ni(OH), + RCHO

Other mechanisms have been suggested more recently in the literature, but haven’t
received much attention [79-81]. One of the notable alternatives is the Casella

mechanism [79]:

Ni(OH), + OH — NiOOH + H,0 + ¢
NiOOH + RCH,OH — NiOOH(RCH,OH)(ads)
NiOOH(RCH,OH)(ads) + NiOOH — NiOOH(RCH,O)(ads) + Ni(OH), (1.2)
NiOOH(RCH,O)(ads) + NiOOH — NiOOH(RCHO)(ads) + Ni(OH),
NiOOH(RCHO)(ads) — NiOOH + RCHO

This mechanism incorporates the existence of adsorbed intermediates, something that
the original Fleischmann mechanism notably lacks.

The Fleischmann and Casella mechanisms are examples of what the literature calls
indirect mechanisms, where an organic substrate is not oxidized directly, but where
Ni(OH), is first oxidized to NiIOOH. This NiIOOH then undergoes a redox reaction
with the substrate, oxidizing the organic substrate while the nickel is reduced back
to Ni(OH),. The Fleischmann mechanism has received some criticisms, however, in
that the reaction rate can be shown to be exponentially potential dependent in some
scenarios and the cathodic peak shown for NIOOH reduction can often still be seen
when alcohols are present [80, 82]. The Fleischmann mechanism predicts fails to
account for both of these facts. A direct mechanism has also been proposed where,
during charging, alcohols are drawn within the oxide film alongside OH™ ions and are
then directly oxidized in this highly charged environment [83]. This has also been
called into question, however, as the amount of OH ions entering the electrode is not

sufficient to explain the amount of organic substrate being oxidized [84].



1.2.2 Nickel and Nickel Oxides

Nickel and its various oxide phases are important materials in chemistry and
engineering owing to their applications in energy storage [85]. Nickel is used in the
cathodes of many varieties of batteries [86] due to the ability of nickel hydroxides to
intercalate many ions allowing for dense energy storage [87, 88]. Energy is stored in
the material by intercalating ions, and so by intercalating a large number of ions in a
small space a high energy storage density is obtained. Batteries made of nickel-based
materials also offer good long term stability and are rather inexpensive compared to
some alternative means of energy storage [89, 90].

Nickel oxidizes readily in alkaline solution, but the process is not simple. There are
four common phases of nickel oxide that exist and their interconversion is complicated
(Fig. 1.2)[91]. All four phases of nickel oxide are studied in this work, with a special
interest in the NIOOH phases. Both phases of Ni(OH), are passive oxide layers and
do not facilitate the oxidation of any organic feedstock.

Not shown in Fig. 1.2a is a very thin layer of NiO, which has been shown to exist
on the electrode in a thin layer between the Ni(OH), phase and the pure nickel metal
(Fig. 1.3) [92, 93]. The NiO phase is a poor conductor and as it grows can be expected
to inhibit some electrochemical reactions [94]. This phase grows at potentials above
0.5 V, and appears to undergo accelerated growth at potentials in which NiOOH is
formed. Burke has suggested that this is due to the formation of a bridged (Ni-O-Ni)
oxygen species from oxygen species trapped in the oxide surface during the cathodic
portion of a CV [95]. The NiO layer formed appears to be quite stable, not undergoing
much interconversion [93]. As the nickel electrode is continuously cycled, steady
growth of the NiO phase eventually begins to inhibit NIOOH growth by reducing
the total oxidative current passed during a sweep. NiO growth continues until the
thickness of the resistive NiO layer begins to significantly slow the processes by which
NiO can be formed [93, 96-100].
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(a) The Bode diagram for nickel oxide phases. The dotted
lines indicate transitions that occur simultaneously. While the
o-Ni(OH); to 3-Ni(OH)s is labelled as an aging transition there
does appear to be some potential driven effect on its rate. The
transition itself, however, requires no charge transfer to proceed
[91, 101].
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(b) Two CVs for polycrystalline nickel highlighting different
nickel oxide phases. Done in 0.5 M NaOH with sweep rate =
100 mV s~!. The red CV is on a freshly electropolished surface
from -0.15 V to 0.45 V vs RHE, this highlights the oxidation and
reduction of the a-Ni(OH)2 phase from pure Ni. The blue CV
is on an aged electrode, having been cycled for several hours,
and is from 0.05 V to 1.6 V vs RHE. This highlights the NIOOH
formation and reduction from NiO and 3-Ni(OH),, as well as the
somewhat irreducible nature of the NiO and 3-Ni(OH)s phases.

Figure 1.2: The Bode diagram for nickel and example Ni CVs.
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The relationship between o-Ni(OH), and B-Ni(OH), is one of crystallinity [18,
98, 102-104]. The «-Ni(OH), phase is amorphous, heavily intercalated with ions and
water. It readily ages into the more crystalline 3-Ni(OH), when exposed to alkaline
solution. This is not a faradaic reaction but is still sped up by increased potential.
Electron microscopy suggests that this occurs through a dissolution-precipitation
mechanism [105]. This fact has been used to develop electrochemical (3-Ni(OH),
synthesis techniques [106]. The increased crystallinity of 3-Ni(OH), makes it very
stable, so a transition back to a-Ni(OH), is unlikely without holding at sufficiently
negative potentials for large durations [107, 108].

By increasing the electrode potential the Ni(OH), phases are oxidized further,
with o-Ni(OH), becoming +-NiOOH, and B-Ni(OH), becoming B-NiOOH which
is the active species for the oxidation of organics [10, 2022, 58, 79, 109]. This
occurs through the diffusion of protons and hydroxide groups through galleries in the
nickel oxide surface (Fig. 1.4). This was proven by performing in-situ AFM during
the cycling of nickel hydroxide films, through the mathematical modeling of charge
accumulation in the oxide matrix during oxidation, and by various Electrochemical
Quartz Crystal Microbalance (EQCM) studies [19, 93, 96, 110-115]. Proton diffusion
occurs alongside propagation of OH through the oxide structure [19, 93, 95, 114-118§]
during the charging process, allowing for charge to pass through the oxide layer (Fig.
1.3). This also results in a slow, but steady increase to the overall surface area of the
electrode as an experiment continues at high potentials. Additionally, in this work it
is proven (Section 5.3.2) that the bulk of the oxide is electroactive. This is facilitated
by the galleries in the nickel oxide surface (Fig. 1.4).

OH- OH- OH-
Ni(OH), T
Ni(OH), NiOOH
T - > NiOOH H’ - >
NiO H' L\ NiO L\ NiO
Ni Ni Ni

Figure 1.3: Ni(OH), oxidation to NiIOOH by proton diffusion and
propagation of OH through the oxide phase. The red arrow denotes
the direction of proton diffusion. The blue arrow denotes the
direction of hydroxide propagation.

The means by which OH ions propagate through the oxide surface is somewhat

controversial in the literature. EQCM and Probe Beam Deflection (PBD) experiments



11

have shown that OH ions appears to enter the oxide layer during oxidation [19,
114, 115]. This likely occurs through the galleries in the oxide after the protons
have diffused out of the oxide layer. Voltammetric evidence has suggested that the
thickening of the NiOOH layer occurs via a simple insertion mechanism [119] during
an anodic sweep, alongside the electroreduction of various oxygen species in solution
(OH", Hy,0) [93, 95, 119] during a cathodic sweep. This mechanism does not explain
how charge can continue to move through the circuit long after the diffusion of protons
out of the oxide layer has completed, and the layer has been filled with OH™ ions. It
has been suggested that OH ions may be able to move through the NiOOH layer
via a place exchange mechanism [93, 95], allowing the transport of OH ions into
the layered structure. This place exchange mechanism also appears to be possible at
the NiO/NiOOH interface. This process could be responsible for the continuation of
charge flow during long term anodic holds.

A common method of attempting to tune product selectivity and increase
oxidation activity on metal electrodes is through alloying the selected metal with other
metals and forming the electrodes into complex nanostructures [27, 109, 120-125].
This is often quite effective for short term studies, but in the long term this has
been shown to be a somewhat fruitless endeavor due to the tendency for the nickel
oxide phases to grow to the extent that alloying particles are often hidden and
nanostructures are often destroyed [123].

B-NiOOH can overcharge to 7-NiOOH at sufficiently high potentials [68]. This
is because in addition to the difference between the NiOOH phases being one of
crystallinity, with v-NiOOH being amorphous with a high degree of intercalation and
3-NiOOH being crystalline, there is a difference in oxidation state between the nickel
atoms. It appears that nickel atoms in the v-NiOOH phase have an oxidation state
between 3.3 and 3.7 and atoms in the 3-NiOOH phase have an oxidation state between
2.7 and 3.0 [126]. The reason these phases can exist in non-discrete oxidation states
is that while they are often discussed as though they are discrete phases for simplicity
they actually exist in non-stoichiometric continuums [63, 127-129]. The reason for
these non-stoichiometric phases is likely due to the ability of the nickel oxide phases
to uptake various ions from solution, resulting in very complex localized chemistry.
For this reason specific stoichiometries are typically not specified, and instead the
phases are referred to using broader terms that acknowledge their respective average
oxidation states and structural order. The oxidation states of the phases are then

given as an average over the atoms in the phase, and that for the v-NiOOH phase
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the possibility of a Ni'V state exists.
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Figure 1.4: NiOOH formation by proton diffusion through galleries.
An ideal 3-Ni(OH),/B-NiOOH matrix is shown. Not shown is the
simultaneous diffusion of hydroxide ions through the galleries.

There is some debate in the literature as to which phase of NiIOOH has higher
oxygen evolution activity. Godwin showed that by ageing a nickel electrode in alkaline
solution by cyclic voltammetry its oxygen evolution activity increases [129]. In the
potential region Godwin performed his cycling, 0.545 V to 1.555 V| this should result
in the formation of 3-NiOOH on the surface. Lu performed ellipsometry tests during
potential cycling and holds that suggested this is due to a higher density of Ni*"
sites on the surface for the 3-NiOOH phase, and that potentials higher than 1.56 V
cause the formation of inactive Ni'" sites on the oxide surface [127]. Performing a
computational study, Li determined that 3-NiOOH has a lower overpotential than
~v-NiOOH by 0.06V. Conversely, Klaus and Trotochaud have developed methods by
which Fe can be thoroughly excluded from electrolyte solution [68, 126]. Their

evidence suggests that v-NiOOH is more active for oxygen evolution in its native
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state, however 3-NiOOH traps Fe from solution in its surface sites, causing enhanced
catalytic activity. Similarly, Gao found that synthesized o-Ni(OH), nanocrystals
offered higher oxygen evolution activity than 3-Ni(OH)y [122]. These phases should
oxidize to 7-NiOOH and 3-NiOOH respectively, indicating that their v-NiOOH had
a higher activity. More recently Bediako determined using in-situ X-ray absorption
spectroscopy that v-NiOOH is the more active phase for oxygen evolution, and that
Ni*" is more active than Ni*" in complete opposition of the findings presented by Lu.

Oxygen evolution is expected to occur in a potential region close to NiOOH
formation as this is the active nickel oxide phase for that reaction. This can cause
the formation of trapped oxygen gas within the NIOOH as trapped water is oxidized.
Additionally, within the NIOOH matrix at these potentials the deprotonation of OH"
can occur, resulting in trapped oxide ions within the NiIOOH layer [93, 100]. Finally,
some terminal nickel hydroxide groups from Ni(OH), are deprotonated to NiO™ [62, 95]
(Fig. 1.5).
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Figure 1.5: Formation of terminal oxide ions in NiIOOH matrix.

Before being placed in solution a thin layer of NiO exists, approximately 5.4 A
thick, beneath the hydroxide phases. During the cathodic sweep the various trapped
oxygen species then react at the NiO surface, causing the accelerated formation of NiO
93, 95]. After cycling at 50 mVs™ for 90 min this layer was found to be 15.8 A onaNi
(111) single crystal, according to synchrotron X-ray scattering experiments [92, 93].
NiO is a poor conductor [94] and as a result its resistance increases significantly as it

gets thicker.

1.2.3 High Temperature Electrochemistry

Due to the experimental challenges associated with high temperature
electrochemistry, it is relatively unexplored when compared to experiments
performed at room temperature [9]. Reference electrode (RE) stability can become a

problem at high temperatures making novel reference electrodes necessary [130, 131].
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Heating electrolyte beyond its boiling point requires the use of special equipment such
as an autoclave, like the one used in this work, or a more complex high-temperature
high-pressure system [1, 132, 133].

There are many reasons for wanting to perform electrochemistry at high
temperatures. Electrolytes used in electrochemistry have properties that change
with temperature [134, 135], allowing for processes to occur faster and with less
resistance. Mechanistic changes have been shown to occur at sufficiently high
temperatures [8, 131]. Temperature also has a significant effect on mass transport
phenomena and the activation energies of processes [136-138]. High temperatures
have been very successfully employed in water electrolysis for hydrogen production
[139-141]. Perhaps the most industrially relevant advantage to high temperature
electrochemistry is the increased thermal efficiency for electrocatalytic reactions
[142-145]. For these reasons high temperature electrochemistry is an industrially
relevant process.

Some experiments have been performed on nickel at increased temperatures, with
Alsabet et al. [56] having performed cyclic voltammetry up to 40 °C and MacDonald
et al. [146] having done cyclic voltammetry up to 100 °C. The high temperature work
was not a focal point in Alsabet’s work, with the only observation being that there
appears to be an increased rate of aging from y-NiOOH to (3-NiOOH. MacDonald
found that the rate of oxygen evolution is significantly increased with temperature,
and that the onset potential of oxygen evolution appears to be lower. They fail to
account for the increased oxide bulk on the electrode, however. There have also been
corrosion experiments performed on nickel to temperatures as high as 1400 °C [147],
but these experiments focus largely on structural changes in bulk oxides and rates of
oxidation and so don’t really apply to the work done in the regime presented in this

dissertation.
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Chapter 2

Methods

Before getting into any specifics, it is necessary to highlight one very important point.
Electrical current is typically denoted with the symbol I and has units in A. In this
work all current will be normalized by surface area. To depict this the symbol j will

2

be used, and the units will be given as A cm™. This normalization also goes for

2 and

resistors, capacitors, and inductors which will be given units of Q ecm?, F cm™
H cm? respectively.

Additionally, for ease of reading all potentials are given versus the reversible
hydrogen electrode (RHE) regardless of the actual reference electrode used. In cases
where a Hg/HgO reference electrode was used, conversion to potential vs RHE was

performed:

ERHE = EHg/HgO + E?Jg/HgO + 0059]?]’]
Erue = Erg/mgo + 0.906V

(2.1)
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2.1 Tafel Slope Analysis and Charge Transfer

Coefficients

The Tafel equation can be used to relate the rate of an electrochemical reaction to

its overpotential. It can be written as follows
. afF'n
=joexp | —=
Jo €Xp RT

. . aFn
Inj=1 —
nj n]o—i-(RT)

where 7 is current density, jo is the exchange current density, « is the charge transfer

(2.2)

coefficient, F' is Faraday’s constant, 7 is the overpotential, R is the universal gas
constant, and 7' is the absolute temperature.

Given the logarithmic form of equation 2.2 it is seen that a plot of In j vs ) should
be linear with slope a FR™'T~! (Fig. 2.1). In theory this experiment needs to be
done at steady state to produce reliable results, but in practice it can be determined
using cyclic voltammetry so long as the sweep rate is slow enough [8, 148]. The steady
state of a system is essentially an equilibrium at non-ground state. By continuously
applying a constant amount of energy it can be forced to maintain a consistent state
at a higher energy than the equilibrium ground state. This higher energy state is
called a steady state.



17

0.154 F 0.1

j/mAcm?

0.00 /

T T T T T T T T 0.01 T
00 02 04 06 08 10 12 14 16 0.6 0.8 1.0
Evs RHE/V Evs RHE/V
(a) (b)

Figure 2.1: Anodic portion of CV of formic acid oxidation on
platinum, Tafel plot example. (a) Full anodic sweep, highlighting
expanded area shown in b. (b) Focus on the oxidation peak with
a logarithmic y-axis. It should be noted here that the plot has a
log10 axis for easy viewing, however In is required for the equation
to function appropriately. The sweep rate is 20 mV s'. The slope of
the fit is 9.145.

As seen in the above figure, the Tafel slope for the oxidation of formic acid on

platinum at room temperature can be extracted. From there it follows that

_ ATdn;
Fodn (2.3)
a=0.63

The « value obtained from this type of analysis is a diagnostic tool that can be
used to determine more information about the mechanism of the oxidation and its
rate determining step (RDS). Values close to 0.5 as here are consistent with the first

step as a rate-determining electron transfer step.

2.2 High Temperature Electrochemical
Equipment

High temperature electrochemical experiments were carried out wusing a
self-pressurizing autoclave (Buchi Glas Uster, Miniclave), the design of which was

adapted from previous work in the Harrington and Seland groups [1, 8] (Fig. 2.2).
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Figure 2.2: Autoclave setup. The self-pressurizing autoclave setup
used for high temperature electrochemical experiments. The first
panel shows the assembled autoclave with the digital temperature
probe used for calibrating the internal temperature. The second
panel shows the electrode assembly. Heat-shrink teflon tubing is
used to allow only a small portion of the nickel wire to be exposed
to solution. The remainder of the assembly prevents any steel pieces
from being exposed to solution, while also keeping the autoclave
pressurized. The third panel shows the cell interior, a teflon sleeve
of single piece construction. The fourth panel shows the ramping
hotplate with an insulated beaker on top. The beaker is filled with
silicone oil and a temperature probe is placed inside.

To facilitate the use of alkaline electrolytes in the autoclave many of the
components were switched for alkaline inert counterparts. (Fig. 2.2). The nickel
wire in the autoclave was wrapped in heat-shrink teflon tubing (Zeus, Inc.) as well in
order to limit the electrochemically available surface area of the electrode to a more
consistent area.

This whole autoclave setup was then lowered into a large beaker of silicone oil,
wrapped in insulation, and set on top of a programmable hotplate (Torrey Pines
Scientific, HP61 Programmable Hotplate). The internal temperatures of the autoclave
were calibrated against the hotplate set temperatures using a digital temperature
probe (VWR, Dual Channel Thermometer) inserted through the top of the autoclave
in a glass sheath (Fig. 2.3). This glass sheath and temperature probe were not present
during actual experimentation.

Many alkaline exchange membranes were tested, but unfortunately due to

instability of the membranes tested in the conditions of the long term (>48 hr)
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Figure 2.3: Oil bath temperature calibration curve. The formula for
the line is Tp; = —1.7 £ 0.2 °C + 1.067 £ 0.002 °C °C™! x T,y with
R? = 0.999.

experiments a glass frit had to be used in order to separate electrode compartments.
In two-electrode product analysis experiments this was placed between the working
and counter electrodes to prevent the reduction of oxidation products, as well as
to concentrate the oxidation products in a smaller volume for HPLC analysis.
In three-electrode mechanistic and kinetic experiments it was placed around the
reference electrode to prevent any compound in solution from affecting its stability.
While glass is not totally alkaline inert, this does not appear to have affected the

results of the long term experiments.

2.3 Electrochemical Impedance Spectroscopy

Electrochemical Impedance Spectroscopy (EIS) is a useful electrochemical tool when
it comes to attempting to determine the mechanism or kinetics of an electrochemical

process. Applying alternating current (AC) potentials of various frequencies causes



20

different processes in electrochemical systems to respond in different ways. By looking
at the current response to the applied electrochemical signal information can be
gathered on what is occurring in the electrochemical system tested. It should be
noted that a system at steady state is necessary in order to get usable data.

In order to best interpret the data gathered via EIS the system is modeled as an
electrical circuit. There are many methods of determining which equivalent circuit
(EC) to use for modeling the data. One method is to start with the most basic possible
EC and attempt to fit the data to that model, then sequentially add components to
the equivalent circuit in some logical fashion. As each new element is added the
data is fit to the new EC and the new EC is tested for statistical significance using
the F-Test [149] or the Akaike Information Criterion [150]. In another method a
mechanism is determined for whatever process is being studied, an EC is derived from
that mechanism, and the data is fitted to said EC. There is also a hybrid process by
which an EC and possible mechanism can be determined simultaneously [151]. In
this work the first method is used.

When the potential is applied it is defined as two separate components
E =E, + E4. = |E|sin(wt) + Eq4. (2.4)

E,. is the constant direct current (DC) potential on which the periodic AC potential
is superimposed and at which the impedance of the system is measured. |F| is the
amplitude of the AC potential, and w is the angular frequency of the perturbation.

Given the above, the current response expected from the circuit should be
J = Jac + Jae = |j]sin(wt + @) + Jac (2.5)

where ¢ is the phase shift between the potential exciting and the current response.
Because the potential is defined as having zero phase ¢ does not exist in Eq. (2.4),
so by representing the AC components of the above equations as complex numbers

(phasors) the following is shown

E = |B|exp(i¢) = |E| exp(0) = | E| (2.6)

J = |jlexp(i¢) (2.7)

Finally, the impedance of a system is defined as the ratio of the current response
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phasor to the potential excitation phasor:

E E
7= ||
J

= T = |4l exp(—ig) (2.8)
il exp(ig)

So the magnitude of the impedance, |Z|, and the phase difference between the current

and potential, ¢, are a function of the angular frequency applied to the system. This

impedance experiment can then be run at different DC potentials, Fy., allowing it to

be used to explore many different processes at the electrode.

2.3.1 Dynamic Electrochemical Impedance Spectroscopy

Dynamic Electrochemical Impedance Spectroscopy (dEIS) is a special type of EIS
experiment wherein a multisine waveform of non-interfering AC potentials [152, 153]
is used in order to gather EIS data at many frequencies simultaneously. This waveform
consists of many sinusoidal waveforms overlapped, with frequencies carefully chosen
such that they do not occupy any harmonics of the base frequency. The multisine
waveform used here contains 13 frequencies per decade, with each decade having
frequencies 10 times higher than the previous decade. Amplitudes decrease by a
factor of 2 for every decade increase in frequency; this gives low frequencies higher
amplitudes than high frequencies in order to combat issues with noise observed in the
lower frequency measurements. This allows for the DC potential to be swept slowly
in such a way that a pseudo-steady state is maintained throughout the experiment.

In doing so EIS can be used to study a changing system.

2.3.1.1 Instrumentation

To accomplish the addition of the AC and DC signals an HB-111 analog DC function
generator is used in order to generate a sweeping DC waveform, and a Keithley 3116
digital-to-analog converter to generate the multisine AC waveform. To maintain a
high level of fidelity in the AC signal it is generated at 10 V amplitude using the
Keithley 3116 and divided down using a Stanford Research Systems SIM983 Scaling
Amp set to x0.01. The AC signal is then added to the DC signal using a Stanford
Research Systems SIM980 Summing Amp and the result is applied to the cell using
the Gamry Reference 600 Potentiostat. Current information is sent directly from
the potentiostat to Keithley 3116 channel ADCO0. Potential information is first sent
to a Stanford Research Systems SIM980 Summing Amp where the DC potential is
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Figure 2.4: dEIS instrumentation setup [154].

subtracted. The remaining AC potential is then scaled back up using a Stanford
Research Systems SIM910 JFET Preamp set to x100. This AC signal is then sent
to Keithley 3116 channel ADC2. Lastly, the DC potential is sent from the HB-111
through a Stanford Research Systems SIM983 Scaling Amp set to x1, and the directly
to Keithley channel ADC1. The purpose of the Stanford Research Systems SIM983
module is to buffer the Keithley from the HB-111 due to the high output impedance
of the HB-111. All signal addition is done using analog circuitry to minimize signal

degradation, and the sampling strategy is described in the literature [154].

2.3.2 Equivalent Circuits

There are three common circuit elements used in the making of an equivalent circuit:
resistors, capacitors, and inductors (Fig. 2.5). Elements may be combined in series or

in parallel to represent different processes, and each element has a different impedance.
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Figure 2.5: Common passive circuit elements. The common elements
used to build equivalent circuits.

2.3.2.1 Resistors

The impedance of a differential resistor is derived starting with the differential form
of Ohm’s Law and substituting in Eq. (2.4) and (2.5).

