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ABSTRACT

Due to water scarcity and water pollution, the world suffers from continuing water
sanitation issues, which lead to billions of water-borne disease cases every year.
Decentralized water treatment is regarded as an important supplement to the conventional
wastewater treatment system to address the water sanitation and water pollution issues in
rural, remote, and undeveloped regions. Electrochemical water treatment technology has
been demonstrated to be feasible for decentralized water treatment systems because of the
ambient operation conditions, robust performance, modular design, small footprint, and
environmental compatibility. The performance of electrochemical water treatment systems
relies heavily on the choice of electrodes. This thesis presents a comprehensive study
towards understanding and optimizing the electrodes to enhance the performance and lower
the cost of electrochemical water treatment systems. The research work on anodes followed
an “understanding — development” approach and spanned both the scientific and
engineering sides of the spectrum. Specifically, a comprehensive review was assembled
through the analysis of existing literature on mixed metal oxide anodes. This review
pointed towards potential future research directions. With the advancement of material
sciences, it is important to focus not only on single catalytic metal elements, but also on
the intermetallic electronic interaction to gain a deeper understanding of the catalytic
activity of mixed metal oxides. The microscopic steric effects imposed by crystalline

structures may also be a nonnegligible contributor to the catalytic properties.

Following the review, this thesis scrutinized the catalytic sites of crystalline CoSh20Oes,
an emerging anode for chlorine evolution reaction (CER) catalysis. It has been
demonstrated to be a promising alternative for the conventional Ru- and Ir-based anodes
based on its high activity and excellent stability, but its catalytic sites and mechanism are
still unknown. By fabricating and testing a series of anodes with different Sb/Co ratios, it
was discovered that the surface Sb/Co ratios in CoSb20s were ~50% higher than in the
bulk. At the same time, it was surprising to find through scanning electrochemical
microscopy (SECM) that Sb-rich samples showed higher catalytic activities, indicating that
Sh sites may be even more active catalytic sites than the Co-sites. This was attributed to



vii
the electronic interaction between Co and Sb, as revealed by X-ray photoelectron
spectroscopy (XPS).

On the engineering side, a Ni-Sb—SnO2 reactive electrochemical membrane (REM)
was developed to treat primary effluent and greywater. In 30 min, the REM removed up to
78 £ 2% COD and 94 + 0.6% turbidity from the primary effluent. The REM had ~100%
COD removal and 89 * 4% turbidity removal from greywater, with the effluent meeting
the NSF/ANSI 350 standard. Compared to the conventional plate-type electrodes under the
same conditions, the REM had 36% lower energy consumption for primary effluent
treatment and 22% lower energy consumption for greywater treatment while yielding better
treatment results. The REM-based electrochemical system was demonstrated to be a
promising solution for decentralized wastewater treatment and recycling for single

households and for vehicles.

Last but not the least, this thesis presents the 3D-printing-derived carbon lattice as a
monolithic electro-Fenton cathode. The Fenton reaction is one of the most important
advanced oxidation processes (AOPSs) that is widely used in water treatment to remove
non-biodegradable pollutants, and heterogeneous electro-Fenton (HEF) process catalyzed
by carbon-based cathodes has received considerable attention as an evolving branch due to
its wide working pH range and independence from chemical dosing. However, the
conventional carbon cathodes suffered from poorly controlled porosities, which hampered
the mass transport and limited the overall catalytic performance. Three rationally-designed
carbon lattice cathodes with different macroscopic porosities were fabricated and tested,
showing that it was feasible to facilitate the mass transport by tuning the macroscopic
electrode structure. Specifically, Grid-2% cathode, which had the largest macroscopic
porosity, showed 157% higher specific activity for electrochemical H202 production and
256% higher specific activity for trimethoprim degradation than the Star-2%, the one with
the smallest macroscopic porosity. Grid-2% achieved 97% aqueous trimethoprim removal
in 60 min, demonstrating the potential of the carbon lattice cathode to be used for water

treatment and remediation.
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Chapter 1 Introduction

1.1 Decentralized water treatment problem

According to World Health Organization (WHO), as late as in 2020, 46% of the world
population lacked access to safely managed sanitation service, and 45% household
wastewater globally was discharged without safe treatment. As a result, 10% of the world
population is believed to consume food irrigated by wastewater and at least 2 billion people
globally use a drinking water source contaminated by feces. Microbiological
contamination is estimated to lead to 485000 diarrhoeal deaths every year’. Consequently,
the United Nations (UN) set a goal “clean water and sanitation” (Goal 6) among 17
sustainable development goals, with the Target 6.3 “By 2030, improve water quality by
reducing pollution, eliminating dumping and minimizing release of hazardous chemicals
and materials, halving the proportion of untreated wastewater and substantially increasing
recycling and safe reuse globally.”? Increased attention has been paid to creating ubiquitous
access to proper water treatment systems for people all over the world, and especially in
developing countries and regions. However, for conventional centralized water treatment
systems, construction of treatment units as well as the massive water collection pipeline
systems require adequate social infrastructure and substantial upfront investment. For
scattered low-density populated regions, the upfront investment is often disproportionate
to the population served®. Moreover, operating centralized water treatment plants require
well-trained staff, who are unavailable in many remote or undeveloped regions and
countries*. On the other hand, by keeping the treatment unit close to the waste source,
decentralized treatment systems minimize the collection component. Meanwhile, they are
often designed to have no or little requirement for chemical input or maintenance. Based
on these features, decentralized treatment systems are identified to be more suitable for
communities with low population density and varying site conditions, according to the

United States Environmental Protection Agency (USEPA).
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Various technologies are applied for decentralized water treatment, including
conventional septic tanks, constructed wetlands, biofiltration, membrane technologies,
etc®®. Electrochemical treatment has gained considerable attention as an emerging
decentralized water treatment technology during the past two decades because of its
ambient operation conditions, robust performance, modular design, small footprint, and the
capability to adjust to different influent volume and composition®. It also features the
compatibility with both grid power and alternative power sources such as photovoltaic (PV)
cells. In the past decade, our research group developed electrochemistry-base wastewater
management and recycling systems in the form of Caltech solar toilets, which were
successfully applied in China, India, and South Africa to provide community-scale water
sanitation solutions. However, application of electrochemical water treatment technologies
in larger scales is hindered by its relatively high cost, which is specifically broken into
CapEX and OpEX. CapEX is closely related to the price and the stability of the electrodes,
while OpEX depends primarily on the energy cost’. Therefore, promoting the larger-scale
application of electrochemical technologies as a means of decentralized treatment requires

lowering both the electrode material cost and the operation energy consumption.
1.2 Technology background
1.2.1 Wastewater electrolysis

