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Abstract

The development of effective yet inexpensive technologies for wastewater treatment is critical to
the safeguarding of water resources and the delivery of clean water for sanitation and drinking.
Electrochemical technologies are of growing relevance in an increasingly decentralized, distrib-
uted, and electrified system. High oxidation potential (HOP) materials, so called for their ability
to generate efficacious conditions for water treatment, are critical to their development. One such
HOP, Magnéli phase titanium oxides (MPTQOs), are being utilized to advance this domain; how-
ever, issues of its stability constrain the applicability of devices that employ them. Doping influ-
ences many physicochemical properties of MPTOs relevant to their use as electrode materials. The
rational selection of dopants for MPTOs is explored using Hume-Rothery rules for solid substitu-
tional solutions, selecting transition metals vanadium, chromium, and iron as potentially highly
soluble dopants. Their thermal stability is investigated using thermogravimetric analysis (TGA) in
air and a model for their thermal oxidation is developed from kinetic data. Electrochemical accel-
erated life testing (ALT) is conducted with doped MPTO electrodes and their influence on the time
to failure is evaluated. These tests establish that vanadium doping provides a significant improve-
ment to the stability of MPTOs in thermally and electrochemically oxidizing conditions. Porous
transport layers (PTLs) of vanadium-doped MPTOs are prepared and incorporated into a compact
electrolyzer, which is used to treat industrial wastewater. Vanadium-doped MPTO PTLs provide
a significant improvement in performance over pristine materials in terms of volumetric energy
consumption. Furthermore, the compact electrolyzer design places this approach in the top quartile

of this class of electrochemical devices, which is attributed to the reduced interelectrode distance.



Lay Summary

The development of effective yet inexpensive technologies for wastewater treatment is critical to
the safeguarding of water resources and the delivery of clean water for sanitation and drinking.
Electrochemical technologies are of growing relevance for complementing legacy infrastructure
to provide solutions in an increasingly decentralized, distributed, and electrified system. In this
work, novel electrode materials were developed and characterized and their efficacy for the treat-
ment of industrial wastewater was evaluated. Specifically, additives called dopants were incorpo-
rated into a conventional electrode material called Magnéli phase titanium oxides or MPTOs. The
influence of this modification on relevant properties such as electrical conductivity and stability
were investigated using analytical techniques. This work demonstrates that this approach improves
these characteristics of the electrodes. Furthermore, the use of these electrodes with modern elec-
trochemical cells called zero-gap electrolyzers demonstrates that these electrodes based on doped

MPTOs perform significantly better than pristine materials with superior energy efficiency.
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Chapter 1: Introduction

1.1 Motivation

Everyone in Canada should have access to clean water for drinking and sanitation. In September
2015, the United Nations adopted the 2030 Agenda for Sustainable Development, a global call to
action addressing a broad range of urgent social, economic, and environmental issues. Founded
upon 17 Sustainable Development Goals (SDGS), it envisions an end to poverty, the protection of
the environment, and an equal enjoyment of peace and prosperity. SDG 6: Clean Water and San-
itation commits Canada to guaranteeing the availability and sustainable management of clean wa-

ter and sanitation.

Challenges for the treatment and disposal of industrial wastewater in Canada, however, put
SDG 6 at risk. Per its target 6.3, Canada will, “by 2030, improve water quality by... halving the
proportion of untreated wastewater”. Yet, since 2015, Canadian industry has decreased the pro-
portion of wastewater safely treated (Figure 1.1) as defined as having undergone a secondary (or
biological) level of treatment or greater [1].} Generally, this fraction decreases with increasing
costs per unit [2], demonstrating the role for effective yet inexpensive technologies in helping

Canada achieve its sustainability targets.

! Methods for wastewater treatment are classified into 3 levels: primary (1°), secondary (2°), and tertiary (3°) [185].
Primary methods remove solid matter by physical separation such as sedimentation. Secondary methods utilize bio-
logical systems to metabolize organic matter. Tertiary methods involve physicochemical techniques to treat contami-
nants inadequately addressed by or potentially harmful to primary and secondary treatment systems.
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Figure 1.1 Wastewater safely treated having undergone at least secondary (or biological) treatment in Can-

ada between 2007-2015. Labels indicate average present-day costs per m? of wastewater treated.

Developing effective yet inexpensive tertiary (or advanced) technologies for the treatment
of industrial wastewater will therefore help Canada to achieve SDG 6. The advancement of effec-
tive devices for the electrochemical approaches are of growing importance given their suitability
for emerging decentralized and distributed treatment paradigms [3]. Electrochemical technologies
operate at ambient conditions generating chemical oxidants in situ [4, 5, 6], obviating any need for
the transportation, storage, and handling of hazardous chemicals. Electrochemical cells are modu-
lar in construction, simplifying the scale-up of treatment facilities [5, 6, 7]. Furthermore, electro-
chemical devices facilitate automated and remote operation [4, 5], utilizing clean, renewable, and

increasingly inexpensive sources of energy such as wind and solar [8].



In a Canadian context, electrochemical technologies may already be sufficiently cost-com-
petitive due to the low prices for electricity. Electrochemical advanced oxidation processes
(EAOPs) are reported to reduce the level of pollutant by an order of magnitude for less than
1 kwh m~2 [9]. Considering that the average price of electricity for large users in Canada was
7.4 ¢ kWh ™ during 2007—2015 [10], this translates into a removal of more than 99.5% of pollutant
at less than 19 ¢ m~3. Nevertheless, the selection of effective electrode materials is critical to the
viability of electrochemical technologies for industrial wastewater treatment. High oxidation
power (HOP) materials, so called for their ability to access strongly oxidizing electrochemical
potentials due to their poor electrocatalytic characteristics for the electrochemical water splitting
reactions [7], reduce the permissiveness of these parasitic reaction in systems such as EAOPs elec-
trochemically treating industrial wastewater. Magnéli phase titanium oxides (MPTQOs), one such
HOP material [11], are of broad interest for the advancement of electrochemical technologies as
low-cost electrodes with wide solvent windows [6, 12], i.e., accessing electrode potentials outside
the range of a thermodynamic stability of a solvent, but also for clean energy as dimensionally-

stable electrocatalyst supports and as an electrically-conductive filler in electrodes [13, 14, 15].

1.2 Background

Electrochemical processes are, as the name implies, chemical transformations coupled with elec-
trical phenomena. They are both ubiquitous and important, ranging from batteries powering our
portable electronic devices to water electrolyzers (WESs) for hydrogen production and will be foun-
dational for a carbon-neutral future.

All electrochemical devices are comprised of the following (Figure 1.2):



1. 2 electrodes, termed the cathode and anode, at which electron transfer to and from the
electrolyte occurs, respectively;

2. Electrolyte, which both receives and provides electrons at the respective electrode—electro-
Iyte interfaces as well as conducts an ionic current between the electrodes; and

3. An external electric circuit connecting the electrodes via a power supply or an electrical

load, which are referred to as electrolytic and voltaic or galvanic cells, respectively.

Figure 1.2 Components of an electrochemical cell including two electrodes (anode and cathode), separator,

reference electrode (RE) immersed in electrolyte and a potentiostat (PS). Adapted from [16].

Such a setup, irrespective of whether a load or a power supply is included in the external circuitry,
is called an electrochemical cell. There can be additional components of an electrochemical cell,

such as:



e A barrier—such as a salt bridge, a separator, or a membrane—between the cathodic and
anodic electrolyte chambers mitigating any undesired transport of chemical species from
one compartment to another; and

e Auxiliary electrodes such as a reference electrode, which assist in the precise measurement
and therefore control of the voltage being applied at an electrode of interest, one of either
the cathode or anode and called the working electrode. Electrochemical cells employing a

reference electrode are referred to as using a “3-electrode setup”.

1.2.1 Stoichiometry in Aqueous Electrochemical Processes
When a sufficiently large current (or voltage) is applied by the power supply to a WE and under
the appropriate conditions, the evolution of gas bubbles can be observed on the surfaces of both

electrodes. In acidic electrolyte, the following two so-called half reactions occur:

4H* + 4e~ — 2H, 1.1

2H,0 — 0, + 4H* + 4e” 1.2

with the hydrogen evolution reaction (HER, Eq. 1.1)—the reaction of interest—occurring at the

cathode and the oxygen evolution reaction (OER, Eq. 1.2)—completing the circuit—at the anode.

Combining the two reactions gives the overall water splitting reaction (Eg. 1.3):

2H,0 — 2H, + O, 13



Based on the stoichiometry of the overall reaction, the rate of evolution of the gases Hz and Oz is
2:1. And based on the half reactions, 4 moles of electrons must pass through the external circuit
for every 2 moles of Hz and 1 mole of O,. This flow of electrons can be measured in the external
circuitry as an electric current (I, Eq. 1.4), the magnitude of which is proportional to the stoichi-
ometry of the electrons in the reaction (n), Faraday’s constant (F) relating charge and moles of

electrons, and the flux (J) of electroactive species to the electrode-electrolyte interface:

[ =-nFJ 1.4

Note that an equivalent current must also pass through the electrolyte in order to complete the
electric circuit. This current carried by charged ionic species such as protons in the case of an acid

electrolyte as opposed to electrons in the case of the external circuit.

It is also noted that the previous discussion assumed that all the electrons participated in
the desired electrochemical reaction. As these are complex systems, it is possible that a fraction of
the current went towards undesired processes such as electrode corrosion, passivation, fouling, and
side reactions. With such phenomena, it is useful to describe the extent to which electrons are used

for their desired purpose by the parameter current efficiency (¢, Eq. 1.5):

Ji .
reaction 15

¢ ==

where lreaction 1S the current contributing towards the desired electrochemical process.



1.2.2  Electrochemical Thermodynamics

The central thermodynamic concept in electrochemical systems is that of electrode potential (E).
This parameter, broadly speaking, is a measure of the energy of electrons at some thermodynamic,

or equilibrium (subscript “eq”, Eq. 1.6) state:

A.G =-nFE,, 1.6

where A(G is the change in Gibbs free energy for a given chemical equilibrium. There are two
conventions to note:

1. Equilibria are generally written as reductions to be in accord with the sign convention used
in the above equation. If an oxidation is written, the opposite sign (for the right-hand side)
must therefore be used.

2. Electrode potentials are described with reference to some reference electrode potential. For
practical purposes, this may be with reference to the equilibrium electrode potential present
in the reference electrode employed in the cell. However, it is more common for electrode
potentials to be described with reference to the standard hydrogen electrode (SHE), which
is therefore 0.0000 V (vs. SHE) by definition. This is because all chemical species in equi-
librium in the SHE are in their standard state, meaning that their Gibbs free energies of

formation are also zero. The electrode potential of the SHE must therefore also be zero.



Electrode potentials determined for standard conditions such as the SHE are referred to as standard
(superscript “0”) electrode potentials (E°). Standard electrode potentials are determined easily con-
sulting values for standard Gibbs free energies of formations (A¢G), which can be found in ther-
modynamic tables, of the species involved in the chemical equilibrium of interest. For example,
such an analysis would yield electrode potentials for the cathode (Eg. 1.1) and anode (Eg. 1.2) of

a WE in standard acid electrolyte (pH 0) of 0.0000 and 1.229 V (vs. SHE), respectively.

For nonstandard conditions, equilibrium electrode potentials can be determined using the

Nernst equation:

Epy =E°——1InQ 1.7

where R, T, and Q are the gas constant, temperature, and reaction quotient, respectively. For ex-
ample, while the HER has a standard potential of 0.0000 V (vs. SHE), in basic electrolyte
(pH 13-14) such as that found in alkaline water electrolysis, its equilibrium potential in an atmos-

phere of Hz (1 atm) would range between —(0.767-0.828) V (vs. SHE).

1.2.3  Losses in Electrochemical Systems

By definition, equilibrium potentials are only observed in open circuit, i.e., no net current, condi-
tions. In practice, however, electrode potentials stray from equilibrium potentials as a current be-
gins to flow through the circuit. The magnitude by which the electrode potential exceeds the equi-

librium potential is called the overpotential () or overvoltage:



This deviation from equilibrium, called polarization, is due to losses, or inefficiencies, at the elec-

trode.

1.2.3.1  Electrode Kinetics
One inefficiency inherent in electrochemical systems is due to electrode kinetics and termed charge
transfer or activation losses (subscript “ct””). An empirical relationship between this overpotential

and the current was first described by Tafel over a century ago [17]:

|ncel = blogyolll —a 1.9

where a and b are the Tafel intercept and slope, respectively. A good electrocatalyst for some
electrochemical reaction being described by these Tafel parameters would have values of the slope
and intercept such that the overpotential remains as small as possible during polarization. Con-
versely, a poor electrocatalyst would have relatively large overpotentials, suggesting a considera-

ble increase in an electrode potential for a marginal increment in electric current.

Electrode kinetic theory based on first principles was developed by Erdey-Gruz and
Volmer [18], called Erdey-Gruz—Volmer kinetics (though sometimes attributed to Butler and re-

ferred to as Butler—\VVolmer kinetics):



(1—a)nF anF
I =1,qexp Tnct — exp <_ﬁnct> 1.10

where « is the charge transfer coefficient, which provides a measure of the relative energetic ease
for the forward and reverse reactions involved in the electrochemical equilibrium, and lo is the
exchange current density, which provides a measure of the rates of forward and reverse reactions
at dynamic equilibrium. While the charge transfer coefficient remains inherent to the catalyst ma-
terial, the exchange current density can vary considerably for given thermodynamic conditions
such as activity and temperature. Exchange current density also depends on the geometry of the
electrode, with increasing electrode area and roughness or catalyst loading improving this param-
eter. An Erdey-Gruz—Volmer analysis of electrocatalysts therefore depends on these two parame-
ters, the charge transfer coefficient and exchange current density. Catalyst behaviour generally
improves with increasing exchange current density whereas the charge transfer coefficient is

mixed.

Applying their theory to Tafel’s empiricism and assuming a symmetric system, i.e., a =1
—a = 0.5, it can be seen that when the overpotential is sufficiently large, Tafel’s parameters be-

come:

In(10) RT
b=——""— 1.11
anF
a = bloglo(lo) 1.12
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1.2.3.2  Transport Phenomena
Another inefficiency in electrochemical systems is losses due to transport phenomena termed mass
transfer (or diffusion) losses (subscript “mt”). As a current is drawn in the vicinity of the electrode-
electrolyte interface, electroactive species—those receiving or providing electrons—undergo
chemical transformation. As a result, their local concentrations change and redistribute, influenced
by dynamic processes collectively referred to as transport phenomena:

1. Diffusion: the motion of chemical species in response to the concentration gradient

(dc/dx). This phenomenon is governed by Fick’s first law of diffusion:

J=-D— 1.13

where J and D are the flux and diffusion coefficient (or diffusivity), respectively.

2. Convection: the motion of chemical species due to the motion of a fluid. The motion of a
fluid is generally brought about by differences in pressure, with the fluid travelling from
regions of high pressure to low. The difference in pressure can be caused by natural phe-
nomena such as the heat transfer at a surface of a fluid, causing a change in density of the
fluid near that surface. A difference in pressure can also be intentional such as by the use

of pumps. Nevertheless, the convective flux due to motion of a fluid is described as follows:

J =uc 1.14
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where u is the velocity of the fluid in the x plane.
3. Migration: the motion of a charged chemical species in response to an electric field

(d/dx).

=P ped? 115
T TRTCdx '
where z is the charge.
Combining these 3 phenomena yields the general flux equation:
- pX ), 1.16
S =D Rl tue '

Generally, all three phenomena are present to varying extents at varying length scales in electro-
chemical systems. At a macroscopic level, the extent of one mode of mass transport relative to the
others can be made considerably more or less prominent by design or operation. For example, the
extent of diffusive flux relative to convective is influenced by whether the electrolyte is quiescent
or agitated such as by either stirring or imposed flow. Migration is typically rendered less important
by the addition of supporting electrolyte: charged species such as salts that do not participate in
the electrochemical process other than to carry the ionic current in the electrolyte, lessening the

electric field.

12



At a systems level, the relative importance of these and other transport phenomena with

reference one another is expressed by dimensionless numbers:

1. Reynolds (Re): the ratio of inertial and viscous forces:

2. Schmidt (Sc): the ratio of momentum (kinematic viscosity) and mass diffusivity:

Sc =

S| <

3. Sherwood (Sh): ratio mass transfer by convection and diffusion

ko ?

h=——
> D

1.17

1.18

1.19

where ¢, v, u, D, and kn, are the characteristic length, the kinematic viscosity, velocity,

diffusion coefficient, and mass transfer (by convection) coefficient, respectively.

In electrochemical devices, there is often observed an empirical relationship between

these 3 dimensionless numbers [19]:

13



Sh = aRePSc¢ 1.20

where a, b, and c are coefficients determined by experimentation and usually defined by the ge-

ometry of the electrochemical cell.

Regardless of dominant mode of mass transport at a macroscopic level, it is recognized
that diffusion plays an important role at the microscopic level. For example, while the bulk of the
electrolyte may be agitated by stirring or flow, there is a finite yet minute layer of fluid near the
electrode-electrolyte interface that is relatively calm and referred to as the stagnant layer. As
transport by migration is minimized by the presence of supporting electrolyte, diffusion is the
dominant mode of mass transport in this domain up until its boundary, the distance from the elec-
trode-electrolyte interface being the boundary layer thickness (6). Assuming a linear concentration
profile over this domain, it can be determined that the flux of electroactive species at the surface

of the electrode (x = 0) is:

c*—cl,-
Jlx=o = _p &= cli=o) 1.21

where c* is the bulk concentration (superscript “*”) of electroactive species, noting that x is a
vector normal to the surface of the electrode. For systems under mass transfer control, the concen-
tration at the surface is miniscule relative to the bulk concentration and following approximation

can be made:

14



Jlx=0 = —kpc* 1.22

where the mass transfer coefficient (km) is defined as follows:

1.23

This substitution is made for practical purposes as the diffusion coefficient and diffusion layer

thickness can be more challenging to determine relative to the composite parameter.

With relationship in hand, it is relatively straight-forward to derive an expression for the
limiting current (subscript “L”), the current attributed to an electroactive species under mass trans-
fer control:

I, = nFAkpc* 1.24

Accordingly, an expression can be derived for determining the loss or overpotential due to diffu-

sion (ymt) by invoking Erdey-Graz-Volmer Kinetics:

RT ol
Mmt] —ﬁln (1—I> 1.25

1.2.3.3  Ohmic Drop

15



Excluding the circuit resistances, the ohmic drop (subscript “Q”) is the drop in an electro-
chemical cell arises from the difficulty for charge to travel via ions in the electrolyte. The resistance
to this ionic current is attributed to a variety of factors such as the concentration of charged species
and their diffusivity in the electrolyte solvent. The ease by which charge can travel in a solvent is
represented by its conductivity (k). This parameter is improved by increasing the electrolyte, i.e.,
salt, concentration, choosing salts with greater diffusivity, as well as reducing solution viscosity

as predicted by models such as Debye—Hiickle-Onsager theory [20, 21, 22].

In addition to conductivity, the ohmic drop also depends on the operation and geometry of

the electrochemical cell:

where ¢ is the inter-electrode distance and A is the cross-sectional area. Operationally, the greater
the current, the greater the ohmic drop analogous to Ohm’s law. From a design perspective, inter-
electrode distance should be kept to a minimum and areas should be as large as possible in elec-

trolyte systems with low conductivity.

1.2.4 Overall Cell Potential

16



The potential of an electrochemical cell (Ucen) is simply the difference of the electrode
potentials, which at best can be the equilibrium potential (Uceneq), but in drawing a current incurs

losses due to the different overpotentials:

Ucet = Ucell,eq - Zlnil 1.27

where, by convention, the equilibrium cell potential is the difference between the cathode and

anode equilibrium cell potentials (Eceq and Eaeq, respectively):

Ucell,eq = Ec,eq - Ea,eq 1.28

By this convention, an electrolytic cell such as a WE will have a negative cell potential. Losses to
such electrochemical systems make the cell potential more negative, meaning that more power (P)

is needed to obtain a desired current:

P = Uyl 1.29

A galvanic or voltaic cell such as a fuel cell (FC) will have a positive cell potential. Losses to such
systems make the cell potential less positive, meaning that less power is obtained from such sys-
tems. Electrical work (Weiectricat), Which is the integral of power with time, either supplied or ob-

tained, are affected accordingly:

17



t

Welectrica] = f Pdt 1.30

0

It is therefore imperative to minimize these losses through selecting suitable electrode materials,

improving mass transport, and reducing ohmic losses.
1.2.5 Electrochemical Treatment of Wastewater

Broadly speaking, there are many modes by which an electrochemical cell can treat wastewater
[6]. These can be direct or indirect methods, depending on whether the wastewater pollutant is the
electroactive species. They include anodic, cathodic, and coupled methods meaning that the cur-
rent at only one or both electrodes contribute to the transformation of wastewater contaminants.
They can also be faradaic and non-faradaic processes, meaning that electrons may or may not,

respectively, transfer across the electrode—electrolyte interface.

Concerning organic wastewater contaminants, in parallel to conventional secondary or bi-
ological treatment, the goal of electrochemical wastewater treatment is to reduce the oxygen de-
mand in the water. Oxygen demand refers to the amount of oxygen an ecosystem would require
metabolizing the organic material in the wastewater. At a macroscopic level, metabolism is anal-

ogous to combustion (Eq. 1.31):

CxH, 0, + (x + 0.25y — 0.52)0, — xCO, + 0.5yH,0 1.31

18



where CxHyO; is the generic formula for an organic substance. An electrochemical cell mimicking
a biological metabolic process in acid electrolyte would have the following half-reactions

(Egs. 1.32 & 1.33):

C H,0, + (2x — z2)H,0 — xCO, + (4x +y — 22)H" + (4x +y — 22)e” 1.32

0, + 4H* + 4e~ — 2H,0 1.33

the latter referred to as the oxygen reduction reaction (ORR, Eg. 1.33) and whose net reaction
would be combustion (Eq. 1.31). This process is thermodynamically spontaneous under appropri-
ate conditions, which is exploited to provide electrical work such as with direct methanol (CH3OH)
and direct formic acid (HCOOH) FCs [23, 24]. However, in contrast to these FCs wherein the
organic content is high, wastewater systems are relatively dilute. As a result, mass transfer limita-
tions are considerable enough making FC operation impractical. It is therefore more practical to
operate electrochemical cells treating wastewater as electrolyzers with the cathode reaction typi-

cally being the HER (Eq. 1.1) giving the following overall reaction:

CxH,0, + (2x — z2)H,0 — xCO, + (2x + 0.5y — z)H, 1.34

Electrochemical reactions in wastewater electrolyzers (WWESs) are generally non-sponta-
neous, requiring an external power supply to oxidize organics as well as to produce Ha. Their cell
potentials are usually well in excess of what is observed for WEs for H> production due to the

aforementioned mass transport limitations as well as electrode materials whose catalytic behaviour
19



for oxidation of organics is generally poor. This latter consideration is due in part to an effort
towards reducing parasitic currents due to the OER, whose greater prevalence reduces the current

and therefore energy efficiency of WWEs.

The complete oxidation of an organic species into inorganic carbon dioxide (CO2) can be
accomplished by direct electron transfer between the organic species and the electrode at the elec-
trode surface or mediated by an electrochemically-generated intermediate species [4]. Examples
of electrochemically-generated chemical intermediate species are hydroxyl radicals (-OH, Egs.
1.35 & 1.36) and active chlorine species (ACS) such as molecular chlorine (Clz, Egs. 1.37 & 1.38),

the latter forming when appropriate precursors such as chloride (CI") are present in the wastewater

matrix.
H,0 —- OH + H* + ™, E° = 1.98 V (vs. SHE) (1.35)
CyH,0, + (2x —2) - OH — xCO, + 2x +y —2)H" + 2x + y — z)e” (1.36)
2CI" — Cl, + 2e7,E° = 1.36 V (vs.SHE) (1.37)

C,H,0, + (2x + 0.5y — 2z)Cl; + (2x — z)H,0 — xCO, + (4x + y — 2z)HCI (1.38)

1.3 Literature Review
Given their ability to access strongly oxidizing electrode potentials in aqueous media [7], HOP
materials are important for the development of effective electrochemical technologies for clean

water and energy. Prominent HOP materials include lead(l1V) oxide (PbO2), antimony-doped

20



tin(1V) oxide (ATO), boron-doped diamond (BDD), and MPTOs. These materials share poor elec-
trocatalytic behaviour for the electrochemical oxidation of water forming oxygen, referred to as

the oxygen evolution reaction (OER, Eqg. 1.39).