_dE

S dj

_ d|E|sin(wt)

~ d|j]sin(wt)

_ w|E|cos(wt)dt
 wlj| cos(wt)dt

_ |E]sin(wt +7/2)dt
g sin(wt +7/2)dt

R

Lastly, converting to phasors and using Eq. (2.8) determines the impedance of

the resistor. ~
E E ir/2)dt  |E
g B _wlBlesplin/ae B _ 210
g wlilexp(im/2)dt  |j]

Here it is seen that the impedance of a resistor is wholly real, with no phase difference

between excitation and response.

2.3.2.2 Capacitors
For a capacitor the following relation exists:

dFE
| =C— 2.11
=0 (2.11)
Where C' is capacitance. By combining Eq. (2.4) with this equation and switching

to complex notation the following relation is shown:
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d |E|sin(wt)
dt
= wC|E| cos(wt)
= wC|E|sin(wt + 7/2) (2.12)
= iwCE
_ b
twC

j=C

=7

<o e <

This shows that a capacitor has a 7 /2 phase shift, and the impedance is inversely
proportional to w. Therefore the impedance of a capacitor approaches zero as applied
frequencies approach infinity and it acts like a wire, and its impedance approaches

infinity as applied frequencies approach zero thereby acting as an open circuit.

2.3.2.3 Inductors

Inductors share a similar relationship to capacitors as seen in Eq. (2.11):

dj
E=L—-2 2.13
1z (2.13)

Where L is inductance. Following the same procedure as for the capacitor results in

the following:

E_ Ld | 7] sin(wt)
dt
= wl|j| cos(wt)
= wL|j|sin(wt + 7/2) (2.14)
E =iwLj
E
J

This shows that the inductor provides a —m/2 phase shift to the impedance, as
well as being proportional to w. The inductor behaves essentially inversely to the
capacitor, having an impedance that goes to infinity at infinite frequencies like an

open circuit, and going to zero at low frequencies like a wire.
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2.3.2.4 Combining impedances and building circuits

Now that some circuit elements have been defined along with their impedances they

can be used to build ECs to represent electrochemical systems.

w1

Series Parallel

Figure 2.6: Series and parallel circuit elements.

Figure 2.6 shows the different ways circuit elements can be combined and the
rules for mathematically combining impedances are quite simple. For the series
combination they are simply additive:

Z =R+ ! (2.15)
B iwC '

For the parallel combination the reciprocals of the impedances are additive:

1
}—% + iwC
1 (2.16)

pr— —1 N
T%+ZWC

NN =

For any electrochemical cell there are at least two elements. The first is solution
resistance, denoted R,, which represents the resistance of the solution between the
working electrode and the reference electrode. The second is double-layer capacitance,
denoted Cy, which represents the formation of a double layer at the electrode surface
and its subsequent charging.

Just to briefly illustrate, a double layer is formed at an electrode surface as charge
gathers in the electrode surface. This causes opposing charges, in the form of ions
in the electrolyte, to gather near the electrode surface. These two planes of charges
are often separated by a layer of solvent molecules that are trapped on the electrode

surface, causing a separation of charge much like one would see in a parallel plate
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capacitor (Fig. 2.7).

Positive Charge

Negative Charge

Neutral Solvent
Species

Electrode Surface

Figure 2.7: Formation of a double layer.

These two values can be used to define 7.y, the time constant of the

electrochemical cell:
Teell — RSC’dl (2.17)

This value represents the fastest rate that the potential applied to the cell can change,
which means that processes faster than this cannot be studied by EIS.

In order to convey what it is that EIS can do, a system with one measurable
faradaic process can be explored. This is commonly represented using a simple circuit
(Fig. 2.8).

In the single time constant circuit (Fig. 2.8) charge transfer resistance is

introduced, R, that represents the resistance involved in the faradaic process of
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Figure 2.8: A single time constant circuit. This circuit represents an
electrochemical cell with one faradaic step.

transferring charge between the electrode and a species in solution. This is the
resistance involved in transferring electrons during faradaic processes that takes place

at the electrode and is defined as follows:

R = (‘Zf—é) (2.18)
0;,C;

where jp is the Faradaic current density, E is potential, and 6; and C; are the
reactant coverages and concentrations at the electrode interface. Because the transfer
of electrons must occur across the double layer it is placed parallel to Cy in the circuit.

The time constant of these parallel components is given by:

T = RCtC’dl (2.19)

This data is commonly presented in Nyquist and Bode plots and some simulated
single time constant circuit data is shown in Fig. 2.9. The Nyquist plot shows the real
and imaginary parts of the impedance as a function of frequency, and the Bode plot
shows both the magnitude and the phase of the impedance as a function of frequency.
The single semicircle in the Nyquist plot is indicative of the parallel combination of
R, and Cy in the single time constant circuit, and conveys the existence of a single
time constant in the system. The high frequency intercept on the left of the real
axis gives the value of R, the diameter of the semicircle gives R, the reciprocal
of the frequency at the top of the semicircle gives 7;, and through these values Cy
can be determined. Lastly the low frequency intercept on the right of the real axis
gives the polarization resistance, R,,, which is the differential resistance experienced
by DC current applied to the cell. That is to say the slope of the steady state
polarization curve is governed by this value (Eq. 2.20). On the Bode plot much of
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the same information can be seen, with the magnitude of the impedance at high and
low frequencies giving Ry and R, respectively as well as the middle portion having a
slope of -1 indicating the presence of a capacitor. The Bode plot also gives the time
constants of the system by the reciprocals of the angular frequencies at which there
are inflection points in the magnitude plot, or peaks in the phase plot.

Since the steady state polarization curve can also be used to acquire R,

1 djss

R, dE

(2.20)

this can be a good method of validating impedance data. If the values of the two
methods agree within a reasonable degree then all of the kinetic data for the system
has been captured in the impedance experiment. If the two values do not match then
it is likely that something else is going on that was undetected by the impedance

experiment.
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Figure 2.9: Nyquist and Bode plot examples. The top plot is
the Nyquist plot, the bottom is the Bode plot. The axes on the
Nyquist plot must be forced to 1:1 X:Y proportions, and the |Z|
and Frequency axes on the Bode plot are in log scale. These plots
were simulated on the circuit shown in Fig. 2.8 using the following
parameters: Ry = 10 Q cm?, Ry = 50 Q ecm?,Cy = 5 x 107° F em?.

In this work some systems are explored that have two faradaic time constants,
and for those systems one of two circuits are used (Fig. 2.10). The implementation

and interpretation of these will be discussed in section 5.2.
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Figure 2.10: ECs with two time constants. The left uses two parallel
RC combinations to achieve this, while the right uses one parallel
RC and one series RL.

2.3.2.5 System time constants

The impedance for a simple one time constant circuit (Fig. 2.11) can be written

simply as

1
Z=Rj+———— 2.21
idel + Rgtl ( )

Cdl

N
AN

R

ct

Figure 2.11: A single time constant circuit. This circuit represents
an electrochemical cell with one faradaic step.

Because impedance experiments are performed by controlling potential and

measuring current, the transfer function is admittance by definition
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Output  Current

Transfer Function = —
Input Potential

~ Current 1 1
= Potential 7 1
R, + 1 (2.22)
wCy + R
B R.Cyiw +1
"~ RuR.Cgiw + Ry + R,

In this form the poles and zeroes of the transfer function become clear.

RCthﬂUJ +1
Y = (2.23)
. Rct + Rs
W+ ———r

Rct Rs Odl

The poles are found at frequencies where iw makes the denominator become zero.

The system time constants are then the negative of the reciprocals of the poles for

the transfer function.

ole = _ B4t By
b B Rct Rs C’dl
Rct Rs CYcll

Tsys —
*  Rua+ R,

(2.24)

2.3.2.6 Constant Phase Element

The constant phase element is an element that pertains to electrochemistry directly.
Impedance spectroscopy is often performed on electronic circuits, and in these circuits
capacitors of a more ideal nature are used. This results in a near perfect semicircle
in the Nyquist plot of the resulting data (Fig 2.9). When performing the same
experiment on an electrochemical system the double layer (Fig. 2.7) is found to be
considerably less ideal. As a result a typical one time constant circuit has a broadened
semi-circle. This represents the fact that there isn’t one time constant associated with
charging the double layer. Instead there are many time constants of similar values
superimposed on top of each other, resulting in the broadening of the semicircle in

the Nyquist plot. In order to accommodate this feature, a small alteration is made
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to the impedance formula for a capacitor in the form of an exponent, a, and by
changing the capacitance value C' to () to represent the fact that these values are not
interchangeable:
1
(iw)*@

« is related to the angle of the semicircle at the intercept, called the phase:
Phase = 90° x « (2.26)

The a value must be between 1 and 0, and when the « value is determined to be 1 the

CPE impedance relationship can be shown to be identical to the one for capacitance:

1 1
Zope = — =Zc=—7H (2.27)

(1)'Q iwC

2.3.2.7 Equivalent circuits and their kinetic interpretation

Q
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Figure 2.12: Two time constant inductive circuit. This circuit is
often used to describe a charge transfer process with one adsorption
step.

For many equivalent circuits the impedance expression is too complex to directly
draw conclusions about the kinetics of a system, however some equivalent circuits
lend themselves well to this application. For example, the two time constant

inductive circuit (Fig. 2.12) is often used to describe a charge transfer process
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with one adsorption step and fast mass transport. It is shown in the literature
[148, 149, 151, 155] that this circuit pertains directly to the kinetic and mechanistic

information of a single adsorption mechanism using the following equations:

2.28
L—l_i Ore % | )
Lo, \ oo . OF .

where Z is impedance, Y is admittance defined as the reciprocal of the impedance, r,
is the rate of electron transfer, E is the potential, 6 is the percent adsorbate coverage,

2

I',, is the surface concentration of oxidation sites in mol cm™, 7y is the net rate of

1 and 7 is the time constant of the

production of the adsorbed species in mol cm™ s
RiL; resistor inductor series branch.

More often, however, there is little direct physical meaning to the values of the
circuit elements as processes can be coupled in very complex ways. For processes
that fit these more complex circuits qualitative information can still be inferred from
the circuit of best fit. The number and type of elements can be used to validate
mechanisms, with an increasing number of time constants indicating the existence of
more kinetically significant adsorbed species. The more exotic Warburg element can
also present information about mass transport effects in the system.

In this work the more qualitative approach is used, even for processes wherein
the inductive ladder circuit (Fig. 2.12) is found to be the circuit of best fit. This
is because the I',, parameter is not a fixed constant due to the nature of the nickel
oxide phases that continually grow on the electrode surface (Section 1.2.2) and so
the concentration of surface oxidation sites is continually changing. This makes a

quantitative mechanistic analysis considerably more challenging.
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2.4 Determination of Electrochemical
Surface Area of Nickel

While some metals may look flat, even a very well polished piece of metal is not
perfectly flat. Roughness exists at a nanoscopic level on most metal surfaces, causing
the surface area available for electrochemical reactions to be larger than the geometric
surface area acquired from simply measuring the electrode with a ruler. This area is
called the Electrochemical Surface Area (ECSA).

In order to determine the ECSA of the nickel electrodes a modified version of
a literature procedure [102] is used. The procedure uses the oxidation of nickel
metal to the somewhat amorphous «-Ni(OH), and the known charge of an ideal
monolayer, 514 uC cm™, to determine the electrochemically available surface area of
the electrode.

One issue with this method, however, is that nickel metal reorganizes from
a-Ni(OH)y to the far more stable and crystalline 3-Ni(OH), form rapidly when
exposed to alkaline solution. This also occurs slowly over time in open atmosphere
[92]. Once the nickel metal has reached the 3-Ni(OH), phase it is impractical to get
it to reduce back to the a-Ni(OH), or nickel metal phases [85, 91, 92, 101, 126](Fig.
1.2b reproduced for convenience here as Fig. 2.13). In order to get a realistic measure
of the charge used to form a monolayer of a-Ni(OH), the electrode must be polished
in order to expose the nickel metal surface. In this work electropolishing to achieve
the removal of the 3-Ni(OH), layer (Sec. 2.4.1) (Fig. 2.14) is employed. It should
be noted, however, that given a long enough potential hold at sufficiently negative
potentials some of the 3-Ni(OH), layer can be reduced to metallic nickel [107, 108].
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Figure 2.13: Two CVs for polycrystalline nickel highlighting different
nickel oxide phases. Done in 0.5 M NaOH with sweep rate = 100
mV s~!. The red CV is on a freshly electropolished surface from
-0.15 V t0 0.45 V vs RHE, this highlights the oxidation and reduction
of the a-Ni(OH), phase from pure Ni. The blue CV is on an aged
electrode, having been cycled for several hours, and is from 0.05 V to
1.6 V vs RHE. This highlights the NIOOH formation and reduction
from NiO and 3-Ni(OH),, as well as the irreducible nature of the
NiO and (3-Ni(OH); phases.

35



36

400
—— Before Electropolishing
—— After Electropolishing
200 -
B
= 01
~N
-200
-400 +— : . : . . ’ :
-0.2 0.0 0.2 0.4 0.6
Evs RHE/V

Figure 2.14: «-Ni(OH)y CV before and after polishing. Sweep rate
=100 mV s .

After polishing, the electrode is removed from the electropolishing solution and
rinsed thoroughly using Milli-Q water (18 M cm). The electrode is then placed
in a typical three-electrode system with argon purged 0.5 M KOH (Sigma, 99.99%)
as the electrolyte. Care must be taken when transferring the electrode from the
electropolishing solution, through the washing process, and into the KOH. Ideally,
this process should take no more than =15 s. Special care must also be taken to
ensure that potential control is maintained on the electrode from the moment it
enters solution, otherwise the 3-Ni(OH), layer forms and electropolishing must be
performed once more.

Once the electrode is in solution it is held at a potential of -0.2 V for 200 s and
then at 0 V for 400 s. The first potential hold is performed in order to reduce any
small amount of oxide or contaminant that may be on the surface, and the second
potential hold is performed to oxidize any nickel hydride or trapped hydrogen gas
that may have formed in the previous step. This ensures the o-Ni(OH), formation

takes place on a pristine Ni surface.
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Cyclic voltammetry (CV) is then performed from -0.15 V to 0.45 V at a scan rate
of 100 mV s!. This results in a clean CV of the a-Ni(OH), peak (Fig. 2.14). The
ECSA of the electrode can then be determined as follows using the charge density of

a-Ni(OH)y formation for the second cycle

Q

Omono
Areapg

ECSA =

(2.29)
~ 514 pC cm?2

Where () is the total charge passed during the oxidation process, Areaop, is the
area under the oxidation peak, s is the sweep rate in V s, and ,,0no is the charge
density associated with forming a monolayer of a-Ni(OH)y [102]. The @ value for
this procedure is typically acquired directly from the Gamry Echem Analyst integrate
function by integrating all oxidative current for the second cycle, including the
oxidative current on the reverse sweep.

Before integrating, a baseline correction is performed on the CV. A fixed current
value is added to the whole CV so that integrating the entire CV gives 0 Cem 2.
This method makes the assumption that capacitive charge is negligible, and that
all oxidative and reductive charge after the baseline correction goes toward creating
and subsequently reducing the o-Ni(OH), layer implying that hydrogen evolution is
a negligible reaction in these conditions. These assumptions are also made in the
literature method on which this modified method is based [102]. The need for a
baseline correction is likely due to trace amounts of oxygen gas dissolved in solution.
The surface area determined by this method is used to normalize all relevant data
(Section 2).

Lastly, it should be noted that while this method is the accepted method from
literature it involves some inherently flawed assumptions. The value of 514 pC cm™
used in literature is actually based on a perfectly stoichiometric monolayer of OH"
being adsorbed onto Ni(100) to make a-Ni(OH)y [156, 157]. This fails to take into
account two major factors.

First, the oxide undergoes an expansion as it is formed leaving fewer sites for
reaction to take place. Nickel metal has a close packed face centered cubic structure,

whereas Ni(OH), has an expanded and layered structure (Fig. 2.15).
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(a) The crystalline nickel unit cell. (b) A small nickel crystal cluster.
Nickel has a face centered cubic crystal This illustrates the close packing and

structure. structural difference from Ni(OH)s.

(¢) An idealized Ni(OH)y structure. (d) A Ni(OH), cluster. This illustrates
Nickel atoms (blue) appear at the center the layered nature of the Ni(OH)s.

of oxygen octahedra (red) . The H atoms

occupy the interlayer space but are not

pictured for clarity.

Figure 2.15: Crystal structures of nickel metal and Ni(OH),. The
distance between Ni atoms on a Ni(111) surface is 2.49 A and the
distance between Ni atoms in a layer of Ni(OH), is 3.13 Afor scale.

Second, the nickel used in this work is polycrystalline as opposed to a (111)

crystalline surface. Ignoring the problems with the expansion of the oxide, the
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amount of the surface occupied by each of Ni(100), Ni(110), Ni(111), and any facet
contributions where these layers meet should be determined and the charge density
associated with each surface should be used in proportion with their representation
on the surface. Unfortunately at this point that is not practical, and even if it were

the oxide expansion would convolute the issue even further.

2.4.1 Electropolishing

To electropolish the electrode a solution of 50% v /v phosphoric acid (ACS, Reagent
Grade) in Milli-Q water (18 MQ cm) is made, and the nickel electrode is used as
the working electrode (WE) in a standard two-electrode system. A current density

2 is used to oxidize the electrode for 10 seconds. To determine the

of ~# 1 mA cm”
current required to achieve this current density the approximate geometric surface

area of the electrode is used.
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Chapter 3

Product Analysis of High
Temperature Electrochemical

Oxidation of Glycerol on Nickel

3.1 Introduction

In this chapter the self-pressurizing autoclave is used alongside a two-electrode
electrochemical cell. This cell is used to perform glycerol electro-oxidation. Nickel
foil electrodes are used to offer large surface areas in order to maximize the
concentration of oxidation products formed. Alkaline glycerol solution is placed
within the cell and current is passed for 48 h at various temperatures. The
resulting solution is then analyzed via HPLC in order to determine the products
of glycerol electro-oxidation and their relative selectivities. During the course
of this project a polymer product was discovered. This polymer product was
then characterized using various techniques including Attenuated Total Reflectance
Infrared Spectroscopy, Nuclear Magnetic Resonance Spectroscopy, Dynamic Light
Scattering, and Differential Scanning Calorimetry. No reference electrode (RE) was
used in this experiment due to the instability of the reversible hydrogen electrode
(RHE) at temperatures greater than 100 °C over long periods of time (>30 hrs). By
designing the cell without a reference electrode higher temperatures were able to be
probed during the long term oxidation, allowing the exploration of temperatures as
high as 140 °C. This came at the cost of kinetic information, but ultimately facilitated

the discovery of a novel polymer synthesis.
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Converting glycerol to value added products has been a topic of significant interest
[10, 11, 23, 26-30, 69, 72, 73, 77, 79, 158-161]. Many of these studies involve the use of
complex nanostructured catalysts, or expensive noble metals [23, 27-29, 72, 73, 159,
160], often with some success. In order to make these processes more industrially
viable, lower cost catalysts are desired.

Nickel based catalysts have been shown to be effective at oxidizing organics [21, 22,
79, 162-164], and given the low cost of nickel it is very viable to use on an industrial
scale. Using polycrystalline nickel foils also avoids the stability issues associated with
nickel nanostructures such as corrosion [123]. For these reasons nickel proves a strong
candidate as an industrial electrocatalyst.

Product analysis of glycerol electro-oxidation has been performed before [10, 11,
27]. An exploration of this process at high temperatures is a novel idea, however. High
temperature electrochemistry has been shown to exhibit many interesting behaviors
1, 8,9, 131, 136-138, 148|.

These factors combine to make the study of high temperature glycerol oxidation

using simple nickel electrodes an obvious choice.

3.2 Experimental

3.2.1 Electrochemistry

Before any electrochemistry took place all labware was soaked in 80 °C concentrated
sulfuric acid (Sigma, 95%) for 2 hr, and rinsed thoroughly with Milli-Q water.
Electrochemistry was performed using a Gamry Reference 600 potentiostat. The
surface area of the working electrode (WE) was determined using the method
described in section 2.4 of this document.

For this experiment all cell design was geared towards maximizing product yield,
and kinetic information was allowed to fall to the wayside. To this end a typical
two-electrode electrochemical cell was built within the autoclave. The working
electrode (WE) and counter electrode (CE) were 99.999% polycrystalline nickel wires
(Alfa Aesar, Puratronic) with a >99.9% nickel foil (Sigma Aldrich) spot welded onto
the end of the nickel wire in order to facilitate higher current densities. The WE was
then lowered into a small glass chamber, the purpose of which was to prevent the
diffusion of products into the bulk solution and to separate them from the counter

electrode. This both served to concentrate the products as well as prevent them from
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being reduced at the counter electrode.

All long term glycerol oxidation experiments were performed in 30 mL solutions of
0.1 M potassium hydroxide (KOH) (Sigma, 99.99%) and 0.1 M glycerol (Anachemia,
ACS Grade). These solutions were purged with argon for 10 min after being
transferred to the self-pressurizing autoclave. Omnce this purge was complete the
autoclave was sealed shut. Current was held at 0 mA cm™ during heating, and once

temperature was reached current was held at 1 mA cm™ for 48 h.

3.2.2 High-Performance Liquid Chromatography

The HPLC methodology used was modified from previous work [10]. The process
was performed on an Agilent 1200 series HPLC system. Separation of the various
alcohols was accomplished using an Aminex HPX-87H ion exclusion column held at
70 °C. This column separates compounds based on pK,, with more acidic compounds
moving through the column faster than less acidic ones. Sterics also play a factor in
the separation, with smaller compounds spending a longer time on the column than
larger ones. Elution was isocratic using a solution of 5 mM Sulfuric Acid at 0.500
mL/min. Injection volume was 20 puL. and compound detection was performed using
a UV-Vis detector analyzing absorbance at 210 nm.

Peak assignments and quantitative compound concentrations were determined by
comparing the retention times and peak areas with those of standards of known
concentration (Fig. 3.2). Calibration curves of all relevant compounds were created
in order to facilitate this (Fig. 3.1). All solutions for calibration curves were made

using HPLC grade chemicals from Sigma Aldrich.
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Figure 3.1: HPLC calibration curves.
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Compound Slope / kAU min mM~!  Intercept / kAU min R?

Formic Acid 2.826 x 1072+ 5 x 10~
Glyceric Acid ~ 1.72x1072+1 x 1074

3x10724+5x 1072 0.99851
3x 107146 x 1073 0.99971

Glycolic Acid 6.6 x1072+£1x1072 —2x10724+£5x 1072 0.99859
Lactic Acid 785x1072+6x 107" -5 x1072+4x 1072 0.99977

Oxalic Acid 1.76 +4 x 1072

7x 107 +£7x 1071 0.99872

Tartronic Acid  3.62 x 107 £4 x 1072 -5 x 1071 £3 x 107! 0.99954

Table 3.1: Calibration curve data for HPLC standards. All fits were
performed in OriginPro 2018 using the Linear Fit algorithm. Slope
and Intercept refer to the slope and intercept of a y = ma + b line

equation.
1
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Figure 3.2: HPLC traces of individual HPLC standards. Glyceric
acid can be seen to have dissociated due to the alkaline solution used

to make the standard.
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3.2.3 Attenuated Total Reflectance Infrared Spectroscopy

and Solid State Nuclear Magnetic Resonance

Attenuated total reflectance infrared (ATR-IR) spectroscopy was performed using a
Perkin Elmer Spectrum Two FT-IR Spectrometer. A background scan of ambient air
was taken, solid sample was placed on the detector, and the sample was pressed so
that the system force gauge read 100.

Solid state nuclear magnetic resonance (NMR) was performed on a Bruker Avance
IIT 400 using a 2.5 mm probe. 10 mg of sample was used in the collection of NMR
data. Experiments include 'H NMR and 'H-'3C cross polarization magic angle
spinning (CP-MAS) NMR.