A wastewater electrolysis cell must have at least an anode, a cathode, and wastewater
as the electrolyte. Under an applied voltage or current, the contaminants are degraded as a
result of the redox reactions driven by the electrodes. Both reduction and oxidation
reactions can contribute to the pollutant degradation®®, but oxidation reactions are essential
in mineralization of the organic pollutants in water and deactivation of the pathogens in
wastewater, especially when there is no other auxiliary treatment'®*, Oxidation of organic
contaminants in an electrochemical cell can take place directly at the anode, or by reacting
with electrochemically generated species'?.

Generally, water quality is evaluated by both its physical characteristics including odor,
color, turbidity, presence of oily film and foam, and composition-based metrics, including

organic compounds, which are usually accounted for by chemical oxygen demand (COD)
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or biological oxygen demand (BOD), pH, total nitrogen, total phosphorous, suspended
solids (SS), pathogens, etc. To achieve effective wastewater sanitation and recycling,
NSF/ANSI 350 and ISO/DIS 30500 standards impose requirements on disinfection and the
removal of COD, total suspended solids (TSS), turbidity, total nitrogen, total phosphorous.
In an electrochemical reactor, the organic compounds as well as the pathogens are
generally removed by electrochemically triggered oxidation reactions. Meanwhile,
phosphate is removed through forming hydroxyapatite with ammonia and magnesium?*2,
Ammonia is removed by both struvite formation, and break-point chlorination, where the
free chlorine stems from anodic chlorine evolution reaction (CER)*. Our research group
has successfully employed electrochemical technology to treat aqueous organic pollutants
including phenol, chlorinated phenols!**®, various low-molecular-weight organic-acids?,
dyes, and pharmaceuticals!’ in simulated wastewater. Electrochemical oxidation (EO) also
showed good performance in converting toxic aqueous As(lIl) to less toxic As(V).
Meanwhile, the electrochemical reactor effectively removed over 95% COD and ammonia
from domestic wastewater in 6 h'®. With a mixed metal oxide anode, the electrolysis cell
completely achieved 5-log removal of Coliphage MS2 within 10 min?°, and removed the
COD from latrine wastewater in 4 h®. It is worth noting that when the anode and cathode
chambers were separated with a cation exchange membrane (CEM), the direct energy

consumption was reduced by over a half?.

Simultaneously with the wastewater treatment, an electrochemical cell also produces
H2 by reducing water via the cathode, namely the hydrogen evolution reaction (HER).
When powered by PV cell, a Bi-doped TiO2 anode achieved >99% phenol removal in less
than 10 min, with the cathodic current efficiency for hydrogen production close to 70% in
50 mM NaCl solution®. Interestingly, a synergistic effect between the anodic oxidative
removal of organic substrates and cathodic HER was observed, which was attributed to the
fact that the organics consumed the reactive radical species and prevented them to compete
with protons to get reduced via the cathode®>?2, It was observed that using inert electrolyte
such as sulfate enhanced the cathodic HER efficiency compared to chloride electrolyte

since there is no competing free chlorine reduction reactioni*'®. On the other hand, for
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experiments performed in actual municipal wastewater, the cathodic current efficiency in

H2 production was around 40%%.

The produced hydrogen can be used to compensate the electricity cost during the
treatment. In an electrochemical cell separated by a CEM, the produced Hz was converted
directly to electricity in a hydrogen-air fuel cell, which compensated 20% of the power

consumption??.
1.2.2 Anodic water oxidation and chlorine evolution reactions

One of the most widely used technologies for electrochemical wastewater treatment is
electrochemical oxidation (EO), which relies on either direct anodic oxidation of organic
substrates, or indirect oxidation based on anodic production of reactive oxygen species
(ROS) and reactive chlorine species (RCS). Given the competing nature of these reactions,
it is crucial to improve the Faradaic efficiency (FE) of the reactions that contribute to
contaminant degradation. Generally, in domestic wastewater with a pH of 6-8 and a
chloride concentration of ~30 mM, the prevalent anodic reactions are oxygen evolution

reaction (OER, Eq 1) and chlorine evolution reaction (CER, Eq 2).
2H,0 = 0, + 4H" + 4e” (1)
2C1" = Cl, + 2e” )

The standard thermodynamic potentials (E®) for OER and CER at standard conditions
are +1.229 V and +1.358 V vs. SHE, respectively. In an electrochemical wastewater
treatment cell, CER is primarily responsible for producing RCS, which includes not only
Clz, but also HOCI and OCI". At elevated potentials (higher than +3 V vs. SHE), more
oxidizing chlorine radicals (Cl-, Cl2-) are produced!®. On the contrary, the molecular
oxygen produced by OER does not directly contribute to water treatment. However, it is
worth mentioning that anodic water oxidation does not necessarily lead to molecular
oxygen production. At higher applied potential, water may be directly oxidized to ozone
(standard thermodynamic potential +2.07 V vs. SHE) and hydroxyl radicals (-OH. standard
thermodynamic potential 2.8 V vs. SHE), both of which are important ROS that contributes

to calcitrant pollutant degradation and mineralization. Direct electron transfer (DET)
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between anode and the pollutant takes place when even higher potentials are applied. The

anodic reactions are shown in Figure 1.

Direct Electron Transfer
(DET):3-5V

‘OH/H,0:27V

0,/0,: 2.08V
Cly-ICl: 207V
H,0,/H,0: 1.77 V
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Figure 1.1. A diagram showing the anodic reactions.