2H,0 — O, +4H" + 4¢” (1.39)

This behaviour measured by their overpotential (i) for the OER is typically greater than 0.5 V
(Table 1.1) [7, 11]. Comparatively, electrocatalysts exhibiting “good” electrocatalytic behaviour
for the OER such as ruthenium(IV) oxide, iridium(IV) oxide, and platinum(IV) oxide are 0.16,
0.23, and 0.25 V, respectively [25, 26]. Poor electrocatalytic behaviour for the OER and servicea-
ble electrical conductivity (o, Table 1.1) [27, 28, 29, 30] have led to the growing interest in the use
of HOP materials in fuel cells (FCs) and electrolyzers as dimensionally-stable supports for elec-
trocatalysts; aqueous secondary batteries as electrically-conductive additives in positive plates;
and electrochemical sensors, electrolytic double-layer capacitors (EDLCs), and electrochemical
devices for electrochemical water purification and wastewater treatment as efficient and selective

electrodes [4, 5, 13, 14, 15, 31, 32, 33].
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HOP noer (V) logao(a/(S cm™)) Relative cost
PbO> 0.5 34 Low

ATO 0.7 2-3 Medium
BDD 1.0 12 High
MPTOs (e.g., TizO7) | 1.0 2-3 Medium

Table 1.1 Overpotential for the oxygen evolution reaction (yoer), logarithm base 10 of the electrical conductiv-
ity (o) and the relative cost of high oxidation power (HOP) materials lead(IV) oxide (PbO3), antimony-doped

tin(1V) oxide (ATO), boron-doped diamond (BDD) and Magnéli phase titanium oxides (MPTOS).

MTPOs are promising HOP materials available at relatively modest cost and exhibiting
characteristics superior to other materials in their class (Table 1.1). The best-in-class material is
BDD is used for the treatment of water and wastewater [33, 34, 35, 36]. BDD exhibits poor elec-
trocatalytic behavior for the electrochemical water splitting reactions, permitting the production of
hydroxyl radicals [37], which promote the selective and complete mineralization of organic pollu-
tants [38, 39]. However, BDD can be cost prohibitive due to planar electrode geometries, exceed-
ing 5,000 USD m [6] and motivating the development of inexpensive alternatives. While issues
of lead and antimony toxicity have limited the use of PbO2 and ATO, the latter also exhibiting
poor stability [40], MPTOs are emerging as a viable alternative to BDD. MPTOs are nontoxic
[41], excellent electrical conductors whose single-crystal conductivity approaching 2,000 S cm
[30], dimensionally stable in aggressive media such as nitric and hydrofluoric acid [42], and or-

ders-of-magnitude less inexpensive at <0.5 USD m~ [6].
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1.3.1 Preparation of MPTOs

Methods for obtaining MPTOs vary considerably in both the starting materials and the conditions
of their preparation (Figure 1.3) [15, 43]. Magnéli and co-workers first used metallothermic re-
duction [44], so called for the reduction of TiO2 with titanium metal. Pathways to MPTO electrodes
by reduction of TiO2 are commonly encountered in the literature, especially with hydrogen—
though carbon and ammonia are also used—requiring relatively mild temperatures of 600—
1,000 °C. Such methods are routinely used to prepare condensed and porous monophasic mono-
liths as well as high surface area powders. Other less frequently encountered methods such as
solvothermal and sol-gel methods are promising given their reported ability to produce nano-

materials [45, 46, 47, 48] though they often contain mixed phases.

Monoliths

(cylinders, plates)

Oxidation

Sol-gel /
Reduction

Powders

(nanomaterials)

Solvothermal

Composites

(carbon, ceramic)

Figure 1.3 Methods of preparing Magnéli phase titanium oxide (MPTO) materials from various precursors
such as titanium metal (Ti%), organotitanium (TiRn), titanium halides (TiXm), and titanium(IV) oxide (TiO2).

Adapted and modified from [43].
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The addition of dopants into otherwise pristine MPTOs is a method of growing activity,

demonstrating influence over its tribological [49, 50], electrical [51, 52, 53], photocatalytic [54,

55], thermoelectric [56, 57, 58], electrocatalytic [52, 53, 59], and thermal-oxidation [60] behavior.

Period 2 reactive non-metals and Period 4 and 5 transition metals are claimed to dope MPTOs by

various methods (Table 1.2). However, doped MPTOs are poorly understood: evidence for their

formation can be weak [54, 55], and suggests mixed phases [51], or is unclear in the absence of

characterizing data, and their behavior compared to the pristine material are often not evaluated

[52]. For example, samples described as doped MPTOs could alternatively be catalyst-decorated

MPTOs or MPTO-supported catalyst materials. Lastly, materials claiming moderate-to-low dop-

ing could alternatively be causal or bulk mixtures particularly with preparations involving conven-

tional methods.

Type Dopant Method Reference

Non-metal Carbon Solvothermal [54]
Nitrogen Solvothermal [55]
Nitrogen Sol-gel [52]

Transition metal Vanadium Metallothermic reduction | [49, 51]
Iron Metallothermic reduction | [51]
Copper Metallothermic reduction | [50]
Gallium Solid-state diffusion [59]
Yttrium Solid-state diffusion [59]
Zirconium Metallothermic reduction | [56]
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Niobium Metallothermic reduction | [51]
Niobium Solid-state diffusion [57, 58]
Molybdenum | Not reported [60]
Cerium Not reported [61]
Tantalum Not reported [60]

Table 1.2 Methods of preparing doped Magnéli phase titanium oxides.

1.3.2 MTPOs as Electrodes

The viability of the most electrically-conductive members of the MPTOs, TisO7 and TisOg, has

been investigated since the 1980s [11], being commercially traded for a period of time as Ebonex®

[62]. MPTOs exhibit many desirable properties for electrodes [63] (Table 1.3). Specifically, they

have high electrical conductivity [30], suitable electrocatalytic characteristics [11] (Figure 1.4),

good chemical and physical stability [42], easily fabricated [15, 43], easily repaired [64], long-

lasting [61, 65, 66], low cost [6], non-polluting [41] and non-contaminating, and safe.
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Linear Melting Thermal Electrical

Density expansion point conductivity resistivity

HOP (gcm=) (10-° K1) (°C) (Wcemt K1) (x10-° © cm)
PbO> 9.4 7.0 290 2.8 100
ATO 6.8 5.8 1,630 0.8 4,500
BDD 35 0.8 4,000 10 50,000
MPTO 4.3 8.4 1,670 0.03 500

Table 1.3 Selected physical properties of high oxidation power (HOP) materials. Data for Magnéli phase tita-

nium oxides (MPTOs, i.e., Ti4O7) obtained from [30, 67, 68, 69].

1/ mA cm33

o
ul

-0.5

1
E/V (vs. SHE)

Figure 1.4 Electrochemical behaviour of an Ebonex® electrode in 1 M H2SO0. (50 mV s, 298 K). Data obtained

from [70].
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While many aqueous electrochemical applications requiring access to strongly oxidizing
potentials are enabled by the characteristics of MPTOs, improving its anodic stability remains an
important challenge to be addressed. Passivation is observed in several applications including dur-
ing the heavy overcharge or reversal of positive plates containing MPTOs as an electrically-con-
ductive filler in lead acid batteries [71], in the electrolysis mode in regenerative fuel cells using
MPTO-supported electrocatalysts [16], and in the electrochemical oxidation of organic industrial
wastewater pollutants with MPTO anodes [72]. Passivation of MPTOs such as TisO7 forms the
thermodynamically-favored titanium(IV) oxide (TiO2, Figure 1.5, A.1 Supplementary Data for
Chapter 1: Introduction) (Eq. 1.40, E° = —0.54 V vs. SHE). Cathodic reactivation partially restores

its properties [64], but this regeneration process would increase the cost of use.

-0.5 k

I
[y
T

-1.5¢

E.q (V vs. SHE)

-2.5

Figure 1.5 Potential (Eeq)-pH equilibrium or Pourbaix diagram for titanium in agueous solutions (see Appendix

A.1 for equilibria)
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Ti,0, + H,0 — 4Ti0, + 2H* + 2e~ 1.40

1.3.3 Electrochemical Wastewater Treatment with MPTO-Based Electrodes

Perhaps the earliest reported use of MPTOs for water treatment applications is that of Chen, Bet-
terton, & Arnold [16]. The researchers used sheets of Ebonex®, a tradename under which TisO7—
TisOg materials were sold, electrolyzing synthetic wastewater containing trichloroethylene in a 2-
chamber and a 3-electrode glass reactor. They observed rapid and nearly complete oxidation of the
organic to CO and CO with first-order degradation kinetics at higher anode polarization that was
independent of concentration. Hydroxy radicals (‘(OH), strong and indiscriminate chemical oxi-
dants capable of oxidizing chemical species at appreciable rates, were detected using electron spin
resonance with the spin trap a-(4-pyridyl N-oxide)-N-tert-butylnitrone (4-POBN). Degradation
kinetics are pH-independent, however, suggesting that mass transport of the model pollutant to the
anode may be rate-determining and not the formation of hydroxyl radicals. Furthermore, mass
transport is inefficient with a maximum mass transfer coefficient of 24.3 um st and resulting in

poor current efficiencies of <33%.

This early example of MPTO use for water treatment used a batch reactor setup. In an effort
to improve mass transport as well as achieve continuous operation, practical designs that rely on
flow-by and flow-through configurations can be used (Figure 1.6) [43]. In a flow-by setup,
wastewater flows through the reactor whose reactive compartments are lined at least on one side
with a monolithic MPTO electrode, parallel to the flow. As the wastewater flows through the re-

actor, organic matter encounters oxidizing species at the surface of the electrode where they are
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transformed. As the electrodes form the boundary of the reactive compartment, they are imperme-

able to electrolyte flow and thus their interiors do not participate in treating the wastewater.

a)

Inlet ‘ ‘ Outlet

- Outlet

Figure 1.6 a) Flow-by and b) flow-through reactor configurations

To improve utilization of electrode materials as well as improve mass transport, a flow-
through setup can be used. In such a configuration, the electrodes are oriented perpendicular to
flow. The electrodes are now porous, permitting the flow of electrode through them, increasing the
surface area over which oxidation of organics or chemical oxidant precursors can occur. The down-
side of this approach relative to flow-by operation is the increased costs for pumping due to greater

pumping head required to pass wastewater through the reactor.
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Regardless of the reactor orientation, whether batch or continuous, flow-by or flow-though,
MPTOs are shown to effectively treat a wide range of organic industrial wastewater pollutants
(Table 1.4 and Table 1.5). Early work demonstrated modest performance as measured by removal
efficiency (or conversion, X) and current efficiency (¢) [16, 72, 73]. Recently, however, the advent
of high-surface area electrodes such as nanotube arrays (NTAS) [74] and reactive electrochemical
membranes (REMS) [75, 76, 77, 78, 79, 80] may be considered to be the current state of the art,
the latter achieving 5 log removal of recalcitrant perfluoroalkyl substances at a low energetic ex-
penditure of 5.1-6.7 kwh m~3 [81]. Still, these technologies must operate at relatively low current

densities as a strategy to minimize parasitic reactions and electrode passivation.
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Pollutant Electrolyte | Time (min.) | j(mAcm™?) | ¢ (%) | X (%) | Eeo(kWhm=3order')| Reference
COD

(183 ppm) Real WW 180 20 5| 665 67 [82]
PFOA? Na2SO4

(0.1 mM) (40 mM) 90 10 97.1 [83]
L-PFOSP Na2SO4

(10 pM) (0.1 M) 20 15 10° 75¢ 3.6 [84]
Methyl orange | NaCl

(150 ppm) (10 mM) 300 10 10| 91.7¢ [85]
Tetracycline Na2SO4

(10-50 ppm) (30 mM) 40 15 95.8 [86]
Phenol Na2SO4

(100 ppm) (0.1 M) 180 2.5 95.3¢ [74]

a pPEQA: Perfluorooctanoic acid, ® PFOS: Perfluorooctanesulfonic acid; STOC basis; ¢ COD basis.

Table 1.4 Selected examples of flow-by reactors with Magnéli phase titanium oxides treating wastewater and their removal efficiency (or conversion, X),

current efficiency (¢), and electrical energy per order (90%) removal (Eeo)
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Pollutant Electrolyte | Time (min.) | Flux (LMH) | j(mAcm™®) | ¢ (%) | X (%) | Eeo (kWh m=3order?) | Reference
TOC

(7 ppm) Real WW 1,340 7.4 >70 0.74 [87]
PFOA? Na2SO4

(0.5 mM) (0.25 M) 150 5 >99.9 14.2 [79]
PFOS® Na2S04

(0.1 mM) (0.25 M) 180 5 93.1 36.9 [79]
SMX°® K2HPO4

(0.1 nM) (0.1 M) 300 2.54 95.7 0.27 [88]
PFOS® Na2S04

(2 uM) (0.1 M) 120 4 98.3 [89]
Benzotriazole | Na2SO4

(10 ppm) (0.1 M) 462 20 30 98.1 22 [90]

a PEQA: Perfluorooctanoic acid, ® PFOS: Perfluorooctanesulfonic acid; ¢ SMX: sulfamethoxazole

Table 1.5 Selected examples of flow-through continuous reactors with Magnéli phase titanium oxides treating wastewater and their removal efficiency

(or conversion, X), current efficiency (¢), and electrical energy per order (90%) removal (Eeo)
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1.4 Research Questions and Objectives
The aim of this study is to improve the performance of MPTO-based electrodes for the electro-
chemical treatment of industrial wastewater. The effectiveness of MPTO-based electrodes is
based, in part, on their stability as the passivation of MPTOs in conditions relevant to electrochem-
ical applications [71, 91, 72] is an important issue. The efficiency of WWEs is derived, in part,
from the design of electrodes. As wastewater pollutants are dilute, enhancing mass transport phe-
nomena is vital to improving the performance of such electrochemical wastewater treatment tech-
nologies. In support of this aim, the following research questions have been developed:
1. What dopants can MPTOs accommodate up to a high doping level?
2. How does doping influence the stability of MPTOs in oxidizing environments?
3. How does doping influence the other properties relevant to the use of MPTOs in elec-
trodes? Specifically, their:
a. Electrical conductivity and
b. Electrochemical behaviour including electrocatalytic properties with respect to par-
asitic reactions such as the OER
4. How does the performance for the electrochemical treatment of organic industrial
wastewater pollutants of doped MPTO electrodes compare with pristine MPTO electrodes

in a specified electrochemical device?

The first part of this research was to explore the rational selection of dopants and investi-
gate their influence on the stability of MPTOs. In support of this aim, methods for preparing doped
MPTOs were developed as such materials are not commercially available. The quality of materials

prepared in-house were characterized by methods encountered in the literature with comparison to

33



data libraries of previously described materials. With materials of assured composition and quality
in hand, the thermal and electrochemical oxidation of said materials were investigated by use of
thermogravimetric analysis (TGA) and electrochemical accelerated life testing (ALT), respec-
tively. Not only is a measure of the stability of these materials obtained using these methods, but

some insight into why some materials may be more stable than others.

Once suitable dopants were identified, the effectiveness of doped MPTOs for the treatment
of industrial wastewater were investigated. High-surface area electrodes called porous transport
layers (PTLs) and appropriate for use in a compact electrolyzer were prepared. A PTL, like a REM,
is porous, permitting electrolyte to flow through it. However, these PTLs can be used in a zero-
gap commercial electrolyzer cell similar in design to a WE for hydrogen production, improving
mass transport as well as minimizing ohmic losses. Such cells with doped-MPTO PTLs were char-
acterized and their performance for the treatment of industrial wastewater was investigated with
reference to pristine MPTO. An analytical model was developed, predicting performance with

respect to key operating parameters.
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Chapter 2: Methodology

2.1 Material Preparation

2.1.1 Sol-gel Methods

In Chapter 3: The Thermal-Oxidation Behaviour of Pristine and Doped Magnéli Phase Titanium
Oxides and Chapter 4: The Superior Electrical Conductivity and Anodic Stability of Vanadium-
Doped TisO7, the dopant-containing MPTOs used in hydrogen reduction of TiO2 (vide infra) are

prepared by sol-gel methods.

Sol-gel methods involve forming a sol, a solution of colloidal nanoparticles, followed by a
gel, a condensed and interconnected polymer networks [92]. One such method of bringing a sol to
a gel used for this study is the hydrolysis and polycondensation of alkoxide precursors followed
by aging and drying under ambient conditions. The steps involved in this approach are:

1. Mixing: A sol is formed by the dissolution in an appropriate solvent of an alkoxide precur-
sor (e.g., titanium tetraisopropoxide, TTIP) followed by its hydrolysis (Figure 2.1) and

condensation (Figure 2.2), forming a network by condensation (e.g., Figure 2.3).
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OiPr OH

PrO—Ti— OPr +4H,0 HO —Ti— OH +4/PrOH

OiPr OH

TTIP +4H,0

Ti(OH), + 4/PrOH

Figure 2.1 Hydration of tetratitanium isopropoxide (TTIP) forming titanium(1V) hydroxide (Ti(OH)4) and iso-

propanol (iPrOH).

OH OH OH OH

HO — Ti—OH + HO — Ti—— OH HO —Ti—0 —Ti—OH +H,0

OH OH OH OH

Figure 2.2 Condensation of titanium(I1V) hydroxide (Ti(OH)4) monomers forming a dimer.

OH OH
HO —Ti—O —T|i—OH + BTi(OH), OH OH
C‘)H C|)H HO—'I|'1—OH HO —'I"i—OH
oo S
~———~ HO —T— O —'I|'i 0O T —0 —Ti—OH
(|3H c|, o) ('|)H

HO Ti OH HO —Ti OH

OH OH

Figure 2.3 Polycondensation of dimer and titanium(1V) hydroxide (Ti(OH)4) monomers forming eventual TiO2

network
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Gelation: After mixing, colloidal particles in the gel will encounter one another and cross-
link, forming an extended network. This causes the viscosity of the sol to increase and solid
material to precipitate from solution.

. Drying: After gelation, solvent is removed by decanting and drying under vacuum or near
the boiling point of the solvent to form a xerogel. At this point, the interconnected network
of atoms is sufficiently irregular such that the material appears crystallographically amor-
phous.

. Calcination: Once a xerogel is made, it is heated at temperatures below the melting point
of the ceramic. This stabilizes the material by condensing hydroxy! groups (—-OH), causing
further interlinkages to form. The atoms arrange into more regular and repeating structures,
increasing the crystallinity of the material.

. Densification: After calcination, the material can be optionally heated to a temperature near
the melting point of the ceramic. This causes particles to sinter and fuse together, causing

the density to increase by reducing the overall porosity.

Sol-gel synthesis is a bottom-up method of preparation, permitting the incorporation of

heterogeneous materials at the atomic level. For example, heteroatoms can be taken up by the sol-

gel network during the mixing step by their incorporation into the network by condensation reac-

tions (Figure 2.4). The incorporation of the heteroatom strains the crystal structure due to differ-

ences in atomic radii as well as introduces defects such as voids. This results in opto-electronic

properties of the doped materials that are distinct from the pristine materials such as for band gap

and electrical conductivity—the former sometimes yielding materials with striking colors.
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OH OH
HO —Ti—OH + HO —M—OH »  HO T—0O0 —M— OH

OH OH OH OH

| + 5Ti(OH),

OH o OH
HO —Ti— O —Ti 0 M—o0O — Ti—— OH
OH o o OH

HO Ti— OH HO Ti OH

OH OH

Figure 2.4 Condensation and polycondensation of titanium(IV) hydroxide (Ti(OH)4) and metal(111) hydroxide

(M(OH)3) monomers eventually forming a M-doped TiO2 network

2.1.2  Solid-State Diffusion Methods

In Chapter 5:VVanadium-Doped Ti4O7 Porous Transport Layers for Efficient Electrochemical Ox-
idation of Industrial Wastewater Contaminants, solid-state diffusion methods are used to prepare
porous transport layers (PTLs) of vanadium-doped Ti4O-. A solid-state diffusion method is a pro-
cess by which a heterogenous mixture is made more homogeneous by the interdiffusion of the

species.
As discussed in 1.2.3.2 Transport Phenomena, species will diffuse against some concen-
tration gradient (Figure 2.5). Per Eq. 1.13, the rate by which this process occurs is not only de-

pendent on the magnitude of the concentration gradient, but also on the diffusion coefficient. In
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solid state materials, this process is slow relative to liquid media due to small diffusion coefficients.

The diffusion coefficient has an Arrhenius-type relationship (Eq. 2.1):

D = D, exp(—E,/RT) 2.1

where Do and E, are the maximum diffusion at infinite temperature and the activation energy for

the diffusion process, respectively. Thus, the rate of the diffusion process in a solid-state material

can be sped up by increasing the temperature of the solid.
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Figure 2.5 Solid-state diffusion process showing the distribution of atoms with time after two heterogenous

materials are put together at sufficiently elevated temperatures.

At elevated temperatures, heteroatoms diffuse into the pristine material, substituting posi-
tions with host atoms or occupying interstitial sites resulting in doped materials. However, unlike
sol-gel methods whose bottom-up approach involves an atom-by-atom construction, solid-state

diffusion methods start with considerably larger materials such as nano- and microscale powders.
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Furthermore, the elevated temperatures required to accelerate diffusion also result in the growth
of larger particles via sintering and Ostwald ripening processes. It is therefore not particularly well-

suited for preparing doped nanomaterials.

2.1.3 Thermal Reduction

In Chapter 3:The Thermal-Oxidation Behaviour of Pristine and Doped Magnéli Phase Titanium
Oxides, Chapter 4:The Superior Electrical Conductivity and Anodic Stability of Vanadium-Doped
Ti407, and Chapter 5:VVanadium-Doped TisO7 Porous Transport Layers for Efficient Electrochem-
ical Oxidation of Industrial Wastewater Contaminants, thermal reduction in a hydrogen atmos-

phere is used to prepare all MPTOs.

In a reducing environment such as hydrogen, but also, for example, carbon monoxide or
ammonia, an oxide such as TiO2 can be reduced to form a lower oxide, so called for the metal now
possessing a lower oxidation state. For example, TiO> (oxidation state +4) in H. at a sufficiently

high temperature will spontaneous reduce to form an MPTO such as TisO7 (oxidation state +3.5).

ATiO, + H, — Ti, 0, + H,0 2.2

In the process, H20 is produced as oxygen from the reducing oxide is “captured” by the H> in the

surrounding environment.

Thermal reduction in a controlled atmosphere is typically conducted in a tube furnace (Fig-

ure 2.6). Such an apparatus is typically made of an inert tube such as quartz or alumina. At each
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end of the tube are vestibules, which connect the tube to appropriate plumbing shuttling reactant
gases from their sources through the tube and to exhaust. Surrounding the tube is a heating element,
typically a resistive heating element, which heats up when an electric current passes through it.
The temperature of the heating element is controlled by a thermocouple. While manual control is

possible, elaborate temperature programs can be developed using a temperature control unit.

Heating
element

Tube

Vestibule

Temperature
controller

Figure 2.6 Components of a tube furnace

The sample to be reduced is conveyed into the tube furnace by a crucible, usually made of
the same material as the tube, and placed in the middle of the tube furnace. This is to ensure that
the temperature experienced by the sample is approximately the same as that measured by the

thermocouple, which is also usually located near the middle. The region in the middle of the tube
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furnace is called the heating zone. As locations in the furnace approach the vestibules, the temper-

ature can drop considerably relative to the heating zone due to cooling from the environment.

It is noted, however, that TiO2, MPTOs, and other oxides in a sufficiently reducing envi-
ronment will continue to reduce to lower and lower oxides, eventually forming the metal and pos-
sibly its hydrides. It is therefore imperative to interrupt the reduction so that the sample is not over
reduced. This is typically done by timing the temperature program such that heating stops at a time

when a sufficient level of reduction is achieved.

2.2 Material Characterization

2.2.1 Structure

2.2.1.1  X-ray Diffraction

In Chapter 3:The Thermal-Oxidation Behaviour of Pristine and Doped Magnéli Phase Titanium
Oxides, Chapter 4:The Superior Electrical Conductivity and Anodic Stability of Vanadium-Doped
Tis07, and Chapter 5:VVanadium-Doped TisO7 Porous Transport Layers for Efficient Electrochem-
ical Oxidation of Industrial Wastewater Contaminants, X-ray diffraction (XRD) is used to inves-

tigate the crystalline structure of prepared materials.