3.2.4 Dynamic Light Scattering

Dynamic Light Scattering (DLS) was performed using a Zetasizer Ultra. Polymer
samples were prepared in a 10 mM KNOj; solution. Solution was made up with Milli-Q
water and passed through a 0.2 pm cellulose acetate sterile syringe filter. The polymer
was added after filtration so that no filtering of the polymer was performed. KNO4
was used to screen electrostatic interactions between polymer particles to prevent
aggregation. A measured amount of polymer was placed in a vial and KNOj solution
was added. This vial was then sonicated for 2 hours at 40 °C. Samples were tested at
both 0.25 mg mL™! and 2 mg mL™!.

3.2.5 Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC) was performed using a TAlnstruments
DSC25. 3 mg was the minimum sample size used. All temperature ramping was
performed at 10 °C min™'. High purity Nitrogen (PraxAir, 99.998%) was used to

continuously purge the test chamber.
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3.3 Results and Discussion

3.3.1 Effects of temperature on the electro-oxidation

pathway

An ideal and complete oxidation of glycerol to CO, is a 14 electron process
C3H803 + SHQO - SCOQ —+ 14 I‘I+ + l4e (31)

but in practice several products are seen when performing glycerol oxidation on nickel
in alkaline solutions including oxalic acid, tartronic acid, glyceric acid, glycolic acid,
formic acid, and lactic acid (Fig. 3.3, Table 3.2) [10, 29, 69, 72]. Unfortunately,
due to the necessity of a self-pressurized autoclave, aliquots for the high temperature
processes can only be taken after the oxidation has completed and the cell has been

cooled to room temperature.

Absorbance / mAU

0 5 10 15 20
Time / min

Figure 3.3: HPLC spectra highlighting product selectivity of glycerol
oxidation at various temperatures. All trials were run at 1 mA cm™
for 48 h.

FA = Formic Acid, LA = Lactic Acid, gA = Glycolic Acid,

GA = Glyceric Acid, TA = Tartronic Acid, OA = Oxalic Acid,
TEx = Total Exclusion Peak, X = Polymer Product
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Product Product Product

Percentage Percentage Percentage

at RT at 80 °C at 140 °C
Oxalic Acid 4.8 0.4 -2.6
Tartronic Acid 4.4 7.1 0.0
Glyceric Acid 4.9 11.9 2.7
Glycolic Acid 0.4 10.7 -1.9
Lactic Acid 0.0 20.5 50.6
Formic Acid 85.6 49.4 56.6

Table 3.2: Product selectivity of glycerol oxidation at various
temperatures. Product concentrations were determined after 48 h
oxidations. Negative values at 140 °C are due to a very small amount
of product being in solution due to the formation of a polymer. This
polymer appears to be a new discovery and is not discussed in the
literature. Values for the 140 °C oxidation neglect the presence of
the polymer product, as their composition is unknown. These factors
make the error for the 140 °C trial very high.

Combining HPLC results and data from the literature a glycerol oxidation

pathway emerges (Fig. 3.4).
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Figure 3.4: A likely glycerol oxidation pathway based on literature
and HPLC findings [10, 20, 29, 69, 69, 70, 72-77, 165-167]. Note
that the focus of this pathway is to describe the means by which
HPLC identified products are formed.

Glyceraldehyde is prevalent in this pathway and while it has been shown previously
that glyceraldehyde is one of the main products seen at the electrode surface upon

oxidizing glycerol along with some unidentified carboxylate species, likely glyceric
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acid [10, 20, 27], the HPLC data shows no trace of glyceraldehyde. This is because
glyceraldehyde is very unstable in alkaline solution (Fig. 3.5).

—— Neutral, t=0h

10 15 20 25

—— 0.1 MNaCH, t=0h

Absorbance / mAU
o
()]
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Figure 3.5: HPLC Spectra highlighting glyceraldehyde instability
in alkaline solution. Neutral solution is 0.266 M glyceraldehyde in
Milli-Q water. Basic solution is 5.33 mM glyceraldehyde in 0.1 M
NaOH. Both HPLC spectra were taken quite shortly after having
made the solutions.

The suggested pathway also highlights the nature of the concentration
dependence of lactic acid on temperature. Glycerol is oxidized to glyceraldehyde,
which is then further oxidized to glyceric acid. However there is also a
competing, non-electrochemical pathway where glyceraldehyde is dehydrated to
2-hydroxyacrylaldehyde and continues to react, finally reaching lactic acid. As the
temperature of the reaction vessel increases this dehydration becomes faster, until

eventually the lactic acid pathway is in competition with the glyceric acid pathway.
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Figure 3.6: HPLC Spectra highlighting glyceraldehyde speciation
in alkaline solution at high temperatures. Solution is 5.33 mM
glyceraldehyde in 0.1 M NaOH. Solution has been heated at 140 °C
for 48 h. No electrochemistry has been done.

FA = Formic Acid, LA = Lactic Acid GA = Glyceric Acid,

Y = Unknown Species, OA = Oxalic Acid, PA = Pyruvic Acid,
TEx = Total Exclusion Peak

This can be shown using a control test where 5.33 mM of glyceraldehyde was
heated at 140 °C in 0.1M NaOH solution for 48 h (Fig. 3.6). The presence of
formic acid, glyceric acid, and oxalic acid in this reaction mixture indicates that the
glyceric acid pathway is not a strictly electrochemical pathway at these temperatures.
Additionally, the presence of lactic acid and pyruvic acid is indicative of the lactic
acid pathway. It is likely that the pyruvaldehyde in solution is unstable much like
glyceraldehyde, and reacts to form pyruvic acid. The fact that this is not seen in
electrochemical trials suggests that the applied potential has some affect on preventing
the buildup of pyruvaldehyde. Alternatively, the presence of pyruvaldehyde could
also be a function of a large amount of glyceraldehyde existing in solution at once,

as opposed to small amount being made over time at the electrode. Of note here
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is that while a true and total carbon balance cannot be performed on this data due
to the existence of an unknown species, Y, 4.52 mM of lactic acid has been made.
This is quite a high selectivity, containing 84.8% of the carbon atoms contained in

the original 5.33 mM glyceraldehyde solution.

3.3.2 High temperature glycerol electro-oxidation polymer

product analysis

Having identified the likely oxidation pathways and all the major products of the
glycerol oxidation, it is now important to address the formation of a polymer during
the 140 °C glycerol oxidation trial, which was mentioned briefly in Fig. 3.3 and
Table 3.2. This polymer appears to be a new discovery, and is not discussed in the
literature. The polymer appeared as a cloudy white suspension in solution, and was
separated from solution by centrifugation at 18000 g in 1.5 mL. Eppendorf centrifuge
tubes. The polymer synthesis was reproducible with a yield of 4-6 mg. The remaining
supernatant solution was passed through a syringe filter (VWR, 0.2 pm, cellulose
acetate) and tested by HPLC resulting in the 140 °C HPLC spectrum in Fig. 3.3.
The peak in the figure labeled X is likely caused by polymers chains that managed
to pass through the syringe filter. This is possible because while the polymer chains
may be large, when solvated they typically curl into small "hairy spheres.” This can
facilitate the passing of large polymer molecule through small-pore filters.

Control experiments were performed in order to prove the necessity of an
electrochemical driving force for polymer formation. The first type of control
experiment was done using the same conditions, but with a piece of nickel foil placed
in solution and no potential control. The second type of control experiment used a
piece of nickel foil in solution with conditions kept consistent, but this time used a
solution of 5 mM glyceraldehyde as the starting solution. This solution was chosen
because of the glyceraldehyde speciation shown previously (Fig. 3.6). No polymer
product was formed in either case, confirming that the polymerization process is
electrochemically driven.

In an attempt to simplify the reaction vessel design the experiment was also
performed using a larger volume, 100 mL instead of 30 mL, in the reaction vessel
with all other conditions kept the same. In this experiment no polymer formed,
suggesting that there is a critical concentration of alcohols that must be achieved

before polymerization can occur. Further evidence of this is suggested by the
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chronopotentiometry results discussed in Section 3.3.2.4).

The polymer does not dissolve easily suspend or dissolve in THF, DMSO, or water
despite heating and sonication. By placing a small amount of polymer (<2 mg) in a
solution of 10 mM KNO3; and sonicating at 40 °C for 2 hours a suspension was formed,
though some small amount of unsuspended polymer remained at the bottom of the
sample vial. This solution was used to perform DLS. The difficulty dissolving the
polymer in solution limits the techniques available for polymer analysis as many of
them require a solution state. Large polymer chains are more energetically demanding
to solvate, even more so when they are cross-linked as this prevents the polymer chains
from fanning out in solution thereby reducing the surface area available for solvation
to occur. This indicates the polymer is likely quite large and cross-linked. The
presence of compounds with three or more functional groups in the reaction mixture
make this a possibility [168].

3.3.2.1 Dynamic Light Scattering Analysis

Dynamic light scattering (DLS) was performed on the polymer sample (Fig. 3.7) to
determine the solvated size of the polymer in solution. Correlograms collected by
ZS Xplorer were processed in ZS Xplorer using the cumulant method [169] to obtain
size /intensity plots. The polydispersity index as determined by the cumulant method
was 18.23. Intensity in the DLS spectrum is determined by the number of photons
counted at the detector caused by scattering of light off polymer particles. Because
larger particles scatter more light the intensity plot inherently skews towards larger

particles.
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Figure 3.7: DLS results for polymer samples. Three separate
polymer samples were made by performing the 140 °C glycerol
oxidation procedure (Section 3.2.1). Each of these samples were
suspended in a 10 mM KNOj5 in Milli-(Q water solution and DLS was
performed. Four runs were performed on three different samples, and
the intensity distributions of all twelve runs were averaged to give the
resulting DLS trace. Two samples were run at 0.25 mg mL™ and the
third was run at 2mg mL™, however the results appear unnaffected
by this. Peaks appear at 2990 nm, 17.66 nm, 13.06 nm, 8.302 nm,
2.134nm, 1.167 nm, and 0.863 nm. There appear to be three discrete
size populations: 0.5 nm to 2 nm, 6 nm to 24 nm, and 1040 nm to
4040 nm.

Particle Size / nm Mean Size / nm Standard Deviation / nm

0.5 to 2 1.353 0.5388
6 to 24 11.25 3.443
1040 to 4040 2604 416.6

Table 3.3: Polymer sample DLS size data.
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3.3.2.2 Differential Scanning Calorimetry Analysis

DSC was performed (Fig. 3.8) according to the method established previously
(Section 3.2.5). The initial run was performed from 40 °C to 400 °C, cooled to -40
°C, then heated back to 400 °C. This revealed three separate endothermic transitions
found at 139 °C, 167 °C, and 216 °C, and one broad exothermic feature above 250 °C.
No features were observed during the cooling process, nor were any features observed
on the subsequent heating. This indicates that some sort of thermal degradation took

place that destroyed the polymer.
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Figure 3.8: DSC results for polymer samples. Trials were run using

a minimum 3 mg with ramping set at 10 °C min.

Another trial was performed starting from -40 °C to 250 °C. The starting
temperature was chosen as it allows the observation of transitions below 40 °C without

having to worry about thermal degradation. The upper temperature limit was chosen
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to avoid the exothermic transition occurring at approximately 300 °C. Subsequent
cooling and heating again showed no features, indicating that the peak at 216 °C was
due to thermal degradation. This likely means that the exothermic feature above
250 °C on the first trial is due to the measurement of minor fluctuations in heat
flow between the sample cup and the reference after total thermal degradation of the
sample had occurred.

In order to determine the nature of the peaks at 139 °C and 167 °C, another trial
was performed. This trial was heated to 175 °C from a starting point of 40 °C. Once
again subsequent heating and cooling showed no features, indicating that the peak at
167 °C was also thermal degradation. No features were seen at 139 °C as had been
seen previously.

The DLS and DSC data taken together describe a sample containing polymer
of three distinct populations, each with no visible glass transition temperature,
crystallization temperature, or melting temperature. That is to say, it appears that
each of the three endothermic peaks is caused by thermal degradation. The absence
of the peak at 139 °C in the 175 °C temperature trial is explained by the relatively low
abundance of the smallest size population found in DLS. The data also supports the
notion of a thoroughly cross-linked polymer, as the glass transition temperature of a
polymer correlates with its degree of cross-linking. A sufficiently cross-linked polymer
can show no glass transition temperature at all [170, 171]. If no glass transition occurs
then no crystallization or subsequent melting can occur, which explains the lack of
features present.

The temperature at which thermal degradation occurs for a polymer is dependent
on the types of reactions involved in the degradation process, and the relevant bond
energies in those reactions [172]. Additionally, DSC peaks can be integrated to
determine the amount of polymer responsible for each peak (Table 3.4). Without
knowing the exact structure and relevant degradation reactions responsible for the
peaks its impossible to draw a direct comparison between them, however a qualitative
assessment can be made. Integration was performed using Origin. The settings used
were as follows: baseline was set using the second derivative at full plot range; the
smoothing of which was an adjacent averaging with window size 1, threshold 0.05,

and maximum anchor points set to 8. Integration was performed on the 400 °C trial.
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Degradation Temperature / °C  Peak Area / W g1 °C

139 0.14
167 0.42
216 5.6

Table 3.4: Processed DSC integration data.

The overall trend in population distribution determined by DSC agrees rather
well with the distribution determined by DLS. No absolute value can be determined
for the distributions generated by either experiment, however there does appear to
be three distinct polymer structures and three distinct polymer size populations. It
is possible that three similar but separate polymer structures are being synthesized

simultaneously, with each structure having a distinct equilibrium size.

3.3.2.3 Infrared Spectroscopy and Nuclear Magnetic Resonance Analysis

Solid state methods described in section 3.2.3 were used to collect ATR-IR spectra
(Fig. 3.9). Four notable peaks were observed, including a peak at 3300 cm™ indicating
the presence of O—H stretching, a peak at 1633 cm™ indicating the presence of either
C=C stretching or heavily conjugated C=0 stretching, a peak at 1004 cm™ indicating
the presence of C—O stretching, and a peak at 651 cm™ indicating the presence of

C=C bending.



58

110 I ——

100 - §

1 / )

X 0 ] 1633 cm™’

o 804 3300 cm"" i
CC’ |

g 701 .
= _

2 007 651 cm]

= 504 \ .

40 1004 cm™’ -

30 4 §

4000 3000 2000 1000 0
Wavenumber / cm ™"

Figure 3.9: Polymer ATR-IR spectrum. Spectrum was taken on solid
state sample with an air background.

The identity of the peak at 1633cm™ in the ATR-IR can be confirmed using
NMR spectroscopy. 'H-13C CP-MAS NMR analysis (Fig. 3.10b) shows the presence
of C—0 bonds (Table 3.6). Due to the poor signal-to-noise ratio caused by the small
sample sizes, the C=C peak in the 'H-3C CP-MAS appears difficult to read. The
possible peak location has been highlighted, but its differentiation from the baseline
cannot be guaranteed. That said, there appears to be no carbonyl peaks present in
the 'H-13C CP-MAS spectrum. These would typically be found above 160 ppm.
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Figure 3.10: Polymer NMR spectra. (a)'H NMR, (b)'H-3C
CP-MAS NMR. Peak broadening occurs in the 'H NMR. spectrum
due to anisotropic interactions caused by the fixed bond orientation

involved in solid state NMR. The low signal-to-noise ratio in the
'H-13C CP-MAS NMR is caused by the small sample size.
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Chemical Shift / ppm Assignment Relative Integration

1.25 C-C—H 0.02
3.53 O0-C—H

3.72 O-C—H 0.81
3.94 O-C—H

5.43 O—C—H, anomeric 1
8.48 C=C—H, xor 3toO 0.01

Table 3.5: 'H NMR Polymer Peak Assignments

Chemical Shift / ppm Assignment
19.63 Possible Alkyl C—R3 Peak
63.98 C-0
65.09 C-0
73.47 C-0
74.49 C-0
140.86 Possible C=C Peak

Table 3.6: 'H-3C CP-MAS NMR Polymer Peak Assignment
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3.3.2.4 Chronopotentiometry Analysis

0- -

0 20 40 60 80 100 120 140 160 180 200
t/ ks

Figure 3.11: Polymer synthesis chronopotentiometry experiment.
During heating, current was held at 0 mA cm™. Once 140 °C was
reached, current was held at 1 mA cm?. The 1 mA cm™ hold
was performed for 48 h and is shown here. This experiment was
performed using a two-electrode setup, with the counter electrode
used as a pseudo reference electrode.

The CE will evolve hydrogen during the oxidation, acting as a pseudoreference
electrode during the long term oxidation process. This pseudoreference may
experience some drift due to the nature of the two-electrode setup, but most of the
cell potential change will be at the working electrode. There is a large potential
increase observed starting at 80 ks in the chronopotentiometry experiment during
polymer synthesis. This effect is due to bulky polymer chains blocking the electrode
surface. Electrochemical activity is required for polymer synthesis to occur which
indicates that the formation of the polymer occurs at or near the electrode surface.
It also shows that a critical concentration of products must be synthesized before

polymerization occurs given that the potential increase begins at 80 ks.
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3.3.2.5 Polymer Synthesis Mechanism and Structure Proposal

In Fig. 3.4 a likely chemical path is described for the formation of products identified
by HPLC. It is important to understand that these do not make up all compounds
present in solution, especially at high temperatures. There are likely many transient

species in solution that exist only at high temperatures (Fig. 3.12).

OH
Ho._\__oH

_____________________________________________

Figure 3.12: Some likely three carbon transient species in solution.
The compound circled in red is a particularly strong aldol reaction
candidate. This list is not exhaustive

The presence of aldehyde groups in solution in this and similar systems has
been noted in the literature [20, 27, 28, 58]. These groups are known to undergo
aldol reactions under alkaline conditions. An aldol reaction involves the joining of
two compounds, each with a carbonyl group. Here aldehyde groups provide the
reactivity, with the resulting product containing a carbon backbone and retaining a

single aldehyde group (Fig. 3.13).
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Figure 3.13: Aldol reaction mechanism. The resulting product has
a carbon backbone and retains an aldehyde group through which
subsequent aldol reactions can take place.

Other mechanisms considered for the polymerization reactions include
esterifications, conjugate additions, and hemi-acetal formations. Each of these was
found to be unlikely in alkaline solutions, given the constituent compounds present
in solution (Fig. 3.14).
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Figure 3.14: Polymerization reactions considered. Problems with
each mechanism given the current reaction conditions are shown in

red.

Elimination reactions can also be shown to be uncommon given the reaction
conditions and constituent polymer compounds (Fig. 3.15). This makes them unlikely

candidates for polymer synthesis.
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Figure 3.15: Elimination mechanisms considered. Problems with
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Given this analysis a likely polymer synthesis mechanism begins to emerge (Fig.
3.16). This pathway is based on catalyst mediated carbohydrate syntheses found
in the literature [173-175], and subsequent polysaccharide syntheses from various
constituent carbohydrates [176]. The result is a polymer that is similar to a
polysaccharide and appears to be up to 4 um in size.

The large potential increase seen in the chronopotentiometry suggests that the
polymer is formed at the electrode surface, perhaps as a sort of film, before detaching
from the surface so that more may be created. This behavior would describe the noisy
jumps in potential seen in the chronopotentiometry after 80 ks (Fig. 3.11). Aldehyde
species can be found at the electrode surface under these reaction conditions based
on PM-IRRAS studies performed on similar systems, albeit at room temperature
[20, 27, 28]. These are the monomers for the polymerization reaction. The fact
that the potential only begins to increase at approximately 80 ks indicates that some

critical concentration of products is required before polymerization occurs. This is
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likely due to many simultaneous chemical equilibria present in the system, and the

necessary buildup of some specific intermediate compounds in solution.

HO H
Yo 0]
Y= aldehyde or alcohol
H

e
OH

YWO o) WY
Note: When both Y

H groups are alcohols H
these have the

formula CgH1204 E1cb can occur here

[ Further reaction through condensations ]

|

Polymer Product
a "pseudo-polysaccharide”

Figure 3.16: Proposed polymer product synthesis pathway. Given
this mechanism it appears that the polymer product is some variety

of pseudo-polysaccharide.
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3.4 Conclusions

HPLC Analysis was successfully performed on glycerol oxidation products created at
20 °C, 80 °C, and 140 °C. Using standard calibration curves the product selectivity
of the oxidation processes were determined and, combined with the results of similar
experiments in the literature, a likely reaction pathway was determined to describe
the results observed.

The experiment performed at 140 °C resulted in the formation of a polymer.
Analysis using DLS and DSC determined that the polymer likely has a highly
cross-linked structure. Additionally, it appears that the polymer may exist in three
similar but distinct structures, each with their own equilibrium size distribution.
ATR-IR and NMR indicate that the polymer contains many ether bonds and some
small amount of alkenes. No carbonyl groups were detected, ruling out polyester as
a structural candidate. Subsequent analysis of chronopotentiometry results suggest
that the polymer forms as a loose film at the surface of the electrode. A thorough
consideration of oxidation intermediates in solution and the reactions available to
them indicate that the polymer is likely a pseudo-polysaccharide, with the monomer

units being various aldehyde species.
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Chapter 4

A Study of the Phases of Nickel
Oxide as a Function of

Temperature

4.1 Introduction

This chapter explores the different phases of nickel oxide and their interconversion
using various electrochemical techniques including cyclic voltammetry, EIS, and
various potential holds. Performing these techniques at high temperatures allows for
some insights that would otherwise not have been possible to attain. Additionally,
room temperature aging experiments using cyclic voltammetry are successfully
employed in the study of the NiO layer.

Since this work focuses on thin films of nickel oxide and the interconversion
between them at non-standard conditions, the typical techniques used to characterize
oxides were not employed. Techniques such as X-Ray Diffraction are meant for use
on bulk oxide phases and don’t work for thin films. Surface X-Ray Diffraction could
arguably be used, but this would have to be done in-situ during the electrochemical
tests and the development of a high-temperature cell that an accommodate X-Ray
analysis was the scope of this project. Additionally, no information would be
gained from performing these techniques on the electrodes after the electrochemical
experiments as their interesting features would not be retained on cooling.

Unlike Chapter 3 which was focused on product identification and therefore has

experimental conditions that were optimized for product yield, this chapter focuses
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on kinetics. Due to the shift in focus the experimental conditions for this work
are significantly different than the previous chapter to facilitate the collection of
time dependent data. These were not used in the previous chapter as conditions
that facilitate time dependent studies typically do not have a high product yield.
Because the autoclave is a sealed system, time dependent studies of the oxidation
process are impractical using non-electrochemical techniques. Dr Tianyu Li, also
from the Harrington group, performed a room temperature analysis of this system
using a microfluidic electrochemical cell that allowed for simultaneous collection
of Raman spectra alongside electrochemical experiments. The requirements of a
material that is temperature resistant, but also Raman inactive make this experiment
quite difficult at high temperatures. For this reason, this chapter relies on time
dependent electrochemical techniques such as EIS to perform the relevant analyses.

The Bode diagram for nickel oxide phases (Fig. 1.2a) [91] showcases the four
most common oxide phases, how they interconvert, and the existence of intercalated
water in the o« and v phases that make them amorphous. This is a good overall
representation of the nickel oxide system, with the addition of a thin layer of NiO
that appears to sit between the metallic nickel and nickel hydroxide phases.

Due to the ability of nickel oxides to continuously pass current by the mechanisms
described previously (Section 1.2.2) they are not limited to some small number of
monolayers, but can grow to be many hundreds of layers thick [95, 99]. The ability
to intercalate many ions in this way also gives them very high charge densities [113,
177, 178]. Studying the formation of these phases and how they interconvert could

yield industrially relevant results with respect to energy storage devices.

4.2 Experimental

4.2.1 Experimental Setup

The electronic dEIS equipment was setup as in Section 2.3.

Polycrystalline 99.999% nickel wire (Alfa Aesar, Puratronic) was sealed in
heat-shrink teflon tubing for use as WE and CE in a teflon electrochemical cell. A
mercury /mercury oxide reference electrode (Pine Research, RREF0038) was placed

in the cell for use as a RE for initial room temperature experiments, but here are
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reported vs RHE.