The anode is a key for the EO performance. An ideal anode catalyzes the oxidation
reactions with fast kinetics and high selectivity towards reactive species production,
therefore increasing the efficiency while saving on operational costs. Depending on the
overpotential for OER, anodes are generally classified into “active” anodes such as RuOz,
IrO2, RuOx-TiO2, RuOx-IrOx-TiOz, and “non-active” anodes such as boron doped diamond
(BDD) and antimony doped tin oxide (ATO)2. “Active” anodes have low overpotential
for OER and CER, which allows them to catalyze RCS production with fast kinetics at a
relatively low applied potential. In the meantime, because of the high thermodynamic
potentials of those reactions compared to that of OER and CER, “active” anodes tend to
maintain high Faradaic efficiencies for OER and CER even at applied potentials where
ozone and radical production as well as DET could take place. As a result, RCS was
identified to be the major reactive species when the Ir-Ta based anode was used for

domestic wastewater treatment®19,

On the other hand, “non-active” anodes have substantially higher overpotential for
OER and CER catalysis than “active” anodes, which means that to catalyze CER at a
comparable kinetics, “non-active” anodes consume more energy than “active” anodes.

Nevertheless, the more sluggish OER and CER Kkinetics also result in higher Faradaic
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efficiencies for ozone and radical production at elevated applied potentials. Therefore,
“non-active” anodes are often employed with a high applied potential to remove the
recalcitrant pollutants by producing advanced oxidants like hydroxyl radicals and directly
oxidizing the pollutants. In fact, BDD anode has been successfully used to degraded
aqueous perfluorooctane sulfonate (PFOS), which is resistant to most other water treatment

methods?,
1.2.3 Cathodic oxygen reduction reaction

H20: is widely used in water treatment due to its high oxidation potential and clean
product. Besides being used alone as an oxidant, H202 is also used in many advanced
oxidation processes (AOPs), such as H202-Fe (the Fenton process), H202-UV, H202-03,
as the source of -OH?*, Currently, H202 is industrially manufactured via the anthraquinone
process, which not only requires substantial energy input, but also generates waste that
requires further treatment. Moreover, because of the instability of H20, its transportation
is also potentially hazardous®®. In light of these, electrochemical 2-electron oxygen
reduction reaction (ORR, Eq 3, E® = +0.695 V) serves as an ideal alternative for low-cost,
green, and onsite production of H202. Practically, its competitive reactions, 4-electron
ORR (Eq 4, E*= +1.229 V) and HER (Eq 5, E?= 0 V), must also be considered.

0, + 2H* + 2e~ = H,0, (3)
0, + 4H* + 4e~ = 2H,0 4
2H* +2e” =2 H, (5)

Generally, given the ~0.7 V difference between the E® of 2-electron ORR and HER,
HER is less recognized as a competing reaction for electrochemical H202 production, but
the selectivity of 2-electron ORR over 4-electron ORR is a major concern for H202

production performance.
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Similar to anodic oxidation reactions, the choice of cathode is the key for the activity
and selectivity of ORR. Conventionally, noble metals showed excellent catalytic activity
for ORR, and they are among the first materials to be used for electrochemical 2-electron
ORR catalysis. Metals interacting weakly with Oz, including Au, Ag, and Pd, were found
to successfully catalyze 2-electron ORR. 2-electron ORR on Au (111) and Au (110) facets
was firstly reported back in 1983%. Gold nanoclusters (Auzs) capped by thiol ligand
achieved 90% selectivity for 2-electron ORR in 0.1 M KOH medium?’. Au-based alloys
have also been extensively studied for electrochemical H202 production. The average
electron transfer numbers for Au-Ni and Au-Ni-Pt catalysts in 0.1 M KOH solution were
found to be 2.48 and 2.11, respectively. Notably, Au-Ni-Pt achieved a current efficiency
of 95% for 2-electron ORR in 0.1 M KOH solution in the potential window of 0.45 ~ 0.55
V28, On the other hand, AuixPdx catalysts were also studied both experimentally and
theoretically for 2-electron ORR. Carbon supported Auo.o2Pdo.os catalysts showed 95%
current efficiency for 2-electron ORR in 0.1 M HCIO4 around 0 V vs. SCE. However, the
selectivity was observed to drop quickly as the potential swept more negative?®. Besides,
AusPd and AugPd were found to catalyze 2-electron ORR at a very small overpotential,
indicating their excellent activity®.

Besides Au-based catalysts, Pd-Hg/C3!*2 and carbon-coated Pt*® were also successfully
used in 2-electron ORR catalysis. Both of them had a noble metal core and an outer shell
composed of the more “inert” components. The effect of the core-shell structure was
accounted for by the assumption that it may facilitate the “end-on” adsorption of Oz, which

selectively favors 2-electron reduction®,

Parallel to the noble metal catalysts are carbon-based catalysts, featuring low price,
unique surface and structural properties that can be fine-tuned. Commercial carbon
materials such as carbon felt and carbon black were used to catalyze 2-electron ORR?>343®,
and researchers have developed a series of more porous carbon materials for efficient 2-
electron ORR catalysis. For example, hierarchically porous carbon was synthesized by
carbonizing metal organic framework (MOF), MOF-5. It achieved 80.9% ~ 95.0%

selectivity for 2-electron ORR under pH 1 and 4 conditions®®.
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On the other hand, heteroatoms like O and N were found to profoundly modify the
catalytic behavior of carbon materials, and therefore doping of carbon materials was widely
adopted as a viable strategy to enhance the catalytic activity and selectivity for 2-electron
ORR. The effect of O doping on the catalytic performance of carbon nanotubes was
systematically studied by Zhiyi et al. in 2018%". Oxygen doping was found to substantially
increase the activity and selectivity (~90%) of carbon nanotubes (CNTs) towards 2-
electron ORR, and carbon atoms adjacent to several dopant oxygen atoms, as in -COOH
and C-O-C groups, were identified as the key catalytic sites. N-doped mesoporous carbon
derived from different precursors were reported with good catalytic activity®4L,
Graphitized N-doped single-wall carbon nanohorns were reported to achieve ~98% current
efficiency towards H202 production at pH 1 condition. It is notable that the nanohorn
catalyst maintained >60% FE in the pH range of 1-13*2. Other than O and N, other dopant
elements such as S and P were also shown to potentially enhance the catalytic performance

of carbon materials for 2-electron ORR*344,

Given the excellent ORR catalytic performance, both noble-metal-based and carbon-
based catalysts were used in water treatment for in situ electrochemical production of H20:.
Carbon-based cathodes are especially favored due to their low price and easy availability.
Typically, the electrochemical synthesis of H202 is combined with various other “H202

activation processes”, such as UV, Os, ultrasonication, to produce highly reactive -OH?*,