XRD is an instrumental technique used to obtain information about the structure of crys-

talline material. This is accomplished by illuminating a crystalline sample with X-rays and ana-
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lyzing the diffraction pattern, so called as X-rays diffract as they pass through the crystalline lat-
tice. That is, X-rays from a coherent source interact with one another in either a constructive or
destructive manner, generating a pattern of varying intensity as a function of the angle of incident
light (6). The premise of this diffraction pattern is based on Bragg’s law (Eq. 2.3, Figure 2.7),
which relates the wavelength of the incident light (1) to the critical angle at which constructive
interference occurs in an ordered material with regular spacing of thickness (d) and where n is the

diffraction order, taking integral values [93]:

nl = 2dsin@ 2.3

Figure 2.7 Visual description of Bragg’s law and related diffraction phenomena

The diffraction pattern is therefore characteristic of the crystalline material, being used to
identify crystalline phases present in a given material. Further information can be obtained about

the position of atoms in a repeating unit of the lattice, called a unit cell, such as its size and shape
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as well as the atoms within it. X-rays are used given the similarity in wavelength and the spacing
of atoms in crystalline materials being on the order of angstroms. X-ray diffraction patterns can be
1- or 2-dimensional, 1D being favored for powder analysis and 2D being appropriate for small,
single crystal samples. Rietveld refinement can be applied to powder X-ray diffraction patterns to

obtain a multitude of information about the unit cell [94].

2.2.2 Composition

2.2.2.1  X-ray Fluorescence

In Chapter 3:The Thermal-Oxidation Behaviour of Pristine and Doped Magnéli Phase Titanium
Oxides, Chapter 4:The Superior Electrical Conductivity and Anodic Stability of Vanadium-Doped
Tis07, and Chapter 5:VVanadium-Doped TisO7 Porous Transport Layers for Efficient Electrochem-
ical Oxidation of Industrial Wastewater Contaminants, X-ray fluorescence (XRF) is used to inves-

tigate the composition of pristine and doped MPTOs.

XRF is an analytical technigue to determine the elemental composition of a material. In a
typical measurement, a sample is irradiated with X-rays, which cause core electrons of atoms to
be ejected (Figure 2.8). This is turn allows electrons in higher energy levels to relax and occupy
the vacant spot, releasing X-rays characteristic of the energy released (E) by the transition, the

wavelength (1) of this fluorescent radiation being related by Plank’s law:

A= hc/E 2.4
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where h is the Planck constant, c is the speed of light. The incident X-ray energy must be greater
than that of the electron being ejected. The intensity of the fluorescent radiation is a function of
both the concentration and the element itself, causing detection limits to vary among the elements.
Fluorescent radiation can be collected either by energy-dispersive or wavelength-dispersive detec-
tors. XRF may therefore not provide an ultimate analysis of a specimen as some lighter elements
may have concentrations lower than the instrumental detection limit. Software packaged with most
modern instrumentation will analyze X-ray fluorescence spectra, apply the appropriate factors, and

report the relative composition of the elements.

Incident
X-ray

Fluorescent
X-rays

A
Photo-
electron

Figure 2.8 Bohr model of titanium atom undergoing X-ray fluorescence and related phenomena
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2.2.2.2  Energy-Dispersive X-ray Spectroscopy

In Chapter 3:The Thermal-Oxidation Behaviour of Pristine and Doped Magnéli Phase Titanium
Oxides, Chapter 4:The Superior Electrical Conductivity and Anodic Stability of Vanadium-Doped
Ti407, and Chapter 5:VVanadium-Doped TisO7 Porous Transport Layers for Efficient Electrochem-
ical Oxidation of Industrial Wastewater Contaminants, energy-dispersive X-ray (EDX) spectros-

copy, is used to determine the elemental composition and mapping of pristine and doped MPTOs.

EDX spectroscopy, like XRF, is another instrumental method for determining the ele-
mental composition of a material. Like XRF, electrons from outer levels relax to fill vacancies in
inner levels, releasing fluorescent radiation characteristic of the element via Planck’s law (Eq. 2.4).
Unlike XRF, however, electrons are ejected from core electron levels by collisions with other
electrons, the source being an electron beam such as those used in scanning electron microscopy

(SEM, vide infra). The fluorescent radiation is typically collected by an energy dispersive detector.

As this method is typically used in conjunction with SEM, an elemental map at the micro-
scopic scale be developed using this method. In such an approach, a plot of the intensity of fluo-
rescent radiation at some wavelength characteristic of an element of interest is superimposed onto
and electron micrograph. This approach in concert with SEM can provide information about the
distribution of elements at the microscopic level, giving insight into its relationship with any mor-

phological features.
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2.2.2.3  X-ray Photoelectron Spectroscopy
In Chapter 4:The Superior Electrical Conductivity and Anodic Stability of Vanadium-Doped
TisO7, X-ray photoelectron spectroscopy (XPS) is used to investigate the surface composition and

oxidation state of pristine and doped MPTOs.

XPS is an analytical technique like XRF and EDX spectroscopy used to determine the
elemental composition of a material. Like XRF, a sample is irradiated with X-rays, but unlike
XRF, the ejected electrons are collected and not X-ray fluorescent radiation. This photoelectric
effect first theorized by Einstein [95] and subsequently developed for the technique equates the
kinetic energy of the photoelectron (subscript “k”) to the wavelength of the incident X-ray radia-
tion (1) minus the work function of the of the surface (@) and the binding energy (subscript “B”),

the minimum energy required to remove an electron from an atom (Eq. 2.5):

Ex=——®—Ep 2.5

The work function is typically an instrumental parameter and is easily measured with reference to

photoelectrons originating from a ubiquitous yet adventitious material such as carbon.

Unlike XRF and EDX spectroscopy, the resolution of determination of the binding energy

is sufficient that photoelectrons originating from atoms of the same element, but different oxida-

tion states can be observed. However, unlike XRF and EDX, the mean free path of an electron in
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solids is considerably shorter limiting XPS analysis to the surfaces of samples. An additional con-
sideration for XPS is that measurements are typically carried out in vacuum to facilitate the unob-
structed travel of photoelectrons from the sample to the detector. Nevertheless, analysis of the

interior of a sample can be done by etching with an ion beam such as argon.

2.2.3  Morphology

2.2.3.1  Scanning Electron Microscopy

In Chapter 3:The Thermal-Oxidation Behaviour of Pristine and Doped Magnéli Phase Titanium
Oxides, Chapter 4:The Superior Electrical Conductivity and Anodic Stability of Vanadium-Doped
Ti407, and Chapter 5:VVanadium-Doped TisO7 Porous Transport Layers for Efficient Electrochem-
ical Oxidation of Industrial Wastewater Contaminants, scanning electron microscopy (SEM) is

used to investigate the morphology of pristine and doped MPTOs.

SEM is a type of microscopy using a beam of high energy electrons scanned across the
surface of a sample. When electrons impact the surface, electrons and radiation is released from
the sample (Figure 2.9) providing both topographic and compositional information. For example,
backscattered electrons (BSES) are electrons reflected from the surface due to elastic scattering.
Secondary electrons (SESs) originate from atoms in the sample being released by inelastic scattering
by incident electrons. X-rays can also be released in a fashion described by EDX spectroscopy

(vide supra). These signals are collected by a variety of detectors, if present in the instrument, and
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used to generate morphological and compositional data. Images obtained by SEM are of consid-
erably greater resolution than conventional light microscopy, being able to display features in the

micro- and nanometer scale.

e beam

X-rays
Secondary e (SE)

Surface 2 Backscatterede™ (BSE)

4

Sample

Figure 2.9 Types of signals generated by electron beam in a scanning electron microscope

2.2.4  Thermogravimetric Analysis
In Chapter 3:The Thermal-Oxidation Behaviour of Pristine and Doped Magnéli Phase Titanium
Oxides, thermogravimetric analysis (TGA) is used to investigate the thermal oxidation behaviour

of pristine and doped TisO7.

TGA is an instrumental technique used to observe changes in mass due to decomposition
or oxidation upon heating a sample in a prescribed environment. In a typical measurement, a small
amount of sample is placed in an inert crucible such as alumina and placed upon a holder sus-

pended in a furnace (Figure 2.10). Similar to the operation of a tube furnace as described in thermal
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reduction (vide supra), the furnace of a TGA is purged with some gas of known composition. The
temperature of the furnace is then raised per some temperature program using a thermocouple and
temperature controller. The weight of the sample is continuously monitored as the temperature
program is executed. The data is typically reported as a thermogram, i.e., the mass of the sample

as a function of temperature.
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Figure 2.10 Components of a thermogravimetric analzyer. Adapted from [96]
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TGA can provide a variety of information about the sample. For example, the extent to
which the mass of a sample changes can provide information about its composition. The tempera-
ture at which its mass changes, called the onset temperature (To), provides information about its
thermal stability with higher onset temperatures indicating greater thermal stability. The rate at
which the mass changes can provide information about the mechanism by which the sample is

undergoing some chemical change such as oxidation or decomposition.

2.3 Electrochemical Measurements

2.3.1 Cyclic Voltammetry

In Chapter 4:The Superior Electrical Conductivity and Anodic Stability of Vanadium-Doped TisO7
and Chapter 5:VVanadium-Doped TisO7 Porous Transport Layers for Efficient Electrochemical Ox-
idation of Industrial Wastewater Contaminants, cyclic voltammetry (CV) is used to investigate the

electrochemical behaviour of pristine and doped MPTO electrodes.

CV is an electroanalytical method used to observe the electrochemical behaviour of elec-
trode materials in some defined media [97]. As described in 1.2 Background, in a typical meas-
urement, an electrode containing a material of interest is placed in a solution, typically containing
supporting electrolyte to improve its ionic conductivity and aid measurement. Using an instrument
called a potentiostat (PS), the potential is swept at some constant rate from a starting potential to
some peak or limiting potential and back to the starting potential (Figure 2.11). As the potential is

swept, the current passing to or from the electrode of interest is measured. The measurement then
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continues between these two peak potentials (or limiting potentials) for a number of cycles. The

current-potential data referred to as a cyclic voltammogram is typically reported.
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Figure 2.11 A cyclic voltammetry experiment (left) and the construction of a cyclic voltammogram (right).

CV data can provide a variety of information about the material of interest. A cyclic volt-
ammogram plots the electrochemical behavior of a material as measured by current as a function
of the electrode potential. This data can be used to determine the stoichiometry of the electrons

involved in a redox process, the standard potential of said process, as well as the rate of the reac-

tion.

2.3.2 Galvanostatic Methods

In Chapter 4. The Superior Electrical Conductivity and Anodic Stability of Vanadium-Doped
Ti407, galvanostatic methods are used to investigate the Tafel behavior for the oxygen evolution
reaction (OER) and the time-to-failure (TTF) via electrochemical accelerated life testing (ALT) of
pristine and doped MPTO electrodes. In Chapter 5:VVanadium-Doped TisO7 Porous Transport Lay-
ers for Efficient Electrochemical Oxidation of Industrial Wastewater Contaminants, galvanostatic
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methods are used to understand the current-voltage behaviour as well as electrolyze wastewater

with the assembled WWE containing pristine and doped MPTO PTLs.

Galvanostatic methods are electrochemical measurements involving a static or fixed cur-
rent and monitoring the potential of an electrode or electrochemical cell. Like CV, a potentiostat
is used, but to control the current instead of the potential. A variety of information related to kinetic
and transport phenomena can be obtained using this method. For example, a Tafel plot can be
constructing by measuring the potential of an electrode for a period of time at a series of fixed
currents. A current-voltage plot of an electrochemical cell is constructed in a similar manner. This
approach to constructing a Tafel plot or a current-voltage plot over potentiodynamic methods such
as CV or linear sweep voltammetry has the advantage of eliminating currents from the charging
of the electric double layer, which may inflate kinetic contributions. Electrochemical accelerated
life testing (ALT) can also be a galvanostatic method. For such a test, an aggressive or large current
is passed at an electrode surface and its potential with time is monitored. As the electrode fails due
to, for example, corrosion or passivation, a greater and greater magnitude of electrode potential is
needed in order for the same current to pass. At a sufficient level of failure, the potential exceeds
some limiting potential, either set experimentally or by the instrument, at a time referred to as the

time-to-failure (TTF).

2.4 Water Quality Measurements
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2.4.1 Colorimetry
Chapter 5:Vanadium-Doped TisO7 Porous Transport Layers for Efficient Electrochemical Oxida-
tion of Industrial Wastewater Contaminants, colorimetry is used to determine the extent of decol-

orization and chemical oxygen demand removal (COD).

Colorimetry is an instrumental technique used to measure the intensity of a color of a sub-
stance or a solution. This is accomplished by use of a colorimeter or a spectrophotometer, the
difference between the two being that a colorimeter measures a single wavelength or color whereas
a spectrophotometer can measure multiple wavelengths. The intensity of the color is with reference
to some standard, usually solutions of known concentration of the colored species including a
control called a blank. In a typical measurement, the sample is illuminated with light and the light
passing through the sample is measured. The degree to which the light passing through the sample
is attenuated is proportional to the amount of colored species present within it. This relationship is

called the Beer—Lambert law (Eq. 2.6):

A =¢fc 2.6

where ¢ is the molar absorptivity, ¢ is the path length, and c is the concentration. A is the absorb-
ance, which is a measure of the extent to which light passes through the sample referred to as

transmittance (T, Eq. 2.7)

A = _logloT 27
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2.4.1.1 Decolorization

One important aesthetic parameter for water is its clarity. Clarity is a measure of how clear or
transparent an aqueous solution is. Wastewater can contain species which reduce the clarity of the
water by either scattering or absorbing light. Scattering is caused by suspended particles and the
water. Light absorbance is due to electromagnetic radiation interacting with molecular electronic
transitions. Unlike scattering, which can occur over a broad range of wavelengths, absorption oc-
curs over a relatively narrower range of wavelengths and may be characteristic of the absorbing
species. Decolorization (Xa, Eq. 2.8) is simply the extent to which the initial absorbance (subscript

“0”) of a solution at some specific wavelength has been reduced:

2.4.1.2 Chemical Oxygen Demand Removal

Another important consideration for wastewater which is to be ultimately released into the envi-
ronment is its organic matter content. Microorganisms in the receiving environment degrade or-
ganic matter contained in wastewater, consuming oxygen in the process. If the organic load is too

great, the local environment can be starved of oxygen by the microbial action.

One measure of the amount of organic matter is chemical oxygen demand (COD). COD is

the amount of oxygen required to chemically oxidize the organic content using an oxidant such as

dichromate (Cr,0%") at high temperature in the presence of a strong acid catalyst (Eq. 2.9):
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(4x + vy —22)

8(4 -2
(x+y-22) .

CH,0, + c Cr,0% + :
2x +y—2z 16x + 7y — 8z
xC0O, + ( 6y ) Cr3t 6y H,0 2.9

The amount of dichromate consumed in the process is stoichiometrically related to the amount of
oxygen that would have been required to oxidize the organic material (viz. Eq. 1.31). The amount
of dichromate is determined colorimetrically as it absorbs strongly at 350 nm relative to chro-
mium(l1l) ions. Using the Beer—Lambert law (Eq. 2.6) and stoichiometry, the amount of oxygen
that would be required to oxidize the organic matter can be calculated. However, it is also common

and easier in practice to use a standard solution of known COD to calibrate such a method.
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Chapter 3: The Thermal-Oxidation Behaviour of Pristine and Doped Magnéli

Phase Titanium Oxides

3.1 Introduction

MPTOs [98, 44] are of growing importance to both solid state and electrochemical technologies.
In TiO,-based memristors, [99] conversion between electrically insulating TiO2 and conductive
TinO2n-1 (N = 4, 5) provides a mechanistic basis for its resistive switching [100, 101, 102, 103,
104]. Ti4O7 and TisOg are also promising alternatives to carbon-based materials in aqueous elec-
trochemical systems [13, 14, 15, 6], having electrical conductivities comparable to graphite [30],
chemical inertness in aggressive etchants [13, 42], and high overpotentials for the oxygen evolu-
tion reaction in water [11]. However, passivation forming TiO2 occurs in sufficiently oxidizing
conditions found in lead-acid batteries [71], regenerative fuel cells [91], and devices electrochem-
ically incinerating aqueous pollutants [72]. Therefore, developing an understanding of the mecha-
nisms for these reactions as well as strategies modulating the conditions for such transformations

may lead to more effective MPTO-based materials.

Doping is an emerging method for tailoring MPTQOs to better suit their application [14].
The inclusion of various dopants is demonstrated to be capable of modifying tribological [49, 50],
electrical [51, 52, 53], photocatalytic [55, 54], thermoelectric [58, 57, 56], and electrocatalytic [52,
53, 59, 60] properties. However, the rationale for selecting dopants is generally sparse apart from
a size criterion, which Gardos invokes in selecting Cu [50]. An expansion of this guidance is the

Hume-Rothery rules for substitutional solid solutions [105], a set of attributes common to highly
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soluble solutes employed in the alloying of metals. This set of 4 empirical qualities exhibited by
solutes generally in excess of 5 at% are as follows: 1) the difference in the electronegativities (Ay)
should be small, 2) the co-ordination number (CN) should be the same, 3) the atomic radii should
not differ by more than £15%, and 4) the crystal structures should be similar. Darken-Gurry maps
[106] are visual aids that can be used to identify potentially highly soluble dopants identified by
the application of the Hume-Rothery rules. Darken and Gurry also relax rule 1 suggesting a thresh-
old for Ay of £0.4 on the Pauling scale. Finally, prioritizing high solubility minimizes the likeli-
hood of forming causal mixtures, which are challenging to identify at lower additive concentra-
tions. Using this approach, the list of candidate dopants can be refined for the evaluation of their

influence on changes between TinO2n-1 and TiOs.

Thermogravimetric analysis (TGA) can reveal insights into such transformations. Hayfield
conducted a preliminary investigation of the thermal stability of pristine and doped Ebonex® elec-
trodes, a tradename for MPTO-based products (n = 4, 5), by observing their thermal-oxidation
behavior in air [60]. Like its passivation in aqueous electrochemical systems, the thermal oxidation
of MPTO in air forms the electrically-insulating TiO2. The influence of the dopants investigated
on the stability appears mixed as measured by the onset temperature (To): the temperature at which
the mass of the material deviates noticeably from the baseline. However, the composition of these
materials is unclear in the absence of both thermogravimetric data at higher temperatures and phase
analysis data. Furthermore, a reaction model governing the solid-state kinetics of MPTO oxidation

in air has yet to be forwarded.
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To elucidate a mechanism for the thermal oxidation of MPTO in air and to investigate the
influence of dopants on its oxidation forming TiO2, we prepared pristine and doped Ti4O7 powders
and evaluated them using TGA. Dopants were identified using the Hume-Rothery rules for substi-
tutional solid solutions. TisO7 powders were obtained by high-temperature H reduction of TiO:
and characterized by scanning electron microscopy (SEM), gas adsorption analysis, X-ray fluo-
rescence (XRF), energy-dispersive X-ray (EDX) spectroscopy, X-ray photoelectron spectroscopy
(XPS), and powder X-ray diffraction (PXRD). Finally, empirical and computational data from
TGA were used to evaluate onset temperatures and reaction models for thermal oxidation in air,

respectively.

3.2 Experimental

3.2.1 Preparation of doped titanium oxides

The following chemicals were used as received: CrCl3-6H20 (purum p.a., 98%, Sigma Aldrich),
ethanol (EtOH, pure un-denatured, 100%, University of British Columbia Department of Chemis-
try), FeClz (ACS, 98%, anhydrous, Fisher Scientific), titanium tetraisopropoxide (TTIP, 97%,
Sigma-Aldrich), and VClIs (97%, Sigma-Aldrich). Ultrapure H.O (UPW, 18.2 MQ cm) was gen-
erated as needed using a laboratory water system (Milli-Q Integral 5, EMD Millipore). Appropriate
amounts of CrCls-6H0, FeCls, and VCls were dissolved in UPW to obtain 2 M solutions. In a
typical preparation theoretically yielding 3.42 g of TiO», either 2.32 ml of UPW or 1.90 ml of
UPW and 0.42 ml of 2 M transition metal halide solution were added dropwise to 250 ml of vig-
orously stirred EtOH. 12.7 ml of TTIP was added dropwise to the previously described solution

afterwards stirring for an additional 5 min. The molar ratio of the constituents of the sol was
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100:3:1:0.02 EtOH:UPW:TTIP:MClz where M are either V, Cr, or Fe. The sol was aged overnight,
and then the gel was dried on a hot plate at 80 °C. The xerogel was mechanically ground with an

agate mortar and pestle, and then calcined at 800 °C in air for 4 h.

3.2.2 Preparation of pristine and doped magnéli phase titanium oxides

Ar (Ultra High Purity 5.0, 99.999%) and H» (Ultra High Purity 5.0, 99.999%, Praxair) were used
as received. In a typical preparation yielding 0.5 g of Hz-reduced TiO», 0.5 g of either pristine or
dopant-containing TiO> (vide supra) was placed in an alumina combustion boat, which was then
placed in a tube furnace (Thermolyne F21125, Thermo Scientific) with an 18 inch (45.7 cm) long
alumina process tube with a 2 inch (5.1 cm) diameter. Upon purging with Ar, Hz was introduced
into the process tube at a flow rate of 25 ml min~t. The process tube was heated from ambient

temperature to 1,050 °C at a heating rate of 5 °C min~! with a dwell time of 3 h.

3.2.3  Scanning electron microscopy and energy-dispersive X-ray spectroscopy

Surface morphology and elemental analysis were obtained using a field emission gun scanning
electron microscope (FEI Quanta 650, Thermo Scientific) with an EDX detector accessory
(XFLASH 6130, Bruker). All images and EDX spectra were obtained using an accelerating volt-
age of 20 kV and a working distance of 10 mm. Elemental analysis of EDX spectra was performed

using microanalysis software (ESPIRIT, Bruker, ver. 2.1.2).
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3.2.4 Gas adsorption analysis

Surface area using the Brunauer—Emmett—Teller (BET) method [107] were evaluated from N gas
adsorption-desorption isotherm data at —196 °C with a surface area analyzer (ASAP 2020, Micro-
metrics). Samples were degassed at 300 °C for 4 h under vacuum removing moisture prior to

analysis.

3.25 X-ray fluorescence spectroscopy

The atomic concentration of dopant (M) relative to Ti, M/(M+Ti), was determined in pristine and
doped H2-reduced TiO2 from XRF spectra obtained using an energy dispersive X-ray fluorimeter
(Fischerscope XDV-SDD, Fischer Technology) equipped with a Rh X-ray source and a Si drift
detector. In a typical measurement, a powder sample was illuminated for 10 s with radiation from
the X-ray source excited at 10 kV passing through a 1,000 pum Al filter. M/(M+Ti) was computed
from the relative weight concentrations reported by the instrument software (WinFTM XDV-SDD,

ver. 6.35-5-PDM, Fischer Technology).

3.2.6  X-ray photoelectron spectroscopy

Surface analyses including elemental composition and chemical state were performed by XPS with
a X-ray photoelectron spectrometer (Axis Ultra DLD, Kratos Analytical) using a monochromatic
Al X-ray source and a hemispherical analyzer. Step size, dwell time, and sweeps were 1 eV, 0.8 s,
and 2 for survey spectra and 0.1 eV, 0.3 s, and 2 for high resolution spectra, respectively.

XPSPEAK (Raymund W. M. Kwok, Chinese University of Hong Kong, ver. 4.1) was used to
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process constituent peaks within high-resolution data using Shirley backgrounds. Peak assign-
ments were made upon comparison to published data compiled in the NIST X-ray Photoelectron

Spectroscopy Database (ver. 4.1) [108].

3.2.7 Powder X-ray diffractometry and structure refinement

Phase identification and structure refinement was conducted with PXRD data obtained using a
Bragg-Brentano 6-8 geometry X-ray diffractometer (Phaser D2, Bruker) with a Cu X-ray source
(1.5406 A) and a Si strip detector (LYNXEYE, Bruker). In a typical measurement, a powder sam-
ple was illuminated with radiation from the X-ray source excited at 30 kV with 10 mA passing
through a 1.0 mm primary slit module, 2.5° stoller module, and a 0.5 mm Ni filter using a step size
of 0.02° and an integration time of 1 s. Phase identification was carried out using the instrument
software (DIFFRAC.EVA, Bruker) with reference to the Crystallography Open Database (COD)
[109] later generating patterns using VESTA crystallography software [110] (ver. 3.4.7) and rele-
vant Crystallographic Information Files (CIFs). Structure refinement was conducted using
GSAS-II crystallography software (ver. 4376, Argonne National Laboratory) [111] using relevant
CIFs as the initial structure solution. Uncertainty is reported parenthetically as the computed esti-

mated standard deviation.

3.2.8 Thermogravimetric analysis

The thermal stability and solid-state kinetics of thermal oxidation in air was assessed with data
obtained with a thermogravimetric analyzer (TGA-50, Shimadzu) using a data processor (TA-
60WS, Shimadzu) and instrument software (ver. 2.21, Shimadzu). In a typical measurement, 5 mg

of powder is transferred to an alumina crucible, which was then placed in the heating furnace of
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the thermogravimetric analyzer with a flow of 50 ml min* of air (Extra Dry 0.0, Praxair) and the
temperature program is then started. The data is corrected for instrument drift by subtracting the

fitted linear baseline of the thermograms (TGs).