Erne = Eng/ago + Efrg g0 +0.059pH

(4.1)
Erbne = Eug/ago +0.906V

High temperature experiments were performed using an RHE as the RE. Current
densities are reported using the ECSA determined by the method described previously
(Section 2.4). The cell was washed by soaking in 80 °C sulfuric acid (Sigma, ACS
Reagent) for minimum 2 hours before being rinsed several times in Milli-Q water.
The electrodes were rinsed in 80 °C sulfuric acid then Milli-Q water.

A solution of 99.99% 0.1 M KOH (Sigma, Semiconductor Grade) was made up
in Milli-Q water and purged with Ar for 10 minutes, with slow continual bubbling
continuing during initial experiments. In the event the autoclave was used, the
autoclave was sealed immediately after the 10 minute Ar purge. Unless otherwise
specified, all dynamic impedance experiments were carried out with a sweep rate
of 5mV st and with frequencies ranging from 1 Hz to 13 kHz. Similarly, all
potentiostatic impedance experiments were performed using frequencies ranging from
0.1 Hz to 100 kHz, taking approximately 3 minutes for acquisition to occur.

While ramping the temperature between experiments CVs were performed from
-0.2 V to 0.45 V at 100 mV s in an attempt to prevent the build-up of any excess
nickel oxide on the electrode surface. This was done to keep the surface consistent

between runs of the experiment.

4.2.2 Impedance Data Validation
4.2.2.1 Kramers-Kronig Test

Because AC potential excitations are being applied and the AC current response is
being measured, systems must be steady-state on the time scale of the measurement
[154]. What follows is a means of testing for this condition.

Valid impedance data has a special property, in that if the real part of the
impedance is known at every frequency the imaginary part of the impedance at any

frequency can be determined and vice versa. The equations that are used to perform
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this feat are called the KK transforms, here shown in the admittance form:

Im(Y (w)) 2w /0°° Re(Y(z)) — Re(Y(w))CM

x2 — (2

2w /°° xIm(Y(x)) — wIm(Y(w))dx

T 2 — w?

(4.2)

Re(Y (w)) = Re(Y (00))

Instead of evaluating these integrals an EC can be fit that obeys Eqs. 4.2. For
this reason the Kramers-Kronig (KK) test was developed [179]. In short the KK test
uses an EC with some large but finite number of time constants and attempts to see
if the data can fit to that. For data validation in this work 7 time constants per
frequency decade were used.

R
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T’l = R1C1

R2C:2

S
I
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£ TTT

RnCn

n

Figure 4.1: The KK test circuit. It contains a large but finite number
of time constants, 7. Here it is shown in the admittance form.

The idea is that any valid data set should be able to be fit by a circuit that has
so many degrees of freedom.
Once the data is fit using the large number of time constants, the residuals can

then be used to check for consistency within our impedance data. A residual plot is
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generated using the relative differences between the data and this new model, plotted

against frequency.

ARe(Y(w)) =

Alm(Y (w)) =

RG(Y (w) )data B RG(Y (CU) )model

Y (W) modei|
Im<Y(w))data - Im(Y(w))WOdel

|Y(w)model ‘

(4.3)

Data that is KK test compliant should have only a noise distribution around the

x-axis of this plot; clear lines around the frequency axis indicate systematic corruption

in the data.
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Figure 4.2: KK test example plots, showing a KK test failure and a

KK test pass.
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A small trend in the magnitude of the errors is sometimes seen (Fig. 4.2), typically

less than 1%, however this is typically a fitting error and does not necessarily indicate
a drift in the system.

4.2.2.2 Polarization Resistance Comparison

After KK testing was performed on the dEIS data, equivalent circuits were identified
for the tested potential range. The impedance for these circuits was then extrapolated

to a frequency of 0 Hz. An example, for a simple circuit is

Z=R,+

1

. 1
ZCUCdl —+ R_ct

Zw=0)=Rs+ Ryt = Ry
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and as is typical, extrapolating to 0 Hz gives a single differential resistance value.
This differential resistance is denoted Rj.
This resistance should coincide with the differential resistance obtained by taking
the reciprocal of the derivative of the corresponding CV, denoted Rpc.
dj 1
i 1 45)
dE  Rpc
By comparing these two estimates of the polarization resistance over the potential
range tested it can be determined whether or not a large enough frequency range was
used to capture all processes present in the system. The precision with which the

values must correlate is poorly defined, and so a qualitative assessment must be made

(Fig. 4.3).
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Figure 4.3: Two example polarization resistance comparisons. (a) is
considered a pass of the differential resistance test here, and (b) is

considered a fail. Here the reciprocals of the polarization resistances
are plotted.

If the two differential resistances do not maintain similar values, or have different

trends (Fig. 4.3a), it is an indication that processes are occurring at unmeasured
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lower frequencies that are not being detected by the impedance experiment.

4.2.3 Electrochemical Impedance Spectrum Fitting

Potentiostatic EIS spectra (pEIS) experiments performed on this system used a 10 mV
rms AC voltage with data collected from 100 kHz to 10 mHz at 10 points per frequency
decade. The resulting spectra for this system were found to be quite complicated.
Initially it was thought that there may have been too much drift in the system for the
data to be valid, but many spectra passed the KK test to the standard set. Several
equivalent circuits (ECs) were then fitted to the data (Fig. 4.4). These circuits
were built by sequentially adding single fitting parameters to a nested Voigt element
circuit. This was repeated until the statistical analysis performed agreed that the
new fitting elements did not comprise a better model for the data (Section 2.3). Due
to the complex nature of the data both AIC [150] and F-Test [180] analyses were

performed to determine the circuit of best fit, and were found to be in agreement.

1 2 3 4
% — — —
- -+ —
% % ]
5 6 7
——— —— 1
— —r ——
H H —
IL 8
Li
/——|_-

Figure 4.4: The eight equivalent circuits fitted to the Ni(OH),
pEIS data. Circuits were built by sequentially adding single fitting
elements to a nested Voigt element circuit.

Based on ECs determined for the pEIS experiments similar ECs were fit to the
dEIS data (Fig. 4.5). Due to the limitations caused by sweeping during an EIS

experiment the frequency range used for this experiment was 13 kHz to 1 Hz, and
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as a result not all processes present were detectable by dEIS. This resulted in fewer
valid ECs for the fitted data.

1 2 3

— —
- -

Figure 4.5: The three equivalent circuits fitted to the Ni(OH),
pEIS data. Circuits were built by sequentially adding single fitting
parameters to a nested Voigt element circuit.

Both dEIS and pEIS spectra were fitted to equivalent circuits using Maple software
developed by the Harrington group [150]. The script uses a non-linear least squares
fitting algorithm, fitting the theoretical expressions of the ECs to the empirically
collected impedance data.

The script also provides an Akaike Information Criterion (AIC) value for each
fit. AIC is a method of comparing different models in order to determine the one
with the best least squares fit without too many parameters. The classic problem in
determining the EC of best fit for impedance data is whether or not adding additional

parameters provides a better fit with any statistical significance. AIC solves this issue.
AIC = —2In L + 2k (4.6)

The likelihood estimator, Z, gets larger given a smaller residual sum of squares. This
makes the first term more negative given a better fit. The value k is the number
of parameters present in the model plus one to accommodate an estimate of the
variance in the fitted parameters, therefore a simpler model makes the second term
more negative. In this way AIC makes a compromise between goodness-of-fit and
model simplicity with the most negative AIC value denoting the EC of best fit. It
should be noted that while AIC values generated by fitting different models to a
single data-set can be compared, they are data-set dependent and so cannot be used
to compare fit quality between different data sets.

In cases where a circuit was determined to be the best fit but a parameter had
a percent standard error larger than 50% the fit was assumed to be erroneous and

the next best fit was chosen. Percent standard error is calculated as % where ¢t is the
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test value determined via a Student t-test at a given confidence level for a specified
number of degrees of freedom. For any value in degrees of freedom over 40, at the
95% confidence level, the ¢ value is approximately 2. From here the standard error is
found to be % = 50%. This indicates that a standard error of less than 50% passes a
student t-test at the 95% confidence interval. This remains true so long as the degrees

of freedom remain larger than 40. These are given by

DOF =2 x number of frequencies — number of fitted parameters (4.7)

4.2.4 AC Voltammetry

By applying an AC potential excitation and observing the current response the
admittance of a system can be measured at a fixed frequency. This is performed by
measuring the impedance (Section 2.3.1) and converting it to admittance. Admittance

is the reciprocal of impedance and is calculated as follows:

Z =Re(Z)+1Im(Z)i

Y =27"1=

(2)
"~ Re(Z) +Im(Z)iRe(Z) — Im(Z)i
_ Re(Z) —Im(Z2)i
"~ Re(Z2)? +1Im(Z)?
B Re(Z) —Im(Z)i
"~ Re(Z)2+1Im(Z)?  Re(Z)2+Im(Z)?
= Re(Y) + Im(Y)i

4.2.5 Electrochemical Reduction of the 3-Ni(OH), Layer

Electropolishing is the preferred method of removing the 3-Ni(OH), layer (Section
2.4), however due to the nature of the high-temperature experiments an in-situ
method of removing the (-Ni(OH), layer was desired. It has been shown that
sufficiently negative potential holds for a long enough duration can reduce 3-Ni(OH),
to metallic nickel [107, 108].

By performing a potential hold at -0.2 V for 600 s followed by a hold at 0 V for
200 s the o-Ni(OH), peak was observable (Fig. 4.6). This peak is smaller than the
peak achieved by electropolishing the same electrode indicating that not all Ni(OH),
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was reduced. However, subsequent tests show that this partial Ni(OH), reduction is
reproducible, making this a viable methodology for studying a-Ni(OH), formation
and its subsequent aging to 3-Ni(OH),. All experiments performed on Ni(OH), were
preceded by this conditioning step.

I +—7—————————————————

1 |— Post Polish
2001 | Post Reduction

~_ 100 -

Jj/ WA cm
o

-300 T T T T T T T T T T T T
-01 00 01 02 03 04 05

Evs RHE/V

Figure 4.6: Comparison of electropolishing and reduction as a
conditioning step for «-Ni(OH); CVs. CVs were acquired by
electropolishing, cycling through the o-Ni(OH)y region, cycling
from 0 V through the NiOOH region until all «-Ni(OH), features
disappeared, performing the potential hold as described in this
section, and finally cycling through the o-Ni(OH), region again.
Sweep rate is 50 mV s'.

4.2.6  Selectively Stabilizing -NiOOH and ~-NiOOH Using
Cyclic Voltammetry

Two separate schemes were developed wherein nickel wire was electropolished and
immersed in 0.5 M KOH. After determining the surface area of the nickel wire (Section
2.4), CVs were run on the nickel wire until the nickel achieved steady state. Omne
conditioning process was performed by cycling from 1.00 V to 1.484 V and the other
cycling from 1.00 V to 1.526 V (Fig. 4.7). These will be called Scheme 1 and Scheme
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2, respectively. The reason these voltage maximums were chosen is that the larger
one incorporates some amount of oxygen evolution, whereas the smaller does not. In

both schemes CVs were run until the electrode achieved a steady state.
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Figure 4.7: CVs for the conditioning cycle of Ni(OH), oxidation to
steady state. While cycling according to Scheme 1 the electrode
achieved steady state in 8.2 h, whereas while cycling according to
Scheme 2 steady state was achieved in 16.2 h. Peaks have been
labelled for easy reference. S1 refers to Scheme 1, and S2 refers to
scheme 2. Whether the peak is an oxidation or reduction, and the

oxide phases involved are noted in the subscript. Sweep rate 5 mV

S-l.
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Based on literature [12, 14, 60, 68, 86, 126-128] Scheme 1 can be shown to
preferentially stabilize v-NiOOH and Scheme 2 can be shown to preferentially stabilize
B-NiOOH.

4.3 Results and Discussion

4.3.1 Electrochemical Impedance Spectroscopy Validation

4.3.1.1 Kramers-Kronig Tests

pEIS was performed at 20 °C, 40 °C, 60 °C, 80 °C, 100 °C, 120 °C, and 140 °C at
both 0.6 V and 1.2 V. Spectra collected contain very exotic features, and while some

of these spectra failed the KK test many passed.
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Figure 4.8: KK test results for pEIS on Ni(OH), performed at 0.6 V
and 120 °C.

Due to the complexity of the pEIS spectra (Fig. 4.9), with many of them fitting
as many as four time constants with statistical significance (Section 4.2.3), they have
been left largely uninterpreted. Their sole purpose in this work is to show that at all
temperatures and potentials tested there are very complex, slow processes occurring
that are detectable by impedance spectroscopy.

The dEIS data passed the KK Test.
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Temp Cireuit Qa R Q2 Ry Cs Q3 R Cy Ry

/ °C e / Qcm?/ 107% cm™ ! / Qcem?/ 107% cm™ 2 / Qem?/ uF em™?/ 1075 cm™ “ / Qem? / uF ecm™? / Q cm?

20 3 2.31 20.1 0.898 1719 19.2 0.931 53726

40 4 1.99 14.9 0.878 669.4 32.2 0.758 12316  260.5 10042

60 4 1.57 16.6 0.867 344.7 42.2 0.747 5647.1  572.1 1827.7

80 8 1.36 10.8 0.932 274.8 55.6 0.766 2577.9 983.2 0.761 696.96 -1823.3 962.30

100 7 1.34 20.3 0.914 201.3 69.8 0.698 3087.6  498.4 861.63 -3643.2 -474.02

120 7 1.34 20.1 0.901 202.9 105 0.614 354.53  6.627 2463.9 -5651.5 647.94

140 8 1.22 42.3  0.800 1077 23.0  0.855 4859.6 126.6  0.954 7363.4 83.57 14444

Table 4.1: 0.6 V pEIS fitting parameters for circuits of best fit on Ni(OH), interconversion. For more
detailed data see Appendix A.1.

Temp Clreuit s Qa R Cs Q2 Ry Cs @3 Rj Cy Ry
/ °C e / Qcem? /1076 em™? i / Qem? /) uF em?/ 107% cm™ e / Qem? /) uF em™ / 107% cm™ “ / Qem? / pF em™? / Q cm?
20 3 2.38 182 0.829 15210 352 0.905 28001

40 6 2.12 187 0.855 27.271 92.2 0.439 1036.2 111.9  0.884 20072

60 ) 1.70 208 0.841 427.71 277 0.819 11012 1199 4929.7

80 8 1.43 77.9 0.868 231.14 129 0.901 233.48 278.3  0.847 5916.3 1269 3335
100 5 1.35 68.4  0.825 185.16 466  0.750 4652.6 3589 3124.1

120 6 1.48 58.8 0.825 320.04 419 0.843 2349.3 2369  0.815 2252.6

140 ) 1.69 185 0.736 917.29 202 3399.1 1310 6366.4

Table 4.2: 1.2 V pEIS fitting parameters for circuits of best fit on Ni(OH), interconversion. For more
detailed data see Appendix A.1.
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4.3.1.2 Polarization Resistance Comparison

Comparing the polarization resistance acquired from both AC and DC techniques
highlights some issues capturing slow processes involved in this system using
dEIS (Fig. 4.10). All plots comparing polarization resistances have a significant
discrepancy between values determined from AC and DC techniques. This indicates
that not all processes present are being detected by the dEIS experiment. Values
determined can still be used to determine some qualitative information about the

system.
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Figure 4.10: Comparison of polarization resistances acquired through
AC and DC techniques at 140 °C on Ni(OH),. The sweep rate was
5mV st

4.3.2 Effects of CV conditioning on Ni(OH), oxidation
4.3.2.1 (3-NiOOH and ~-NiOOH Aging Cyclic Voltammetry Analysis

It was previously explained in Section 1.2 that 3-Ni(OH)s can oxidize to 3-NiOOH,
B-NiOOH can overcharge to v-NiOOH, and v-NiOOH can reduce to either 3-Ni(OH),
or a-Ni(OH),. Additionally, there is a thin layer of NiO that appears to form beneath
the various Ni(OH), and NiOOH phases, next to the nickel metal itself [92, 93]. There
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is some debate in the literature about the actual stoichiometry of the nickel oxide
phases, as well as which phase of NIOOH is more active for oxygen evolution [14, 57,
63, 66, 68, 122, 127-129], but for simplicity of discussion they are acknowledged as
being these discrete phases. This work seeks to develop a method for probing the
potential dependence and oxygen evolution activity of these phases.

Long term conditioning experiments (Section 4.2.6) highlight the existence of the
two phases of NNOOH. Both Schemes initially have a single anodic peak (S1ox o and
S20x,a+) caused by the oxidation of a-Ni(OH), to 7-NiOOH at approximately 1.4
V. As the cycling for each Scheme continues a second peak becomes visible caused by
the formation of 3-NiOOH (Sloxp—p and S20xp—p). In Scheme 1 at 8.2 h, Sloxp—p
appears as a small peak at approximately 1.43 V on top of Slox . In Scheme 2
at 16.2 h a large S20xp_,p peak appears at 1.46 V as S20x o, turns into a small
shoulder to the left of the S2¢4 s peak at 1.43 V.

The cathodic peaks show a similar trend. In Scheme 1 the initial CV has a
single cathodic peak corresponding to the reduction of 7-NiOOH at approximately
1.3 V (Slgedy—a). At 8.2 h a very small peak appears at approximately 1.35 V,
corresponding to the reduction of B-NiOOH (Slgedpp). In Scheme 2 the initial
CV has two cathodic peaks (S2ged,y—«) and (S2greqp—p). By cycling according to
Scheme 2 more (3-NiOOH is stabilized on the electrode surface, agreeing with the
Bode diagram of nickel oxidation (Fig. 1.2a)[91], as well as the rest of the literature
(60, 68, 86, 126].

Correlating the oxidative and reductive peaks can be done by sweeping to various
reversal potentials on the surfaces conditioned by Schemes 1 and 2 (Fig. 4.11).
It is clearly seen that for both Schemes Red,y — « corresponds to Ox, « — 7, as
Red, 3 — [ only appears when sweeping into Ox, 3 — 3 found at approximately 1.4
V.
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conditioned by Scheme 2, focused on the
-NiOOH oxidation peak.

Figure 4.11: CVs for Ni(OH), oxidation after conditioning Schemes
1 and 2, taken to various potentials. The sweep rate was 5 mV s'.
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1.6

Evs RHE/V

Figure 4.12: First 50 CV cycles of Scheme 1 long term conditioning.
The sweep rate was 5 mV s

Of note is that while the oxidation and reduction for the 3—f3 transitions appear
to have a relatively fixed overpotential (Fig. 4.13), the oxidation and reduction of the
« — v transition appear to become more irreversible with more v-NiOOH formed,
based on total charge density (Fig. 4.12). The v — « peaks are marked with asterisks
to denote their non-linear growth (Fig. 4.13). In both Scheme 1 and Scheme 2 these
peaks rapidly grow over the course of approximately 2.8 h, and then begin to become
smaller over time. The decrease in this peak area coincides with an increase in both
the oxidative and reductive 3 — 3 peak areas, indicating that some of the existing
~v-NiOOH is being converted into 3-NiOOH. Asthe v — o peaks decrease in size their
overpotential also decreases. A possible explanation for this is that as more v-NiOOH
is formed it becomes significantly more difficult for the necessary intercalation of ions
to occur in the formation of v~-NiOOH. This would be due to the amorphous nature
of the v-NiOOH phase.
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Figure 4.13: CVs for the conditioning cycle of Ni(OH), oxidation
to steady state showing many cycles. Arrows have been added to

indicate peak transformations over time. The sweep rate was 5 mV

st

The oxidative and reductive 3 — 3 peaks in Figure 4.13 marked with arrows both



90

have a relatively linear and predictable anodic shift with time. This indicates that
the reversible potential of the 3 — 3 transition appears to go higher as conditioning
continues. Setting up the Nernst equation for the cell with the appropriate reactions

shows

NiOOH + H" 4+ e == Ni(OH),

1 (4.9)
— H2 = I’I+ —+ e

2
B RT = Products

nkl . Reactants
BT a(B-Ni(OH)) B

F " a{B-NOOH) - ((Ho) /777
assuming f(Hs) ~ p° and a(f3-Ni(OH)s) ~ a(p-NiOOH). Given that

(4.10)

o

AG° = —nFE° (4.11)

and AG° is dependent on the stoichiometric composition of the solid compounds
involved in the oxidation, this indicates that the stoichiometry of the 3-NiOOH phase
is changing as conditioning continues. Interestingly, the fixed E, for the +-NiOOH
phase indicates that the stoichiometry of the 7-NiOOH phase is relatively consistent.
Given that the v-NiOOH phase is characterized by trapped intercalated ions, this is

intuitive.

4.3.2.2 Oxygen Evolution Activity on 3-NiOOH and ~-NiOOH

In the literature there is some debate as to whether 3-NiOOH or v-NiOOH is more
active with regards to oxygen evolution [63, 66, 68, 122, 127-129]. The two separate

conditioning Schemes discussed here offer a unique insight into this.
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Figure 4.14: Cyclic voltammetry probing oxygen evolution for nickel
electrodes conditioned by Schemes 1 and 2, normalized by NiOOH
charge density. The sweep rate was 5 mV s

Schemes 1 and 2 have been shown to stabilize different phases of nickel
oxyhydroxide. As previously mentioned, when a polycrystalline nickel electrode is
conditioned by Scheme 1 it appears to preferentially stabilize the v-NiOOH phase of
nickel oxyhydroxide. When it is conditioned by Scheme 2 3-NiOOH appears to be
the preferred oxide phase. By performing sweeps into the oxygen evolution region on
these electrodes after conditioning, the phase with higher oxygen evolution activity
can be determined (Fig. 4.14). In order to be able to draw direct comparison
between the effects each conditioning Scheme has on oxygen evolution, the CVs
must be normalized by the charge density of NiOOH formation, onioon. onioon
was determined by using the integrate function in Gamry Echem Analyst and then
normalizing by surface area. No baseline correction was applied. The lower limit of

integration was the onset potential of NIOOH formation, defined here as the potential
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at which the current density first exceeded 40 A cm™. The upper limit of integration
was the potential between the anodic NIOOH peak and oxygen evolution that had the
lowest current density. The reason for this normalization is that NiOOH is a poorly
defined, many layered phase. It is possible that even at steady state more or less
NiOOH can exist on the surface depending on the conditioning Scheme. Based on
these experiments it seems quite clear that the 3-NiOOH phase has a higher oxygen

evolution activity.

4.3.2.3 Sweep Hold Analysis

Sweep-hold protocols can be used to elucidate some mechanistic information for the
oxidation. These experiments are similar to the ones shown in Figure 4.11, however
instead of sweeping back after reaching the reversal potential the potential is held
(Fig 4.15).
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Figure 4.15: Sweep hold experiments for Ni(OH), oxidation after
conditioning Schemes 1 and 2, taken to various potentials. The sweep
rate was 5 mV s
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During the initial stages of both Ox, « — + and Ox, 3 — [3 peaks conditioned by
both Scheme 1 and Scheme 2 an increase in current can be seen after the potential
hold has begun. This is evidence for a Nucleation Growth and Coalescence (NGC)
mechanism [149] for the oxidation of Ni(OH),. It occurs because an NGC mechanism
dictates that NiIOOH starts as a small number of little spheres that gradually grow
throughout the NiOH, layer. At these lower potentials within the peak the spheres
have a small surface area, effectively limiting the rate of the sphere growth by offering
fewer sites for oxidation. The crucial assumption that describes the NGC mechanism
is that the RDS of the reaction is at the surface of the sphere. Therefore as the
potential hold continues the spheres continue to grow, allowing for yet larger current
densities to be passed. Eventually the reaction slows as the spheres merge, all available

sites are taken, and the current decays to some steady state value.

4.3.2.4 NiO Investigation by Cyclic Voltammetry Integration and Sweep
Hold Experiments

In the literature it is observed that the charge density of the NNOOH formation peaks is
larger than the corresponding reductions [56]. By integrating the anodic and cathodic
currents on the whole CV range over the course of the long term oxidation this was
confirmed (Fig. 4.16).
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Figure 4.16: Integration of long term conditioning of Scheme 1 as
a function of cycle number. No baseline correction has been made
to these integrations, with the assumption being that all capacitive
oxidative charge passed in the anodic sweep should be matched by
capacitive reductive charge in the corresponding cathodic sweep.