The combination of 2-electron ORR and ozonation is often referred to as “electro-
peroxone” process, where the produced H202 reacts with Os to generate -OH. The mixture
of Oz and -OH provides powerful oxidation for the organic contaminants in wastewater.
On the other hand, the reduction product of ozone reduction, O2, also serves as the
feedstock for 2-electron, which further facilitates the H202 production®>’. With a carbon
black/PTFE cathode, electro-peroxone process removed 92% TOC from a landfill leachate
concentrate in 6 h. In comparison, sole electrolysis with Oz constantly sparged only
removed 31% of the TOC in 6 h and ozonation alone removed 55% TOC. This
demonstrated the potential of electro-peroxone process to treat refractory contaminants®.
However, despite the good water treatment performance, Os and -OH may lead to the

oxidation of carbon cathode over time and be detrimental for the long-term stability of the



9

system. Therefore, a two-stage electro-peroxone system was developed, where the 2-
electron ORR and reaction between H202 and Os took place in two separated chambers.
The system was successfully used to treat synthetic greywater, reducing 89% of the TOC

over 90 min“®,

Fenton process is another important H202 activation process, where Fe(Il) and Fe(ll1)

redox couple catalyze the cleavage of H202 to generate -OH (Eq 6 and 7).

Fe?* 4+ H,0, = Fe3* + HO - +0H" (6)

Fe3* + H,0, = Fe?* + HOO - +H* (7)

The conventional Fenton process relies on soluble ferrous and ferric ions in the water.
When the H20x2 is produced by 2-electron ORR, the process is referred to as electro-Fenton
(EF) process, which was demonstrated to be effective against a series of aqueous
pollutants**-1, However, despite the good treatment performance, the Fenton process also
brings substantial extra cost and operational complexity. Specifically, to keep Fe** soluble,
a low pH (<4) must be maintained, and acidification is often needed for circum-neutral
wastewater. The effluent is then neutralized with bases before discharge, generating
undesired precipitation like Fe(OH)s. It is reported that the cost associated with the
treatment and disposal of the Fe sludge can take up 10~50% of the total wastewater

treatment cost®?.

In this regard, heterogeneous Fenton reaction is adopted as an attractive alternative,
where solid Fe catalysts replace the soluble Fe species to catalyze the activation of H202.
Fe-based compounds including magnetite, ferrihydrite, hematite, goethite, akaganéite,
lepidocrocite, maghemite, pyrite and pseudobrookite have all been used as heterogeneous
Fenton catalysts®. Furthermore, the solid Fe catalysts are embedded into carbon cathodes
to form heterogeneous electro-Fenton (HEF) catalysts, which directly catalyzes both 2-

electron ORR and H202 activation to produce -OH in the presence of dissolved oxygen
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(DO) and an applied reduction potential. Compared to conventional Fenton process, HEF
process requires no external chemical input and generates no Fe sludge in the effluent.
Therefore, it has become one of the most studied branches of Fenton processes. A CNT
filter functionalized with FeOCI was used for flow-through electro-Fenton process to
remove aqueous tetracycline. With a flow rate of 1.5 mL min, the electro-Fenton filter
achieved 99.5% removal of 0.04 mM tetracycline from deionized (DI) water by a single
pass, as well as 89% removal from tap water and 51% removal from lake water®*. Our
group also successfully developed an electrospinning-based FeszOas-loaded carbon fiber
cathode and metal-organic-framework-derived multi-phase porous electrocatalysts for the
degradation and mineralization of pharmaceuticals and herbicides!®®. It is worth noting
that the core-shell structure derived from pyrolysis of amino-functionalized MOF, MIL-
88(Fe)-NH2, greatly enhanced the stability of the resulted catalyst by preventing the
leaching of Fe®®.

Besides Fe, many other multivalent metals such as Cr, Ce, Cu, Co, Ni, and La also
showed catalytic activity for H20> activation®, and the analogous production of -OH was
named “Fenton-like” reactions. Carbon materials, including activated carbon®’, reduced
graphene oxide (rGO)*® and biochar®, also showed catalytic activity towards H20>
activation. Based on the versatility of carbon-based materials as cathodic catalysts, a
porous carbon monolith (PCM) was developed as a “one-stop” catalyst for both 2-electron
ORR and H20: activation to directly produce -OH. It achieved ~80% removal of aqueous

napropamide in the pH range of 4~10°°,
1.3 Thesis overview
This thesis consists of four major chapters.

Chapter 2 gives a comprehensive review of the recent progress in the investigation of
anode catalysts for CER, and points out several feasible future research directions. The
Chlorine Evolution Reaction (CER) has practical applications in the chlor-alkali industry
and electrochemical wastewater treatment. Efficient, stable, and cost-effective electrodes
are critical for energy efficient chlorine production, water disinfection, and wastewater

treatment. These practical applications require an in-depth understanding of the catalytic
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mechanism of chlorine evolution, the need for lower-cost electrode materials, and
improvements in electrode design at the atomic scale. We examine factors controlling
activity, selectivity, and stability of alternative CER electrodes, and provide mechanistic
insights for achieving improvements in performance and durability. Steric effects of crystal
structure and intermetallic electron polarization provide insight for understanding and
tuning the electrode activity and selectivity. Additional insight into electrode deactivation
mechanisms is gained by employing model material systems under controlled conditions.
Herein, we explore viable strategies for the development of more efficient noble-metal-
free CER electrodes for use in a variety of practical applications.