3.3 Results & Discussion

3.3.1 Vanadium, chromium, and iron are suitable dopants

Candidate dopants were identified applying the Hume-Rothery rules for substitutional solid solu-
tions to available databases. A database of effective ionic radii of the elements [112] was restricted
to CN 6 and oxidation state (OS) Il and IV, the CN and OSs of Ti in TinO2n-1. Considered were
elements whose radii are within +15% of 0.67 and 0.605 A, the radii of Ti"" and Ti'"V, for OS Il
and IV species, respectively. Further refined were elements whose electronegativities are within
1.54 + 0.4 on the Pauling scale, the electronegativity of Ti [113]. Finally, only elements whose
oxides adopt either the rutile-like or corundum-like crystal structures were reviewed noting that Ti

can adopt either the rutile or a corundum-like crystal structure in MPTO [67].

An analysis of the dataset (Figure 3.1) identifies 3 potentially highly-soluble dopants: V"', Cr'"!
and Fe'"" high-spin complex. Halide salts of V', Cr'"", and Fe'" are both commercially available
and sufficiently soluble and stable in water. Ga'"' and Mn'V also meet all 4 criteria. Efforts to pre-
pare heavily Ga-doped materials were first thought to be successful; [114] however, XRF analysis
of the samples after H> reduction now suggest the unexpected and complete removal of Ga at this
step perhaps as a hydride. The dissolution of Mn'" halide and the reaction of MnO, with a hydrogen

halide form Mn'" species along with halogen gas. Therefore, the preparation of Mn-doped MTPO
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via H reduction of TiO> are infeasible notwithstanding other preparations such as metallothermic
reduction. Rule 2 is observed for other reported dopants of MPTO: C [52], N [55, 54], Cu [50], Y
[59], Zr [56], Nb [57, 58, 51], Mo [60], Ta [60], and Ce [53]. However, they violate rules 1 (C, N,
and Mo) and 3 (C"Y, N"', and Cu"" low-spin complex, Y, zr'V, Ce'"', and Ce'), or there is insuf-
ficient data to evaluate rule 4 (all but Zr'"V). As a result, only V, Cr, and Fe were investigated as

dopants for MPTQOs for subsequent study.
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Figure 3.1 Darken-Gurry map of elements having a coordination number of 6, an oxidation state of 111, and a
corundume-like crystal structure where ""HS" refers to the high-spin complex. The red circle is an ellipse with
a width of +15% the radius of Ti""" (0.67 A) and a height of +0.4 on the Pauling scale of electronegativity. Image
reproduced from [65], which permits unrestricted reuse of the work via the Creative Commons Attribution 4.0

License (CC BY, http://creativecommons.org/licenses/by/4.0/).

64



3.3.2 Powders are highly-doped TisO7

The appearance of the powders suggest that the materials are doped and that their morphology is
comparable. Optical images of the powders before and after H, reduction (Figure 3.2) suggest that
both the dopants have been successfully incorporated into TiO2 as evidenced by the change in
color from white in the pristine sample to purplish brown, greenish gray, to reddish orange in the
V-, Cr-, and Fe-containing samples, respectively. Upon Hz reduction, all TiO> powders become
dark blue, consistent with the preparation of MPTO. Scanning electron micrographs of the Ho-
reduced powders (Figure A.2.1) are representative of manually ground materials with a few parti-
cles as large as ~100 um in diameter. Closer examination of the surface of the larger particles
suggests that they are porous, composed of a network of fused particles having diameters on the
order of micrometers. This feature is consistent with the sintering expected using high tempera-
tures for the stabilization and reduction of TiOx. It is noted that the surface of the powders of doped
materials take on a relatively smoother appearance, suggesting that the fused particles are generally
smaller, perhaps due to the peptizing nature of the metal halides in the sol. BET analysis of the N2
gas adsorption isotherms of Hz-reduced materials gives BET surface areas: 36.4 + 0.5, 60.8 + 1.4,
92.9 + 1.0, and 69.0 + 2.4 m? g* for the pristine, V-doped, Cr-doped, and Fe-doped samples,

respectively.
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Figure 3.2 Optical microscope images of pristine and dopant-containing TiO2 powders before a)-d) and after e)-h) Hz reduction. Image reproduced from
[65], which permits unrestricted reuse of the work via the Creative Commons Attribution 4.0 License (CC BY, http://creativecommons.org/li-

censes/by/4.0/).
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Statistical analysis of the data obtained by EDX spectroscopy and XRF analysis of the Ho-
reduced TiO> samples (Table 3.1) suggests that the dopants are present at approximately 2 at%.
EDX spectroscopy results are equivalent or marginally lower than expected values whereas XRF
results are marginally greater. This disparity is attributed to systematic errors in the preparation
and storage of the transition metal halide solutions, the quality of the TTIP reagent, and its volati-
lization during the aging step of the sol-gel process. XPS of the doped materials (Figure A.2.2,
Table A.2.1) was unable to identify doping elements in detectable concentrations on the surface of
these particles though there is considerable adventitious Si, likely due to abrasion of the agate
mortar and pestle. Analyses of high-resolution XPS spectra (Figure A.2.3, Table A.2.2, & Table
A.2.3) suggest the presence of both Ti'"' and Ti'V as indicated by assignments of constituents of
the Ti 2p peaks to Ti>Os and TiO., respectively. However, TiO2 is the dominant feature of this
peak based on area and therefore the surface is likely passivated. In addition to TiO2, metal hy-
droxides (M(OH)x) and SiO2 may also be present at the surface based on assignments of constitu-

ents of the O 1s peak.

Dopant (at%o)
EDX XRF
V-doped 20x0.9 2704
Cr-doped 1.4+£0.7 28%0.2
Fe-doped 1.0+£04 2604

Table 3.1 Summary of statistical analysis (5 observations at a 5% significance level) of energy-dispersive X-ray

(EDX) spectroscopy and X-ray fluorescence (XRF) of dopant in Hz-reduced TiOx.
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Via Ha-reduction of pristine and dopant-containing TiO2, our objective was to obtain mo-
nophasic TisO7 (Eq. 3.1), the Magnéli phase titanium oxide with the greatest electrical conductiv-
ity [30]. Phase identification analysis of the patterns obtained by PXRD (Figure 3.3) provides ev-
idence to suggest that this objective was achieved. Specifically, a pattern typical of TisO7 can be
seen with intense peaks at 20.8° and 31.8° 20. The absence of a prominent broad peak in the base-
line indicative of amorphous phases suggests that the materials must therefore be highly crystal-
line. The absence of peaks at 23.8° and 22.0° 26 indicative of TizOs and TisO7, respectively [44,
60], is also noted, suggesting the absence of adventitious Magnéli phases other than TisO7. The
patterns were poorly indexed with an earlier reported structure of TisO7 [67], which was later re-
vised [115] and nearly identical to the structure of 0.25% V-doped TisO7 (COD 1008048) [116],
which was used for comparison. The absence of additional phases in the dopant-containing mate-

rials suggests that the dopant must therefore be uniformly distributed within the TisO7 phase.

4T102 + H2 4 Ti407 + H20 (31)
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Figure 3.3 Powder X-ray diffraction patterns (1.5406 A) of Hz-reduced pristine and dopant-containing TiOz,
which are well-indexed with Ti;O7 (COD 1008048). An extraneous peak in the Fe-doped, Hz-reduced TiO: pat-
tern at 44.7° 20 is assigned to the (110) Miller index of crystalline alpha Fe (a-Fe, COD 9005836). Image repro-
duced from [65], which permits unrestricted reuse of the work via the Creative Commons Attribution 4.0 Li-

cense (CC BY, http://creativecommons.org/licenses/by/4.0/).

An extraneous peak in the pattern for the Fe-doped sample is also noted. Phase identifica-
tion analysis restricting the search to compounds containing O, Ti, and Fe suggests alpha Fe (a-
Fe) to be the likely candidate, whose pattern (COD 9005836) [117] was well-indexed. Analysis
of thermodynamic values [118] of the H> reduction of Fe;O3, assuming the oxidation state of
Fe'' remains the same throughout the sol-gel synthesis, forming o-Fe and H.0O (Eq. 3.2) at 1,050
°C suggests that the process is likely spontaneous, evaluating its standard reaction Gibbs energy

to be —41.5 kJ mol™*. Assuming the activities of all reagents to be approximately unity except
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H20, which is negligible, one can conclude that the formation of a-Fe is at least thermodynami-

cally possible in 1 atm of Ha.

Fe;03(ep + 3H, — 3Fe(y) + 3H,0 (3.2)

Structure refinement was conducted to obtain lattice parameters of the unit cell as well as
the size (z) and strain () of the crystallites (Figure A.2.4, Table A.2.4, Table A.2.5, & Table A.2.6).
There is good agreement in the lattice parameters of the unit cells of pristine TisO7 as compared to
the reference CIF (COD 1008048) [116]. One can account for the marginal differences in lattice
parameters £ and y to random errors in the structure refinement expressed by the weighted profile
R-factor (Rwp). There is also good agreement between the pristine and doped Ti4O7 samples with
marginal differences in lattice parameter y for all doped samples. Structure refinement of the Fe-
doped sample accounting for two phases, TisO7 and a-Fe, gives a weight fraction for a-Fe of
0.9(2)%. The size and the strain of the crystallites in the pristine samples were evaluated to be
86(5) nm and 0.03(4)%, respectively. By comparison, the crystallites in the doped samples are
1.4(2)-2.0(2) times as large with strain ranging 0.06(5)-0.20(3)% larger. An interpretation of these
results is that the variation in the size of the crystallites is due to systematic errors such as differing
times for the aging and drying steps of the sol-gel method whereas an increase in the strain of the

crystallites is generally concomitant with the presence of dopant.

3.3.3  Vanadium and iron improve thermal stability
TGA of pristine and V-, Cr-, and Fe-doped Ti4O7 (Figure 3.4a) provides a measure of their quality.

Assuming the product of thermal oxidation of TinO2n-1 to be TiO2 (Eq. 3.3) and conducting a mass
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balance, one can obtain information about the oxidation state of Ti from the total relative mass
change (Am/mo). Given PXRD evidence suggesting the samples to be predominantly TisO7 (vide

supra), a total relative mass change of 5.2722(2)% is expected from stoichiometry [55].

2Tin02n_1+02—>2nTi02 (33)

Empirical values are obtained by fitting the TGs to the logistic function to obtain the total
relative mass change, the extrapolated onset temperature, and the peak temperature (Tp), the tem-
perature at which the rate of change in the mass is at a maximum. For the exception of Fe-doped
TisOz, it can be observed that the values of total relative mass change for all pristine and doped
samples agree with one another within the limits of uncertainty (Table 3.2). However, they are
marginally smaller than the theoretical value. It is inferred from the disagreement between the
empirical value of the pristine sample and theoretical value of the total relative mass change that
the linear baseline correction of the TGs has introduced a bias towards underestimating total rela-
tive mass change. Furthermore, one can attribute the disparity between the empirical and theoret-
ical values for the total relative mass change of Fe-doped TisO7 to the a-Fe phase as evidenced by

phase identification and structure refinement of the PXRD data (vide supra).

71



105} &
104 t
—@— Pristine
103 L | —m=— V-doped "
4 Cr-doped I,-"
102 | |—4#— Fe-doped n

Relative mass, m/mg (%)

(% min™)

S
-

dt

S
o
o

d(m/my)

=

200 400 600 800
Temperature, 7' (°C)

o

Figure 3.4 (a) Thermograms and (b) differential thermograms (5 °C min™2) of pristine and doped TisO7 in air.
The data sampling intervals are reduced from 1/12 to 25 °C for clarity. Image reproduced from [65], which
permits unrestricted reuse of the work via the Creative Commons Attribution 4.0 License (CC BY, http://cre-

ativecommons.org/licenses/by/4.0/).
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Am/mo (%) To (°C) Tp (°C)
Pristine 4.91+0.30 491.1+£5.5 543.1+16
V-doped 5.08 +0.06 608.9 +5.0 675.6 +3.2
Cr-doped 491+0.24 4953 +4.7 586.1+4.9
Fe-doped 5.80 +0.29 570.5+3.0 636.9+1.3

Table 3.2 Summary of statistical (3 observations at a 5% significance level) analysis of fitted total relative mass
change (Am/mo), onset and peak temperatures (To and Tp, respectively) for the thermal oxidation (5 °C min™)

of pristine and doped TisO7 in air.

Generally, the thermal stability as measured by the onset temperature either stays the same
or increases with doping with the following trend: V > Fe >~ Cr =~ Ti (Table 3.2). A similar trend
is observed in the peak temperature (V > Fe > Cr > Ti) noting that the peak temperature is not a
typical measure of thermal stability. The difference between onset and peak temperatures does
provide a measure of the sensitivity to temperature (T) with sensitivity increasing as the difference
decreases. This sensitivity becomes more pronounced when plotting the differential TGs (DTGs,
Figure 3.4b) wherein sharper and more intense peaks suggest a greater sensitivity to temperature
for a fixed temperature ramp rate. The following trend in temperature sensitivity is proposed: Cr
<V < Fe = Ti. From the shapes of the DTGs one infers that the kinetics of the thermal oxidation
of pristine, V-doped, and Fe-doped TisO7 is governed by a single step whereas peak shoulders in
the DTGs of Cr-doped TisO7 might suggest either a multi-step or parallel chemical reactions. These
additional features as well as the asymmetry of the DTG peaks illustrate a limitation of fitting the
TG data with a logistic function, which gives a symmetric peak devoid of additional features such

as shoulders.
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3.3.4 Thermal oxidation in air is diffusion-controlled

Following the guidance of the International Confederation for Thermal Analysis and Calorimetry
[119], the development of a reaction model from the thermogravimetric data has been based upon
the general rate expression in terms of conversion («) and the evaluation of its kinetic triplet: (1)
an Arrhenius pre-exponential factor (A), (2) an activation energy (E), and (3) a reaction model
(f(a)). During a thermogravimetric measurement with a constant temperature ramp rate (53), using
the integral isoconversional Kissinger—Akahira—Sunose (KAS) method [120, 121], at a fixed con-
version (denoted by subscript «), the slope of a plot of In(8/T,) for varying values of 1/T, is pro-
portional to E,. In this fashion, from TGs generated with varying temperature ramp rate, we ob-
tained model-free values of E,. The span of fitted values for E, for both pristine and doped mate-
rials are observed to be well within 20%-30% the mean, the threshold for significance [119].
Therefore, one can infer that the thermal oxidation of TisO7 is governed by a single step over for

nearly all values of conversion.

The choice of reaction model for the solid-state kinetics of thermal oxidation of TisO7 was
informed using y(«) and z(a) master plots. The shape of the y(a) and z(«) master plots assist in the
identification of the reaction model. The Senum and Yang approximation was used to evaluate the
integral of the Arrhenius function [122]. The shape of the y(a) master plot of pristine TisO7 is
typical of diffusion reaction models (Figure 3.5a) [119]. Similar shapes are observed in the y(a)
master plots of doped TisO7 (Figure 3.5b, Figure A.2.5a & b) suggesting that a diffusion reaction
model could describe their thermal oxidation as well. As the samples were fine powders, it was

reasoned that a three-dimensional diffusion reaction model was most physically sensible. Two
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such models frequently encountered in literature are the D3 or Jander model [123] and the D4 or
Ginstling—Brounshtein model [124]. The difference between the D3 and D4 models is their math-
ematical development: D3 approximates three-dimensional diffusion with one-dimensional invok-
ing the parabolic law, whereas D4 employs the solution to Fick’s first law for radial diffusion in a
sphere [125]. However, uncertainty in the location of the peak of the z(«) curves suggests that both
models could be appropriate (Figure 3.5¢ & d, Figure A.2.5¢ & d). It is noted that in the z(«) master
plot of Cr-doped TisO7 (Figure A.2.5¢) is a discontinuity in the curve suggesting that their mech-
anism for thermal oxidation could be multi-step. These features in the z(a) master plots are ap-

proximately coincident to the peak shoulders in the DTGs (vide supra).

Linearized differential data (In{f(de/dt)[1/f(a)]}) was generated for the purpose of linear
model-fitting defining f(«) as either the D3 (fos) or D4 (fps) reaction model. Both models provide
good fits with values for R? greater than 0.95 (Table 3.3). The D3 model (Figure 3.6a) generally
fits the data for the pristine Ti4O better than the D4 model (Figure 3.6¢) as well as the doped
materials (Figure 3.6b & d, & Figure A.2.6a—d) as determined by the relative values of R? except
for V-doped TisO7. One observes considerably more outliers for the Cr-doped TisO7 sample oc-
curring at values of conversion near unity. These outliers appear to be coincident with shoulder
peaks in the DTGs and discontinuities in the z(«) master plots (vide supra). Linear model-fitting
produces values of activation energy that are generally greater than model-free ones, with the D4
model being the closer of the two models except for Cr-doped TisO7. The fitted values of the
Arrhenius pre-exponential factor for the pristine Ti4O7 are larger than those for the doped TisO7

with values obtained by D3 model fitting to be the greater of the two models.
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Figure 3.5 (a) & (b) y(a) and (c¢) & (d) z(a) master plots for the thermal oxidation of (a) & (c) pristine and (b)
& (d) V-doped TisO7 in air. Image reproduced from [65], which permits unrestricted reuse of the work via the

Creative Commons Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/by/4.0/).
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E (kJ mol?) logio(A/mint) R?
KAS D3 D4 D3 D4 D3 D4
Pristine 221.6+14 262211 236.2+1.2 149+0.6 13.1+0.6 0.9805 0.9712
V-doped 2196 +4.1 2451+ 0.8 230.3+£0.7 11.3+04 10.3+£0.3 0.9861 0.9897
Cr-doped 2105+ 3.8 181.3+0.9 171.1+1.0 8.7+0.5 8.0+£0.5 0.9794 0.9698
Fe-doped 2041+ 4.7 227.0+£0.7 203.2+1.2 10.8+0.4 9.3+0.6 0.9876 0.9591

Table 3.3 Summary of statistical (5% significance level) analysis of fitted activation energy (E), Arrhenius pre-exponential factor (A), and the coefficient
of variance (R?) for the thermal oxidation (1, 2, 5, and 10 °C min™) of pristine and doped TisO~ in air using the integral isoconversional Kissinger—

Akahira-Sunose (KAS) method and linear model-fitting with Jander (D3) and Ginstling—Brounshtein (D4) reaction models.
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markers indicating outliers). Image reproduced from [65], which permits unrestricted reuse of the work via

the Creative Commons Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/by/4.0/).

From kinetic computation, we observe that (1) a three-dimensional diffusion reaction
model, either D3 or D4, satisfactorily describes the solid-state kinetics of thermal oxidation of
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pristine and doped Ti4O7 in air, and (2) doping reduces both the Arrhenius pre-exponential factor
and the activation energy. Therefore, thermal oxidation of TisO7 to TiO: is a diffusion-controlled
process forming a superficial layer of TiO2. Doping has a mixed effect on the kinetics of oxidation
with a lower Arrhenius pre-exponential factor making it sluggish and a lower activation energy
having the opposite effect. At ambient conditions, pristine TisO7 is kinetically stable having a
fixed-conversion lifetime (t,) of 102"°*10 and 102*8 * 11 min at a conversion of 5% obtained by
kinetic prediction using the D3 and D4 models, respectively (Figure 3.7). The doped TisO7 are
also stable; however, the relative ta of Cr-doped Ti4O7 is predicted to be significantly shorter using

both models.

3.4 Summary

Magnéli phase titanium oxides are potentially important materials for both solid-state and electro-
chemical technologies, and an ability to customize their relevant physicochemical properties must
be developed as their prominence grows. As this work demonstrates, doping effectively modifies
the oxidation stability of Ti,O-, with V-doping and Fe-doping markedly improving thermal stabil-
ity in air. The suitability of the diffusion reaction models for the solid-state kinetics of thermal
oxidation suggests that dopants hindering diffusion will improve the oxidation stability of Ti.O-.
This understanding of the influence of doping on the oxidation kinetics was developed and used
to estimate material lifetimes at ambient conditions, with Cr-doping shortening it significantly.

While the influence of doping at 2 at% was investigated, this composition has not been optimized.
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which permits unrestricted reuse of the work via the Creative Commons Attribution 4.0 License (CC BY,
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Chapter 4: The Superior Electrical Conductivity and Anodic Stability of Va-

nadium-Doped TisO7

4.1 Introduction

This chapter departs from the thermal oxidation behaviour discussed in Chapter 3, focusing on the
electrochemical behaviour relevant to its anodic stability. TisO7 and TisOg, the most electrically-
conductive members of the Magnéli phase titanium oxides (MTPOs, TinO2n-1, 4 <n < 10) [126,
30], are promising alternatives to carbon-based materials in aqueous electrochemical technologies
[13, 14, 15, 6], showing excellent electrical conductivity [30], good chemical inertness [42], and a
high overpotential for the oxygen evolution reaction (OER) [11]. While kinetically stable at stand-
ard temperature and pressure [65], passivation forming the thermodynamically-favored TiO> oc-
curs under sufficiently oxidizing conditions (Eq. 4.1, E"=—0.545 V vs SHE for n = 4) [70]. This
passivation is of concern to the operation of batteries [71] fuel cells, [91] and the electrochemical
treatment of wastewater [72]. Strategies to stabilize of these materials against electrochemical ox-
idation are therefore needed in order to improve the resilience of technologies employing MPTO-

based materials.

Ti, 05,1 + H,O — nTiO, + 2H + 2¢ 4.1)

Magnéli phase titanium oxides including Ebonex®, a trade name for electrodes based on

such materials, have been incorporated into fuel cells (FCs) and water electrolyzers (WEs) for Hy
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production to great effect. Ho/O. proton-exchange membrane (PEM) FCs with membrane elec-
trode assemblies using Ti4sO7-supported Pt and Nafion ionomer as both anode and cathode catalyst
layers exhibit superior anodic stability as compared to Vulcan XC-72 [127, 128, 129, 130, 131].
IrO- catalyst loaded MPTO with Nafion ionomer forming the anode catalyst layer of a MEA were
used in a PEMWEs, showing improved electrocatalytic activity relative to commercial materials
[132] and catalyst-coated membranes [133]. However, 7 hours of anodic conditioning at 1.6 V
(vs. SHE) of electrodes of Ebonex®-supported PtsRuaslri, a bifunctional electrocatalyst, results in

the irreversible passivation with Ti'' forming Ti'V [91].

Properties relevant to the application of Tin O2n-1 as electrode materials can be modified by
doping, including electrical [134, 51, 53, 52], tribological [50, 49], electrocatalytic [53, 52, 60, 59,
61], thermal oxidative [65, 60], photocatalytic [54, 55], and thermoelectric properties [57, 58, 56].
This approach is broadly used to modify the properties of other titanium oxides. For example, Ta,
Nb, and In doping of TiOz is shown to improve the cyclability and discharge capacity of Na-ion
battery anodes by expanding the diffusion path and improving the electronic conductivity [135,
136, 137]. Doping TizOs with Mo, Si, and N yields carbon-free fuel cell electrocatalyst supports
with stability and durability [138, 139, 140]. Recently, it has been demonstrated that doping TisO7
with transition metal atoms V, Cr, and Fe increases its stability toward thermal oxidation in air as
expressed by the onset temperature obtained by thermogravimetric analysis discussed in Chapter
3 [65]. The kinetics of the thermal oxidation of Ti4O- in air forming TiOz, being a diffusion-con-
trolled process, is hindered by doping, improving its resistance to oxidation. Doping TisO7 with
the rare-earth metal Ce may also improve the service lives of electrodes as determined by electro-

chemical accelerated life testing (ALT) [61]. Therefore, any improvement of the anodic stability

82



of Tin O2n-1 due to V-, Cr-, and Fe-doping must be investigated in an effort to address the afore-

mentioned issues of passivation.

ALT provides a rapid measure of the stability of electrodes such as those for the OER [141,
142,143, 144, 145, 146]. In a typical measurement, an electrode is subjected to demanding condi-
tions, including harsh electrolyte, strongly oxidizing or reducing electrode potentials, high current
densities, and extreme temperatures—accelerating its time-to-failure (TTF). For mixed-metal ox-
ide coated titanium electrodes used for the OER and the chlorine evolution reaction, TTFs at two
different conditions indicated by subscripts 1 and 2 where only the current density (j) varies is
related by a power law expression (Eq. 4.2, 1.4 <t<2.0) [141, 142, 147]. In this fashion, increasing

the current density used during an electrochemical ALT changes the TTF by orders of magnitude.