The commonly accepted method by which Ni(OH), oxidizes into NiOOH is the
potential driven diffusion of protons through the oxide layer [19, 95, 103, 111-113,
115-118, 181-185]:

Ni(OH), == NiOOH + H" + e~ (4.12)

At sufficiently high potentials nickel metal can also oxidize directly to NIOOH [186]:
Ni + 30H =— NiOOH + H,0 + 3¢ (4.13)

The second reaction here allows for the continuous growth of the oxide layer as
hydroxide ions propagate through the oxide layer toward the nickel metal.
~v-NiOOH is a poor oxygen evolution catalyst and is the only significant NIOOH
phase present for the first 50 CV cycles of Scheme 1 conditioning (Fig. 4.12).
Oxidative charge passed with each cycle appears to continuously increase up to this

point (Fig. 4.16). The first traces of 3-NiOOH begin to appear shortly after this (Fig.



96

4.13), coinciding with the decrease in the oxidative charge passed with each cycle. It
appears that as v-NiOOH ages to 3-NiOOH oxygen evolution begins and then the
NiO layer growth accelerates. NiOOH continues to form at the boundary between the
NiO and NiOOH layers, but the steady growth of the NiO phase eventually begins
to inhibit NiOOH growth by reducing the total oxidative current passed during a
sweep. NiO growth continues until the thickness of the resistive NiO layer begins to
significantly slow the processes by which NiO can be formed [93, 96-100].

It is clear from the integrations of the CVs over the course of the Scheme 1
conditioning (Fig. 4.16) that the oxidative charge is larger than the reductive charge
until approximately cycle 275. This excess oxidative charge is largely caused by the
formation of new layers of NIOOH. After cycle 275 a steady state is achieved where
the oxidative and reductive charges equalize. This steady state is likely caused by a
combination of the NiO thickness and the diffusion limitation of H* ions moving into
and out of the oxide layer [182]. At this point nearly all charge being passed goes to
proton diffusion through the Ni(OH),/NiOOH matrix.

The shape of the integration of the reductive charge further validates the model
above. If all the NIOOH formed in an anodic sweep were reduced in each subsequent
cathodic sweep the reductive charge would be expected to grow until steady state
were achieved through H™ diffusion limitation. The actual reductive charge follows a
trend similar to the oxidative charge, with a decrease beginning just after 50 cycles.
This indicates that the factors inhibiting the oxidation processes are equally inhibiting
the reduction processes. The increasing thickness of the highly resistive NiO layer
describes this nicely as this layer is present for both processes due to its stability. Once
the NiO layer is sufficiently thick the current passed through the Ni(OH),/NiOOH
matrix will decrease to a point that some slower processes, such as NiO formation
itself, occur very infrequently.

Further evidence of the NiO phase exists in the long term conditioning CVs for
Schemes 1 and 2. They show an increase in a constant reductive current throughout
the Ni(OH), and NiO region (Fig. 4.13). This is likely caused by the build-up of
the slow-to-reduce NiO phase. By performing some CVs, then a potential hold of 30
min at 0 V, followed immediately by more CVs, some interesting effects are observed
(Fig. 4.17).
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Figure 4.17: CV of Ni(OH),; to NiOOH region before and after a
30 min potential hold at 0 V. The numbered sweeps occur after
the potential hold. This experiment was performed on a sample
conditioned by Scheme 1. The sweep rate was 5 mV s,

The sweep-reduce-sweep experiment shows a typical CV on a nickel surface
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that has achieved steady state by conditioning using Scheme 1. The initial sweep
post-reduction has an anodic shift compared to the steady state CV. Additionally,
this sweep appears to have a mildly delayed S1oy «—~ Oxidation. The initial oxidation
peak appears to belong to Slox g—,p but in the following cathodic sweep both Slgeq p—p
and Slged -« are present. Subsequent sweeps appear to have retained the features
from the long term conditioning process. The most interesting trend here is in the
trend toward steady state after the reduction, with each cycle trending closer toward
the steady state CV.

It appears that during the 30 min potential hold at 0 V much of the NiO layer
was either reduced or converted to Ni(OH),. Without this layer the oxide has a lower
resistance, causing a CV with a constant anodic shift compared to the steady state

CV. Additionally, a thinner layer of NiO would have a larger capacitance [93]

C = ] (4.14)
where C' is the capacitance, A is the NiO surface area, € is the permittivity of
NiO, and d is the thickness of the NiO layer. This would result in a higher
anodic current during sweeping experiments after conversion of NiO to Ni(OH)s,.
The Ni(OH),/NiOOH oxidation region generates free reactive oxygen species in the
Ni(OH),/NiOOH matrix, and the subsequent cathodic sweep appears similar to the
steady state sweep due to the formation of more NiO. With each subsequent sweep
the NiO layer continues to rebuild as more reactive oxygen species are trapped within
the Ni(OH),/NiOOH matrix, moving the system closer to steady state. The process
appears quite fast at first, with the difference between the first and second sweeps
being quite significant. The difference between each subsequent sweep appears smaller
(Fig. 4.17Db).

The shape of the first anodic sweep after the reduction appears significantly
different to the remaining sweeps with the onset of Ni(OH), oxidation shifted to higher
potentials (Fig. 4.17a). The change in onset potential of the first post-reduction
sweep indicates that the 30 min hold at 0 V caused some structural changes to the
oxide layer. The entire Ni(OH), oxidation peak for the first post-reduction sweep
appears as though it were a (3-Ni(OH)y peak and regains the typical competitive
a-Ni(OH)y/B-Ni(OH)y behavior on the subsequent cathodic sweep. This could be
caused by the NiO layers having been converted to a phase similar to 3-Ni(OH),
during the 0 V hold. A thick enough layer of this oxide phase could prevent the
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passing of current during a CV until the potential is reached at which proton diffusion
can occur within it. This would make the entire Ni(OH), CV peak appear as though
it were 3-Ni(OH), as in Figure 4.17a.

The charge density of the entire Ni(OH), oxidation peak on the steady state CV
was determined by integrating all current from 1.380 V until the current became
negative on the cathodic sweep. This was repeated on the first sweep after reduction
after performing a constant horizontal baseline adjustment on this so that the
capacitive region between 1.0 V and 1.2 V aligned with the steady state CV. It
was found that the charge density of the steady state Ni(OH), oxidation peak
was 5.51 mC ecm™? and was 6.84 mC cm™ for the first sweep after reduction. This
likely relates to proton diffusion in the oxide layer as the mechanism of oxidation,
and the issues that creates for utilization of the entire Ni(OH)y/NiOOH matrix
[110-112, 112, 113, 185]. Additionally, with much of the NiO layer converted to
3-Ni(OH), during the potential hold at 0 V, the resistance of the oxide layer would
be much lower. As a result more current would be passed on the first sweep after
reduction. Things would then return to a trend similar to steady state upon the first
cathodic sweep and subsequent reformation of NiO.

The potential hold itself shows an interesting trend as well (Fig. 4.18). There is
an initial large reductive current that decays quite rapidly, followed by a long slow

decay to steady state.
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Figure 4.18: Chronoamperometry for the sweep-reduce-sweep
experiment with exponential decay fits. The potential was held at 0
V for 30 min, however only 1100 seconds are shown here for clarity.

The chronoamperometry curve was fit in OriginPro 2018 using the exponential

decay fitting function and the following equations:
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—t
j=Al exp(— + 0
71
, —t —t
Jj=Alexp (— + A2 exp (—) + 90 (4.15)
71 T2
, —t —t —t
j=Alexp (— + A2 exp (—) + A3 exp <—> + 40
1 T2 T3

The reduced chi-squared values of these fits were then compared using the F-Test
sequentially, with a single decay being compared with two decays and two decays
being compared with three. The requirement for acceptance was passing the F-Test
at the 99% confidence level. This methodology, which has been used in literature
[180], showed that the three time constant decay was an appropriate fit. A fit with
four time constants was tested, but was unable to be fit. Given this, the following

time constants were extracted from the fit:

T = 2.3s
Ty =29.7s (416)
73 =175.4s

Three time constants are found, but due to the variety of oxide phases present on
the nickel surface and their non-stoichiometric nature it is not simple to determine
what causes each time constant. It appears that the same ratio of 3-NiOOH to
v-NiOOH existed on the surface after the second sweep post-reduction. This is
indicated by the fact that the CV trace of the second sweep had the same shape
as the steady state CV. This makes it unlikely that the Ni(OH), was reduced at
all. Other compounds that could be on the electrode at steady state include NiO,
3-NiOOH, ~+-NiOOH, and possibly some trapped oxygen species in the NiOOH
matrix. It is unclear which time constants belong to which compounds, however
both phases of NIOOH and any trapped oxygen species would be expected to get
reduced quite quickly. The layer of NiO is then likely described by the 175 s time
constant. It is also possible that the large time constant is describing some issue with
NiOOH discharge caused by proton diffusion through the Ni(OH),/NiOOH matrix
[110-112, 112, 113, 185]. Note that while a time constant for double-layer charging
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may be expected here, 2.3 s is far too large a time constant for double layer charging

as this is typically on the order of microseconds.

4.3.3 Determination of the source of the E, shift of Ni(OH),

oxidation as a function of temperature

Cyclic voltammetry studies were performed on Ni(OH), oxidation at various
temperatures. For this study the working electrode was a piece of nickel wire allowed
to sit in open air for many days. This allowed the formation of an air stabilized
Ni(OH), layer. This results in a Ni(OH), to NIOOH oxidation peak that is very
sharp and appears to be of one relatively consistent phase. Initial studies showed a
significant decrease in the reversible potential, E,, of the oxidation of 3-Ni(OH), as
temperatures increased (Fig. 4.19). This effect has been documented previously in
the literature [56, 146].
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Figure 4.19: CVs for oxidation of B-Ni(OH), as a function of
temperature. The sweep rate was 50 mV st

The E, of each 3-Ni(OH), oxidation CV can be determined by a variety of different
methods. The open circuit potential of the electrode could be measured, however this

requires a sacrifice of potential control and so was avoided. Additionally, it is difficult
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to know whether or not the open circuit potential is stable and therefore a true
reversible potential. The average of the anodic and cathodic peak potentials could be
taken, however as discussed previously the oxide phases change in composition over
time which can result in a substantial shift of the peak potentials while leaving the
onset potentials relatively untouched. The Tafel regions of the anodic and cathodic
peaks could be extrapolated to the x-axis and the point between their x-intercepts
chosen. This method seems reasonable, however programmatically it is quite complex.
Additionally, since the objective of the E, measurements is to compare their shift as
a function of temperature a high degree of accuracy is unnecessary so long as the
method is self consistent. Any self consistent method should result in the observation
of the same shift in F,. For this reason the F, of each 3-Ni(OH), oxidation CV was
determined by adding the anodic and cathodic currents at each potential and selecting
the potential between the anodic and cathodic peaks for which this sum is closest to
0. This resulted in a simple and robust means of consistently determining FE,. FE,
can then be plotted against temperature (Fig. 4.20). This shows that the the FE, of
each CV was decreased by approximately -1.14 mV K-!. While not quantified in the
literature, similar effects have been observed in lower temperature studies [56, 146].
It is difficult to estimate the effect from the literature studies without numerical
data, however Alsabet et al. appear to observe a shift of about —1.25mV K and
Macdonald et al. appear to see a shift of about —0.8mV K-!.
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Figure 4.20: E, of 3-Ni(OH), oxidation as a function of temperature.
The formula for the line is FE, = 1.418 £ 0.006 V — 1.14 £
0.09 mV °C~! x T with R? = 0.98. This was determined using CVs
collected at 50 mVs.

Ideally the source of the 1.14 mV K~! change in reversible potential should be
determined thermodynamically. If the half reactions that describe the B-Ni(OH),
oxidation are laid out vs the RHE reaction, with the reference reaction as an

oxidation and the reaction of interest as a reduction (by convention),

f—NiOOH + H,O + e == —Ni(OH), + OH"
1 (4.17)
§H2+ OH = HQO +e
and used alongside the Nernst equation:
1
—NiOOH + 3 H, == B—Ni(OH),
RT _ Products
Y o M .
E=& nk t Reactants (4.18)
_RT a(B-Ni(OH),)

E.=FE° In

F " a(B-NiOOH) - (f(Hz)/p°)"/?
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where FE, is the reversible cell potential, E° is the standard cell potential, R is
the universal gas constant, 7" is the absolute temperature, n = 1 is the number
of electrons involved in the reaction, F' is Faraday’s constant, a(B-Ni(OH),) is the
activity of -Ni(OH)s, a(B-NiOOH) is the activity of 3-NiOOH, f(H;) is the fugacity
of hydrogen gas at the reference electrode, and p° is the standard state pressure.

B-Ni(OH), and B-NiOOH are solids, so their activities can be approximated as
1 to simplify things. p° is a constant equal to 1 bar required in order to make the
value inside the logarithm a dimensionless quantity. Fugacity can be separated into
the fugacity coefficient, v, and the partial pressure of hydrogen gas p(H,).

T H
B = oy BT, PH)
2F Pp°

(4.19)

This highlights the factors that might affect the reversible cell potential E, as
temperature changes. There appear to be three things that can change the cell
potential: the standard cell potential E°; the fugacity coefficient v, and hydrogen
partial pressure p(Hy). Here the effect each component has will be explored as a
function of temperature.

Fugacity, 7, departs from 1 when the hydrogen molecules interact with themselves
or other molecules they are contained with, decreasing for attractions. In this scenario,
as the water in the solution below the hydrogen heats up, the vapor pressure of the
water will increase. As the partial pressure of water vapor in the hydrogen bubble
slowly increases the fugacity of the hydrogen will fall below 1, causing the fugacity
term in equation 4.19 to become negative. This means that the fugacity contributes
towards the 1.14 mV K™ drop discussed initially. Considering the magnitude of the
shift, however, the fugacity coefficient would have to be unrealistically small in order
to mhave a significant effect. For example, if the fugacity coefficient were a very
extreme 0.5 the total shift would be only -0.03 mV K. The potential shift must be
coming from another source.

The hydrogen partial pressure, p(Hs), is not expected to change much throughout
the experiment. Due to the autoclave being self-pressurized the partial pressure
of hydrogen remained relatively constant at temperatures lower than approximately
100 °C. At higher temperatures, as hydrogen is dissolved the bubble decreases in
volume but not pressure. Overall the potential shift caused by any change in the
partial pressure of hydrogen is negligible as long as temperature is ramped slowly

enough to prevent significant temperature gradients [1].
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The effect that £° has on FE), can be determined using the following:

AG°® = —nFE°

n=1

OAG® OE°
() —e(22) am
p p
OE°\ _ —1[9AG°
or |  F oT
p p

Where AG® is the change in the standard Gibbs’ free energy of the reaction. Now

using the relationships

dG=Vdp—SdT

oG oG
dG = | — dp+ | == | dT
<0p>T <8T> (4.21)
p

oG oG
(o) = (&),
p T

where G is Gibbs’ free energy, V' is volume, S is entropy, and p is pressure. If equation

4.21 is combined with the result from equation 4.20 it is follows that
OE°\  —1[0AG°\ AS° 199
or ) F\ or ) F (422)
p p

This shows that the change in E° with respect to temperature can be determined

as long as the AS° of the reaction remains relatively constant over the temperature

range. This value is easy to calculate using table values.

Compound  Standard Molar Entropy S° / J mol'K!

B-Ni(OH), 88
B-NiOOH 66.98
H, 130.680

Table 4.3: S° values for the oxidation of 3-Ni(OH), [187, 188]
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Using these values shows
AS° = —44J mol* K! (4.23)

and therefore the change in E° as a function of potential per unit temperature given

equation 4.22.

dE°  AS°
dT  F

= —0.46mV K (4.24)

This does not match the empirically seen value of -1.14 mV K.
The change in the S° of hydrogen as a function of temperature has been neglected.
In order to rule it out as a major factor in the AS® of the reaction some calculations

are done using the following data:

Temperature / K Hydrogen Gas Standard Molar Entropy S° / J mol*K™!
298.15 130.680
400 131.818

Table 4.4: S° values for Hy as a function of temperature [187].

Now with the data from tables 4.3 and 4.4, along with equation 4.22 the following

is shown

E'O
at 298.15 K :d = —0.46mV K
I’ (4.25)
dE” 46mV K™ |
t 400 K : = —0. )
at 400 IT 0.46 m

This shows that the effect due to the increase in the entropy of hydrogen as a function
of temperature is not a significant enough result to create the effect seen in E° by
itself.

A likely reason for this difference in AS°F~! value is that the oxidation process is
more complex than the discrete phases often mentioned in literature. Recent Pourbaix
diagrams of the aqueous nickel system published in literature [189] suggest that the
regime in which this work was performed exists at a confluence of a variety of nickel
oxide phases. In order to account for this all, likely possible phases in the Pourbaix
diagram are considered for analysis. Additionally, two proposed non-stoichiometric
oxidations found in the literature [14, 57] are considered (Table 4.5).
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Possible Oxidation Processes ASFE,
/mVK!/V
NiO + OH == NiOOH + e -0.25 1.31
3NiO + 20H = Ni304 + Hy,O + 2¢" -0.94 0.82
2NiO + 20H == NiyO3 + H,O + 2e" -3.0 0.98
NiO + 20H == NiOy + H,O + 2¢ -1.2 1.21
Ni(OH), + OH == NiOOH + H,O + e -0.46  1.30
3Ni(OH); + 20H == Ni3O, + 4H,0 + 2e -1.56  0.81
2Ni(OH), + 20H == NiyO3 + 3H,0 + 2¢ -3.38  0.97
Ni(OH), + 20H == NiO; + 2H,0 + 2e" -1.41  1.20
0.25 NiIOOH -0.75 Ni(OH), == 0.75NiOOH-0.25Ni(OH), -0.23 142

-0.25 H,O + -0.22H,0-0.025 KOH ads +

0.025 K™ + 0.525 OH 0.53H,0 + 0.5¢
2[Ni(OH),-1.28 H,O] + == 2NiOOH-0.14 KOH ads + -0.92  1.30
0.14 K* + 2.14 OH 4.56 H,O + 2e

Table 4.5: Possible oxidation processes involved in the NiOOH
oxidation peak. All values in the table were determined from
the thermodynamic data listed in Table 4.6 using equations 4.22
and 4.20. While these processes are shown as oxidations the
values were calculated with them set as reductions (by convention)
balanced against the RHE reaction (Eq. 4.17) as an oxidation. The
non-stoichiometric reactions are directly from the literature [14, 57].
Note that while these do contain K* ions where this work used
Na't, the thermodynamic behavior seen in either system is nearly
indistinguishable suggesting they either behave very similarly or have
very little effect.
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Compound  S° / Jmol"K™'  AG5 / kJ mol™"  Reference

NiO 37.99 -211.10 [190]
Ni(OH), 88 -447.2 [187]
Ni(OH)s -133 -586.5 [190]
NiOOH 66.98 -321.7 [188]
NigO, 143.6¢ 7117 [191] [192]
NiyOsg 301.3¢ -469.83 [187] [192]
NiO, 93.2¢ -215.1 [193] [110]
H,0 70.0 -237.1 [187]
KOH 91.6 -440.50 [194]
OH -10.75 -157.244 [194]
K* 102.5 -283.27 [194]

Table 4.6: Thermodynamic data for the nickel-water system from
literature.

“: Calculated using the AG} and AH} from the references listed to
get AS?. From there S° was calculated using the definition of the
formation reaction. Eg. S%(H,0,298.15K) = S°(H,0, 298.15K) —
S5°(Ha, 298.15K) — S°(2 O,,298.15K)

The data in table 4.5 appears to indicate that the reactions

NiO + 20H == NiOy + H,O + 2¢"

(4.26)
Ni(OH), + 20H == NiO, + 2H,0 + 2¢

could describe the experimental results, however the available thermodynamic data
for the nickel-water system (Table 4.6) is insufficient to conclude that. The available
sources neglect to take into account the various phases and stoichiometries that many
of the nickel oxides have been shown to exist in [12-15, 57|, and many sources have
conflicting data. Table 4.6 represents the most reliable data, however some of these
values had to be estimated from other available thermodynamic values. Given the
unreliable nature of the current thermodynamic literature on the nickel-water system,
it is likely that many of these reactions could describe the collected data to within a

reasonable error.
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4.3.4 Ni(OH), Formation at High Temperatures
4.3.4.1 «-Ni(OH); to 3-Ni(OH); Aging Mechanism

There are two mechanisms by which «-Ni(OH), can age to B-Ni(OH)s at room
temperature. The first is a dissolution, nucleation, and growth process [104, 195-199].
However, 3-Ni(OH), does not readily dissolve. The other is through a solid state
transition by oxidation from «-Ni(OH)y to 7-Ni(OH)y, followed by a transition
through a poorly crystalline (3-NiOOH phase resulting in properly crystalline
B-NiOOH, and finally the reduction to -Ni(OH)y [177, 200-202]. This pathway
is unavailable at potentials where NiOOH is not formed.

It can be shown that a reduction peak corresponding to the reduction of 7-NiOOH
to a-Ni(OH),, as determined by literature [12, 14, 60, 68, 86, 126—128], can be present
on a nickel electrode while no features are present in the a-Ni(OH), region (Fig. 4.21).
This is because while the uppermost layer of «-Ni(OH), has been allowed to dissolve
and precipitate back into the 3-Ni(OH), state, the deeper layers of a-Ni(OH), are
not at the solution interface and so cannot undergo this transition easily. The result
is that some of the outermost layers of Ni(OH), are in the 3-Ni(OH), state after
cycling. This in turn indicates that the features seen at room temperature between 0
V and 0.45 V attributed to a-Ni(OH); only represent a-Ni(OH); at the oxide/solution

interface.
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Figure 4.21: CV showing a reduction from ~ to &« with no activity in
the o region. Very little conditioning is required to see this. It can
be obtained by performing a CV through the NiOOH region, then
sweeping down to the « region. The sweep rate was 100 mV s

4.3.4.2 AC and DC Voltammetry Analysis

The high temperature study of the region in which Ni(OH), forms was performed
in one continuous 71 hour experiment. This was done in an attempt to minimize
variation between electrochemical experiments. The CVs shown here were collected
simultaneously with the dEIS data. dEIS and AC voltammetry data for 20 °C, 100
°C, 120 °C, and 140 °C were collected.

The CVs collected for this experiment show very interesting features (Fig. 4.22).
It was previously discussed (Section 2.4) that allowing the electrode potential to go
beyond the a-Ni(OH), region, above 0.5 V, would cause the a-Ni(OH), features to
be lost on any subsequent test. This is not true for sweeps performed at temperatures
100 °C and above.
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Figure 4.22: CVs for Ni(OH), formation as a function of
temperature. Sweeps were performed from 0 V to 1.2 V then back
down to -0.1 V, with the exception of the 20 °C sweep that was
performed from 0 V to 0.9 V then back down to -0.1 V. The sweep
rate was 5 mV sl

This behavior is confirmed in the AC voltammetry (Fig. 4.23), with increased
admittance in both the imaginary and real components seen on the cathodic sweep
starting between 0.4 V and 0.6 V for the experiments run at temperatures higher than
100 °C. This increase in admittance is not seen for the 20 °C trial. The only other
noteworthy feature in the admittance plots is an increase in both real and imaginary
components of the admittance. This starts at approximately 0.85 V on the 140 °C
experiment and at 1.1 V on the 100 °C and 120 °C experiments.
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Figure 4.23: Admittance plots for Ni(OH), formation as a function
of temperature. Sweeps were performed from 0 V to 1.2 V then
back down to -0.1 V, with the exception of the 20 °C sweep that was
performed from from 0 V to 0.9 V then back down to -0.1 V. The
sweep rate was 5 mV s1. Data for 100 Hz is shown.