Chapter 3 is on a mechanistic study of the active catalytic sites in crystalline CoSh20es,
a promising chlorine evolution reaction (CER) catalyst. CER is a key reaction in
electrochemical oxidation (EO) water treatment. The conventional anodes based on
platinum group metals (PGMs) suffer prohibitive price, which hinders the further
application of the EO systems. Crystalline cobalt antimonate (CoSh20s) was recently
identified as a promising alternative to the conventional anodes due to its high catalytic
activity and excellent stability in acidic media. However, its catalytic site and mechanism
have not been revealed yet. This study shed light on the catalytic site in crystalline CoSbh20s
anode by using scanning electrochemical microscopy (SECM) to compare the CER
catalytic activities of a series of anode samples with different Sb/Co ratios. The results
showed that Sb sites served as even more active catalytic sites than the Co sites. The varied
Sh/Co ratios were also linked with slightly different chemical states of each element,
leading to different CER selectivity in dilute chloride solutions. Both the counterintuitively
high activity of Sb sites and the varied electronic states of the elements underscored the

significance of the electronic interaction between Co and Sh.

Chapter 4 describes the development of a series of 3D-printing-based monolithic HEF
cathodes. Monolithic carbon materials are widely used in wastewater treatment because of
their high activity for ORR catalysis, binder-free properties and earth abundance. However,
these materials typically have mesoporous or even microporous structures that lead to
sluggish inner mass transport. As a result, for bulky carbon monoliths, the catalysis is

limited almost exclusively to the outer surface of the cathode, leading to the inner surface
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area being “wasted”. On the other hand, thin carbon monoliths like carbon paper are not
ideal for practical application due to the low mechanical strength. Herein, various carbon
lattice electrodes were fabricated form 3D-printed resin lattices to catalyze ORR and
electro-Fenton reaction. The electrochemical performance was boosted by the lattice
structure that favors diffusion of reactive species and electrolyte. The carbon lattice
electrodes were successfully used in cathodic ORR catalysis to produce H202. The
generated H202 was further converted to hydroxyl catalyzed by the embedded Fe3Oa. It is
worth noting that Grid structure carbon lattice cathodes had the highest specific H202 and
hydroxyl radical production normalized to the catalysts loading, which was attributed to
the better diffusion induced by the geometry. Grid carbon lattice achieved a trimethoprim
degradation of 0.57 mg g in 60 min under -0.146 V in circum-neutral Na2SQOa solution.
This work demonstrated that 3D printing can be used to fabricate monolithic electro-Fenton
cathodes with controlled morphology and porosity.

Chapter 5 describes the treatment of primary effluent and greywater by a Ni-Sb—SnO2
reactive electrochemical membrane (REM). In 30 min, the REM removed up to 78 + 2%
COD and 94 + 0.6% turbidity from the primary effluent. The REM had ~100% COD
removal and 89 + 4% turbidity removal from greywater, with the effluent meeting the
NSF/ANSI 350 standard. When the volume was cut to about a half, the REM achieved fast
removal of 93 £ 4% turbidity in 5 min. The internal cycling mode of REM was found to
not only enhance the treatment performance, but also lower the energy consumption. REM
showed better treatment performance and higher energy efficiency than the conventional
plate-type electrode, demonstrating the importance of macroscopic electrode structure and
morphology for the performance of the EO systems.
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2.1 Abstract

The Chlorine Evolution Reaction (CER) has practical applications in the chlor-alkali
industry and electrochemical wastewater treatment. Efficient, stable, and cost-effective
electrodes are critical for energy efficient chlorine production, water disinfection, and
wastewater treatment. These practical applications require an in-depth understanding of the
catalytic mechanism of chlorine evolution, the need for lower-cost electrode materials, and
improvements in electrode design at the atomic scale. Herein, we examine factors
controlling activity, selectivity, and stability of alternative CER electrodes, and provide
mechanistic insights for achieving improvements in performance and durability. Steric
effects of crystal structure and intermetallic electron polarization provide insight for
understanding and tuning the electrode activity and selectivity. Additional insight into
electrode deactivation mechanisms is gained by employing model material systems under
controlled conditions. Herein, we explore viable strategies for the development of more

efficient noble-metal-free CER electrodes for use in a variety of practical applications.
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2.2 Introduction

Chlorine gas (Cl2) is a commodity chemical that is widely used in construction
materials, plastics, organic synthesis, metallurgy, and water disinfection along with many
other applications.? In the chlor-alkali industry, Cl2(g) is produced via the chlorine
evolution reaction (CER, Equation 1) in acidic NaCl aqueous electrolyte solutions at
concentrations of 200 g L™ (3.42 M) NaCl in the anolyte®. The oxygen evolution reaction
(OER, Equation 2) is a competitive side reaction. Given that 150 TWh of electricity is
consumed by chlor-alkali industry per year,? optimization of the anodic processes can result
in improved economic and environmental benefits. Seawater, a low cost source of chloride,
is now considered to be an alternative electrolyte for CER.3> In addition, CER plays a key
role in the onsite electrochemical oxidation (EO) of wastewater in decentralized facilities.®
In the latter case, chloride in wastewater is anodically oxidized into free reactive chlorine
(Cl2, HOCI and OCI), which contributes to organic matter oxidation and wastewater
disinfection. In multiple practical cases, EO has been shown to be relatively efficient for
the onsite treatment of household wastewater’*! as well as trace pharmaceutical and

personal care products (PPCPs).?
2C1 2 Cly + 2e” @)
2H,0 = 0, + 4H" + 4e~ )

Anode is a key for both chlor-alkali and EO systems. An ideal anode catalyzes CER
with fast kinetics and high selectivity, therefore boosting the efficiency while saving the
operational cost. Dimensionally stable anodes (DSAs), which often consist of a Ti base
metal plate as the conductive substrate and one or more metal oxide coatings as the active
electrocatalyst, are traditionally employed in the chlor-alkali industry for CER. Beer®
proposed the use of oxides of the platinum group metals (PGMs, including Ru, Rh, Pd, Os,
Ir and Pt) as the active catalyst layer. However, early generations of DSAs were often
compromised by dissolution under high applied potentials and acidic conditions. The PGM
oxides are also susceptible to reductive dissolution upon polarity reversal. To overcome
these problems, 1VB and VB group transition metals such as Ti, Ta, Nb and Zr, also known
as valve metals, were used to form mixed metal oxides (MMO) to stabilize the PGM oxides.
For example, RuO2-TiO2 (RTO) electrodes exhibited enhanced catalytic activity as well as
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improved stability, enabling their use in the chlor-alkali industry.*® The performance of
RTO electrodes was further improved by 1rO2 doping. Thus, the family of RuOz2-1rO2-TiO2
electrodes can be considered ‘state-of-art’ for the CER in the chlor-alkali industry and for
onsite wastewater electrolysis.!* Considering the scarcity and prohibitive price of Ru and
Ir, anode stability and lifetime are directly related to the capital cost.