TTF,/TTE=(j,/j, ) " (4.2)

To investigate the influence of doping on the anodic stability of Tin O2n-1, we prepared
disks of pristine and doped TisO7 and subjected them to electrochemical ALT. TisO7 disks were
obtained by a high-temperature H> reduction of sintered TiO- disks and characterized by scanning
electron microscopy (SEM), energy-dispersive X-ray (EDX) spectroscopy, X-ray fluorescence
(XRF), X-ray photoelectron spectroscopy (XPS), powder X-ray diffractometry (PXRD), 4-point
probe method, cyclic voltammetry (CV), Tafel plot analysis, and electrochemical impedance spec-

troscopy (EIS).
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4.2 Experimental

4.2.1 Materials

The following chemicals were used as received: CrCls6H20 (purum p.a., 98%, Sigma Aldrich),
ethanol (EtOH, pure un-denatured, 100%, University of British Columbia Department of Chemis-
try), FeClz (ACS, 98%, anhydrous, Fisher Chemical), H.SO4 (Certified ACS Plus, 95%-98%,
Fisher Chemical), K2SO4 (Certified ACS, 99.2%, Fisher Chemical), titanium tetraisopropoxide
(TTIP, 97%, Sigma-Aldrich), and VCls (97%, Sigma-Aldrich). Ultrapure water (18.2 MQ cm) was
generated as needed using a laboratory water system (Milli-Q Integral 5, EMD Millipore). Appro-
priate amounts of CrCls6H20, FeCls, and VClz were dissolved in H20O to obtain 2 M solutions.
Pristine and nominally 2 at% doped TiO> were prepared by a previously described sol-gel method
[65]. Aqueous solutions of 0.5 M H2SO4 and saturated K>SO4 were prepared by diluting appropri-

ate amounts of H.SO4 and K2SOg4 in H20, respectively.

4.2.2 Electrode preparation

Ar (Ultra High Purity 5.0, 99.999%) and H> (Ultra High Purity 5.0, 99.999%, Praxair), heavy
mineral oil (0.83 g mI™, FCC/USP, Fisher Scientific), and paraffin wax (mp 58-62 °C, ASTM D
87, Sigma-Aldrich) were used as received. In a typical preparation yielding 5 mm diameter disks,
8 ml of heavy mineral oil as binder was mixed into 0.25 g of pristine or nominally 2 at% doped
TiO, prepared by sol gel using titanium tetraisopropoxide and appropriate metal chloride in etha-
nol [65]. The mixture was then compressed in a 5 mm pellet die (GS03060, Specac) with a 2.00-
ton load (910 MPa) using a desktop dry pressing machine (YLJ-24TS, MTI Corporation). The

compressed disk was then heated in air in a muffle furnace (Type 48 000, Barnstead Thermolyne)
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to 1,200 °C for 1 hour to remove the binder and sinter the powder. Sintered disks then reduced in
H> at high temperature following a previously-described method [65]. Reduced disks were fitted
into a rotating disk electrode (RDE) tip with an interchangeable disk option (ACE4THQO50, Pine
Research Instrumentation) and fixed in place with epoxy (Gorilla Epoxy, Gorilla Glue). Fixed disk
electrodes were then sealed with molten paraffin wax at 80 °C. Sealed disk electrodes were then
polished sequentially with 600 grit sandpaper (CarbiMet, Buehler), 0.3 micron alumina suspension
(90-187510, Allied High Tech Products) on nylon cloth (Nylon, Buehler), then 0.05 micron alu-
mina suspension (90-187505, Allied High Tech Products) on rayon cloth (MicroCloth, Buehler).
Polished electrodes were inserted into a body (ACE4TB, Pine Research Instrumentation), attached
to a shaft (AFE3M, Pine Research Instrumentation) with silver two-part conductive adhesive (Alfa

Aesar), and rinsed with ultrapure water prior to the assembly of electrochemical cells.

4.2.3  Physicochemical characterization

4.2.3.1  Scanning electron microscopy and energy-dispersive X-ray spectroscopy

Surface morphology and elemental analysis were obtained using a field emission gun scanning
electron microscope (FEI Quanta 650, Thermo Scientific) with an EDX detector accessory
(XFLASH 6130, Bruker). All images and EDX spectra were obtained using an accelerating volt-
age of 20 kV and a working distance of 10 mm. Elemental analysis of EDX spectra was performed

using microanalysis software (ESPIRIT, Bruker, ver. 2.1.2).
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4.2.3.2  X-ray fluorescence spectroscopy

The atomic concentration of dopant (M) relative to Ti, M/(M+Ti), was determined in pristine and
doped H»-reduced TiO. from X-ray fluorescence (XRF) spectra obtained using an energy disper-
sive X-ray fluorimeter (Fischerscope XDV-SDD, Fischer Technology) equipped with a Rh X-ray
source and a Si drift detector. In a typical measurement, a powder sample was illuminated for 10
s with radiation from the X-ray source excited at 10 kV passing through a 1,000 um Al filter.
M/(M+Ti) was computed from the relative weight concentrations reported by the instrument soft-

ware (WinFTM XDV SDD, ver. 6.35-5-PDM, Fischer Technology).

4.2.3.3  X-ray photoelectron spectroscopy

Surface analyses including elemental composition and chemical state were performed by XPS with
an X-ray photoelectron spectrometer (Axis Ultra DLD, Kratos Analytical) using a monochromatic
Al X-ray source and a hemispherical analyzer. Prior to acquisition, the samples were etched with
a monatomic Ar* ion source (Minibeam 4, Kratos Nalytical) having a beam energy of 3 keV for
5 minutes. Step size, dwell time, and sweeps were 1 eV, 0.8 s, and 2 for survey spectra; 0.1 eV,
0.5 s, and 2 for high resolution spectra of Ti 2p and O 1s,and 0.1 eV, 1.0 s, and 5 for high resolution
spectra of V 2p and Fe 2p, respectively. XPSPEAK (Raymund W. M. Kwok, Chinese University
of Hong Kong, ver. 4.1) was used to process constituent peaks within high-resolution data using
Shirley backgrounds. Peak assignments were made by comparison with published data compiled

in the NIST X-ray Photoelectron Spectroscopy Database (ver. 4.1) [108].
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4.2.3.4 Powder X-ray diffractometry

Phase identification and structure refinement was conducted with PXRD data obtained using a
Bragg-Brentano theta—theta geometry X-ray diffractometer (Phaser D2, Bruker) with a Cu X-ray
source (1.5406 A) and a Si strip detector (LYNXEYE, Bruker). Prior to acquisition, disks were
manually ground with an agate mortar and pestle forming a powder. In a typical measurement, a
powder sample was illuminated with radiation from the X-ray source excited at 30 kV with 10 mA
passing through a 1.0 mm primary slit module, 2.5° stoller module, and a 0.5 mm Ni filter using a
step size of 0.02° and an integration time of 1 s. Phase identification was carried out using the
instrument software (DIFFRAC.EVA, Bruker) with reference to the Crystallography Open Data-
base (COD) [109], later generating patterns using VESTA crystallography software (ver. 3.4.7)

[110] and relevant Crystallographic Information Files (CIFs).

4.2.3.5 4-point probe method

Electrical conductivity (o) was evaluated from resistance data generated using the 4-point probe
method with manual four-point probe resistivity probing equipment (S-302-4, Signatone) and a
standard head (SP4-40045TRY, Signatone). In a typical measurement, the head was brought into
contact with a stationary RDE and a 1 kHz AC test current with an amplitude of 100 mA was
generated using a multichannel electrochemical workstation (VMP3, BioLogic). The real compo-
nent of the measured impedance (V/I) was used to evaluate the electrical conductivity using the
reciprocal of the 4-point probe equation for evaluating resistivity (Eq. 4.3) where s is the tip spac-
ing (0.10 cm) and F is the correction factor (Eq. 4.4) [148]. F1, the correction factor for sample

thickness, is estimated to be approximately unity as the sample thickness is sufficiently greater
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than the tip spacing. F2 and F3, the correction factors for lateral sample dimensions and the probe

placement relative to the edge are estimated to be 0.75 and 0.95, respectively.

o= [2ns(V/DF] ™! 4.3)

F=F\F,F, (4.4)

4.2.4  Electrochemical measurements

A multichannel electrochemical workstation (VMP3, BiolLogic) and a standard 150 ml cell
(AKCELLZ2, Pine Research Instrumentation) using an undivided conventional 3-electrode setup
were used for all electrochemical measurements. A saturated mercury mercurous sulfate reference
electrode (XR200, Radiometer Analytical) with saturated aqueous K2SO4 as its secondary solution
and a platinum foil counter electrode (M241Pt, Radiometer Analytical) were used for all measure-
ments. The potential of the reference electrode was measured at open circuit with a normal hydro-
gen electrode (NHE) constructed using platinum foil in 0.5 M H2SO4 saturated with Hz (pH 0.4,
22 °C). The disk electrodes were rotated at 2,000 RPM using an electrode rotator (AFMSRCE,
Pine Research Instrumentation) to assist in the removal of evolved gasses from the electrode sur-
face. Tafel plot data were obtained by averaging the final 5 s of 10 s galvanostatic measurements.

EIS conducted intermittently during ALT was done galvanostatically with a 100 mA cm'gzeo current
at an amplitude of 1 mA cm;feo. All potentials were corrected using the uncompensated resistance

determined by EIS at 100 kHz at open circuit with a 20 mV amplitude.
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4.3 Results & Discussion

4.3.1 Physical characteristics highly-doped TisO7

The color of the powders prior to compression into a disk suggests that the dopant is incorporated
into the TiO2, consistent with previous preparations [65]. After compression, sintering, and H»
reduction, the disks are dark blue in color (Figure 4.1 a), consistent with the preparation of Tin
O2n-1. The estimated bulk densities (pbuik) of these disks are similar given the masses and dimen-
sions of the samples (parenthetical values indicate uncertainties of final digit): 2.6(2), 3.1(3),
2.7(3), and 2.8(2) g cm™2 for pristine, V-, Cr-, and Fe-doped samples, respectively. Considering
the true density (p) of TisO7 (4.32 g cm™) [67], the average porosity (e, Eq. 4.5) of the samples
prior to sealing with molten wax is evaluated to be 35 + 4%, which is consistent with random close
packing [149, 150]. Scanning electron micrographs (Figure 4.1 b—e) illustrate the morphology of
the disks typical of monolithic Tin O2n-1 [70]. The disks are composed of micrometer-sized parti-
cles, which are fused to one another, as well as many voids and holes, consistent with the predicted
porosity. The particles in the doped samples appear to be marginally larger than those in the pris-
tine material. This minor size discrepancy has also been observed in powder preparations [65],

where it is speculated that the metal halide in the sol act may act as a peptizing agent.

e=1-p, /P 4.5)
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Pristine

Cr-doped Fe-doped

Figure 4.1 (a) Optical image and (b)—(e) scanning electron micrographs (20 kV) of Hz-reduced pristine and
nominally 2 at% doped TiO:2 disks. Image reproduced from [66], which permits unrestricted reuse of the work

via the Creative Commons Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/by/4.0/).

Statistical analysis of the data obtained by EDX spectroscopy and XRF analysis of the Ho-
reduced pristine and nominally 2 at% doped TiO> disks (Table 4.1) suggests that the dopants are
present at approximately 2 at%. EDX spectroscopy results are equivalent or marginally lower than
expected values whereas XRF results are equivalent to the expected values. This disparity is at-
tributed to systematic errors in the preparation and storage of the transition metal halide solutions,
the quality of the TTIP reagent, and its volatilization during the aging step of the sol-gel process.
Attempts to conduct elemental mapping SEM images with EDX spectroscopy were unsuccessful.
It is suspected that the accelerating voltage was too high to provide sufficient spatial resolution.
Analysis of survey spectra obtained by XPS of the disks (Figure 4.2 a) identifies dopants V and
Fe in their respective samples; the presence of Cr dopant could not be unambiguously identified
due to the overlap of its 2p peak with the Ti 2s peak. Deconvolution of high resolution spectra of

V 2ps2 and Fe 2ps2 peaks (Figure 4.2 b & c) suggests that the oxidation states are V'"'/V!V and
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Fe''/Fe'"'. And while earlier-reported analysis of structural refinement of PXRD data suggested the
presence of a metallic iron phase in Fe-doped Ti4O7 [65], deconvolution of the Fe 2ps2 peak does
not provide support of this postulation. Deconvolution of the Ti 2p and O 1s peaks (Figure A.3.1,
Table A.3.1, Table A.3.2, Table A.3.3, Table A.3.4, & Table A.3.5) suggests that Ar ion etched
surface is reduced relative to unetched materials. It is unclear, however, whether this is representa-
tive of the underlying material or the result of Ar ion damage to the surface. Nobel gas ion bom-
bardment is reported to reduce surfaces of TiO due to a preferential etching of oxygen [151, 152].
Valence band spectra of Ar ion etched samples (Figure A.3.2) reveal the presence of surface states

above the valence band, consistent with the reduction of TiO2 by Ar ion etching.

Concentration (at%)
Dopant EDX XRF
Vanadium 16+0.1 20+04
Chromium 15+0.1 21+0.3
Iron 24+04 20+04

Table 4.1 Summary of statistical analysis (5 observations, 5% significance level) of energy-dispersive X-ray
(EDX) spectroscopy and X-ray fluorescence (XRF) of dopant in Hz-reduced pristine and nominally 2 at%

doped TiO2 disks.
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Figure 4.2 X-ray photoelectron spectra of Ar-ion etched (4 keV) Hz-reduced pristine and nominally 2 at%
doped TiO2 disks: (a) survey spectra and high resolution spectra of (b) V 2p and (c) Fe 2p peaks. Image repro-
duced from [66], which permits unrestricted reuse of the work via the Creative Commons Attribution 4.0 Li-

cense (CC BY, http://creativecommons.org/licenses/by/4.0/).

Phase identification analysis of the patterns obtained by PXRD (Figure 4.3) provides evi-
dence to suggest that the Ha-reduced pristine and doped TiO> disks are monophasic TisO7. Specif-
ically, a pattern typical of Ti4sO7 can be seen with intense peaks at 20.8° and 31.8° 2 theta. The
presence of a subtle broad peak in the baseline can be attributed to the specimen holder given the
small amount of sample used (~200 mg). The absence of peaks at 23.8° and 22.0° 2 theta indicative
of TizOs and TisO7, respectively [44, 65], is also noted, suggesting the absence of adventitious
Magnéli phases other than TisO7 in the pristine and Fe-doped samples. There appears to be a minor
adventitious phase present in the V- and Cr-doped samples as indicted by peak assigned to TizOs
(COD 4 512 563, Table A.3.6) [153]. The patterns were poorly indexed with an earlier reported

structure of TisO7 [67], which was later revised by the authors [115] and nearly identical to the
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structure of 0.25% V-doped Ti4sO7 (COD 1 008 048, Table A.3.7) [116], which was used for com-
parison. The absence of additional crystalline phases in the nominally 2 at% doped materials sug-
gests that the dopant must therefore be uniformly distributed within the TisO7 phase, consistent
with earlier preparations [65]. This work also conducted a structural refinement study concluding

that the crystal structure is not modified significantly by doping.
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Figure 4.3 Powder X-ray diffraction patterns (1.5406 A) of ground Ho-reduced pristine and nominally 2 at%
doped TiO: disks, which are well-indexed with TisO7 (empty diamonds, COD 1008048) along with a minor
adventitious phase attributed to Ti305 (filled dimaonds, COD 4512563) in the V- and Cr-doped samples. Image
reproduced from [66], which permits unrestricted reuse of the work via the Creative Commons Attribution 4.0

License (CC BY, http://creativecommons.org/licenses/by/4.0/).
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4.3.2 V- and Fe-doping improve electrical conductivity

V- and Fe-doped Ti4O7 samples exhibit significantly greater electrical conductivities (o, Table 4.2)
than pristine samples as determined from resistances measured by the 4-point probe method [148].
The electrical conductivities of pristine samples are approximately an order of magnitude lower
than single-crystal measurements (1,300-1,900 S cm™) [30]. The relatively lower electrical con-
ductivity is attributed to the preponderance of grain boundaries in the samples as well as porosity
(vide supra). However, these electrodes have conductivities comparable to nonpermeable grade
Ebonex® electrodes (100-1,000 S cm™?) [13], the trade name for Tin O2n-1-based electrodes, and
are approximately an order of magnitude greater than monolithic TisO- reactive electrochemical
membranes (REMs, 11.32-13.49 S cm™?) [154, 155]. As the pristine and doped samples are mor-
phologically similar, the superior electrical conductivities demonstrated by V- and Fe-doped sam-
ples are attributed to the presence of their respective dopants. Schlenker et al. observe a variation
in the electrical resistivity of V-doped TisO7, with the highest doped (1.64 at%) sample investi-
gated being the least resistive [134]. The authors suggest that vanadium contributes little to the
scattering of charge carriers due to the already large concentration of scattering centers in the pris-
tine material. As the carrier mobility is likely unaffected, it is postulated that the superior electrical
conductivity of these materials must therefore be due to an increase in the carrier concentration.
While Gusev et al. observe a relatively diminished electrical conductivity in V- (1.5 wt% V20s)
and Fe-doped (1.36 wt% Fe) Tin O2n-1 [51], these samples contain multiple phases, whose electrical

conductivities also vary considerably [30].
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Dopant logio(a/S cmt)
None 2.08 +0.19
Vanadium 2.58+£0.10
Chromium 2.30+0.12
Iron 2.51 +0.07

Table 4.2 Summary of statistical analysis (5 observations, 5% significance level) of electrical conductivities (o)

of pristine and doped Ti4O7 disks.

4.3.3 Electrocatalytic behavior for water splitting reactions unaffected by doping

Cyclic voltammograms of pristine and doped TisO7 disk electrodes in 0.5 M H2SOq is typical of
Tin O2n-1-based electrodes (Figure 4.4). Pristine and doped Ti4O7 disk electrodes show a wide po-
tential window of >3 V as measured by the onset potential for anodic and cathodic currents unam-
biguously attributable to the OER and the hydrogen evolution reaction (HER), respectively. For

this qualitative metric, potentials at current densities of £10 mA cm;feo were chosen; however, this

methodology is highly varied in literature, including the use of different linear potential scan rates,
current densities, supporting electrolyte, and supporting electrolyte concentration. The wide po-
tential window of Tin O2n-1-based electrodes is due to their poor electrocatalytic properties for the
OER and HER [11], requiring large overpotentials—most markedly for the OER. The potential
window for the Fe-doped sample is the largest, suggesting that dopant incorporation is inhibiting
its electrocatalytic behavior toward the water splitting reactions with greater overpotentials re-
quired for both. Cathodic and anodic peaks found at negative potentials in the CVs are attributed

to reduction and oxidation of the Ti4O7 film, consistent with the behavior of Ebonex® electrodes
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[70]. At potentials greater than these peaks, there is an absence of prominent redox features with
the exception of the Fe-doped sample, whose CV shows a small plateau around 2 V (vs NHE). It
is speculated that this feature may be due to the oxidation of the electrode surface. This oxidation
may also contribute to the passivation of the Fe-doped electrode explaining the relatively large
overpotential for the OER due to a reduced electrochemically-active surface area (ECSA). The
ECSA can be estimated based on the charging current in a region of the voltammogram devoid of
prominent redox features. The ECSA is determined by Eq. 4.6, where 1, and I are the anodic and
cathodic currents, respectively, at some fixed potential; Ageo is the geometric area of the electrode,

0.196 cmg,; v is the linear potential scan rate, 50 mV s™*; and Ca is the areal capacitance of TisOz,

60 uF cmig, [155, 156]. Based on the charging current between potentials 1 and 2 V (vs NHE),
the ECSA of pristine, V-, Cr-, and Fe-doped disks does not significantly differ having estimated
values of 17 +4, 10+ 3, 14 + 3, and 12 + 3 cmjg, (5 observations, 5% confidence level), respec-
tively. Based on these ECSAs, the electrodes have a roughness factor of 68 + 24, which is an order
of magnitude lower than similarly-prepared porous TisO7 electrodes [157], suggesting that the

molten wax has filled most of the inner porous structure.

(]a - Ic)Ageo

ECSA =
CS 2VCA

(4.6)
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Figure 4.4 Cyclic voltammograms (50 mV s, 5th cycle) of pristine and doped TisO~ disk electrodes (2,000
RPM) in 0.5 M H2SO4 (pH 0.4, 22 °C). Plus signs (+) indicate origins for their respective plots. Image repro-
duced from [66], which permits unrestricted reuse of the work via the Creative Commons Attribution 4.0 Li-

cense (CC BY, http://creativecommons.org/licenses/by/4.0/).

Linear regression analysis (Table 4.3) of Tafel plots (Figure 4.5) of pristine and doped
TisO7 disk electrodes in 0.5 M H2SO4 suggests that V- and Cr-doping have a minimal influence
on the Tafel behavior or TisO7. Assuming that the OER is the exclusive electrochemical reaction
at the electrode in 0.5 M H2SO4, TisO7 is a poor electrocatalyst for the reaction, exhibiting sluggish
kinetics as described by a large Tafel slope (b) of 400 + 10 mV dec™* and a small exchange current

density (jo) of 1073504 mA cmg, or 1005 mA cmjiig,. This exchange current density is com-

parable with an estimated value for porous Ti4O7 electrodes of 107%! mA cmi%g, based on a re-

ported exchange current density of 3.95 x 107 mA cm;jeo and a surface roughness of 500
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(—logio(jo/mA cmixg,) = 5.1) in 0.5 M NazSO4 (25 °C) [157]. This Tafel behavior is observed by
pristine TisO7 up to as high a current density of 100 mA cmy,,, after which the Tafel slope increases
abruptly. This abrupt change in the Tafel slope at high current density is attributed to the loss of
ECSA due to blockage of the electrode surface by considerable evolution of gas. Similar Tafel
behavior is also exhibited by V- and Cr-doped TisO7 with small differences in the Tafel slope and
the exchange current density for Cr- and V-doped samples, respectively. Fe-doped TisO7, however,
shows considerably different behavior with significantly different Tafel parameters. Furthermore,
the Tafel slope of Fe-doped samples increases abruptly at current densities as low as 20 mA cmgeo,
rendering it unsuitable for ALT at high current densities (vide infra) given the impractically-large

overpotentials required.

b(mVdec?) | —logio(jo/mA em2,) | logio(jo/mA cmis,)
Pristine 400 £ 10 35+04 4705
V-doped 460 + 50 25205 35+0.6
Cr-doped 350 + 20 3.4+03 45+04
Fe-doped 860 = 330 1.0£05 2106

Table 4.3 Summary of statistical analysis (3 observations, 5% significance level) of fitted Tafel parameters of

pristine and doped Ti4O7 disk electrodes (2,000 RPM) in 0.5 M H2SO4 (0.4 pH, 22 °C). Tafel slope, b, and ex-

change current density, jo, the latter normalized for both geometric and electrochemically-active surface ar-

eas (subscripts "'geo’ and "ECSA", respectively).
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Figure 4.5 Selected Tafel plots of pristine and doped Ti4O7 disk electrodes (2,000 RPM) in 0.5 M H2SO4 (pH
0.4, 22 °C) for the oxygen evolution reaction. Image reproduced from [66], which permits unrestricted reuse of
the work via the Creative Commons Attribution 4.0 License (CC BY, http://creativecommons.org/li-

censes/by/4.0/).

4.3.4 V-doping improves anodic stability

V-doped TisO7 disk electrodes are more anodically stable as demonstrated by ALT. Selected
chronopotentiograms (CPs) of pristine and doped Ti4O- disk electrodes in 0.5 M H2SO4 (Figure
4.6) illustrate typical behaviors. Generally, after a short period of conditioning, the electrode po-
tential is ~3—-4 V (vs NHE), consistent with the overpotential predicted by parameters obtained by
fitting Tafel plots (vide supra) given the equilibrium potential of 1.2 V (vs NHE). This electrode
potential is relatively stable for a period of time, after which the electrode potential increases,

suggesting an increase in the resistance of the electrode, which is supported by EIS (vide infra). A
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mechanism for passivation of TisO7 is its electrochemical oxidation forming TiOz (Eq. 4.7) [71,

91, 72], which is electrically insulating.
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Figure 4.6 Selected chronopotentiograms (100 mA cm;feo) of pristine and doped TisO7 disk electrodes (2,000

RPM) in 0.5 M H2SO4 (pH 0.4, 22 °C).Image reproduced from [66], which permits unrestricted reuse of the

work via the Creative Commons Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/by/4.0/).