Some cathodic current is seen below 0.8 V on the CVs performed at temperatures
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100 °C and above. This is caused by oxygen reduction occurring on the Ni(OH),
surface [203, 204], as Ni(OH), appears to be a reasonably efficient oxygen reduction
catalyst with an onset potential around 0.8 V. Due to the long term experiment
and single reaction vessel it appears that oxygen has been evolved at the counter
electrode, dissolved in solution, and eventually made its way to be reduced at the
working electrode. Interestingly, this indicates that the dominant oxide phase at the
oxide/solution interface is NIOOH above this potential as this is still well below the
oxygen reduction potential [205] and NiOOH does not appear to reduce oxygen gas
[206]. Tt is possible that some amount of NIOOH can form at the topmost layer
while the oxidation of other layers is inhibited by slow proton diffusion [110-113, 207]
until higher potentials. Cathodic current for oxygen evolution is not seen at 140 °C
likely due to the fact that the solubility of oxygen in aqueous solution decreases with
temperature [187].

The fact that « features are visible between 0 V and 0.45 V at temperatures 100
°C and over indicates the 3-Ni(OH), phase is not crystallizing on the surface after
the dissolution of o-Ni(OH),. It is possible that no recrystallization is occurring
at all, but it is more likely that at these temperatures the recrystallization simply
yields more «-Ni(OH),. This allows a-Ni(OH), to remain the oxide phase at the

oxide/solution interface resulting in the appearance of these features.

4.3.4.3 Electrochemical Impedance Spectroscopy Analysis

Fitting the impedance data collected using the method described previously (Section
4.2.3) resulted in complex data. Polarization resistances collected by dEIS were found
to be consistently lower than those determined via the DC method (Section 4.3.1.2).
This indicates that not all processes occurring on the electrode surface were detected
by the dEIS experiment, and indeed by performing pEIS to much lower frequencies it
appears that much more can be seen. Note that these two methods are not necessarily
directly comparable, as pEIS data applies to the steady state condition and dEIS
data applies to the slow sweep condition. Unfortunately due to the limitations of

dEIS lower frequencies are not accessible.
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Figure 4.24: Nyquist plots for raw data of dEIS and pEIS at 0.6 V
and 100 °C. dEIS was collected with a sweep rate of 5 mV s!.

The statistical methods used to determine the circuit of best fit indicated that
circuit 3 was the best fit for many dEIS spectra (Fig. 4.5). When plotting the data
from these fits, however, the results for the second time constant were very chaotic.
This is likely due to a high degree of fitting error which can happen when frequencies
probed are not low enough to capture a slow process accurately. In place of this,
dEIS spectra that fit circuit 3 were analysed using circuit 2 (Fig. 4.25). The removal
of one fitting parameter appears to simplify the fitting allowing for the emergence of
trends to appear in the resulting fits. These trends may not be very quantitative,
however for qualitative comparisons they should perform adequately. Some wiring
artifacts appear above 4400 Hz in the 140 °C experiment so fitting was performed
only on frequencies below that. Finally, viable fits were unable to be determined at
potentials above 0.5 V for the 20 °C experiment, because at room temperature this
potential region is where the top layer of a-Ni(OH)y ages into 3-Ni(OH), inhibiting

further reactions.
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Figure 4.25: Circuits successfully fit to Ni(OH), impedance data.

From the fits several values were determined. The effective double layer
capacitance, Cg sy was determined from CPE fitting parameters using the Brug
formula [208, 209]:

11—«

of RRyu \ "
Caleff = Qw (ﬁ) (4.27)

where () is the CPE coefficient, « is the CPE exponent, R, is the solution resistance,
and R is the charge transfer resistance.

System time constants for the two-time-constant circuit were determined by
converting the impedance formula for the circuit into its corresponding admittance
form, which is the transfer function for a potential controlled experiment (Section

2.3.2.5). The time constants were determined to be:

2 RQ Rct Rs CQ C’dl
T =
T1,denominator
2Ry Rt R, CoCan (4.28)
Ty =

T2,denominator

where
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T1,denominator — — RQ Rct 02 - RQ Rs CQ - R2 Rs Cdl - Rct Rs C'dl

RIR%C2 + 2R3R,R,C2 — 2R2RR,CoCy + RER?C2
+ | +2RIR*Co0y + RAR2CE, — 2Ry RER,C5Cy,
\ — 2Ry R4 R2CyCy + 2Ry Ry R2CS, + RE,R2CH,

(4.29)
T2,denominator — R2Rct02 + R2R302 + RQRstl + RctRstl

R3R%C3 + 2R3 R R,C2 — 2R2R 4 R,CoCa + RIR2CS
+ + 2R§R§Cngl + RgR?Cgl — QRQRZtRSCQCdl
\ — 2Ry RuR2CyCa + 2Ry Ry R2CY + R, R2CY,

These values are clearly very complicated, and it is not clear how they describe
the kinetics of the system measured. They do measure the rate of some processes
happening on the electrode surface, however, and can be used to probe for processes
as a function of potential as well as their relative rates.

Capacitance plots highlight that the dEIS data exists in two separate regimes
(Figs. 4.26 and 4.27). By looking at plots of oxidative charge density from
chronoamperometry experiments as a function of potential and temperature this is
highlighted further (Fig. 4.28). The chronoamperometry data shows negative charge
densities at potentials more negative than 0.8 V. The magnitudes of these charge
densities is too large to be a process restricted to the electrode surface. They also
appear to have exponential behavior as a function of potential. Finally, the steady
state currents of the chronoamperometry experiments are all quite small. The largest
steady state current, the one for 120 °C at 0.2 V, was -45 pA.

The logical conclusion is that this negative current is caused by the reduction
of species in solution, and given the experimental setup this species is likely oxygen
gas produced at the counter electrode. No reductive charge is seen for the 140 °C
experiments. For this reason the 100 °C and 120 °C dEIS data should not be compared
to the other dEIS trials, however comparison between 20 °C and 140 °C is acceptable.
As no oxygen reduction appears to occur above 0.8 V, data at all temperatures can

be compared in this potential region.
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Figure 4.28: Charge density of Ni(OH), formation as a function of
potential and temperature. Holds are all 1000 s long, and preceded
by a long reductive step as described previously (Section 4.2.5) No
baseline correction has been made.

The plots of 7, % on the forward sweep (Fig. 4.29a) clearly show o-Ni(OH),
formation between 0.1 V and 0.5 V at all temperatures. The data indicates that
the formation is dramatically slower at room temperature. Also shown is an increase
after 0.8 V. This is further evidence of some transformation of the 3-Ni(OH), layer
occurring in this region.

The 7, ! reverse sweep (Fig. 4.29b) shows that the room temperature experiment
has a relatively fast process occurring between 0.6 V and 0.3 V, relative to the data
collected at other temperatures. It is also seen in the reverse sweep for 7, '. This is
associated with the 3-Ni(OH), being the oxide phase at the surface of the electrode

on the room temperature run.
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Figure 4.30: 7, ' from Ni(OH), dEIS data. The sweep rate was 5
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Ignoring the experiments at 100 °C and 120 °C due to the oxygen in solution,
the comparison of 20 °C and 140 °C lends further confirmation to the presence of
a-Ni(OH)s on the oxide surface at high temperatures. The resistance values are high
at room temperature (Fig. 4.31) compared to 140 °C, which would contribute to an

increased time constant. This indicates that the low time constant measured must



be largely an effect of capacitance.
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By comparing the capacitance values for the reverse sweep at these two
temperatures it is observed that while Cy; is comparable between the two experiments
(5 is much smaller at 20 °C (Fig. 4.32). This is likely due to the nature of 3-Ni(OH),
as a well ordered crystalline structure, and its presence on the oxide surface at 20
°C. The amorphous and highly intercalated o-Ni(OH)s being on the oxide surface is
then responsible for the drastically increased capacitance seen at 140 °C. The high
capacitance at 140 °C on the reverse sweep is then responsible for increasing the

corresponding time constants, making the process at 20 °C faster in comparison.
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4.4 Conclusions

Using cyclic voltammetry a methodology was developed whereby (3-NiOOH and
v-NiOOH could be preferentially stabilized on the nickel electrode surface. This
allowed for the direct comparison of the activity of 3-NiOOH and ~+-NiOOH in
oxygen evolution. The conditioning CVs were also used to investigate the NiIOOH
development process by analysing the charge density of each cycle.

Thermodynamic analysis was performed to determine the source of the potential
shift in E, for NIOOH as a function of temperature. This culminated in a comparison
of various oxidation processes that could be responsible for the peak and how they
should function as temperature increases. The state of the thermodynamic literature
available for nickel and its various oxide phases is insufficient to conclusively indicate
a particular reaction as responsible for the data observed. However, based on data

available the following reactions appear most likely:

NlO + 20H7 = N102 + HQO + 287

(4.30)
Ni(OH), + 20H == NiO, + 2H,0 + 2¢

CV and EIS were used to analyse the conversion of a-Ni(OH), to B-Ni(OH),
as a function of temperature. The results indicate that the aging of a-Ni(OH), to
B-Ni(OH), on the oxide surface does not occur at temperatures 100 °C and above. At
room temperature this process occurs through a dissolution, nucleation, and growth
process [104, 195-199]. At high temperatures it is likely that the recrystallization

process simply returns o-Ni(OH), to the surface.
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Chapter 5

Glycerol Oxidation on Nickel,
Mechanistic and Activity Analysis

as a Function of Temperature

5.1 Introduction

In this chapter electrochemical methods are used to explore kinetic and mechanistic
effects of temperature on alkaline glycerol oxidation at nickel electrodes. Cyclic
voltammetry is used to compare glycerol oxidation activities on air stabilized
B-NiOOH as a function of temperature. A mechanistic analysis of glycerol oxidation
on v-NiOOH is also performed using Tafel analysis and EIS. This study results in
the aging of the v-NiOOH layer to 3-NiOOH, highlighting some interesting glycerol
adsorption behavior.

NiOOH is the active oxide phase for glycerol oxidation on nickel electrodes [59-68].
Glyceraldehyde has been shown to be one of the major electrochemical products of
glycerol oxidation detectable at the oxide surface [20, 27, 28, 58]. Due to the alkaline
solution in which these experiments are performed, immediate product speciation is
expected through subsequent chemical reactions [10, 69, 70].

Since NiOOH is required on the oxide surface before glycerol oxidation can
occur [14, 15, 56, 57] high potentials are required to initiate the process despite
glycerol having a relatively low standard potential. The standard potential of glycerol

oxidation can be determined with the following balanced reactions with the reaction
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of interest as a reduction, by convention,

C3H603 + 2 HQO + 2e = C3H803 + 2 OH7
1 - - (5.1)
5 HQ + OH S HQO + e
to get
C3H603 + H2 = C3H803 (52)

and using the Joback method [210]:

B = i?F
n=2
AG,, =AGS CoHO5 — AGS Hy — AGS C3HO4
AGS C3HgO5 = — 401.22kJ mol”! (5:3)

AG5 C3HgO3 = — 438.52kJ mol™!
AGS Hy=0kJ mol™?
E°=0.193 V

The process of converting Ni(OH), to NiIOOH relies on proton diffusion out of the
oxide alongside simultaneous propagation of OH ions into the oxide through galleries
within the oxide structure (Fig. 1.3) [19, 93, 115]. Note that while the propagation
of OH is not shown in every figure it occurs at all potentials for which oxidation is
occurring. This is necessary to complete the electrochemical circuit.

Mechanistic studies of the oxidation of organics on nickel have been performed
previously [21, 22, 79] with some mechanisms having been proposed. These
mechanisms are for the general oxidation of organics, and do not pertain specifically

to glycerol.
Fleischmann Mechanism [21, 22]

Ni(OH), + OH — NiOOH + H,0 + ¢

(5.4)
2 NiOOH + RCH,0H —2P5- 9Ni(OH), + RCHO

Casella Scheme 1 (CS1) [79]
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Ni(OH), + OH — NiOOH + H,0 + ¢
Ni(OH), + RCH,0OH — Ni(OH),(RCH,OH)(ads)
Ni(OH),(RCH,OH)(ads) + NiOOH —= Ni(OH),(RCH,0)(ads) + Ni(OH), (5.5)
Ni(OH),(RCH,0)(ads) + NiOOH —= Ni(OH),(RCHO)(ads) + Ni(OH),
Ni(OH),(RCHO)(ads) — Ni(OH), + RCHO

Casella Scheme 2 (CS2) [79]

Ni(OH), + OH — NiOOH + H,0 + ¢
NiOOH + RCH,OH — NiOOH(RCH,OH)(ads)
NiOOH(RCH,OH)(ads) + NiOOH — NiOOH(RCH,0)(ads) + Ni(OH), (5.6)
NiOOH(RCH,0)(ads) + NiOOH —= NiOOH(RCHO)(ads) + Ni(OH),
NiOOH(RCHO)(ads) — NiOOH + RCHO

Note that these mechanisms all involve the chemical reduction of NiOOH
to Ni(OH), as the means of oxidizing organic species on the oxide surface.
Additionally, the Fleischmann mechanism explicitly suggests that there are no

adsorbed intermediates involved in the oxidation of organics.

5.2 Experimental

5.2.1 Experimental Setup

The electronic dEIS equipment was setup as in Section 2.3.

Polycrystalline 99.999% nickel wire (Alfa Aesar, Puratronic) was sealed in
heat-shrink teflon tubing for use as WE and CE in a teflon electrochemical cell.
Experiments were performed using an RHE as the RE. Current densities are reported
using the ECSA determined by the method described previously (Section 2.4). The
cell was washed by soaking in 80 °C sulfuric acid (Sigma, ACS Reagent) for a minimum
of 2 hours before being rinsed several times in Milli-Q water. The electrodes were
rinsed in 80 °C sulfuric acid then Milli-Q water.

The glycerol oxidation CV peak has a tendency to blend in with the oxygen
evolution reaction when using a nickel oxide electrode. This is caused by preferential
stabilization of 3-NiOOH on the surface, and can be exacerbated by the presence
of Fe contaminants in solution [68, 126, 211-215]. By electropolishing immediately

before addition of glycerol to solution, and selecting chemicals with assays proving
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they are Fe-free the stabilization of 3-NiOOH on the surface can be prevented. By
doing this 7-NiOOH becomes the active Ni species on the surface for potentials at
which glycerol oxidation occurs, and the glycerol oxidation peak can be seen.

A solution of 99.99% 0.5 M KOH (Sigma, Semiconductor Grade) and 0.2 M
glycerol (Anachemia, ACS Grade) was made up in Milli-Q water and purged with Ar
for 10 minutes, with slow continual bubbling continuing during initial experiments.
In the event the autoclave was used, the autoclave was sealed immediately after the
10 minute Ar purge. Unless otherwise specified, all dynamic impedance experiments
were carried out with a sweep rate of 5mV s and frequencies ranging from 1 Hz to
13 kHz. Similarly, all potentiostatic impedance experiments were performed using
frequencies ranging from 0.1 Hz to 100 kHz, taking approximately 3 minutes for
acquisition to occur.

While ramping the temperature between experiments the potential was held at
0.9 V in an attempt to prevent the build-up of any excess nickel oxide on the electrode
surface. This was done to keep the surface consistent between runs of the experiment.

Gas product analysis and ring disc electrode experiments were considered, however
they were deemed to be impractical due to the necessity of the autoclave to
achieve experimental conditions. Gas product analysis would require some means
of separating gas phase products from water vapor, and subsequently returning the
water vapor to the reaction vessel without significantly affecting the temperature.
A ring disc electrode not used as it was determined glycerol would poison the ring,

rendering the method unusable.

5.2.2 Impedance Data Validation
5.2.2.1 Kramers-Kronig Test

Because AC potential excitations are being applied and the AC current response is
being measured, systems must be steady-state on the time scale of the measurement
[154]. The method used for determining whether or not acquired data is valid with

respect to this condition was described previously (Section 4.2.2).

5.2.2.2 Polarization Resistance Comparison

The polarization resistances determined by AC experiments were compared with the

values determined by DC experiments. This was done using the method described
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previously (Section 4.3).

5.2.3 Electrochemical Impedance Spectrum Fitting

EIS spectra were fitted to equivalent circuits using Maple software developed by the
Harrington group [150]. The script uses a non-linear least squares fitting algorithm,
fitting the theoretical expressions of the ECs to the empirically collected impedance

data. All spectra were fitted to four separate circuits:

i
L

m _—

= W
W
R C L L’

Figure 5.1: The four equivalent circuits tested. Circuit R contains
one time constant, whereas circuits C and L contain two time
constants. L’ is a variant of L that was tested because the central
resistor in L was found to have very large values at times.

The script also provides an Akaike Information Criterion (AIC) value for each fit,

whose significance was described previously (Section 4.2.3).

5.2.4 AC Voltammetry

By applying an AC potential excitation and observing the current response the
admittance of a system can be measured at a fixed frequency. This is performed by
measuring the impedance (Section 2.3.1) and converting it to admittance. Admittance
is the reciprocal of impedance and its calculation was discussed previously (Section
4.2.4).

5.2.5 High Temperature Experiment Order

Due to the nature of the growth for the different nickel oxide phases high temperature
experiments were performed using two separate schemes for the glycerol oxidation
mechanistic analysis. High Temperature Scheme 1 (HT'S1) involved ramping the cell
temperature in a simple temperature order: 20 °C, 40 °C, 60 °C, 80 °C, 110 °C. High
Temperature Scheme 2 (HTS2) involved a more complex temperature order: 20 °C,

60 °C, 110 °C, 80 °C, 40 °C.
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This was done in an attempt to deconvolute the effects caused by temperature

from the effects caused by the duration of oxidation.

5.3 Results and Discussion

5.3.1 Electrochemical Impedance Spectroscopy Validation
5.3.1.1 Kramers-Kronig Tests

Initial impedance testing of glycerol oxidation on nickel was done using potentiostatic
Electrochemical Impedance Spectroscopy (pEIS) at 1.59 V with frequencies from 0.1
Hz to 100 kHz. Between each of these pEIS spectra, the potential was held at 1.59 V.
The results of these tests showed some interesting features. First, the impedance of
the system changed significantly over time in a way that implied there may be some
poisoning of the electrode due to the oxidation (Fig. 5.2a). The electrode can be
considered poisoned when compounds in solution adsorb or bind to electrochemically
available sites irreversibly given the present conditions. It is sometimes possible
to remove these compounds given appropriate sweeps and holds, but without these

interventions the electrochemical activity of the electrode will decline.
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Figure 5.2: pEIS results for glycerol oxidation with 0.2 M glycerol
and 0.5 M KOH at 1.59 V over time. Note that the lines here are
not fits, but are merely illustrations to visualize the data. (a) shows
all the impedance spectra on one plot (b) is an expanded portion of
(a), highlighting the strange low frequency features in the t = 0 min
plot.

Second, the data itself for ¢ = 0 min contained some very odd features making a
KK test impossible to pass (Figs. 5.2b and 5.3). It should be noted, that even the
Nyquist plots that seem to have normal features still appear to have some trendlines

in the KK test results.
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Figure 5.3: KK test results for pEIS of glycerol on nickel with 0.2 M
glycerol and 0.5 M KOH at 1.59 V.

It is known that, when using nickel as an electrode, there is an aging or curing
element to the oxidation process. The conversion of o-Ni(OH), to 3-Ni(OH), is
not easily reversible [92, 102], and the oxidation from Ni(OH), to NiOOH can cause
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additional layers of NiIOOH to form [56]. The oxidation and buildup of this NiIOOH
layer also appears to continue for several hours. Possibilities for the drift in the
impedance data for the glycerol oxidation process include this NiOOH growth process,
as well as a poisoning effect caused by the oxidation of the glycerol itself.

In order to determine which of these two likely processes was the cause of the

drift, the same experiment was performed with no glycerol in solution.
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Figure 5.4: pEIS results for oxidation of nickel in 0.5 M KOH at 1.59
V over time. (a) shows all Nyquist plots at once (b) is an expanded
view of (a) highlighting t = 30 min to 120 min. The drift in this
system appears to be over within 30 min.

It can be seen from these Nyquist plots (Fig. 5.4) that while there is some drift in the
system due to the oxidation of the nickel it appears to be completely finished after
the first 30 min at 1.59 V. This is an interesting feature, as the aging continues to be
seen on CVs for many hours. Regardless, the KK test results showed some significant

systematic trends (Fig. 5.5).
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Figure 5.5: KK test results for pEIS of oxidation of nickel in 0.5 M

KOH at 1.59 V over time.

The KK tests for which there was no glycerol in solution show systematic trends

quite similar to those seen in the glycerol experiments (Fig. 5.3).

Any systematic KK test trends caused by poisoning of the electrode, or by the
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slow build-up of 3-NiOOH, should be seen in the low frequency portion of the plots.
These processes are slow, and witnessed on the timescale of seconds to minutes.
Additionally, when performing pEIS excitations are performed one frequency at a
time so lower frequencies naturally take longer to probe. Because of this there are
gaps of up to 39 s between gathering data points, which allows a lot of drift to occur.

Some minor systematic trending in the low frequency KK tests for glycerol is
observed (Fig. 5.3), particularly in the ¢ = 0 plots. However, there is also systematic
trending in the low frequencies of the KK tests for the experiments without glycerol
(Fig. 5.5). The percent differences between the experiments with and without glycerol
are definitely different, but within the same order of magnitude and not close enough
that one could conclusively say whether or not the systematic trending and possible
drift was caused by poisoning or 3-NiOOH buildup.

Any systematic trends in the frequency portions greater than 10? Hz of the KK
tests are likely caused by inductive effects due to the cabling of the device itself. On
almost every KK test plot for the pEIS experiments some small amount of systematic
trending can be seen at these frequencies, but they remain less than 1% in all KK
test results. Due to the ease with which high frequencies can experience interference
it is difficult to determine exactly where the interference might come from. Given the
small magnitude of the residuals these trends are of little impact.

This data highlights the effectiveness of dEIS in gathering data that would
otherwise contain some kind of drift if gathered using pEIS. Because dEIS uses a
multisine approach, gathering data for all probed frequencies simultaneously, it is
possible to acquire data fast enough that no drift is seen in the impedance data (Fig.
5.6), as illustrated by a lack of systematic trendlines. The speed of the data collection
here creates the pseudo-steady state condition that allows for usable impedance data
to be collected (Fig. 5.6).
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glycerol and 0.5 M KOH at 1.59 V and room temperature.

5.3.1.2 Polarization Resistance Comparison
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Comparing the polarization resistances obtained from AC and DC experiments using
the method described previously (Section 4.2.2.2) it can be seen that the obtained
values are similar to within a reasonable degree (Figs. 5.7 and 5.8). Smoothing

was performed on the DC traces collected from high temperature DC experiments.

Bubble formation caused by oxygen evolution caused significant noise in these traces,

but by smoothing the data it can be shown that the overall trend in the data agrees
with the AC results quite nicely.
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The one exception is the large negative peak in Ry for the 80 °C experiment from
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the HT'S2 temperature order session. This peak appears to occur on both the anodic
and cathodic sweeps, making it unlikely that it is simply an error. This peak was

seen in no other trials.

5.3.2 Effects of temperature on (3-Ni(OH); oxidation onset

and glycerol oxidation activity

Cyclic voltammetry studies were performed on a nickel electrode where 3-Ni(OH),
was air stabilized on the surface by leaving it in open atmosphere for several weeks.
Experiments were performed at various temperatures both with and without glycerol
in solution. Initial studies showed a significant decrease in the reversible potential,
E,, of the oxidation of 3-Ni(OH)y as temperatures increased (Fig. 5.9a). The FE, is
the point at which the net oxidative and reductive current is 0. This effect has been
documented previously in the literature [56, 146]. A decrease in the onset potential
of glycerol oxidation was also witnessed (Fig. 5.9b), however this coincides with the
shift in the onset potential of oxidation of 3-Ni(OH)y due to the decrease in the E,.
The literature establishes that NiOOH is the active catalyst oxide phase for various

oxidation processes [59-64]. This data confirms that conclusion.
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Of note here is that the decrease in the perceived reversible potentials resulted
in the increase of the activity of glycerol oxidation measured at a fixed potential
by up to as much as 4x. Another thing of note, is that the increased area of the
B-Ni(OH), oxidation is not necessarily a function of temperature but also one of
time. As the electrode spends time at more positive potentials it seems to undergo
some irreversible process that allows for the 3-NiOOH oxide to build more layers
[56, 146]. In order to account for this oxidation time was kept consistent between the
glycerol and glycerol-free trials.