Optimization of MMO electrodes (e.g., RTO and RuO2-1rO2-TiO2) has been explored
by controlling annealing temperature,*® elemental composition!®!’, and particle size!®.
Comninellis and Vercesi investigated the DSAs with various “PGM + valve metal” binary
coatings prepared by thermal deposition procedure. Low thermal deposition yields were
noticed for SnO2 and Pt, as opposed to the almost 100% yield for IrO2, RuO2 and Ta20s.°
Pt-Ta20s electrode produced the largest electrochemically active surface area as quantified
by integration of the cyclic voltammograms, while IrO2-Ta20s electrode had the longest
service lifetime with respect to the catalyst loading.?° At the same time, numerous factors
have been identified to influence the apparent (practical) electrode performance, including
electrode morphology, porosity, catalyst loading, gas bubble formation and removal as well
as electrolyte pH and composition.?* Brian et al. studied the influence of chloride
concentration on CER kinetics over Pt electrodes and concluded that the reaction kinetics

were controlled by the recombination of Cl- instead of mass transfer.?

However, after 60 years of research, the underlying catalytic mechanism of CER on
MMO electrodes remains poorly understood. Moreover, RTO and RuO2-1rO2-TiO2
electrodes have lower CER selectivity in wastewater with typical chloride concentrations
of ~30 mM.52:24 ower chloride concentrations often reduce electrode lifetimes as the
concurrent OER compromises electrode stability.?® For industrial applications, the use of
PGMs increases capital costs and thus limits wide implementation of electrochemical
technology for wastewater treatment in developing countries. In this regard, PGM-free
electrodes that have high activity, long-term stability, and preferential selectivity for the
CER are critical for developing practical electrochemical applications that are more
efficient and economical. In order to achieve these goals, detailed mechanistic insights into
CER catalysis at the atomic scale are essential. In this perspective, we focus on

summarizing recent developments in the design, fabrication, and evaluation of CER anodes.
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2.3 Evaluation of electrodes

The objective assessment of the performances of CER anodes requires standardized
experimental protocols to properly evaluate activity, selectivity, and stability (Table 2.1).
Electrochemical activity, as quantified by CER overpotential, and selectivity, as quantified
by the Faradaic Efficiency (FE) or the current efficiency, need to be clearly defined. FE is

defined as

Qcer J icerdt

FE = = 3
Qoverall fioveralldt ( )
where Q is the charge passed and | is the current at an arbitrary time = t. At lower applied
potentials in a NaCl solution, OER is the only primary side reaction competing with CER,

giving an FE as follows:

icErdt icErdt
FE = f.lCER ~ .’.lCEI? )
floveralldt f(lCER + "OER)dt
With no mass transfer limitations, the Tafel equation can be applied
AL — Ini )
= ni ni
n acerF 0,CER acerF CER

where io represents the exchange current, a represents the transfer coefficient, n represents
overpotential and F = 96,485 C mol™. For a system with two competing reactions, Tilak et

al.?® developed an expression for FE as follows:

1
e 6
FE 1+ 6FE—€]—¢ ©
lo,1 .
6 = ——exp (k,AE)iy € (7
lo,2
ki —k;

The subscripts 1 and 2 in Equation 7 and 8 are the two reactions, CER and OER, and |
represents the overall current density. AE is the difference between the Nernst potentials
of the two reactions and K is the inverse of Tafel slopes for each reaction (Equation 9)

_ acegrF

k RT

)
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Based on Equation 5-9, the kinetics of the CER are reflected in both the overpotential

and the Faradaic Efficiency. However, the FE also includes the kinetics of OER. Thus,

activity and selectivity should not be used interchangeably.

Table 2.1. Key aspects and caveats in evaluating the overall performance of CER anodes.

Aspects Caveats Refs
Qualitative techniques: CV&LSV 29-34
Activity Concentrated, acidified chloride solution to suppress OER | 27, 28
(overpotential) Quantitative techniques: Tafel plots 29, 35-38
Gaseous Cl saturation for Nernstian potential calculation | 39
) 217, 31,
Gaseous Cl2 & Oz detection: DEMS, OLEMS
Selectivity 42,43
(Faradaic Aqueous Cl2 detection: DPD reagent, iodometry 6, 23, 32
efficiency) Different CI concentrations correspond to different 23 97
applications ’
6, 15, 32,
NaCl, KCIOas, H2SO4 and HCIO4 often used for ALT 51-54,
57-59,
. CV and EIS coupled with ALT to understand deactivation
Stability . 15, 51-58
mechanism
(service lifetime) :
Chronoamperometry may be helpful for understanding the -
deterioration of catalytic sites
Well-controlled nanoparticles used to unravel the intrinsic -

degradation of pure metal oxides

2.3.1 Activity evaluation

Overpotential plays a key role in the screening of anodes for use in the traditional chlor-

alkali industry. For measurements of electrode activity or overpotential, increasing the
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CER selectivity is essential to minimize interference due to competition with the OER.
This can be achieved by increasing the chloride concentration and acidifying the
electrolyte®”?8, However, the FE of the CER often drops below 50% in circum-neutral
dilute chloride solutions such as found in wastewater.®?3 Therefore, quantifying electrode
selectivity under the conditions related to wastewater is essential for evaluating the

performance of an electrode for practical environmental applications.

RT , a(Cly)

E=E*
T oF M ac)?

(10)

In practice, it is challenging to determine the overpotential of the CER due to the
difficulty of determining the Nernst potential (Equation 10) due to a constantly changing
chloride activity and chlorine fugacity (i.e., evolution of Cl2 vs. time) during an
electrochemical reaction. Therefore, potential sweeping techniques such as cyclic
voltammetry (CV) and linear sweep voltammetry (LSV) are often used as convenient ways
to compare the overpotential of CER anodes.?®3* Although these methods are easy to
implement, it is often difficult to compare results between different studies, since the
reported results are sensitive to various experimental factors, including electrolyte
composition, electrochemical setup, and scan rate. To overcome these limitations,
polarization curves and Tafel plots obtained using steady-state chronoamperometry (CA)
or quasi-steady potential sweeping methods at low scan rates?®3>-38 are often used for
electrode evaluation and inter-comparison. Analogously, chronopotentiometry (CP) was
also employed to compare the overpotential of electrodes at a fixed current density3%4°

which is more convenient but gives less kinetic insights compared to Tafel analysis.