TisO; + H,0 — 4TiO, + 2H" + 2¢" 4.7

The electrode potential continues to increase at an increasing rate until the electrode "fails™,
indicated by an asymptotic increase to large potential values. From statistical analysis of CPs gen-
erated by ALT (Table 1V), it can be seen that the TTF for V-doped TisO7 is 2.57 times that of

pristine TisO7 disk electrodes, which have a TTF of 10%78*%% h_Similar to the improved anodic

100


https://iopscience.iop.org/article/10.1149/1945-7111/ac3200/meta#jesac3200t4

stability of Ce-doped TisO7 sintered disk electrodes [61], which provides a 20% improvement in
the TTF, it is speculated that VV-doping may stabilize oxygen vacancies. Cr-doping, however, is
shown to have a 40% reduction in its TTF relative to the pristine material. The influence of Fe-
doping on anodic stability was not investigated due to its high overpotential at 100 mA cm;b,zeo and
is therefore unclear. However, were these tests conducted at a lower current density such as 20 mA
cm;gzeo, one would predict a TTF for VV-doped TisO7 disk electrodes in excess of 3 months (Eq. 4.2,
t = 1.7), illustrating the challenge in evaluating the stability of Fe-doped TisO7 disk electrodes

using ALT with lower current densities.

log1o(TTF/hours)
Pristine 1.78 £ 0.06
V-doped 2.19 £ 0.07
Cr-doped 1.56 + 0.09

Table 4.4 Summary of statistical analysis (3 observations, 5% significance level) of time-to-failures (TTFs,

100 mA cm;b}e(,) of pristine and doped Ti4O~ disk electrodes in 0.5 M H2SO4 (pH 0.4, 22 °C).

Nyquist (Figure 4.7) and Bode plot analysis (Figure A.3.3) of impedance data obtained by
EIS of pristine, V-, and Cr-doped TisO- disk electrodes at the beginning and end of life (BOL and
EOL, respectively) reveal insights into the mechanism of passivation. At the BOL, there appears
to be 2 time constants in all impedance data as indicated by the two semicircles in the Nyquist plot
and the phase (¢) being non-zero at frequencies on the order of 10-100 and 10,000 Hz in the Bode
plots. As XPS analysis suggests that there is a thin film of TiO2 on the surface, an equivalent
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electrical circuit (EEC) for this system could be a VVoigt-type electrical circuit (Figure A.3.4), con-
sisting of a resistor then two Voigt elements in series, a VVoigt element being a parallel resistor and
capacitor unit. In such an EEC, the resistor expresses the solution resistance, one Voigt element
describes the contribution of the thin film of TiO: to the circuit, and the other accounts for the
charge-transfer resistance and double-layer capacitance. Near the EOL, the pristine TisO7 disk
electrode still appears to have two time constants, though the magnitude of the impedance in-
creases, suggesting an increase in the thin film and charge-transfer resistances. This could be ex-
plained by the growth in thickness of the thin film of TiO2 and loss of ECSA as the electrode
passivates. Ebonex® [71] and TisO7 [158] electrodes are shown to oxidize upon extended anodic
treatment as evidenced by X-ray diffractometry, forming TisO1:—a Magnéli phase titanium oxide
whose electrical conductivity is ~500 times lower than that of TisO7 [30]. The doped TisO7 disk
electrodes at the EOL also have increased impedance, but only one time constant, suggesting that
the EEC has converged into a simple parallel resistor and capacitor followed by a resistor in series
circuit. As a result, the charge-transfer resistance increases, suggesting that the conditions of the
ALT have sufficiently inhibited the electrocatalytic activity of these electrodes for the OER. It is
unclear, however, whether this is due to an increase in the resistance of the thin film of TiOg, the

loss of ECSA, or a combination of the two.
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Figure 4.7 Nyquist plots (100 £ 1 mA cm-gzeo) of pristine and doped TisO7 disk electrodes (2,000 RPM) in 0.5 M

H2SO4 (pH 0.4, 22 °C) at the beginning (BOL, full circles, *) and near the end of life (EOL, open circles, o)
during accelerated life testing. Image reproduced from [66], which permits unrestricted reuse of the work via

the Creative Commons Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/by/4.0/).

Using the relationship between TTFs for varying current densities (Eq. 4.2), the TTF of
pristine, V-, and Cr-doped Ti4O7 in 0.5 M H2SO4 operating with relatively modest current densities
normalized by ECSA can be estimated. Predicted TTFs have the following trend: VV-doped > Cr-
doped =~ pristine. This trend in the influence of doping on anodic stability is consistent with that
reported for thermal stability [65]: V-doped = Fe-doped > Cr-doped = pristine. If thermal stability
is a robust predictor of trends in anodic stability, one would expect that Fe-doped TisO- disk elec-
trodes would therefore have anodic stabilities similar to those of V-doped materials. A similar

trend is observed in the electrical conductivities, V-doped ~ Fe-doped > Cr-doped = pristine, sug-
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gesting that it may also contribute to stability. Electrocatalytic behavior for the OER are not con-
sidered to be a factor as Tafel parameters describing this behavior do not vary significantly be-
tween pristine and vanadium doped materials. For a given current density normalized by ECSA,
V-doped TisO7 shows an improvement of 533% in the TTF relative to pristine TisO7, whereas the

TTFs of pristine and Cr-doped materials do not vary significantly.

4.4  Summary

Tin O2n-1-based materials are of growing importance to aqueous electrochemical technologies and
developing strategies to tailor their relevant physicochemical properties are needed to address any
material shortcomings. As this work demonstrates, V-doping significantly improves the anodic
stability of Ti4Ov, greatly increasing its time-to-failure as suggested by electrochemical accelerated
life testing. Vanadium-doped materials also exhibit improved electrical conductivity, which is con-
ducive to the development of effective high-surface area electrodes such as reactive electrochem-
ical membranes. The use of high-surface area electrodes would allow for high geometric current
densities while maintaining relatively modest current densities normalized for ECSA, increasing
the time-to-failure. Finally, the use of VV-doped Tin O2,-1-based materials looks promising for use
in aqueous electrochemical technologies such as fuel cells, batteries, and devices for the electro-

chemical treatment of water.
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Chapter 5: Vanadium-Doped TisO7 Porous Transport Layers for Efficient

Electrochemical Oxidation of Industrial Wastewater Contaminants

5.1 Introduction

Based on the work described in Chapters 4 & 5, vanadium-doped Ti4O7 was chosen to assess its
performance as an electrode material for the electrochemical treatment of wastewater. Electro-
chemical oxidation (EO) is a promising method for the treatment of water and wastewater [159, 4,
12, 160, 161, 162]. Oxidants are generated in situ from matrix constituents, obviating the need for
delivery, handling, and storage of hazardous chemicals. Electrochemical cells are modular and
therefore easily scaled for use in both centralized and distributed water management systems. Fi-
nally, electrochemical devices use electricity, which can be obtained cleanly from renewable and
increasingly inexpensive sources of energy such as wind and solar [163]. Still, effective and inex-
pensive electrode materials and electrochemical cell designs are needed to improve the viability

of this approach.

To date, boron-doped diamond (BDD) electrodes have enabled considerable progress in
the advancement of EO technologies for the treatment of water and wastewater [33, 34, 35, 36].
BDD exhibits poor electrocatalytic behavior for the electrochemical water splitting reactions, per-
mitting the production of hydroxyl radicals [37], which promote the complete mineralization of
organic pollutants [38, 39]. However, due to painstaking nature of chemical vapor deposition
methods, thin-film BDD electrodes can be cost prohibitive, exceeding 5,000 USD m~ [6] and

providing a motivation for the development of inexpensive alternatives.
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BDD belongs to a class of electrode materials called high oxidation power (HOP) materials
[7], exhibiting overpotentials of >0.5 V for the oxygen evolution reaction (OER). Other prominent
HOP materials are lead(IV) oxide (PbOz), antimony-doped tin(I1V) oxide (ATO), and Magnéli
phase titanium oxides (MPTOs, especially TisOy), the latter also known by the trade name
Ebonex® [13, 60, 14]. While issues of lead and antimony toxicity have limited the use of PbO>
and ATO, the latter also exhibiting poor stability [40], MPTOs are emerging as a viable alternative
to BDD. MPTOs are nontoxic [41], excellent electrical conductors whose single-crystal conduc-
tivity exceeds 1,000 S cm™[30], dimensionally stable in aggressive media such as nitric and hy-

drofluoric acid [42], and inexpensive at <0.5 USD m~ [6].

Preliminary studies of the EO of wastewater impacted by synthetic organic dyes with
MPTO electrodes demonstrate their effectiveness for decolorization and chemical oxygen demand
(COD) removal. In particular, azo dyes are important synthetic organic chemicals used primarily
in the textile industry. They comprise 50% of the 0.9 million metric tonnes of synthetic dye pro-
duced globally per annum [164], 15% of which is estimated to be released into the environment
[165]. In addition to aesthetic concerns, azo dyes are suspected human carcinogens [166, 167, 168]
and are recalcitrant to natural degradation and conventional treatment methods [169, 170]. Porous
TisO7 electrodes operating at 10 mA cm™2 for 2 hours reduced the COD of industrial dyeing and
finishing wastewater (183 mgcop L%; 1,042 mgc L 1) by 68.8% with a current efficiency of 12.8%
and an energy consumption of 32 kwh m™3 [157]. Monolithic TisO7 electrodes prepared by spark
plasma sintering operating at 10 mA cm™2 for 5-6 hours achieved >99% decolorization and 91.7—

98.1% COD decay of synthetic wastewater (10-100 mM NaCl) containing the azo dye methyl
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orange (MO) (100 mg L™%) [171, 85]. The degradation of MO is attributed to mediated EO via both
hydroxyl radicals ((OH) and active chlorine species (e.g., Clz, HCIO, and CIO™). While satisfactory
color removal and COD decay are reported, several broadly relevant considerations remain for the

design and operation of such electrochemical technologies for wastewater remediation.

Relatively large cell voltages are routinely used and likely due to ohmic losses due to a
large inter-electrode gap in conventional cells and high ohmic resistance of the electrolyte. Inter-
electrode distances can be reduced by employing a compact cell design [172, 173]. Additionally,
activation losses due to electrode passivation leads to the deterioration of performance with time.
TisO7 is shown to oxidize in condition relevant to the EO of wastewater contaminants [72], though
periodic cathodic reversal can restore electrode function [64]. Alternatively, doping with cerium
[61] and vanadium [65, 66] is shown to improve resilience to passivation of TisO7 attributed to

improved thermodynamic and structural stability [174].

Herein, we report upon our investigation using a compact wastewater electrolyzer for the
EO of MO in synthetic wastewater, comparing pristine and vanadium-doped TisO7 porous
transport layers (PTLs). An analytical model describing decolorization and COD removal behavior
as well as performance is developed. Relevant design and operational parameters such as the vol-
umetric flow rate, current density, and PTL composition on performance are explored and current

efficiency and energy consumption are reported along with removal rates.

5.2 Experimental
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5.2.1 Materials

All materials were used as received unless stated otherwise. Rutile titanium(lV) oxide powder
(TiO2 , 99-100.5%, puriss., Sigma Aldrich) was mixed with varying amounts of vanadium(lIl)
oxide (V2 0O3) using a ball mill (8000M Mixer/Mill, SPEX SamplePrep) and zirconia ceramic
grinding vial set (8005, SPEX SamplePrep). V203 was prepared by the reduction of vanadium(V)
oxide (V20s, >98%, Sigma-Aldrich) at 900 °C for 2 hours in flowing hydrogen (Hz, HY 5.0UH,
99.999%, Linde) following the method of Piao et al. [175]. TiO. and TiO2>—V203 mixtures were
then mixed with mineral oil (heavy, USP/FCC, Fisher), at 15 wt%. 5 g of these mixtures were then
pressed into plates using a 2.54 cm by 2.54 cm square pellet pressing die (EQ-Die-25S, MTI Cor-
poration) and a pressing force of 22 tonnes (430 MPa). The green bodies were then heated at 1,100
for 24 hours in stagnant air. The sintered plates were then reduced at 1,200for 4 hours in flowing
H>, which was passed through an oxygen and moisture trap (Supelpure-O, Supelco), forming plates
whose thickness were 0.241 £+ 0.08 cm (5% significance, 4 observations). A schematic overview
is provided in Figure la. Electrolyte was prepared by diluting 50 mg of MO (C14H14N3NaOsS,
>95%, ACS, Fisher) and 750 mg of sodium chloride (NaCl, 99%, ACS, Fisher) in 500 mL of ultra
pure water (UPW, 18.2 MQ cm), the latter obtained on-demand using a laboratory water system

(Milli-Q Integral 5, Millipore).
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Figure 5.1 (a) Schematic of preparation of a) porous transport layers (PTLs), b) composition and assembly of

compact wastewater electrolyzer, and c) its process flow diagram operating in a recirculating batch mode.

5.2.2 Electrode characterization

X-ray diffractograms were obtained using a bench top X-ray diffractometer (Phaser D2, Bruker)
with a copper X-ray source (1.5406 A) and a silicon strip detector (LYNXEYE, Bruker). In a
typical measurement, an electrode was illuminated with radiation from the X-ray source excited at
30 kV with 10 mA passing through a 1.0 mm primary slit module, 2.5° stoller module, and a
0.5 mm nickel filter using as step size of 0.02° and an integration time of 1 s. Phase identification
was assisted using the instrument software (DFFRAC.EVA, Bruker) with reference to the Crys-
tallography Open Database (COD) [109]. Reference diffractograms were generated using VESTA

crystallography software (ver. 3.4.7) [110] and relevant Crystallographic Information Files (CIFs).
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Surface morphology and elemental analysis were obtained using a field emission gun scan-
ning electron microscope (FEI Quanta 650, Thermo Scientific) with an energy dispersive X-ray
(EDX) detector accessory (XFLASH 6130, Bruker). All images and EDX spectra were obtained
using an accelerating voltage of 20 kV and a working distance of 10 mm. Elemental analysis of
EDX spectra was performed using microanalysis software (ESPIRIT, Bruker, ver. 2.1.2). The
atomic concentration of vanadium relative to titanium was determined from X-ray fluorescence
(XRF) spectra obtained using an energy dispersive X-ray fluorimeter (Fischerscope XDV-SDD,
Fischer Technology) equipped with a rhodium X-ray source and a silicon drift detector. In a typical
measurement, an electrode was illuminated for 10 s with radiation from the X-ray source excited

at 10 kV passing through a 1,000 um aluminum filter.

Electrical conductivity () was evaluated from resistance data generated using the 4-point
probe method with manual 4-point probe resistivity probing equipment (S-302-4, Signatone) and
a standard head (SP4-40045TRY, Signatone). In a typical measurement, the head was brought into
contact with an electrode and a 1 kHz AC test current with an amplitude of 100 mA was generated
using a multi-channel electrochemical workstation (VMP3, BioLogic). The real or in-phase com-
ponent of the measured impedance (Z') was used to evaluate the electrical conductivity using the
reciprocal of the 4-point probe equation for evaluating resistivity (Eq. 5.1) [148] where s is the tip

spacing (0.10 cm).

o= (2nsZ) " (5.1)
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5.2.3 Electrochemical measurements

A multi-channel electrochemical workstation (VMP3, BioLogic) was used for all electrochemical
measurements. All current densities (j) are reported with respect to geometric area. Electrode po-
tentials were compensated for ohmic drop using the impedance measured at 100 kHz and an am-
plitude of 20 mV. Electrochemical characterization of the electrode materials was conducted using
a conventional 3-electrode cell with a conductive graphite rod (6.35 mm diameter, 0.55 mQ sq %,
9121K71, McMaster-Carr) and a saturated calomel electrode (Hg/Hg2Cl2/KCl (sat’d), 0.241 V vs.
standard hydrogen electrode or SHE, XR110, Radiometer Analytical) as the counter and reference
electrodes, respectively. Working electrodes of (Ti1-xVx)4O7 PTLs were constructed by using ex-
panded titanium foil (3Ti4-031, Dexmet) as ohmic connections, sealing all submerged surfaces
excluding a circular 2 cm? working area with Kapton film (Dupont). Carbon paper with a micro-
porous layer (Sigracet 29 BC, SGL CARBON), which was used as a cathode-side gas diffusion
layer (GDL), was characterized by adapting a modified rotating disk electrode technique [176,

177, 178] in a conventional 3-electrode cell.

Wastewater electrolysis was conducted using a commercial 5 cm? research fuel cell
(TP5EV2, Tandem Technologies, New Westminster). Identical titanium anode manifold and flow-
field plates were fabricated and used instead of the graphite ones provided. (Ti1-xVx)4aO7 PTLs were
fashioned into appropriate dimensions and used as PTLs placed within rubber gaskets (neoprene
rubber, 1/8 inch or 3.2 mm thick, durometer: 30A, WARCO BILTRITE). Glass fiber filter without
binder resin (APFD, 450 m thick, Millipore) was used as a separator. The GDL and separator were
bound together using Kapton film. The GDL, separator, and (Ti1xVx)sO7 PTL were held together

between the manifolds and flow-fields under compression at 100 psig or 690 kPa (Figure 5.1 b).
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The volumetric flow rate of electrolyte from a reservoir and through the compact wastewater elec-
trolyzer and back to the reservoir in batch re-circulation was controlled using a peristaltic pump
(Masterflex L/S 7523-60, Cole-Parmer) with a multi-channel cartridge pump head (Masterflex

L/S 7519-10, Cole-Parmer) and cartridges (Masterflex L/S 07519-10, Cole-Parmer) (Figure 5.1 c).

5.2.4 Evaluation of cell performance

5 mL aliquots were removed from a starting volume of 70 mL electrolyte periodically for the
purpose of evaluating the performance of the cell. The absorbance of samples at 465 nm (Ases,
Figure A.4.1 for initial UV-Vis spectrum) diluted with supporting electrolyte to some dilution
factor (f) were measured using a UV-Vis spectrophotometer (GENESY'S 10S, Thermo Scientific).
Decolorization (Xp, Eq. 5.2) was evaluated using the ratio of the product of the absorbance at 465

nm and the dilution factor at some time t and initially (subscripts t and 0, respectively):

Xp = 1= fAugs J(fyAass.0) (5.2)

Chemical oxygen demand (COD) was determined with COD test vials (0-150 ppm,
K-7355, CHEMetrics), using a US EPA-certified dichromate method (410.4, rev. 2) [179]. In
short, the absorbance at 445 nm of the vials after 2 hour digestion using a COD reactor (45600-00,
Hach) was measured and the concentration of COD (ccop) was determined with reference to stand-
ards containing known amounts of potassium hydrogen phthalate (KHP, 100%, ACS, Fisher). The
electrolyte was undiluted as its concentration of 1,500 mgnaci L™ has a chloride concentration of

910 ppm, which is below 1,000 ppm-the level at which chloride can interfere with the results of
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COD test. The extent of COD removal (Xcop, Eq. 5.3) was calculated using the ratio of the ccop

at some time t and initially (subscripts t and 0, respectively):

Xcop = 1 = ccop/ccopp (5.3)

Performance metrics of general current efficiency (¢, Eq. 5.4), specific energy consump-
tion (Esp, Eg. 5.5), and volumetric energy consumption (or electrical energy per order, Eeo,

Eq. 5.6) are determined typically [4, 7, 19, 9]:

¢ = ccop.oXconF/(MQ,) (5.4
Esp; = —UeenQy(ci0%:) (5.5)
Ero,=UeenOy |log, (1 - X))] (5.6)

Modifications have been made to their usual expressions to accommodate for volumetric
charge (Qv) where F is Faraday’s constant (26.8 Ah mol;'), M is a conversion factor arising from

stoichiometry (8 gcop mol;'), Ucen is the operating voltage of the compact wastewater electrolyzer,
i indicates the basis of the energy consumption being one of either decolorization (D) or COD, and
Cio IS the initial concentration of the parameter forming the basis of the calculation: one of either

100 ppmwmo or 145 mgcop L2
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5.3 Results & Discussion

5.3.1 Porous transport layers are monophasic and highly doped, exhibiting electrochemi-
cal behavior typical of Ti4O7

Phase identification using diffractograms obtained by XRD (Figure 5.2) suggests that both pristine
and vanadium-containing Hz-reduced TiO- sintered plates are predominantly TisO7 (CIF 1008048)
[116]. Peaks attributable to precursors TiOz (rutile, CIF 9009083) [117] and V203 (karelianite, CIF
1011066) [180] are absent from the spectra, suggesting their complete conversion into pristine and
vanadium-doped MPTOs. A small feature at 22° can be assigned to the (102) plane of TisOg (CIF
539580) [181], suggesting that it may be present as a minor phase, which is typical of Ebonex®

electrodes [13, 60].
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Figure 5.2 X-ray (1.5406 A) diffraction patterns of Hz-reduced pristine and nominally 1, 2, and 5 at% doped

TiOz2 sintered plates along with idealized patterns for TisO7 (COD 1008048) and TisOg (COD 1539580).

Electron microscopy of (Ti1«xVx)4O7 sintered plates (0 < x <0.05, Figure 5.3 a—d) illustrate
their porosity. Their micro-structure consists of 2-3 um particles fused together forming a distrib-
uted network with interstitial voids. Based on geometric and gravimetric analyses and assuming a
skeletal density of 4.32 g cm™2 [67], the voidage of these sintered plates was 26.6 + 1.6% (4 ob-
servations, 5% significance level). This is significantly lower than 36% predicted for random close
packing [149, 150], suggesting that sintering in the fashion described densifies the material. Ele-
mental mapping of the porous (Ti1 xVx)4O7 sintered plates (Figure 5.3 e—g) shows that vanadium
is uniformly distributed within titanium, suggesting the absence of discrete vanadium and titanium
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oxides, which is consistent with XRD results (vide supra). EDX spectroscopy shows that the com-
position of the porous (Ti1«Vx)4O7 sintered plates is consistent with the nominal composition as

well as that determined by XRF (Figure 5.3 h).
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Figure 5.3 a-d) Electron micrographs (20 kV), e—-g) elemental mapping of titanium (blue) and vanadium (red),
and h) V/(Ti+V) determined by energy dispersive X-ray spectroscopy and X-ray fluorescence (EDX and XRF,
respectively) of (Tii-xVx)4O7 (0 <X <0.05) porous transport layers. Error bars indicate 95% confidence intervals

(5 observations).

The (Ti1-xVx)407 (0 <x <0.05) PTLs show good electrical conductivity. Samples contain-
ing vanadium are significantly more electrically conductive than pristine materials, being 173.3 £
0.2,273.1+0.6,511.7 + 1.4, and 412.1 + 2.4 S cm™* (5 observations, 5% significance level) for
x =0, 0.01, 0.02, and 0.05, respectively (in (Ti1xVx)sO7). These conductivities would yield voltage

drops of less than 0.1 mV for the current densities employed by this study. This trend is consistent
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with an earlier reported preparation using doped precursors obtained by a sol-gel method [66]. The
superiority of the electrical conductivity of (Ti1xVx)4O7 for x > 0 is attributed to the presence of
vanadium, whose increasing concentration in Ti4O7 is observed to reduce its electrical resistivity
[134]. Compared with our previous report [66], a further improvement in the electrical conductiv-
ity of the materials used currently is attributed to a longer time and higher temperature of sintering,
which is expected to improve fusion between grains and therefore decrease the electrical resistance
between particles. Values of electrical conductivity are still less than those observed for single-
crystal measurements of TisO7: 1,000-2,000 S cm™?! [30]. This may be attributed to the presence
of voids, whose greater preponderance is concomitant with increasing resistivity as predicted by
percolation theory [182]. The TisOg phase, which is approximately half as electrically conductive
as TisO7 [30], may also slightly lower the electrical conductivity as described by the general ef-

fective medium equation [183].

The electrochemical behavior of (Ti1 xVx)407 (0 <x <0.05) PTLs (Figure 5.4) is typical of
TisO7. The electrodes show a marked increase in the current at high potentials, which is consistent
with the high overpotential for the OER of Ebonex® electrodes [11]. A large overpotential for the
hydrogen evolution reaction is also observed at low potentials. Nearby redox features if present
can be attributed to either the reduction and oxidation of the surface [70] or the insertion and de-
insertion of protons into interior channels [184]. Relative to pristine TisO7 PTLs, vanadium-doped
Ti407 PTLs exhibit markedly larger capacitive currents, masking these redox features and suggest-
ing a greater electrochemically-active surface area (ECSA). It is suspected that the pristine TisO7
has a greater proportion of electrically-insulated and therefore electrochemically-inactive material

as suggested by the observed trend in electrical conductivity (vide supra). It is unlikely that surface
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wettability is an important factor as electrolyte is observed to be rapidly absorbed by all PTLs

when dry.

-1 0 1 2 3
E — IRq (V vs. SHE)

Figure 5.4 Cyclic voltammograms (100 mV s, tenth cycle) of (TiixVx)sO7 (0 < X < 0.05) porous transport

layers in 1,500 mgnaci L™ (22, pH 5.3). Plus signs (+) indicate origins of their respective plots.