The CVs of glycerol oxidation at various temperatures (Fig. 5.10) are all very
similar. They show very little current until approximately 1.3 V. In these CVs
there is no visible peak potential because the glycerol oxidation slowly blends into
oxygen evolution. This occurs because 3-Ni(OH)y has been allowed to stabilize on
the electrode. For this reason only the initial portion of the peak has been analyzed
here. In the cathodic portion of the sweep higher current is observed as the reversible

potential FE, is approached, followed by a small reductive current at around 1.25 V.
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Figure 5.10: CVs for oxidation of (-Ni(OH), and oxidation of
glycerol, temperatures overlaid. The sweep rate was 50 mV s

The likely reason for the increased current on the cathodic portion of the sweep

is that on the anodic portion of the sweep the catalytically active oxide, some phase
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of NiOOH [59-69], has yet to be formed in substantial quantities whereas on the
cathodic portion a full layer of NIOOH already exists on the surface. The cause of
the reductive current is likely the reduction of the NNOOH back to 3-Ni(OH)s.

The E, of each 3-Ni(OH), oxidation CV can be determined by adding the anodic
and cathodic currents at each potential and selecting the potential between the anodic
and cathodic peaks for which this sum is closest to 0. The E, can then be plotted vs
temperature as discussed previously (Fig. 4.20).

By subtracting the E, off each respective CV it can be shown that the glycerol
onset potentials follow a predictable trend (Fig. 5.11).
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These plots can be used to more easily compare the effects of temperature on the
CVs while ignoring the effect on the reversible potential. For example, it becomes
clear that while the oxidation peaks in figure 5.11a line up quite well the reduction
peaks have a steadily decreasing overpotential as temperature increases. Whether
this effect is due to the increase in temperature, or due to the time spent cycling is
difficult to ascertain, however.

By normalizing the glycerol CVs (Fig. 5.11b) by the charge density of the
B-Ni(OH), oxidation of the respective temperature (Fig. 5.12) it shows that aside
from the effect due to the change in E,., the activity of the reaction is not increasing
substantially as a function of temperature. The increase in current density observed
after having removed the effect of the changing F, (Fig. 5.11b) is due to the increased
amount of 3-NiOOH as a function of either time or temperature (Fig. 5.11a). This

creates more sites for glycerol oxidation to occur, and therefore increases the current

density.
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Figure 5.12: CVs for oxidation of glycerol, centered and normalized
by charge density of oxidation of 3-Ni(OH),. The sweep rate was 50
mV st
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5.3.3 Mechanistic Analysis

For simplicity and because the literature has no conclusive evidence as to whether
or no glycerol oxidizes at the solution/oxide interface or within the oxide galleries,
glycerol will be considered to oxidize on the nickel oxide at the solution/oxide
interface. Given this assumption, any growth of the oxide phase will have negligible

effects on the total surface area during the course of a single Tafel sweep.

5.3.3.1 Comparison of literature mechanisms against collected data

Three of the mechanisms discussed in the literature by which glycerol oxidation
can occur on nickel electrodes follow. For these mechanisms all nickel oxide phases
mentioned refer only to sites at the solution/oxide interface. It is also important
to note that the nickel oxide surface only becomes active for electrooxidation once
the Ni(OH), layer has been converted to NIOOH as shown in various EQCM studies
[84, 128, 216]. This is due to the fact that oxidation of Ni(OH), is mediated by
proton diffusion through oxide layer galleries starting from near the nickel metal
surface [85, 93, 110, 182]. Further evidence of this can be seen when performing CVs
at a high sweep rate, where NiOOH formation can be seen even when glycerol is
in solution and occurs before glycerol oxidation (Fig. 5.13). At slower sweep rates,
the NiOOH formation should be complex at more negative potentials than the 1.5 V
seen in Fig. 5.13, and is assumed to be complete by the early stage of the glycerol

oxidation peak.
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Figure 5.13: CV of nickel in 0.2 M Glycerol and 0.2 M NaOH solution
at 1000 mV s' at room temperature. The blue circle indicates
NiOOH formation, the red circle indicates the glycerol oxidation
peak, and the green circle indicates NIOOH reduction.

The most commonly referred to is the Fleischmann mechanism [21, 22, 217]:

Ni(OH), + OH — NiOOH + H,0 + ¢

(5.7)
2 NiOOH + RCH,0H —2P5- 9Nj(OH), + RCHO

This mechanism starts with the oxidation of the Ni(OH), phase to NNOOH. There
is evidence that some form of NiOOH is the active phase for glycerol oxidation on
nickel electrodes [59-68]. The Fleischmann mechanism is explicitly stated to involve
no adsorbed species, however, and it is clear from impedance data that at least one
adsorbate is present at potentials over 1.5 V on v-NiOOH (Fig. 5.14) as shown by the

presence of inductive semicircles in the Nyquist plot. These features are not present
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in impedance experiments performed on nickel wire in glycerol-free KOH solution.

EvsRHE/V

1.2 / 14 1.6 1.8

Figure 5.14: dEIS sweep of glycerol oxidation on v-NiOOH at room
temperature in 0.5 M glycerol and 0.2 M KOH solution. Insets show
Nyquist plots and corresponding fits collected at the given potentials.
The sweep rate was 5 mV s'.. Insets are at 1.24 V, 1.34 V, 1.44 V,
1.57V,1.65V,1.66 V,1.69 V, 1.76 V, 1.68 V, 1.63 V, 1.59 V, 1.24
V.

The two less-discussed mechanisms are proposed by Casella et al [79]:

Casella Scheme 1 (CS1)
Ni(OH); + OH  — NiOOH + H,0 + e
Ni(OH),; + RCH,0OH — Ni(OH),(RCH,OH)(ads)
Ni(OH),(RCH,OH)(ads) + NiOOH — Ni(OH),(RCH,0)(ads) + Ni(OH), (5.8)
Ni(OH),(RCH,0)(ads) + NiOOH — Ni(OH),(RCHO)(ads) + Ni(OH),
Ni(OH)o(RCHO)(ads) — Ni(OH), + RCHO
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Casella Scheme 2 (CS2)

Ni(OH), + OH — NiOOH + H,0 + ¢
NiOOH + RCH,OH — NiOOH(RCH,OH)(ads)
NiOOH(RCH,OH)(ads) + NiOOH — NiOOH(RCH,0)(ads) + Ni(OH), (5.9)
NiOOH(RCH,0)(ads) + NiOOH —= NiOOH(RCHO)(ads) + Ni(OH),
NiOOH(RCHO)(ads) — NiOOH + RCHO

CS1 has glycerol adsorbing to Ni(OH), in a step that is independent of potential.
This means that in the potential region where NiOOH is expected to form it would
be covered in a layer of glycerol. Given that Ni(OH), oxidation is mediated by ion
diffusion [111-113, 185], a process that would be drastically inhibited by adsorbed
organics, and NiOOH is known to be the active oxide phase for oxidation of organics
[59-68] this is unlikely to be the case. Based on these arguments Casella Scheme
2 (CS2) is taken to be the likely mechanism by which glycerol is oxidized on nickel

electrodes in alkaline solution.

5.3.3.2 Comparison of Glycerol Oxidation on v-NiOOH and (3-NiOOH

It is known that when B-NiOOH is the dominant nickel oxide phase the glycerol
oxidation does not show a distinct peak in CV, whereas when the dominant nickel
oxide phase is v-NiOOH the glycerol peak found between 1.6 V and 1.7 V is present
(Fig. 5.15). The means by which different nickel oxides are stabilized on the nickel

surface was discussed previously (Section 4.3.2).



152

20 | |
— -NiOOH
— B-NiOOH
e
[&]
<€
< 10- i
0- i
0.8 I 1!0 I 1!2 I 1!4 I 1!6 I 1!8
E vs RHE / V

Figure 5.15: Comparison of glycerol oxidation CV on v-NiOOH vs
3-NiOOH. Solutions were 0.5 M KOH and 0.2 M glycerol. Sweep
rate was 10mV s for the -NiOOH and 5mV st for the B-NiOOH.

It can also be shown that by cycling a 7-NiOOH electrode between 1 V and
1.52 Vin 0.5 M KOH until steady state, 3-NiOOH is stabilized at the surface (Fig.
5.16a). Steady state is achieved after approximately 16 h. When performing a similar
experiment, cycling a 7-NiOOH electrode in a solution of 0.5 M KOH and 0.2 M
glycerol for 16.2 h, the glycerol peak is retained (Fig. 5.16b). Since the glycerol
peak only appears when 7-NiOOH is the dominant oxide phase on the electrode
surface, this indicates that glycerol in solution inhibits the conversion of v-NiOOH to

3-NiOOH at room temperature.
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(b) Long term CV of nickel in glycerol solution. Nickel electrode
was electropolished, then placed in 0.5 M KOH and 0.2 M
glycerol solution. Cycling was performed for 16.2 h at 10mV s'.

Figure 5.16: Comparison of the NiOOH aging process with and

without glycerol
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5.3.3.3 Tafel Analysis

More information can be gathered by looking at slow CVs and charge transfer
coefficients of the glycerol system as a function of temperature. Experiments were
performed in two separate, continuous sessions using temperature orders HTS1 and
HTS2 (Figs. 5.17). All legends show the temperature order performed top to bottom
for the relevant plot. Tafel slopes and charge transfer coefficients were extracted using
the method described previously (Section 2.1).

Potential limits for linear fitting were determined using two separate methods,
as the Tafel region for NiIOOH formation and the Tafel region for glycerol oxidation
blend into each other. As an approximation to simplify the mechanistic analysis, the
entire Tafel region will be assumed to be due to glycerol oxidation with the Ni(OH),
phase having been substantially oxidized to NiOOH before glycerol oxidation occurs.
For this method both upper and lower limits were determined visually and kept only
when the R? value for the fit was greater than 0.99. These fits are shown in Figs.

5.18 and 5.19, and the resulting charge transfer coefficients are shown in Fig. 5.20.
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Figure 5.17:  Glycerol oxidation CVs for HTS1 and HTS2
temperature orders on electropolished nickel. Solution was 0.5 M
KOH and 0.2 M glycerol. Sweep rate for CV was 5 mV st
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Figure 5.18: HTS1 temperature order glycerol oxidation Tafel slopes.
Potential limits were determined visually and accepted when a linear
fit was performed with an R? value greater than 0.99. The presence
of a second linear region starting at approximately 1.5 V is due to
a transition to oxygen evolution as the dominant surface reaction.

Sweep rate was 5 mV s
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Figure 5.19: HTS2 temperature order glycerol oxidation Tafel slopes.
Potential limits were determined visually and accepted when a linear
fit was performed with an R? value greater than 0.99. The presence
of a second linear region starting at approximately 1.5 V is due to
a transition to oxygen evolution as the dominant surface reaction.

Sweep rate was 5 mV s
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Figure 5.20: Charge transfer coefficients for glycerol oxidation as a
function of temperature on electropolished nickel. Lower potential
limits for fitting were determined using two different methods
described previously: visual observation and analogous glycerol free
experiments. The HTS2 temperature order is as follows: 20 °C, 60
°C, 110 °C, 80 °C, 40 °C.
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The charge transfer coefficients collected as a function of temperature (Fig. 5.20)
can give more mechanistic information. It appears that for the HTS1 temperature
order the charge transfer coefficient is approximately 0.5 at temperatures up to and
including 60 °C. This indicates that the first electron-transfer step in the mechanism
is rate determining. Given the CS2 mechanism the following is consistent with this

value:

Ni(OH), + OH —25. NjOOH + H,0 + ¢

NiOOH + RCH,OH — NiOOH(RCH,OH)(ads)
NiOOH(RCH,OH)(ads) + NiOOH —= NiOOH(RCH,0)(ads) + Ni(OH), (5.10)
NiOOH(RCH,0)(ads) + NiOOH —= NiOOH(RCHO)(ads) + Ni(OH),
NiOOH(RCHO)(ads) — NiOOH + RCHO

The mechanistic steps shown are for reactions occurring on the oxide surface. As
discussed above, the oxide layer must be converted into NIOOH. At steady state,
a cycle begins where a hydroxide ion deprotonates a Ni(OH), site, glycerol adsorbs
there, and then is oxidized. The oxidation causes the reduction of the site back to
Ni(OH), and the cycle continues. Note that the complete mechanism does require
several NiOOH groups close together to fully complete the oxidation. Because the slow
step is the deprotonation of the Ni(OH), sites, the Ni(OH), phase is near full coverage
(Fig. 5.21). Full surface coverage of Ni(OH), appears to inhibit the conversion of bulk
layer o« within the oxide matrix to its corresponding 3 phase at room temperature
(Section 4.3.4.1). This is likely due to the galleries in the oxide being packed with
protons in the Ni(OH), phase, making it difficult for the deintercalation of the o and

~ phases to occur.



160

i e, )
00000000 00000000
NiOOH 1 NiOOH
NiO NiO

| !
3 o
00006000 0006600

NiOOH : NiOOH
NiO NiO
Ni Ni

@ NiOOH Surface Site
Q© nNi(OH), Surface Site
G, Glycerol

G,, Glyceraldehyde

Figure 5.21: CS2 mechanism with step 1 as the RDS. The surface
is largely composed of Ni(OH), at all times. This figure shows only
what happens once the system achieves steady state, as the oxide
layer must be fully converted to the NiOOH phase before it becomes
active for electrooxidation [84, 128, 216].

Because the rate of the RDS is potential dependent it explains the existence of the

glycerol oxidation peak. The exponential dependence of the rate constant for step 1

k = k“exp (%) (5.11)

where k is the rate constant, k¥ is the equilibrium rate constant, 5 is the symmetry

is as follows

factor for this step, F is Faraday’s constant, n is the overpotential, R is the universal
gas constant in J K mol!, and T is the absolute temperature. This leads to the

rising edge of the peak.
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The mechanisms have been simplified by writing the mechanisms as written in
literature. For all electron transfers occurring at the solution/oxide interface a charge
carrier is required in order to transport the electron from the interface to the nickel
metal. This charge carrying process is included in the electron transfer step of the
mechanism, as has been done in the literature [21, 22, 79]. Here the assumption is
made that the transfer of the charge carrier through the film is fast compared to the
oxidation event at the oxide surface.

Eventually the rate of this step exceeds the rate of some slower steps, which then
become rate limiting (Fig. 5.22). At this point all NIOOH sites available become
involved in adsorptions and are no longer available for oxidation. This causes a decay
in the current density. Additionally, this adsorbed layer serves to continue blocking

the deintercalation of the o« and v phases.
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Figure 5.22: CS2 mechanism with step 3 as the RDS. This figure
shows what is happening to cause decreasing current after the peak
maximum. Adsorbed species begin to cover the surface due to the
RDS being the release of the organic species from the NiOOH site.
As this continues the condition required for oxidation, adjacent free
NiOOH sites, becomes less likely due to the surface being covered in

adsorbates.
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As the temperature reaches and exceeds 80 °C in the HT'S1 temperature order the

it. Any of the remaining mechanistic steps of CS2 satisfy this condition:

charge transfer coefficient tends to unity. This indicates that the rate determining

step involves no electron transfer, and has one electron transfer step somewhere before
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Ni(OH), + OH" — NiOOH + H,0 + ¢
NiOOH + RCH,0H —225 . NiOOH(RCH,OH)(ads)
NiOOH(RCH,OH)(ads) + NiOOH NiOOH(RCH,O)(ads) + Ni(OH),
NiOOH(RCH,0)(ads) + NiOOH NiOOH(RCHO)(ads) + Ni(OH),
NiOOH(RCHO) (ads) NiOOH + RCHO

RDS?
RDS?
RDS?

(5.12)

Here the first step forming the NiOOH is quite fast, but one of the subsequent
steps is quite slow. If any of steps 3 through 5 are rate determining, the adsorbed
species on the surface would approach full coverage quite quickly. Because oxygen
evolution can still be shown to occur (Fig. 5.17), and oxygen evolution requires free
NiOOH sites [65] these steps are likely not rate determining. This leaves the second
step as the likely rate determining step:

Ni(OH), + OH" — NiOOH + H,0 + e
NiOOH + RCH,0H —225+ NiOOH(RCH,OH)(ads)
NiOOH(RCH,OH)(ads) + NiOOH — NiOOH(RCH,0)(ads) + Ni(OH), (5.13)
NiOOH(RCH,0)(ads) + NiOOH —= NiOOH(RCHO)(ads) + Ni(OH),
NiOOH(RCHO)(ads) —= NiOOH + RCHO

In turn, this describes why aging of the v-NiOOH phase to 3-NiOOH can occur at
these temperatures. The high temperature has increased the rate at which hydroxide
ions deprotonate Ni(OH), sites, so the oxide surface is consistently in the NiOOH
state at high potentials (Fig. 5.23). This NiIOOH is exposed to solution, and allows
for the deintercalation process of « and 7 to their corresponding 3 phases due to
having fewer protons packed into the galleries [93, 95, 184, 193]. This also explains
why at high temperatures oxygen evolution appears to be the dominant process, as
the surface contains no adsorbates and many free sites are available for the oxygen

evolution reaction to occur on.
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Figure 5.23: CS2 mechanism with step 2 as the RDS. The surface
is largely composed of NiOOH at all times. This figure shows only
what happens once the system achieves steady state, as the oxide
layer must be fully converted to the NiOOH phase before it becomes
active for electrooxidation [84, 128, 216].

Using the charge transfer coefficients from the HTS2 temperature order
experiment (Fig. 5.20) it can be shown that this effect is not simply one of
temperature, but that the electrode itself has been altered. Again the charge transfer
coefficient is found to be approximately 0.5 up to 60 °C. The next temperature tested
is 110 °C, and the charge transfer coefficient is found to be approximately 1. This
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new charge transfer value is then retained as the system is cooled first to 80 °C, and
finally to 40 °C. This indicates that whatever structural change has occurred to the
nickel electrode is retained as the temperature is reduced, confirming the conversion
of v-NiOOH to 3-NiOOH.

In summary, for v-NiOOH at room temperature the RDS is the oxidation of
Ni(OH), to NiOOH (CS2-Step 1). Since the rate of this step is potential dependent,
as the potential increases it ceases to be rate determining and the surface becomes
fully covered in adsorbed organics. At higher temperatures glycerol adsorption is the
RDS for the glycerol oxidation (CS2-Step 2). This allows for NiOOH to cover the
surface at all potentials, leaving it exposed to solution and allowing for v-NiOOH to
age into 3-NiOOH.

The approximation that the entire Tafel region is due to glycerol oxidation may not
be particularly accurate, however, since the formation of NIOOH must be complete
before the oxide surface is active for electrooxidation [84, 128, 216]. Additionally,
not enough charge has passed by the start of the Tafel region (about 1.3 V) to form
the NiOOH layer. A second method for determining the Tafel region was performed
where the lower potential limit for the fit was determined using analogous experiments
performed under the same reaction conditions with no glycerol in solution. The lower
potential limit was selected as the potential of minimum current directly following the
NiOOH peak. The upper potential limit for the second method is determined visually,
and only accepted when the R? value for the fit was greater than 0.99. The resulting
charge transfer coefficients gathered from each method are similar (Fig. 5.20), and
result in the same mechanistic analysis.

The usage of Tafel analysis on nickel could be complicated by the fact that the
nickel oxide phase continues to grow far beyond some small number of monolayers.
Because the Tafel relation relies on coverage, and the reagent concentrations can be
considered constant under these reaction conditions, it can be shown to be robust
enough for use in this analysis. The changing surface area can be ignored so long
as it does not increase significantly during the course of a single Tafel sweep. Based
on literature studies this does not appear to be the case [93, 107], with significant
cycling through high potentials required for substantial oxide thickening to occur.

The CS2 mechanism can be written out with appropriate variables for
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concentration and coverage

Ni(OH), + OH === NiOOH + H,0 + ¢
1-0-~y-0-p [OH] - 0 [H,O]
NiOOH + RCH,0H == NiOOH(RCH,OH)(ads)
) [GlyOl] . v
NiOOH(RCH,OH)(ads) + NiOOH == NiOOH(RCHOH)(ads) + Ni(OH),
¥ 0 -3 o 1-0-v-0-p
NiOOH(RCHOH)(ads) + NiOOH == NiOOH(RCHO)(ads) + Ni(OH),
o 0 - M 1-0-v-0-p
NiOOH(RCHO)(ads) == NiOOH+RCHO
7 - 0 [GlyAl]

(5.14)

Here, 6 is the coverage of NIOOH, v is the coverage of adsorbed glycerol, o is the
coverage of adsorbed intermediate, and p is the coverage of adsorbed glyceraldehyde.
These are all normalized together as a percentage, so that 8 +~vy+ o0+ p < 1.

Given the previous mechanism, the rates of each step follow:

vy =k (l—60—~v—0—u)OH ] —k_10[H,0]

Vo = kol — k_oy

vg=k3by—k 3(1—0—~v—0—p)o (5.15)
vy =ksbo —k_4,(1—0—~v—0— p)u

vs = ksp — k_50|GlyAl]

Assuming step 1 as the RDS all coverages are small, and the back reaction is

neglected. The observed rate, v, can be shown to be

Vobs = % = v =k [OH | (5.16)

Now by taking into account the potential dependence of k;, the rate constant of step
1

F
ki = k{%exp <511:£T77> (5.17)

where (31 is the symmetry factor of the reaction step (= 0.5), the potential dependence
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of the current is

j = Fki[OH] = FK[OH ] exp (5]1; ”) (5.18)

Taking the natural logarithm to put things in the Tafel form gives the following result

In(j) = In(F&[OH ]) + (5 é?”) (5.19)

where it is shown that the slope of this plot is %—F. Since the slope of this plot, based

T
on Tafel relations, is known to be %—? and [, = 0.5 an experimental « of 0.5 should

be expected for this mechanism.

5.3.3.4 Cyclic Voltammetry Sweep Rate Analysis

Varying the sweep rate of CVs performed on this system highlights some interesting
features (Fig. 5.24). The experiments performed at 20 °C in the HTS1 temperature
order show that there is some small dependence of the current density on the scan
rate. At this temperature glycerol oxidation is the only expected reaction at these
potentials, so this behavior is attributed to glycerol oxidation. The experiments
performed at 110 °C in the HTS1 temperature order show little to no dependence of
the current density on scan rate. After 1.6 V there does appear to be some difference
between current densities as a function of sweep rate, however this is likely due
to oxygen bubbles disturbing the reaction at the electrode surface. Under these
conditions oxygen evolution is expected to be the dominant reaction, therefore a total
lack of correlation between sweep rate and current density is attributed to oxygen
evolution. This reaction is known to be quite fast on nickel [126, 218, allowing the

system to remain at pseudosteady state for all sweep rates tested.
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Figure 5.25: CV of glycerol on nickel at various sweep rates, as a
function of temperature in HTS2 order. Solution was 0.5 M KOH

and 0.2 M glycerol.

Similarly, CVs performed at or after the 110 °C experiment from the HTS2
temperature order experiments show little correlation between sweep rate and current

density (Fig. 5.25). The exception is a brief potential window between 1.3 V and 1.6
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V on the 80 °C and 40 °C trials (Fig. 5.26). For this potential region it appears that
glycerol oxidation dominates. It is expected that CS2-Step 2 is the rate determining
step here, making the surface covered in NiIOOH available for oxidation. The RDS
of the glycerol oxidation reaction is not potential dependent, however the RDS for
the oxygen evolution reaction is [66, 218-220]. As the potential increases the oxygen

evolution reaction begins to dominate.
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Figure 5.26: CV of glycerol on nickel at various sweep rates. 80 °C
and 40 °C enhanced view. HTS2 temperature order. Solution was
0.5 M KOH and 0.2 M glycerol. For all CVs here the lower trace is
the anodic sweep and the upper trace is the cathodic sweep.