To calculate the CER overpotential of a given electrode, the thermodynamic
equilibrium potential of CER under standard-state conditions must be subtracted from the
data obtained from the Tafel plots. The thermodynamic potential of the CER has been
measured by Sohrabnejad-Eskan et al.,*” and Finke et al.*® In one study,*’ the equilibrium
CER potential was estimated by extrapolating the polarization curve to yield an
approximate thermodynamic potential value of 1.26 V in a 5 M NaCl solution adjusted to
pH = 2. On the other hand, Finke et al.,*® determined the thermodynamic equilibrium

potential of CER by pre-saturating a 5 M NaCl solution with 1.0 atm Cl2(g) while
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controlling the pH at 2. Under these conditions, a thermodynamic potential was determined
as 1.288 V at 25 °C. In the scenario of CP measurements, a concentrated NaCl electrolyte
minimized the competition from OER and changes in the thermodynamic equilibrium
potential of CER caused by the continuous consumption of chloride ion. Saturation of the
electrolyte with Cl2(g) also allows for the free chlorine fugacity to remain constant during
the reaction, thereby allowing for a more reliable and precise determination of the actual

thermodynamic potential.

2.3.2 Selectivity evaluation

Selectivity, as reflected by the FE, is often evaluated by measuring the ratio of
anodically generated Cl2(g) to that of O2(g) or by comparing the generated Cl2(g) to the
total charge passed. Given the 2-electron nature of the CER as opposed to the 4-electron

OER, selectivity is influenced by the kinetics of both reactions at electrode surface.*

Chronopotentiometry is most often used for determination of selectivity.>®234041 The
production rate of dissolved Cl2 in solution is determined using traditional analytical
methods that using N,N-diethyl-p-phenylenediamine (DPD)®?*32 colorimetry or
iodometry.*® The production rate of Clz(g) in gas-phase can be determined using
differential electrochemical mass spectroscopy (DEMS)?#243 or online electrochemical
mass spectrometry (OLEMS),*” where O2(g) can be analyzed in parallel. It is worth noting
that the formed chlorine is usually quantified by HCI signal (m/z = 36 or 38) in mass
spectrometers due to the easy breakage of CI-Cl bond.*” Considering the evaporation from
acidified chloride solution, the signal should be carefully calibrated. Due to the moderate
solubility of Cl2 in water given a Henry’s law constant of 9.5 x 102 M atm™ at 25 °C*, the
partitioning of Cl2 between the aqueous and gaseous phases must be taken into account
when determining the overall selectivity between Cl2 and O2. For example, a faster rate of
the CER leads to a more rapid saturation of Clz in the aqueous phase coupled with a fairly
large fraction of Clz released into the gaseous phase. On the other hand, if the CER proceeds

at a slower rate, a larger fraction of the evolved Cl2 will remain in the aqueous electrolyte.

Based on Henry’s law considerations, the release of Clz(g) from acidic solution into

gas phase is expected to occur regardless of its aqueous-phase concentration. However, the
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water-to-air gas transfer can be relatively slow depending on the concentration gradient
near the water-air interface as well as the turbulence within the reactor. Similar concerns
are relevant for large-scale CER applications. The apparent Faradaic Efficiencies obtained
from measuring only the aqueous-phase Cl2 concentration could be considered sufficient
for anode evaluation. However, it should also be noted that the partitioning of Clz into the
gas phase matters in practical applications (e.g., the chlor-alkali industry or municipal
water disinfection). Thus, the partitioning of Cl2 between the gaseous and aqueous phases
should be considered in calculating the electrode selectivity. Furthermore, the selectivity
measurement is also influenced by a variety of experimental parameters including
electrolysis time, applied current, and total electrolyte volume. As a consequence, aqueous-
phase measurements are preferred in cases involving dilute chloride solutions with short
electrolysis times and low currents,?® while gas-phase measurements are more suitable
when concentrated chloride solutions with longer electrolysis times and larger applied

currents are employed.?’

The electrochemically generated chlorine may also be lost due to further anodic
oxidation to chlorate (Equation 11). Different stoichiometries have been proposed by Kuhn
and Mortimer,* Rius and Llopis,*® and Jasper et al.,® respectively. Although this reaction
is valuable for chlorate production, it results in not only parasitic oxygen release in
industrial chlorine production, but also chlorate formed as a toxic by-product in water

treatment.®® The reaction is especially significant at relatively high temperature (e.g. 70 °

C) and low chloride activity.*® For measurement of CER selectivity, formation of chlorate
consumes a fraction of chlorine but adds to the oxygen production, leading to
underestimation of CER selectivity. Rotating ring-disk electrodes (RRDE) can be
employed to mitigate the interference since it prevents the further contact of formed CIO"
with the anode.*” However, it is worth noting that since this reaction is inevitable under
most hydraulic conditions, evaluating the “chlorate formation corrected” CER selectivity

is still sensible for practical applications.
aClO™ 4+ bH,0 = cClO3 +dCl” + xH" +y0, + ze~ (11)

Even though quantifying chlorine in only one phase may be sufficient for a rough
comparison between different CER anodes, this approach will result in an underestimation
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of the chlorine production rate and the FE. Thus, to accurately determine the FE of CER
for a given electrode formulation, measurements in both aqueous and gaseous phases
should be made simultaneously to access the total yield of Cl2 (e.g., {Cl2}t = {Cl2}aq +
{Cl2}¢). Uncontrolled losses in the quantification of total chlorine activity, {Cl2}, is likely
to account for some of the discrepancies in reported FEs.3>48