5.3.2 Compact wastewater electrolyzer exhibits mass-transport controlled behavior
The current-voltage characteristics of the compact water electrolyzer are poor relative to water

electrolyzers for hydrogen production (Figure 5.5). Over a range of 0.1-10 mA cm2, the cell volt-
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age in supporting electrolyte increases from that near the equilibrium cell potential for the elec-

trolysis of water, 1.23 V, to that approaching 5 V. As discussed earlier, TisO7 as well as

(Tio0.98V0.02)4O7 are poor electrocatalysts for the water splitting reactions including the OER [66,

11]. Additionally, the cathode compartment is composed of a carbon-based GDL, which exhibited

modest catalytic behavior towards the complementary water splitting reaction (Figure A.4.2). As

a result, a considerable overpotential is required for a current to pass at both electrodes as the

current-voltage characteristics over this range of current densities are likely determined by these

activation losses.
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Figure 5.5 Current-voltage behavior of the compact wastewater electrolyzer with (Tii«xVx)sO7 (0 < x < 0.05)

porous transport layers in 1,500 mgnaci L™ (22 °C, pH 5.3). Error bars indicate 95% confidence intervals (5

observations).
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As a baseline case, (Tio.98V0.02)407 is observed to be an effective anode for the EO of MO,
rapidly de-colorizing and removing COD (Figure 5.6 a). Using a current density of 10 mA cm™2
and an electrolyte flow rate of 200 mL min™%, >99% decolorization is achieved between
0.5-1.0 Ah L ™! and >98% COD removal at 1.5-2.0 Ah L. Wang et al. have proposed that MO
in similar conditions is oxidized by the mix of hydroxyl radicals and active chlorine species (ACS)
such as molecular chlorine (Cl.), hypochlorous acid (HCIO), and hypochlorite (CIO™) [85]. These
chemical oxidants first attack the chromophore at or near its azo bond (—N=N-), leading to decol-
orization followed by subsequent oxidation of intermediates as expressed by further COD removal

(Eq. 5.7).

C,4H;4N3NaO;S +29H,0 — 1.5N, + Na* + SO + 72H" + 71e (5.7)
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Figure 5.6 a) Conversion (X), b) linearized conversion data (—In(1 — X)), ¢) current efficiency (¢), d) specific and
e) volumetric energy consumption (Esr & Eeo, respectively) for the decolorization and chemical oxygen demand
(COD) removal (empty and filled symbols, respectively) of 100 ppmwmo in 1,500 gnaci (200 mL min™, 21 °C,
pH 4.0) with a (Tio.esVo.02)407 porous transport layer in a compact electrolyzer operated galvanostatically
(10 mA cm™2, 200 mL min™). Dotted and dash-dotted lines indicate either lines of best fit (a & b) or model

predictions (c—e, EQs. 5.10, ) for decolorization and COD removal, respectively.
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Between 0-0.5 and 0-2.5 Ah L™, decolorization and COD removal, respectively, appear
to behave as if under mass transport control. Such systems can be described with an analytical

model (Eqg. 5.8)

X; = 1— exp(—ku, Oy //) (5.8)

where km, is the apparent mass transfer coefficient for species i: one of either decolorization or
COD removal. This analytical model can be linearized (Eqg. 5.9), facilitating the regression analysis

of linearized data.

~In(1 - X)) = (kui//) Oy (5.9)

A strong linear correlation between the volumetric charge and the linearized conversion data is
observed (Figure 5.6 b) as expressed by its coefficient of determination or R? value of 0.9974 and
0.9730 for decolorization and COD removal, respectively. An apparent mass transfer coefficient
of 244 + 8 and 46.8 + 5.1 um s ! (5% significance) again for decolorization and COD removal,
respectively, is obtained from the fitting. At values greater than 0.5 Ah L%, the linearized decol-
orization data deviates from the fitted model. The data trends asymptotically towards the limit of
detection of the instrumental assays, which are values of 99 and 98% for decolorization and COD
removal, respectively. Current efficiency decreases at a decreasing rate with increasing volumetric

charge (Figure 5.6 c), which can be predicted by combining Egs. 5.4 & 5.8 (Eq. 5.10):
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F
N <C§;gz >[1 —exp(~km.conQy/j)] (5.10)

Likewise, specific and volumetric energy consumption can be predicted by the combina-

tion of Egs. 5.5 & 5.8 (Eq. 5.11) and Eqgs. 5.6 & 5.8 (Eq. 5.12), respectively (Figure 5.6 d & e):

Eey = _UcellQV (5.11)
T o1 - exp(amiOy )] |
EEO,i == ln(lo) Ucelli/km,i (5 12)

where Uce is the mean operating cell voltage (—4.87 V). An interesting result of this analysis is
that volumetric energy consumption is independent of volumetric charge and remains constant
during electrolysis. Volumetric energy consumption is observed to be 1.35 + 0.09 and
6.45 + 0.97 kWh m™3 order* for decolorization and COD removal, respectively. The latter value
is approximately an order of magnitude lower than for the treatment of industrial dye and finishing
wastewater which is estimated to be 63 kWh m™2 order™* based on provided data [157]. Using the
model (Eq. 5.12), predicted values are 1.28 and 6.66 kWh m™2 order* for decolorization and COD
removal, respectively, which is in agreement with the observed values. The model provides a good
fit of the data with current density and energy consumption for galvanostatic operation being ade-

quately described for a system under mass transport control.
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5.3.3 Flow rate, current density, and PTL composition have varying influence on perfor-
mance

It can be seen that volumetric flow rate, current density, and PTL composition have a varying
influence on the mass transfer coefficients governing decolorization and COD removal (Figure 5.7
a—C & Figure A.4.3-Figure A.4.12). Generally, over the range of 150-250 mL min* increasing
the flow rate may increase the mass transfer coefficient (Fig. 7a). The values at 250 mL min* are
significantly larger than those at 150 mL min~2. Linear regression of the data, however, is less
definitive in establishing a correlation between volumetric flow rate and mass transfer coefficient
at a significance level of 5% as p-value for the slope and intercept are greater than 0.05. Lower
flow rates were considered, however the cell voltage became less stable, which is attributed to
poorer detachment of bubbles generated from the electrochemical water splitting reactions. 250
mL min~* was the upper limit due to the capacity of the pump. Nonetheless, it is expected that
increasing the volumetric flow rate would increase the mass transfer coefficient given the dimen-

sionless group correlations for electrochemical flow cells (Eq. 5.13) [19]:

Sh = aRe’Sc¢ (5.13)

where Sh, Re, and Sc are the Sherwood, Reynolds, and Schmidt dimensionless numbers, respec-
tively, and a, b, and c are coefficients derived from data fitting. Using the definitions of the Sher-
wood number, knf/D, where ¢ is some characteristic length and D is the diffusion coefficient and
Reynolds number, V¢/(Acv), where V is the volumetric flow rate, A. is the cross-sectional area and

v is the kinematic viscosity of the fluid, a partial derivative of the dimensionless group correlation
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(Eg. 5.14) with respect to volumetric flow rate can be taken. It is then seen that the rate of change

in the mass transfer coefficient with increasing volumetric flow rate is positive (Eq. 5.14, b > 0):

ok, 1
m .h—
ALY 74 (5.14)
oV
400 | @+ Decolorization b) C)
—--ll—-- COD removal % %
7 300¢ A
w
= m u m m
2 200 i - il
il
E B
100 ~m - B
BT
= n = _ . E =
~ - s o n -
141 -e) - f)
T 12}
g
T 10}
sl L L
-
I FEEEE N E
: 1 :
o [ [
jus
$,0 . | |
= o B T 8 @ g @ B 5 ]
150 200 250 2.5 5] 7.5 10 125 15 0 0.0l 0.02 0.05
Flow rate, V (mL min~1) Current density, j (mA cm™2) z (in (Ti1-2V2)a07)

Figure 5.7 a)-c) Mass transfer coefficients (km) and d)-f) volumetric energy consumption (Eeo) for decoloriza-
tion and COD removal (empty and filled markers, respectively) of 100 ppmwmo in 1,500 mgnaci. Unless otherwise
stated, the flow rate, current density, and x (in (Ti1-xVx)4O7) are 200 mL min™%, 10 mA cm™2, and 0.02, respec-
tively. Error bars indicate 95% confidence intervals derived from parameter fitting of linear-regressed data to

analytical models.
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There is a much clearer linear correlation between current density and mass transfer coefficient
(Figure 5.7 b), reaching values as high as 377 + 24 and 91.3 £ 8.2 m s * at 15 mA c¢m2 for decol-
orization and COD reduction, respectively. Linear regression analysis gives a coefficient of vari-
ance of 0.9470 and 0.9802 for decolorization and COD removal, respectively. This relationship
can be explained by observing that increasing current density increases the rate of gas evolution,
which enhances the local mixing at the surface of the electrode and therefore mass transfer to it.
As the mass transfer coefficient and current density show a strong linear correlation, the current
efficiency (Eg. 5.10) is not expected to change appreciable as kw/j is effectively constant. Specific
and volumetric energy consumption (Egs. 5.11 & 5.12), however, are expected to increase as the
cell voltage increases (cf. Figure 5.5). Furthermore, as current densities approach 15 mA cm 2, the
cell potential began to exceed 5 V with voltages also became less stable likely due to oxidation of

the PTL and other components of the cell. Higher current densities were therefore not investigated.

Finally, vanadium-doped TisO7 PTLs generally exhibit higher mass transfer coefficients
than the pristine materials with a maximum value observed at concentrations of >2 at% (Figure
5.7 c). This may be explained by the improved ECSA of vanadium-doped Ti4O7, which in turn

makes available a greater ECSA at which species can be oxidized.

Volumetric energy consumption is observed to be significantly influenced only by PTL
composition (Figure 5.7 d—f & Figure A.4.3—Figure A.4.12), specifically comparing pristine and
vanadium-doped TisO-. Increasing volumetric flow rate was expected to decrease the energy con-
sumption due to enhanced mass transport, but was not observed to be the case (Figure 5.7 d) due

to the confidence interval being greater than the anticipated change. Increasing current density was
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expected to increase energy consumption due to a greater cell voltage caused by greater activation
losses, but was also not observed again due to larger confidence intervals (Figure 5.7 ). With
pristine TisO7 PTLs, it is seen that its volumetric energy consumption of 3.25 + 0.17 and
11.2 + 3.1 kWh m3 order* for decolorization and COD removal is significantly greater than the
other conditions investigated (Figure 5.7f). This is attributed to its significantly lower mass transfer
coefficient, which in turn is attributed to lower ECSA. Current efficiency is not observed to be
considerably influenced by volumetric flow rate, current density, and PTL composition. This is
also observed to be the case with specific energy consumption with the exception of pristine TisO7
PTLs whose values are 25-33% greater than vanadium-doped TisO7 PTLs. A sampling error in
the pristine Ti4O7 PTLs likely explains the appearance of a linear trend in the volumetric energy

consumption data not explained by theory (viz. Eq. 5.12).

5.4 Conclusions

A compact wastewater electrolyzer using pristine and vanadium-doped TisO7 porous transport lay-
ers has been characterized and evaluated for the treatment of synthetic wastewater containing an
organic dye. Complete decolorization and chemical oxygen demand removal are observed, the
latter at nearly an order of magnitude lower volumetric energy consumption than comparable re-
ports. An analytical model was developed showing excellent agreement with the experimental data
and extended to predict relevant figures of merit. Increasing flow rate and current density increase
the apparent mass transfer coefficients. Vanadium-doped TisO7 porous transport layers generally
performed better than pristine as attributed to their relatively greater electrochemically-active sur-

face area and improved anodic stability.
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Minimal gap electrolyzers can electrolyze wastewater effectively while being energy effi-
cient, incorporating inexpensive vanadium-doped TisO7 porous transport layers—a difficult archi-
tecture for thin film boron-doped diamond electrodes. Performance is increased by enhancing mass
transport with the use of high surface-area electrodes as well as reducing cell potentials by de-
creasing inter-electrode distances. Current efficiency and cell potential could further be improved
by utilizing ion-exchange membranes, which can reduce inefficiencies caused by the undesired
reduction of oxidized species such as radicals and active chlorine species and assist the electro-

chemical oxidation of industrial wastewater contaminants.
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Chapter 6: Conclusions & Recommendations

6.1 Conclusions

This study investigated the rational selection of dopants for Magnéli phase titanium oxides, their
influence on properties relevant to their application as high oxidation potential electrodes, and their
performance in an application-specific electrochemical cell design for the treatment of industrial
wastewater. The rational selection of dopants was carried out using the Hume-Rothery rules for
solid substitutional solutions. The relevant properties—electrical conductivity, stability, and elec-
trochemical behaviour—were investigated using 4-point probe measurements, thermogravimetric
analysis and electrochemical accelerated life testing, and analysis of wastewater electrolysis, re-

spectively. These studies demonstrate:

e Vanadium, chromium, and iron are good candidates for highly-soluble dopants in TisO>.
X-ray diffraction study of doped materials up to 2 at% for chromium and iron and up to 5
at% vanadium suggest that phase separation is absent from these materials. Elemental map-
ping of these materials also suggest that the dopant materials are uniformly distributed in
the host lattice. Therefore, these transition metals, and likely many others as the growing
literature suggests, provide a rich library of additives that can be used to modify these ma-

terials.

e Electrical conductivity is improved 2—3 fold fold upon doping up to a maximum ~2 at%

with vanadium as evidenced by 4-point probe measurement. It has been advanced in the
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literature that the presence of dopants stabilizes oxygen vacancies in Magnéli phase mate-
rials such as with Ce in Ti;O7 [61]. Oxygen vacancies are a charge carrier in semiconductor
materials such as TiO.. Another possible explanation from this study is that doped materi-

als are oxidatively more stable minimizing passivation.

Thermal stability is improved by doping with vanadium and iron as evidenced by thermal
gravimetric analysis. Specifically, the onset temperature for oxidation of 2 at% vanadium
and iron doped Ti4O7 is increased by nearly 200 °C relative to pristine materials. Kinetic
analysis of thermogravimetric data suggests that oxidation follows a 3-dimensional diffu-
sion model. The improved stability of doped materials may again be due to the stabilization
of oxygen vacancies [61]. Another explanation provided in the literature is the improved
thermodynamic stability of TisO7 upon doping [174]. Interestingly, chromium doping re-
duces thermal stability. Correspondingly, chromium cations are predicted to destabilize the

Ti4O7 lattice [174].

Anodic stability is improved by vanadium doping as suggested by electrochemical accel-
erated life testing. Specifically, the time-to-failure of 2 at% vanadium doped anodes are
nearly 2.5 times greater than that of pristine materials at 100 mA cm~2. In accord with ther-
mal stability, vanadium doped materials are significantly more stable than pristine materi-
als with chromium doped materials being less stable. The anodic stability of iron-doped
electrodes could not be explored due to their electrochemical behaviour (specifically, the
electrode potential required to pass the required current density for the ALT was near 10

V), rendering them incompatible for electrochemical accelerated life testing.
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With the exception of anodic stability, the electrochemical behaviour of doped TisO7 is
largely unaffected by doping with the exception of iron doped materials. Iron doped TisO7
exhibits a large potential window due to the large overpotentials for the water splitting

reactions.

Vanadium-doped Ti4O7 porous transport layers are shown to be exceptional electrodes for
the electrolysis of industrial wastewater. Saline solutions containing an organic dye were
rapidly decolorized and their organic content was reduced quickly. >99% decolorization
occurs at 0.5 Ah L and >98% removal of chemical oxygen demand occurs at 2 Ah L™
with 10 mA cm2. The efficiency of the decolorization and removal of chemical oxygen
demand in a compact, zero-gap wastewater electrolyzer is excellent with respect to energy
consumption at ~2 and ~6 kWh m= order?, respectively, indicating it is in the top quartile

for similar technologies.

6.2 Recommendations

With these insights obtained from this study, the following lines of inquiry are recommended for

future research:

The influence of the dopant type, doping level, and co-doping on oxidation stability as well
as other relevant properties for electrodes such as electrical conductivity, capacitance, and
electrocatalytic characteristics. Furthermore, shortcomings in describing these materials,

such as the oxidation states of the dopant atoms and presence of oxygen vacancies, should
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also be addressed so as to understand their potential contribution to the stability of these
materials. Finally, controlling particle size when preparing these materials would facilitate
any thermogravimetric study into the contributions of oxygen diffusion towards the mech-

anism for thermal oxidation.

The viability of iron as a dopant for electrodes based on Magnéli phase titanium oxides
should be further explored. While electrochemical accelerated life testing could not be car-
ried out using these materials, it is possible that under the right conditions and control, iron
doped Ti407 may be an effective anode for industrial wastewater electrolysis. It is possible
that the dopant concentration may have not been optimal for the study and that a better

behaving electrode could have been constructed by exploring other compositions.

The viability of other dopants for Magnéli phase titanium oxides should be explored. A
more comprehensive study has been recently completed into the thermodynamic stability
of transition metals cations in Ti4O7 [174]. While the study uses a relatively high concen-
tration of dopant atoms (~10 at%), their experimental study is limited to a single dopant:
cerium. There is perhaps an opportunity to build upon this contribution to explore its ap-

plicability to electrochemical systems.

The potentiostatic control of a wastewater electrolyzer and its influence on efficiency needs
to be further explored In this study, galvanostatic control was used given the design of the
electrochemical cell and its inability to accommodate a reference electrode. If a reference

electrode could be accommodated, the potentiostatic control of the electrolyzer is possible.
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In such a case, potentiostatic control only requires that a specified electrode potential is
maintained as opposed to a specified current. This should improve current efficiency under
conditions when mass transport of pollutants to the electrode is greatly limited and thus a

considerable portion of the current goes towards parasitic process.

Technoeconomic considerations relevant to wastewater electrolyzer design should also be
explored. For example, the inclusion of membranes may reduce inefficiencies due to cyclic
redox reactions such as the reduction of in situ formed chemical oxidants such as active
chlorine species. However, membranes would also increase the cost not only to acquire

and install them but also for their upkeep and eventual replacement.

Real industrial wastewaters and pollutants of emerging interest such as perfluorinated alkyl
substances (PFASSs), endocrine-disrupting chemicals (EDCs), and pharmaceuticals and
personal care products (PPCPs) should also be investigated. While azo dyes are of indus-
trial relevance, they are relatively simple to monitor and general conducive to electrochem-
ical treatment. PFASs, EDCs, and PPCPs are generally more difficult to monitor and in
some cases more recalcitrant to treatment, though there have been some successful studies

using MPTO REMs [81, 88, 75].
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Potential-equilibria (Pourbaix) diagram of titanium in water

Chemical species considered

Ti oxidation state Species AsG" (kJ mol) Reference
0 Ti 0.
2+ Ti* 314, 78
2+ TiO —495.0 59
3+ Ti%* -350. 78
3+ Ti203 -1,434.2 59
3.33+ Ti30s -2,317.4 59
3.5+ TisO7 -3,213. 79
4+ HTiOs- —955.9 78
4+ Tio* -577.4 78
4+ TiO2 —888.8 59
6+ TiO3" —467.2 78
H* 0.00
H> 0.00
H20 -237.1 59
02 0.00
‘OH 7.74 78
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Reactions involving two dissolved chemical species

Involving species with OS 6+ and 4+:

TiO%* + H,0 + 2e~ = HTiO3 + H*

a . —_
Eeq = 1.304 + 0.0296pH — 0.0296 1og< HT‘°3>
Ario2+

TiO3*" + 2H* + 2e” = Ti0?* + H,0

aTi02+
Eeq = 1.800 — 0.00591pH — 0.0296 log [ —"—
Ario2+

Involving species with OS 4+:
HTiO3 + 3H* = Ti0%** + 2H,0
Involving species with OS 4+ and 3+:

HTiO3 + 2H" + e~ = Ti®* + H,0

aTi3+
E¢q = 0.101 — 0.1182pH — 0.0591 log | ——
auTios

Involving species with OS 4+ and 2+:

(A.1.1a)

(A.1.1b)

(A.1.2a)

(A.1.2b)

(A.1.3)

(A. 1.42)

(A.1.4b)
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HTiO3 + 5H* + 2e™ = Ti?* + 3H,0
Eeq = 0.359 — 0.1479pH — 0.0296 log<

TiO?* + 2H* + 2e” = Ti** + H,0

a
E., = —0.136 — 0.0591pH — 0.029610g< =z
ario2+

eq -

Involving species with OS 3+ and 2+:

Ti3* + e~ = Ti%t

aTi2+
Eeq = —0.373 — 0.0591 log (a )
Ti3+

Reactions involving two solid chemical species
Involving species with OS 4+ and 3.5+:

4Ti0, + 2H* + 2e~ = Ti, 0, + H,0

E¢q = —0.545 — 0.0591pH
Involving species with OS 4+ and 3.33+:

3Ti0, + 2H* + 2e™ = Tiz;05 + H,0

Eeq = —0.580 — 0.0591pH

aTiZ+

aHTioz

(A.1.5a)

(A.1.5b)

(A.1.6a)

(A.1.6b)

(A.1.72)

(A.1.7b)

(A.1.8a)

(A.1.8b)

(A.1.92)

(A.1.9b)
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Involving species with OS 4+ and 3+:

2Ti0, + 2H' + 2e~ = Ti,05 + H,0

Eeq = —0.551 — 0.0591pH

Involving species with OS 3.5+ and 3.33+:

3Ti,0, + 2H* + 2~ = 4Ti;05 + H,0

Eeq = —0.686 — 0.0591pH

Involving species with OS 3.5+ and 3+:

Ti,0, + 2H* + 2e~ = 2Ti,05 + H,0

Eeq = —0.557 — 0.0591pH

Involving species with OS 3.33+ and 3+:

2Tiz05 + 2H* + 2e~ = 3Ti, 05 + H,0

Eeq = —0.493 — 0.0591pH

Involving species with OS 3+ and 2+:

(A.1.10a)

(A.1.10b)

(A.1.11a)

(A.1.11b)

(A.1.12a)

(A.1.12b)

(A.1.132)

(A.1.13b)
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Ti,05; + 2H* + 2e™ = 2TiO + H,0

E¢q = —1.073 — 0.0591pH

Involving species with OS 2+ and 0:

TiO + 2H* + 2e” = Ti + H,0

Eeq = —1.073 — 0.0591pH

Reactions involving one dissolved and one solid chemical species

Involving species with OS 6+ and 4+:

TiO3" + 2e~ = Ti0,

Eeq = 2.185 + 0.0296 log(arioz+)

Involving species with OS 4+:

HTiO3 + H,0 = TiO, + H,0

TiO** + H,0 = TiO, + 2H*

Involving species with OS 4+ and 3.5+:

(A.1.14a)

(A.1.14b)

(A.1.15a)

(A.1.15b)

(A.1.16a)

(A.1.16b)

(A.1.17)

(A.1.18)
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4HTiO3 + 6H* + 2e~ = Ti,0, + 5H,0

Eeq = 2.979 — 0.1775pH + 0.1183 log(aurios )

ATi0?~ + 3H,0 + 2e~ = Ti,0, + 6H*

Eeq = 2.979 + 0.1775pH + 0.1183 log(argz-)

Involving species with OS 4+ and 3.33+:

3HTiO3 + 5H* + 2e™ = Tiz05 + 4H,0

Eeq = 2.063 — 0.1479pH + 0.0887 log(ayrios )

3TiO?** + 2H,0 + 2e~ = Tiz05 + 4H*

Eeq = 0.575 + 0.1183pH + 0.0887 log(ar;oz-)

Involving species with OS 4+ and 3+:

2HTiO3 + 4H* + 2e~ = Ti,0; + 3H,0

Eeq = 1.211 — 0.1183pH + 0.0592 log(ayio; )

2TiO?* + H,0 + 2e~ = Ti,05 + 2H™

Eeq = 0.219 + 0.0592pH + 0.0592 log(argz-)

(A.1.192)

(A.1.19b)

(A.1.20a)

(A.1.20b)

(A.1.21a)

(A.1.21b)

(A.1.22a)

(A.1.22b)

(A.1.232)

(A.1.23b)

(A.1.24a)

(A.1.24b)
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TiO, + 4H* = Ti3* + 2H,0 (A.1.25a)

Eeq = —0.670 — 0.2366pH — 0.0296 log(ar;s+) (A.1.25Db)
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A.2  Supplementary Data for Chapter 3:The Thermal-Oxidation Behaviour of Pristine

and Doped Magneéli Phase Titanium Oxides
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Figure A.2.1 Scanning electron micrographs (20 kV) of pristine and dopant-containing Hz-reduced TiO2 at 200
(a, ¢, e, & g) and 3,200 (b, d, f, & h) magnification. Image reproduced from [65], which permits unrestricted
reuse of the work via the Creative Commons Attribution 4.0 License (CC BY, http://creativecommons.org/li-

censes/by/4.0/).
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Figure A.2.2 Survey X-ray photoelectron spectra of pristine (blue line) and V-, Cr-, and Fe-doped (magenta,
green, & red lines, respectively) Hz-reduced TiO2. Image reproduced from [65], which permits unrestricted

reuse of the work via the Creative Commons Attribution 4.0 License (CC BY, http://creativecommons.org/li-

censes/by/4.0/).
O (at%) Ti (at%) C (at%) Si (at%o)
Pristine 64.4 21.1 11.2 3.2
V-doped 63.5 17.5 10.3 8.7
Cr-doped 63.1 20.4 11.3 5.2
Fe-doped 63.0 14.7 11.3 11.0

Table A.2.1 Summary of elemental analysis of survey spectra from X-ray photoelectron spectroscopy of pris-

tine and dopant-containing Hz-reduced TiOs.
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a) Pristine Ti 2p b) Pristine O 1s,

¢) V-doped Ti Zp

e) Cr-doped Ti 2p

Intensity (arb. units)

g) Fe-doped Ti 2p

_ T :

168 466 464 462 460 458 436 534 533 532 G531 530 520 528
Binding energy (eV)
Figure A.2.3 High resolution X-ray photoelectron spectra (black dots) of (a, ¢, e, & g) Ti 2p and (b, d, f, & h) O
1s of (a & b) pristine and (c-h) dopant-containing Hz-reduced TiO: along with a Taylor baseline (green line),
constituent peaks (blue, magenta, & black lines), and sum of baseline and constituent peaks (red line) Image
reproduced from [65], which permits unrestricted reuse of the work via the Creative Commons Attribution 4.0

License (CC BY, http://creativecommons.org/licenses/by/4.0/).
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Peak Species | BE (eV) | FWHM (eV) | Area? (%) | L-G (%) | x°
Pristine | O 1s TiO: 530.5 1.26 67.7 6 2.63
M(OH)x 531.8 19.4
SiO2 532.8 12.1
Ti 2psiz | TIO2 459.1 1.24 62.0 53 7.93
Ti203 457.3 4.6
Ti 2p12 | TiO2 465.0 2.47 31.0
Ti203 462.9 2.3
V-doped | O 1s TiO2 530.4 1.31 63.0 4 3.15
M(OH)x 532.0 16.3
SiO2 533.1 20.6
Ti 2ps2 | TiO2 459.1 1.29 65.7 54 3.79
Ti203 457.2 1.0
Ti 2p12 | TiO2 464.8 2.57 32.8
Ti203 462.8 0.5

& Areas of Ti 2ps2 and 2p12 peaks combined sum to 100%.