5.3.3.5 AC Voltammetry Analysis

The AC voltammetry of this system gives additional support for the sweep rate
studies, and reveals some interesting information regarding the surface processes of

the nickel electrode. It further highlights which phase of NiIOOH is present on the
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nickel surface for a given combination of temperature and potential. It does this by
conveying whether glycerol oxidation or oxygen evolution is the dominant reaction
based on trends in the real and imaginary components of the admittance.

When performing AC voltammetry at 100 Hz during the HT'S1 temperature order
experiments (Fig. 5.27), peaks are seen corresponding to the oxidation of Ni(OH), to
NiOOH in both the real and imaginary plots. These peaks are labelled in the plots.
Interestingly, these peaks are seen at every temperature in the imaginary plot but are
only seen at 20 °C and 40 °C in the real plot.

The real component of the admittance on the anodic sweep becomes negative at
approximately 1.6 V for 20 °C and 40 °C but stays positive until approximately 1.7
V for the 60 °C experiment. This highlights the competing oxygen evolution and
glycerol oxidation reactions, as the real component becomes negative as the glycerol
oxidation current begins to decline. This indicates that the real component likely
becomes negative when the glycerol adsorption mechanistic step begins to take over
as the RDS, instead of the Ni(OH), oxidation step. For 80 °C and 110 °C the real
component of the anodic sweep remains positive throughout the sweep indicating that
the adsorption of glycerol is never a kinetically dominant reaction.

It is noteworthy that the potential regions where the real component of the
admittance is increasing coincide quite well with the potential regions where current
density was found to be entirely independent of sweep rate (Section 5.3.3.4). Both of
these features appear to indicate oxygen evolution as the dominant reaction on the
NiOOH surface.

The imaginary component of the admittance at 100 Hz portrays trends similar
to the real component, in that it appears to have two discrete behaviors depending
on whether glycerol oxidation or oxygen evolution is the dominant electrochemical
reaction. The oxidation of Ni(OH), to NiOOH is clearly present at all temperatures.
The imaginary component of the 60 °C experiment highlights the competing oxygen
evolution and glycerol oxidation. It appears that at this temperature oxygen evolution
has become competitive with glycerol oxidation at most potentials, indicated by the
low imaginary component value that occurs in experiments at 80 °C and 110 °C.
This value abruptly increases at approximately 1.7 V matching the point at which
CS2-Step 1 stops being the RDS for the glycerol oxidation and the surface becomes

covered in organic adsorbates.
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Figure 5.27: AC voltammetry of glycerol on nickel, in HTS1
temperature order. The solution is 0.5 M KOH and 0.2 M glycerol.
The frequency was 100 Hz and the sweep rate was 5 mV s'!. For all
experiments the anodic trace is the one that starts low.

Performing the same experiment in HTS2 temperature order highlights a few
things that would have otherwise gone unnoticed. First, both the real and imaginary

components of the 110 °C experiment show trends similar to the 60 °C experiment
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performed in HTS1 temperature order. This indicates that at 110 °C glycerol
adsorption is still occurring, and confirms the importance of oxidation duration in the
transformation of the v-NiOOH phase to the 3-NiOOH phase. It appears that having
the surface stripped of glycerol at high temperatures does not cause the transition
to occur immediately, and that a significant amount of time spent at high potentials
while maintaining high temperature is required. Additionally, the trends found in
both the real and imaginary components for the 80 °C and 40 °C experiments coincide
with the conclusions reached from the sweep rate analysis. The potential region
between 1.3 V and 1.6 V correlates with glycerol oxidation, and the region above 1.6

V correlates with oxygen evolution.
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5.3.3.6 Impedance Spectroscopy Analysis

Upon fitting the impedance data to circuits using the method described previously
(Section 5.2.3) it was found that the L circuit was a superior fit to the C circuit in all
cases. L’ was found to be superior to L under certain conditions where R,.; drastically

increased.

Figure 5.29: The three equivalent circuits successfully fit. R, is the
solution resistance, R is the charge transfer resistance, R,y is the
resistance associated with an adsorption process, Q4 is the double
layer constant phase element, and L4 is the inductance associated
with an adsorption process.

From the fits several values were determined. The effective double layer
capacitance, Cy .rr was determined from CPE fitting parameters using the Brug
formula [208, 209]:

1—a
1 RsRc *
Caterf = Q= (ﬁ) (5.20)
and when R, becomes infinitely large
| l-a
Carefr = Qo Rs® (5.21)

where () is the CPE coefficient, « is the CPE exponent, R, is the solution resistance,
and R is the charge transfer resistance.

The time constant of the double layer charging was determined as

Tat = ReCaresy (5.22)
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and similarly the time constant for the adsorption was determined as (Section 2.3.2.5)

L ad
Rad

Tad = (5.23)

Fit results for this particular experiment are quite noisy in some regions. For the
case of the lower potential region between 0.9 V and 1.2 V this is because impedance
data collected represents a small portion of a semicircle in the Nyquist plot, resulting
in a high degree of error in fitting the R, value. Additionally, experiments performed
at 80 °C experience some noise caused by the competing oxygen evolution reaction.
This noise can be seen in some of the lower temperature experiments at potentials
higher than 1.6 V. Lastly, there are some interesting features around 1.4 V in many of
the experiments. This is likely due to the initial formation of NiOOH at the electrode
surface. In short, the competition of three separate processes on the electrode leads
to complex features in the fitted dEIS spectra.

The logio(R,") plots (Fig. 5.30) for both forward and reverse sweeps show the
presence of two large negative peaks, one at approximately 1.6 V and one at just over
1.7 V. The existence of these two peaks indicates that at some temperatures, and for
some ratios of y-NiOOH to 3-NiOOH there may exist a second kinetically significant
adsorbate.

The first negative peak coincides with the onset of organic coverage on the NiNOOH
surface, and shows a significant trend as a function of oxidation time. For the HTS1
temperature order it appears to be linear as a function of temperature, with the peak
appearing at higher potentials given higher temperatures. The HTS2 temperature
order shows that the 110 °C peak appears at a lower potential than the 60 °C peak,
indicating that the potential of the peak is not strictly linear with temperature. It
appears that high temperatures cause the peak to shift to lower potentials, but the
conversion of v-NiOOH to 3-NiOOH causes it to shift to higher potentials.

Comparing log;o(R,;") for the forward sweeps on both the room temperature dEIS
experiments (Figs. 5.30a and 5.30c) highlights something quite interesting. A large
negative spike is observed just above 1.6 V, coinciding with the peak potential in the
corresponding CV. In the HTS1 temperature order data this negative spike recovers
and for this entire region circuit L is found to be the best fit, however in the HTS2
temperature order data the R, value spikes to infinity and circuit L’ is found to be
the circuit of best fit. For this reason no value of R, is observed in the corresponding

logio(R,") plot. What makes this so significant is that these features are found on
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the first dEIS experiment performed in each sequence, and experimental protocol has
kept all variables identical up to this point. Additionally, it appears that the standard

behavior returns for the reverse sweep (Figs. 5.30d).
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Figure 5.30: Tafel plots of R_' for glycerol oxidation, HTS1 and
HTS2 temperature orders. The sweep rate was 5 mV s,

By examining the Nyquist plots for these potential regions (Figs. 5.31 and 5.32)
the reason for this behavior becomes apparent. The Nyquist plots make it clear that
for the HTS1 temperature order experiment there is a potential region where Cy
is positive and R, is negative. This results in a negative time constant which is a
feature associated with instability in an electrochemical system. This particular type
of instability is called a Hopf bifurcation [221-223|, characterized by a negative real

component in the impedance with an imaginary component going from negative to
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positive as a function of frequency. In the Nyquist plot this appears as a semicircle
that goes from quadrant 2 to quadrant 3. The Hopf bifurcation suggests that by
using an external resistor of the appropriate value, the negative R.; determined for
the frequency at which the Nyquist plot crosses the real axis, the system could be
made to oscillate between two separate states. No such feature exists for the HTS2

temperature order experiment in this region.

N/

(a) 1.623 V (b) 1.643 V (c) 1.654 V (d) 1.663 V (e) 1.689 V

S

(f) 1.738 V (g) 1.748 V (h) 1.758 V

Figure 5.31: Nyquist plots of glycerol oxidation, room temperature,
HTS1 temperature order. Potentials shown highlight the interesting
features found at high potentials on the forward sweep. Red dots
are experimental data, and black line is the corresponding fit. Black
axis lines shown for scale; they are -100 to 100 on both axes in every
figure.
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(a) 1.625 V (b) 1.645 V (c) 1.655 V (d) 1.665 V (e) 1.690 V

(f) 1.740 V (g) 1.750 V (h) 1.760 V

Figure 5.32: Nyquist plots of glycerol oxidation, room temperature,
HTS2 temperature order. Potentials shown highlight the interesting
features found at high potentials on the forward sweep. Red dots
are experimental data, and black line is the corresponding fit. Black
axis lines shown for scale; they are -100 to 100 on both axes in every
figure.

A plot of the double layer time constants (Fig. 5.33) reveals that there are many
temperatures and potentials at which they become negative. The transition from
positive to negative time constants appear to coincide with the potential at which the
slope of the corresponding CV stops being constant and begins to decrease to form
the glycerol peak. This indicates that the adsorption of organics is involved in the

instability in the system.
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Figure 5.33: Time constants for double layer charging, HTS1 and
HTS2 temperature order. The sweep rate was 5 mV s,

The system appears to exist on a knife edge between two separate states on the
forward sweep (Fig. 5.34). In one state the R, becomes negative and R,4 remains
small, staying less than 120 Q cm?. In the other state R.; trends toward infinity and
R,q increases substantially, reaching as high as 390 Q cm?. The resulting Ry is similar
between the two states, but their existence indicates that there may be two separate

mechanisms by which this oxidation can occur.
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Figure 5.34: R and R,4 for room temperature experiments, forward
sweep. The sweep rate was 5 mV s,

The effective double layer capacitance Cyrr (Fig. 5.35) determined from the
CPE parameter (Section 5.3.3.6) shows that the capacitance decreases significantly
as a function of temperature. It does appear that the capacitance increases as a
function of oxidation time when comparing the HT'S1 and HTS2 temperature order
experiments. However, this is expected to some degree as the number of layers of

NiOOH are expected to increase as a function of oxidation time. Given that the
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NiOOH is a large, porous, three dimensional structure and the data has only been
normalized to a two dimensional surface area it follows that the capacitance would
appear to increase. The peak seen at approximately 1.4 V coincides with the potential
at which NiOOH is expected to begin forming. What is interesting is the existence
of a second peak on many of these traces, fairly consistently seen on experiments
performed at 40 °C or less. It appears to occur at just over 1.6 V, but in some

situations appears as high as 1.7 V. The peak appears to be absent at temperatures
60 °C and above.
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Figure 5.35: Plots of Cy for glycerol oxidation, HTS1 and HTS2
temperature orders. The sweep rate was 5 mV s
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5.4 Conclusions

Cyclic voltammetry was used to determine the effect of temperature on glycerol
oxidation onset potential and activity when using a nickel electrode. The effects seen
in the CV study were determined to be caused by changes in the electrochemistry of
the active phase of nickel oxide, NiIOOH. By adjusting CV potentials by the E, of
NiOOH formation, and normalizing by the NiIOOH charge density of a corresponding
glycerol-free experiment, it can be shown that temperature has very little effect on
both the onset potential and activity of glycerol oxidation on nickel.

A mechanistic analysis of glycerol oxidation on nickel was performed as a function
of temperature using Tafel analysis, cyclic voltammetry, AC voltammetry, and EIS.
The collected data was compared to mechanisms from literature and it was determined
that the mechanism of best fit was that proposed by Casella et al [79].

It appears that glycerol oxidation behavior differs between ~+-NiOOH and
B-NiOOH. Deprotonation of a-Ni(OH), to form 4-NiOOH at the oxide surface is slow
and as a result the formation of NiIOOH on the oxide surface is rate determining at
room temperature. As temperature increases this process speeds up, making glycerol
adsorption the rate determining step. This exposes 7-NiOOH to the surface and
allows it to age to the more crystalline 3-NiOOH [177, 186]. When the temperature
is subsequently reduced glycerol adsorption remains the rate determining step due to
the increased speed of deprotonation of 3-NiOOH and the retention of 3-NiOOH on

the surface.
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Chapter 6

Final Remarks

6.1 Conclusions

Product analysis of glycerol electro-oxidation on nickel in alkaline solutions was
performed at various temperatures using HPLC. This was achieved using a
two-electrode electrochemical cell built within an autoclave, allowing for the heating of
solutions beyond their normal boiling point. Through this and literature comparison
a reaction pathway for the organic products was determined. Additionally, the
effect of temperature on this reaction pathway was studied. At sufficiently high
temperatures a polymer was found to form. This polymer product was analysed
using DLS, DSC, NMR, and ATR-IR. These tests indicated that the polymer is
large and thoroughly cross-linked. Additionally, it appears that the polymer exists
in three distinct structures as indicated by the three separate peaks in the DSC
traces. This is supported by the DLS evidence, which also shows three distinct
groups of peaks. Since DSC pertains to structural composition and DLS pertains to
size it appears that the three separate polymeric structures exist in three distinct size
regimes, perhaps indicating something about their relative stabilities and reactivities
in alkaline solution. ATR-~IR and NMR studies indicate a significant presence of ether
bonds in the overall polymer structure, as well as some small amount of alkenes. A
subsequent analysis of available reactivity in solution suggests that the polymer is
to likely be a pseudo-polysaccharide. A pseudo-polysaccharide describes the ATR-IR
and NMR results, as well as the overall stability of the polymer product.

An electrochemical study was performed on the various phases of nickel oxide in

alkaline solution as a function of temperature. Using a three-electrode electrochemical
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cell, cyclic voltammetry, EIS, and various potential holds were used to explore the
interconversion between the various nickel oxide phases. Using this methodology
it was determined that B-NiOOH is a more active oxygen evolution catalyst
than 7-NiOOH. Thermodynamic analysis was performed on the Ni(OH),/NiOOH
oxidation process. This involved experimentally determining the shift in F, of
the reaction as a function of temperature, which had a value of —1.14 mV K.
This experimentally determined value was then subsequently described using values
calculated from Gibb’s energies and standard entropies for the possible compounds
involved. Pourbaix diagrams from the literature were used to determine these possible
oxide phases [189, 190], and reaction candidates were selected. It was determined that
while the nickel oxide literature leaves much to be desired, based on current knowledge

the following two reactions appear to best match the observed data:

NlO + 2OH7 = N102 + HQO + 267

(6.1)
Ni(OH), + 20H == NiO, + 2H,0 + 2¢

The aging process of a-Ni(OH), to B-Ni(OH); was studied as a function of
temperature using cyclic voltammetry and EIS. This lead to the observation that
B-Ni(OH), does not appear to form on the oxide surface at sufficiently high
temperatures below 1.2 V.

Temperature dependent kinetic and mechanistic studies were performed on the
alkaline glycerol nickel electro-oxidation system. In a cyclic voltammetry study it
was determined that temperature has very little effect on the activity of glycerol
oxidation on nickel. In order to determine this the shift in £, as a function of
temperature and the charge density of NNOOH had to be accounted for. Mechanistic
analysis was performed using a combination of Tafel analysis, cyclic voltammetry,
AC voltammetry, and EIS. This study indicates that glycerol oxidation behaves
differently on v-NiOOH and B-NiOOH due to the differing rates of deprotonation
of the two oxide phases. It also describes how glycerol can prevent the conversion of
~v-NiOOH to 3-NiOOH at room temperature and why this behavior is no longer seen
as temperature increases. Ultimately, it was determined that the commonly accepted
Fleischmann mechanism [21, 22] does not fit the observed data as well as the less
commonly referred to Casella mechanism [79].

The results of these projects indicate that this field is heading in a useful,

industrially relevant direction. The discovery of a new polymer product represents
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a promising path to a commercially viable product. Additionally, the understanding
that 7-NiOOH and B-NiOOH have significant effects on the oxidation of glycerol,
and likely alcohols in general, is a significant one. These discoveries indicate that
this area of research still has much to be discovered and understood. In the future I
hope to see significant use of this technology in general, with large glycerol fuel cell
reactor plants generating high value products from glycerol alongside hydrogen for
use in fuel cells. Currently it is difficult to imagine what the polymer product itself
may be used for given the difficulty in manipulating it. However, at the very least
once it is scaled up it could be used as a green and possibly biodegradable alternative

for packing material.

6.2 Future Work

6.2.1 Product Analysis of High Temperature

Electrochemical Oxidation of Glycerol on Nickel

The solution state glycerol oxidation product analysis needs no further study, however
the polymer product is still of interest. Some avenues of further exploration include:

(1) Scaling up the polymer synthesis should be the highest priority, though this has
proven difficult so far. The understanding of the likely polymer product provided in
this document may make this process easier. Workups can be tested on the reaction
mixture in an attempt to cause further polymer precipitation. These may include
various pH adjustments along with subsequent liquid-liquid extraction with various
organic solvents. Protonating the alcohol groups in the pseudo-polysaccharide could
result in different solubility behavior.

(2) Many alkaline exchange membranes were tested for use separating the working
and counter electrodes but none were found to be stable for the required duration
given the experimental conditions necessary for polymer synthesis to occur. For this
reason a glass frit was used in the cell. A viable membrane could be less resistive
than the frit, allowing for higher current densities to be passed.

(3) The reversible hydrogen electrode used in the three-electrode experiments was
often found to become unstable when raised to high temperatures for long periods of
time. Determining a viable reference electrode for use at high temperatures on long
term experiments would allow for much more electrochemical characterization of the

polymer synthesis process.
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(4) The autoclave design works quite well for kinetic and mechanistic analysis
of various systems, but it is not the optimal setup for maximizing the output of
electro-oxidation products. A redesign of the cell with a heavy focus on maximizing
polymer product could be worthwhile. This may involve increasing the total volume
of the reaction chamber, as well as increasing electrode surface area. A more robust

current source may be required to drive the electrochemistry.

6.2.2 A Study of the Phases of Nickel Oxide as a Function

of Temperature

The aging process of «-Ni(OH), to B-Ni(OH), at high temperatures could benefit
from a study involving tandem electrochemistry and surface X-ray diffraction. This
would allow for structural information on the top few layers of the nickel oxide layer
to be collected during the electrochemical studies. The best initial course of action for
this would be to re-perform the experiments described in this dissertation exactly as
written alongside the X-ray experiment. This would require a full redesign of the cell
in order to accommodate X-ray penetration of this cell and would be very non-trivial.

Another useful experiment would involve tandem high temperature EQCM and
probe beam diffraction. EQCM experiments can be performed to measure minute
changes in the electrode mass during the charging process, and probe beam diffraction
experiments can be performed to detect specific species moving in or out of the
electrode surface. Combining these experiments could provide significant evidence to
further support the claims of this work. Incorporating them into the high-temperature

apparatus could prove to be quite challenging, however.

6.2.3 Glycerol Oxidation on Nickel, Mechanistic and

Activity Analysis as a Function of Temperature

The high temperature activity and mechanistic studies should be performed using
the established methodology to explore the effect of pH on the process. The nickel
oxide phases are quite sensitive to both pH and potential, especially in the regime in
which these studies were performed [189, 190]. Altering the pH of the reaction could
reveal substantially different behavior than what has been explored here.

A study of the effects of glycerol concentration on oxidation currents as a function

of temperature should be performed. The oxidation current is related to reagent
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concentration according to the Tafel equation.

: N

j=nFKC™exp (aFﬁ) (6.2)
Here j is current density, n is the number of electrons transferred in the reactions, F’
is Faraday’s constant, K is the rate constant of the reaction in s!, C is reactant
concentration, m is an exponent representing the order of the reaction effect of
concentration, « is the charge transfer coefficient, n is overpotential, R is the gas
constant, and T is absolute temperature. By performing this experiment at various
glycerol concentrations the conditions under which glycerol oxidation and oxygen

evolution respectively dominate can be further confirmed.
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Appendix A

A.1 Detailed fitting data for pEIS data from
Section 4.3.1.1



Temp Cireuit Qa R Q2 Ry Cs Q3 R Cy Ry

/ °C e / Qcm?/ 107% cm™ ! / Qcem?/ 107% cm™ 2 / Qem?/ uF em™?/ 1075 cm™ “ / Qem? / uF ecm™? / Q cm?
20 3 2.31 20.1  0.898 1719 19.2  0.931 53726

40 4 1.99 149  0.878 669.4 322 0.758 12316  260.5 10042

60 4 1.57 16.6  0.867 344.7 422 0.747 5647.1  572.1 1827.7

80 8 1.36 10.8  0.932 2748 55.6  0.766 2577.9 983.2 0.761 696.96 -1823.3 962.30
100 7 1.34 20.3 0914 201.3 69.8  0.698 3087.6  498.4 861.63 -3643.2 -474.02
120 7 1.34 20.1 0,901 202.9 105 0.614 354.53  6.627 2463.9 -5651.5 647.94
140 8 1.22 423 0.800 1077 23.0  0.855 4859.6 126.6  0.954 73634  83.57 14444

Table A.1: 0.6 V pEIS fitting parameters for circuits of best fit on Ni(OH), interconversion.

Temp Circuit Ry Qa ag Rg Q2 a Ry C3 Q3 a3 Ry Cy Ry
/°C I% /% /% /% )% % /% /% /% /% /% /% /%
20 3 2.03 5.31 0.694 11.1 6.80 2.14 2.38
40 4 0.550 1.64 0.193 3.25 2.36 0.906 1.87 3.01 1.82
60 4 0.917 2.90 0.330 4.80 4.09 1.36 2.67 11.5 6.81
80 8 0.445 1.57 0.167 2.32 4.57 1.35 4.12 24.4 6.85 17.7 5.50 5.70
100 7 0.683 3.37 0.366 7.49 6.30 2.13 4.85 18.1 12.6 19.7 12.1
120 7 0.885 4.56 0.490 11.4 2.41 3.00 49.5 22.5 6.61 11.7 24.0
140 8 2.35 5.25 0.679 22.2 48.9 154 33.9 15.0 21.5 36.5 13.8 7.54

Table A.2: Relative standard errors corresponding to 0.6 V pEIS fitting parameters for circuits of best fit
on Ni(OH), interconversion.



Temp Cireuit Qa R Cs Q2 Ry Cs Qs R Cy Ry

/ °C e / Qcm?/ 107% cm™ ! / Qem? / uF em™? / 107% cm™ 2 / Qcem? / uF em™? / 107% cm™ “ / Qem? /) uF em™?/ Q cm?
20 3 2.38 182 0.829 15210 352 0.905 28001

40 6 2.12 187 0.855 27.271 92.2 0.439 1036.2 111.9  0.884 20072

60 5 1.70 208 0.841 427.71 277 0.819 11012 1199 4929.7

80 8 1.43 779  0.868 231.14 129 0.901 233.48 278.3  0.847 5916.3 1269 3335
100 5 1.35 68.4  0.825 185.16 466 0.750 4652.6 3589 3124.1

120 6 1.48 58.8  0.825 320.04 419 0.843 2349.3 2369  0.815 2252.6

140 5 1.69 185  0.736 917.29 202 3399.1 1310 6366.4

Table A.3: 1.2 V pEIS fitting parameters for circuits of best fit on Ni(OH), interconversion.

Temp Circuit Ry Qa ag Ry Co Qx ay Ry C3 Q3 a3 Ry Cy Ry
/ °C % % % [ )% SR SRS R SRS KKK
20 3 1.07 1.55 0.323 9.36 27.9 11.6 20.6
40 6 0.321 6.14 0.700 969 30.3 23.6 30.6 4.81 10.6 10.6
60 5) 0.447 1.71 0.272 4.21 2.57 1.71 847 21.3 14.4
80 8 0.604 3.68 0.457 12.3 5.76 37.2 9.57 5.72 11.5 8.78 14.3 11.3
100 ) 1.38 4.11 0.557 3.41 2.73 1.77 6.72 14.9 10.0
120 6 0.832 2.08 0.288 1.83 4.31 2.25 10.1 314 11.2 18.2
140 ) 4.00 7.39 1.30 12.1 11.2 10.9 16.6 13.2

Table A.4: Relative standard errors corresponding to 1.2 V pEIS fitting parameters for circuits of best fit
on Ni(OH), interconversion.
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