Table A.2.2 Summary of peak fitting of high-resolution X-ray photoelectron spectra including their binding
energy (BE), full width half maximum (FWHM), Lorentzian-Gaussian (L-G), and results of chi-squared (x?)

testing of pristine and V-containing Hz-reduced TiOx.
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Peak Species | BE (eV) | FWHM (eV) | Area? (%) | L-G (%) | x°
Cr-doped | O 1s TiO: 530.6 1.36 66.1 4 2.59
M(OH)x 532.0 19.4
SiO2 533.2 14.5
Ti 2psz | TiO2 459.2 1.29 63.3 48 9.77

Ti203 457.3 3.4
Ti 2p1z | TiO2 464.9 2.57 31.7
Ti203 462.9 1.7
Fe-doped | O 1s TiO2 530.6 1.40 59.0 1 2.66
M(OH)x 532.1 22.1
SiO2 533.3 18.9
Ti 2ps2 | TiO2 459.2 131 61.7 51 8.07
Ti203 457.2 5.0
Ti 2p12 | TiO2 464.8 2.62 30.8
Ti203 462.8 2.5

& Areas of Ti 2ps2 and 2p12 peaks combined sum to 100%.

Table A.2.3 Summary of peak fitting of high-resolution X-ray photoelectron spectra including their binding
energy (BE), full width half maximum (FWHM), Lorentzian-Gaussian (L-G), and results of chi-squared (x?)

testing of Cr- and Fe-containing Hz-reduced TiOz.
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Figure A.2.4 Structure refinement data (Ycar, black line) of powder X-ray diffraction data (Yobs, red dots), their
difference (Yobs—Ycarc, blue line), and the Bragg positions of TisO7 (green vertical lines) and alpha iron (a-Fe,
magenta vertical lines) for (a) pristine and (b—d) dopant-containing Hz-reduced TiO2. Image reproduced from
[65], which permits unrestricted reuse of the work via the Creative Commons Attribution 4.0 License (CC BY,

http://creativecommons.org/licenses/by/4.0/).
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Pristine V-doped Cr-doped Fe-doped
Crystal system Triclinic
Space group 1T
Z-value 4
a(A) 5.60(01) 5.60(01) 5.58(01) 5.59(01)
b (A) 7.12(02) 7.12(02) 7.10(02) 7.10(01)
c(A) 12.46(04) 12.46(04) 12.43(03) 12.44(02)
a (°) 95.04(11) 95.02(10) 95.02(09) 95.01(06)
8(°) 95.16(01) 95.14(01) 95.15(010) 95.16(01)
%) 108.79(01) 108.76(01) 108.77(01) 108.76(01)
V (A?) 464(2) 464(2) 461(1) 462(1)
7 (nm) 86(05) 122(10) 128(09) 173(11)
¢ (%) 0.03(4) 0.15(4) 0.09(3) 0.23(1)
Rwp (%) 8.06 7.03 7.11 5.61

Table A.2.4 Summary of the fitted lattice parameters and volume (V) of the unit cell, crystallite size (z), and

strain (&) of the TisO7 phase as well as the weighted profile R-factor (Rwp) obtained by structure refinement of

powder X-ray diffraction data of Hz-reduced pristine and doped TiO:s.
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Pristine V-doped Cr-doped Fe-doped

Ti(1)x 0.227(03) 0.207(03) 0.208(03) 0.215(03)

y 0.158(03) 0.150(02) 0.154(03) 0.158(02)

z 0.067(01) 0.060(02) 0.061(02) 0.061(01)

Ti(2)x 0.212(02) 0.230(03) 0.235(03) 0.223(04)

y 0.665(03) 0.667(05) 0.671(04) 0.661(03)

z 0.067(02) 0.076(02) 0.073(02) 0.072(01)

Ti(3)x 0.690(04) 0.674(04) 0.681(02) 0.679(02)
y 0.438(03) 0.435(03) 0.442(02) 0.442(02)

z 0.196(01) 0.195(02) 0.197(02) 0.199(01)

Ti(4)x 0.677(02) 0.682(05) 0.676(04) 0.687(05)

y 0.931(04) 0.931(04) 0.932(04) 0.934(04)

z 0.204(01) 0.204(01) 0.205(02) 0.207(01)

O(1)x 0.127(09) 0.131(11) 0.108(01) 0.146(08)

y 0.853(08) 0.836(09) 0.848(10) 0.864(09)

z 0.022(03) 0.026(03) 0.029(04) 0.025(03)

O(2)x 0.607(07) 0.584(08) 0.603(09) 0.564(10)

y 0.809(04) 0.795(06) 0.810(06) 0.791(06)

z 0.056(03) 0.054(03) 0.053(03) 0.066(03)

Table A.2.5 Summary of the positional parameters of the unit cell of the TisO7 phase obtained by structure

refinement of powder X-ray diffraction data of Hz-reduced pristine and doped TiOo.
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Pristine V-doped Cr-doped Fe-doped

O(3)x 0.908(08) 0.879(05) 0.857(07) 0.849(09)
y 0.489(07) 0.466(05) 0.478(08) 0.471(06)

z 0.067(02) 0.062(02) 0.056(04) 0.063(04)
O(4)x 0.367(06) 0.347(07) 0.345(07) 0.358(05)
y 0.499(06) 0.487(09) 0.475(10) 0.463(05)

z 0.143(03) 0.151(03) 0.150(04) 0.150(03)
O(5)x 0.604(08) 0.575(12) 0.527(08) 0.540(06)
y 0.137(12) 0.124(14) 0.118(11) 0.128(07)

z 0.168(04) 0.153(05) 0.146(03) 0.162(03)
O(6)x -0.003(10) -0.038(09) -0.034(07) -0.013(13)
y 0.037(04) 0.042(05) 0.031(04) 0.053(06)

z 0.196(02) 0.199(02) 0.196(02) 0.196(02)
O(7)x 0.289(05) 0.291(07) 0.287(06) 0.310(05)
y 0.769(05) 0.770(05) 0.770(04) 0.775(03)

z 0.208(02) 0.214(03) 0.219(03) 0.219(02

Table A.2.6 (Continued from Table A.2.5) Summary of the positional parameters of the unit cell of the TisO7

phase obtained by structure refinement of powder X-ray diffraction data of Hz-reduced pristine and doped

TiOa.
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Figure A.2.5 (a & b) y(a) and (c & d) z(a) master plots for the thermal oxidation of (a & ¢) Cr-and (b & d) Fe-
doped Ti4O7 in air. Image reproduced from [65], which permits unrestricted reuse of the work via the Creative

Commons Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/by/4.0/).
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Figure A.2.6 Linearized differential data (In{f(de/dt)[1/f(«)]}) for three-dimensional diffusion reaction models
(a & b) Jander (D3, f(a) = fos(a)) and (¢ & d) Ginstling-Brounshtein (D4, f(a) = fos(a)) versus 1,000/T for the
thermal oxidation of (a & ¢) Cr- and (b & d) Fe-doped Ti4O7 in air with linear fit (straight line, empty markers
indicating outliers). Image reproduced from [65], which permits unrestricted reuse of the work via the Creative

Commons Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/by/4.0/).
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A.3  Supplementary Data for Chapter 4:The Superior Electrical Conductivity and An-

odic Stability of Vanadium-Doped Ti4O7
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Figure A.3.1 High-resolution X-ray photoelectron spectra (20 kV) of (a, ¢, e, & g) Ti 2pand O 1s (b, d, f, & h)
peaks of Ar-ion etched (4 keV) Ha-reduced (a & b) pristine and (c—h) dopant-containing sintered TiO2 disks
and their deconvolution including Taylor baseline (green lines), constituent peaks (blue, magenta, and black
lines) and sum of baseline and constituent peaks (red lines). Image reproduced from [66], which permits unre-
stricted reuse of the work via the Creative Commons Attribution 4.0 License (CC BY, http://creativecom-

mons.org/licenses/by/4.0/).
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BE (eV) Peak Species FWHM (eV) Area? (%) L-G (%)

455.8 Ti 2p32 TiO 151 1.73 4 5.13
457.4 Ti203 38.3

459.1 TiO2 46.7

461.0 Ti 2p1e2 TiO 15.1 3.45

462.4 Ti203 38.3

464.4 TiO2 46.7

530.7 O1s TiO2 76.3 1.27 4 2.87
531.9 M(OH)x 18.2

533.2 H20 5.4

Table A.3.1 Summary of peak fitting of high-resolution X-ray photoelectron spectra including their binding

energy (BE), full width half maximum (FWHM), Lorentzian-Gaussian (L-G), and results of chi-squared (x?)

testing of Hz-reduced pristine sintered TiO: disks.
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BE (eV) Peak Species FWHM (eV) Area? (%) L-G (%)

455.6 Ti 2p32 TiO 17.0 1.70 11 3.45
457.3 Ti203 35.1

459.1 TiO2 48.0

460.7 Ti 2p1e2 TiO 17.0 3.40

462.3 Ti203 35.1

464.5 TiO2 48.0

513.3 V 2psp V203 67.1 1.93 35 0.13
515.8 V204 32.9

530.7 O1s TiO2 75.5 1.31 0 2.01

Table A.3.2 Summary of peak fitting of high-resolution X-ray photoelectron spectra including their binding

energy (BE), full width half maximum (FWHM), Lorentzian-Gaussian (L-G), and results of chi-squared (x?)

testing of Hz-reduced vanadium-containing sintered TiOz disks.
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BE (eV) Peak Species FWHM (eV) Area? (%) L-G (%)

455.8 Ti 2p32 TiO 12.0 1.68 4.38
457.4 Ti203 37.9

459.1 TiO2 50.1

460.5 Ti 2p1e2 TiO 12.0 3.37

462.5 Ti203 37.9

464.5 TiO2 50.1

530.7 O1s TiO2 76.4 1.22 2.35
531.8 M(OH)x 17.9

533.3 H20 5.7

Table A.3.3 Summary of peak fitting of high-resolution X-ray photoelectron spectra including their binding

energy (BE), full width half maximum (FWHM), Lorentzian-Gaussian (L-G), and results of chi-squared (x?)

testing of Hz-reduced chromium-containing sintered TiO: disks.
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BE (eV) Peak Species FWHM (eV) Area? (%) L-G (%)

455.8 Ti 2p32 TiO 14.7 1.73 2.40
457.4 Ti203 38.7

459.1 TiO2 46.6

461.0 Ti 2p1e2 TiO 14.7 3.47

462.5 Ti203 38.7

464.5 TiO2 46.6

530.7 O1s TiO2 74.7 1.28 2.37
531.9 M(OH)x 18.9

533.2 H20 6.3

Table A.3.4 Summary of peak fitting of high-resolution X-ray photoelectron spectra including their binding

energy (BE), full width half maximum (FWHM), Lorentzian-Gaussian (L-G), and results of chi-squared (x?)

testing of Hz-reduced iron-containing sintered TiO2 disks.
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Element Peak Species BE (eV) sse (eV) n
Ti 2p3/2 Ti 453.9 0.2 12
TiO 455.2 0.7 3
Ti203 457.0 11 6
TiO> 458.6 0.2 42
2pl/2 Ti 460.0 0.1 2
TiO 460.2 1
Ti203 462.0 1
TiO> 464.5 0.2 10
V 2p3/2 \Y 512.4 0.2 11
V203 515.7 1.6 5
V204 516.2 0.4 3
V205 517.3 0.3 25
Fe 2p3/2 Fe 706.9 0.2 26
FeO 709.8 0.5 7
Fe203 711.0 0.4 20

Table A.3.5 Summary of statistical analysis of reported values of compounds used in the deconvolution of
high-resolution X-ray photoelectron spectra including the binding energy (BE), its sample standard deviation

(see), and number of observations (n).
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Figure A.3.2 Valence band spectra of Hz-reduced pristine and dopant-containing sintered TiO: disks obtained
by X-ray photoelectron spectroscopy (20 kV). Plus signs (+) indicate the origin for their respective spectra.
Image reproduced from [66], which permits unrestricted reuse of the work via the Creative Commons Attrib-

ution 4.0 License (CC BY, http://creativecommons.org/licenses/by/4.0/).

193



20 Intensity (%0) k I
26.4 77.7 0 2
26.8 15.2 -2 0
30.5 74.2 -2 2
33.7 100.0 0 -4
35.4 374 2 2
36.4 58.4 0 0
40.2 25.5 0 4
40.3 19.0 2 0
42.1 20.6 2 -4
44.6 26.8 1 -1

Table A.3.6 Summary of prominent peaks (>15% intensity) of powder X-ray diffractograms of TizOs, their

(relative) intensity, and assigned Miller indices (h, k, and I) between 20 and 50° 26.
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20 Intensity (%0) k I
20.8 68.8 0 -2
26.4 100.0 -2 0
29.6 68.2 -2 2
31.8 90.4 0 -4
32.0 42.7 2 2
34.1 60.7 0 0
35.6 49.9 0 4
36.3 41.3 2 0
37.1 32.3 2 -4
40.4 16.0 1 -1
40.5 17.7 1 5
40.6 16.8 -1 3
41.1 151 1 -5
42.0 154 3 1
42.3 23.7 2 4

Table A.3.7 Summary of prominent peaks (>15% intensity) of powder X-ray diffractograms of TisOz, their

(relative) intensity, and assigned Miller indices (h, k, and I) between 20 and 50° 20.
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Figure A.3.3 Bode plots (100 + 1 mA cm™2geo) of (a) pristine and (b & c) doped Ti4O~ disk electrodes (2,000 RPM)
in 0.5 M H2SO4 (pH 0.4, 22 °C) at the beginning (BOL, full circles) and near the end of life (EOL, open circles)
during accelerated life testing. Image reproduced from [66], which permits unrestricted reuse of the work via

the Creative Commons Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/by/4.0/).
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iy
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Figure A.3.4 Voigt-type electrical circuit as possible equivalent electrochemical circuit. Elements labelled with
C and R refer to capacitors and resistors, respectively. R1 refers to the solution resistance, C2 & R2 and C3 &
R3 refer to individual Voigt elements, accounting for double layer and film capacitances and charge transfer
and film resistances. Image reproduced from [66], which permits unrestricted reuse of the work via the Crea-

tive Commons Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/by/4.0/).
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A.4  Supplementary Data for Chapter 5: Vanadium-Doped Ti4O7 Porous Transport

Layers for Efficient Electrochemical Oxidation of Industrial Wastewater Contaminants
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Figure A.4.1 UV-Visible absorbance spectra of methyl orange (100 ppm in 1,500 mgnaci L™).
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Figure A.4.2 Cyclic voltammograms (100 mV s, tenth cycle) of Sigracet 29 BC gas diffusion layer in 1,500

mgnact L™ (22 °C, pH 5.3).

199



100 — 7 g p———
o0 i) :_’ _____ = = |

< a) -
¥ < a e
K 60 D P /’/
wo4r8
g I
% 20 “ /'/ ----- g Decolorization | |
O / —-4l—-- COD removal
[ |
[m} m
b) o
> o L
| 3 L_;l‘.. Phe
= m
g 2 oo -
N -
1+ 8 .-
T e
N =
< o)
© g0t
> N
o ~.
~
£ 60 -~
= 40 . .
g2 R B)
-
=
gl
L )
=100} g ]
80
A -
§ 5 R R ]
\%/ 50 E_/-/ _. &
[ _ =T
0 25k .- T
]
Eﬂ,—\ ‘_DAE’D
I |
5 o (P — .
| |
56 - iy
7 i
g4 O
= o
éQ DDDBD ..................................................................
20
R 05 1 15 2 2.5

Volumetric charge, Qv (Ah L™1)

Figure A.4.3 Conversion (X, a), linearized conversion data (—In(1 — X), b), current efficiency (¢, c), specific and
volumetric energy consumption (Esp & Eeo, respectively, d & e) for the decolorization and chemical oxygen
demand (COD) removal (empty and filled symbols, respectively) of 100 ppmwmo in 1,500 gnaci (150 mL min™,
21 °C, 4.0 pH) with a (Tio.98Vo0.02)407 porous transport layer in a compact electrolyzer operated galvanostatically
(10 mA cm™). Dotted and dash-dotted lines indicate either lines of best fit (a & b) or model predictions (c—e,

Egs. 5.10, 5.11, & 5.6) for decolorization and COD removal, respectively.
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Figure A.4.4 Conversion (X, a), linearized conversion data (—In(1 — X), b), current efficiency (¢, c), specific and
volumetric energy consumption (Esp & Eeo, respectively, d & e) for the decolorization and chemical oxygen
demand (COD) removal (empty and filled symbols, respectively) of 100 ppmwmo in 1,500 gnaci (250 mL min™?,
21°C, 4.0 pH) with a (Tio.98V0.02)407 porous transport layer in a compact electrolyzer operated galvanostatically
(10 mA cm™). Dotted and dash-dotted lines indicate either lines of best fit (a & b) or model predictions (c—e,

Egs. 5.10, 5.11, & 5.6) for decolorization and COD removal, respectively.
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Figure A.4.5 Conversion (X, a), linearized conversion data (—In(1 — X), b), current efficiency (¢, c), specific and
volumetric energy consumption (Esp & Eeo, respectively, d & e) for the decolorization and chemical oxygen
demand (COD) removal (empty and filled symbols, respectively) of 100 ppmwmo in 1,500 gnaci (200 mL min™?,
21°C, 4.0 pH) with a (Tio.98V0.02)407 porous transport layer in a compact electrolyzer operated galvanostatically
(2.5 mA cm™). Dotted and dash-dotted lines indicate either lines of best fit (a & b) or model predictions (c—e,

Egs. 5.10, 5.11, & 5.6) for decolorization and COD removal, respectively.
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Figure A.4.6 Conversion (X, a), linearized conversion data (—In(1 — X), b), current efficiency (¢, c), specific and
volumetric energy consumption (Esp & Eeo, respectively, d & e) for the decolorization and chemical oxygen
demand (COD) removal (empty and filled symbols, respectively) of 100 ppmwmo in 1,500 gnaci (200 mL min™?,
21 °C, 4.0 pH) with a (Tio.98V0.02)407 porous transport layer in a compact electrolyzer operated galvanostatically
(5 mA cm™). Dotted and dash-dotted lines indicate either lines of best fit (a & b) or model predictions (c—e, Egs.

5.10, 5.11, & 5.6) for decolorization and COD removal, respectively.
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Figure A.4.7 Conversion (X, a), linearized conversion data (—In(1 — X), b), current efficiency (¢, c), specific and
volumetric energy consumption (Esp & Eeo, respectively, d & e) for the decolorization and chemical oxygen
demand (COD) removal (empty and filled symbols, respectively) of 100 ppmwmo in 1,500 gnaci (200 mL min™?,
21 °C, 4.0 pH) with a (Tio.98Vo0.02)407 porous transport layer in a compact electrolyzer operated galvanostatically
(7.5 mA cm™). Dotted and dash-dotted lines indicate either lines of best fit (a & b) or model predictions (c—e,

Egs. 5.10, 5.11, & 5.6) for decolorization and COD removal, respectively.
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Figure A.4.8 Conversion (X, a), linearized conversion data (—In(1 — X), b), current efficiency (¢, c), specific and
volumetric energy consumption (Esp & Eeo, respectively, d & e) for the decolorization and chemical oxygen
demand (COD) removal (empty and filled symbols, respectively) of 100 ppmwmo in 1,500 gnaci (200 mL min™?,
21°C, 4.0 pH) with a (Tio.98V0.02)407 porous transport layer in a compact electrolyzer operated galvanostatically
(12.5 mA cm™2). Dotted and dash-dotted lines indicate either lines of best fit (a & b) or model predictions (c—e,

Egs. 5.10, 5.11, & 5.6) for decolorization and COD removal, respectively.
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Figure A.4.9 Conversion (X, a), linearized conversion data (—In(1 — X), b), current efficiency (¢, c), specific and
volumetric energy consumption (Esp & Eeo, respectively, d & e) for the decolorization and chemical oxygen
demand (COD) removal (empty and filled symbols, respectively) of 100 ppmwmo in 1,500 gnaci (200 mL min™?,
21°C, 4.0 pH) with a (Tio.98V0.02)407 porous transport layer in a compact electrolyzer operated galvanostatically
(15 mA cm™2). Dotted and dash-dotted lines indicate either lines of best fit (a & b) or model predictions (c—e,

Egs. 5.10, 5.11, & 5.6) for decolorization and COD removal, respectively.
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Figure A.4.10 Conversion (X, a), linearized conversion data (—In(1 — X), b), current efficiency (¢, c), specific
and volumetric energy consumption (Esp & Eeo, respectively, d & €) for the decolorization and chemical oxygen
demand (COD) removal (empty and filled symbols, respectively) of 100 ppmwmo in 1,500 gnaci (200 mL min™?,
21 °C, 4.0 pH) with a TisO7 porous transport layer in a compact electrolyzer operated galvanostatically (10 mA
cm™2). Dotted and dash-dotted lines indicate either lines of best fit (a & b) or model predictions (c-e, Egs. 5.10,

5.11, & 5.6) for decolorization and COD removal, respectively.
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Figure A.4.11 Conversion (X, a), linearized conversion data (—In(1 — X), b), current efficiency (¢, c), specific
and volumetric energy consumption (Esp & Eeo, respectively, d & €) for the decolorization and chemical oxygen
demand (COD) removal (empty and filled symbols, respectively) of 100 ppmwmo in 1,500 gnaci (200 mL min™?,
21°C, 4.0 pH) with a (Tio.ssVo.01)407 porous transport layer in a compact electrolyzer operated galvanostatically
(10 mA cm™). Dotted and dash-dotted lines indicate either lines of best fit (a & b) or model predictions (c—e,

Egs. 5.10, 5.11, & 5.6) for decolorization and COD removal, respectively.
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Figure A.4.12 Conversion (X, a), linearized conversion data (—In(1 — X), b), current efficiency (¢, c), specific
and volumetric energy consumption (Esp & Eeo, respectively, d & €) for the decolorization and chemical oxygen
demand (COD) removal (empty and filled symbols, respectively) of 100 ppmwmo in 1,500 gnaci (200 mL min™?,
21 °C, 4.0 pH) with a (Tio.esVo.05)407 porous transport layer in a compact electrolyzer operated galvanostatically
(10 mA cm™). Dotted and dash-dotted lines indicate either lines of best fit (a & b) or model predictions (c—e,

Egs. 5.10, 5.11, & 5.6) for decolorization and COD removal, respectively.
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