Apparent electrode selectivity is impacted by numerous factors other than the intrinsic
properties of a specific electrode. In addition to the different electron transfer numbers and
chloride concentrations, another pronounced difference lies in the different pH-dependent
kinetics of the CER and OER (Equation 1 and 2). Acidification has been widely used to
increase CER selectivity in chlor-alkali industry.! This approach is also useful in tests of
CER activity of electrodes to minimize the interference from the OER.3%4° In addition,
anions such as F, SO4%, NOs", POs* are also know to affect CER selectivity most likely
due competitive surface binding.! In particular, bidentate ligands have been shown to bind
strongly to RTO electrode surfaces leading to a lower CER selectivity?, while F- deactivates
RTO electrodes by forming TiFe*",*>* or more likely, by replacement of surface hydroxy
sites, >TiOH and >RuOH, with >TiF and >RuF, where “ > ” denotes a specific surface
binding site. Thus, competitive surface complexation by F-and HSO4", SO4% can block key
surficial binding sites (e.g., >RuOH), for CI" substitution. Furthermore, formation of
radicals such as Cl2~, -OH, and HO2- are usually neglected in calculation of the FE due to
their low steady-state concentrations, in spite of their important role in oxidative

wastewater treatment.

2.3.3 Stability evaluation

Considering the high cost of PGMs like Ir and Ru, conventional MMO electrodes
require sufficiently high catalytic activities, high FE’s, and long service lifetimes to be
economically feasible for practical application. Oxidative dissolution and the growth of an
insulating interlayer between the substrate and active catalyst layer are the two main
deactivation mechanisms for MMO-type electrodes.!* Since conventional DSAs need to
have lifetimes on the order of years, the stability of anodes is most often estimated using
accelerated life tests (ALT). In atypical ALT, anodes are tested using chronopotentiometry

under at high current densities in very acidic electrolytes.’>° Electrode lifetime is
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estimated by the amount of time taken for the applied potential to exhibit a sharp increase,
or to increase to a set value. Other techniques such as CV and electrochemical impedance
spectroscopy (EIS) are also used along with ALT to monitor the changes in the
electrochemical properties of electrode during long-term tests.!>*-%8 Methods used for
material characterization include scanning electron microscopy (SEM),53%* X-ray
diffraction (XRD)™>*, and X-ray photoelectron (XPS)>® to reveal microstructural and

compositional changes after the electrochemical tests.

NaCl solutions are traditionally used as the electrolyte to simulate the working
conditions of chlor-alkali industry.>® As the dissolution of PGMs has been shown to be
closely correlated with the OER, sulfuric acid and perchloric acid are often used as
electrolytes with concentration ranging from 0.1 N to 2 N.15°1-545759 perchlorate solutions
are often used in environmental studies to better estimate electrode lifetimes in wastewater
media.®32 However, given the complicated electrolyte composition, the actual service
lifetimes of electrodes used in wastewater treatment may vary substantially from the
estimated lifetime by ALT. For example, organic compounds such as CHsOH, HCHO and
HCOOH at concentrations as high as 0.5 M have been shown to substantially reduce the
service lifetime of Ir-Ta electrodes in Na2SOa solutions.®® These results indicate that
different deactivation mechanisms are likely to co-exist for aqueous-phase species
traditionally considered as unimportant in terms of CER electrode lifetime, even though
the chlorine radical species may react with a wide array of organic and inorganic species
in surface water, groundwater water, or wastewater. Thus, in order to fully understand the
stability of electrodes in wastewater, it is necessary to fundamentally unravel the effects of

different solutes as they may impact the deactivation of electrodes.

In the absence of an accepted protocol to conveniently and rapidly screen electrodes,
the time-intensive ALT methods of DSA-type electrodes provide a limited insight into the
properties of surface catalytic sites (e.g., valence state, stoichiometry, and crystallinity)
during the electrode dissolution. This is most likely due to the inhomogeneity of electrodes
prepared by brush or spray coating techniques. Moreover, the loss of electrode activity may
be due to a reduction in conductivity, electrochemically-active surface area (ECSA), or

electrode-specific activity as measured in terms of catalytic activity per surface area.
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Although changes in electrode conductivity can be characterized using EIS, the
conventional ALT protocol, even when coupled with CV and other characterization
techniques, often fails to distinguish between the loss of ECSA and a decrease in specific

activity.

To overcome inhomogeneity issues, several model electrodes based on well-defined
nanostructures or nanoparticles of iridium oxide have been studied to understand its
deactivation mechanism for the OER. For example, Tan et al.>® combined LSV, Tafel plots,
and EIS to monitor the activity of the IrO2 anodes over time, while the dissolved Ir species
in the aqueous solution were measured by inductively coupled plasma mass spectrometry
(ICP-MS). Amorphous IrOx was found to have a higher catalytic activity, but lower
stability compared with crystalline-phase IrO2. Tan et al.>® proposed a mechanism for Ir(111)
dissolution to explain this apparent discrepancy. The deactivation of highly crystalline 1rO2
was attributed to the loss in specific activity of the catalytic sites, whereas the deactivation
of amorphous IrOx was due to the dissolution and loss of ECSA. In their study, the current
density per geometric surface area was taken as the apparent catalytic activity summed
over all catalytic sites. ECSA was determined by integral of the CV voltammograms to
monitor the changes in the number of catalytic active sites. Specific activity was then
quantified using the current density normalized to ECSA as determined by intermittent
chronoamperometry experiments over the course of electrode deactivation. In this way, the
decrease in the number of active sites and the deterioration of each site was uncoupled by
the loss in ECSA and the decrease in specific activity, respectively. However, constant
potential conditions were required by this approach to reasonably compare the specific
activities. In conventional ALT protocols, the loss of ECSA usually leads to an increasing

potential, which accelerates the changes in the specific activity of the catalytic sites.

ICP-MS measurements are used with ALT to monitor the real-time ionic leaching from
electrode surfaces. However, detection and quantification of gaseous corrosion products
such as RuOas(g) requires the use of online GC-MS. Electrochemical quartz crystal
microbalance (EQCM) weight measurements versus time provide an alternative method to
monitor dissolution of thin-film electrodes under electrochemical conditions.5:% EQCM

has been used to investigate the dissolution of various metal oxides used for the OER.54-5¢
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Extending EQCM to research on the CER could provide additional mechanistic insight in

to electrode stability under controlled operating conditions.

2.4 Activity & selectivity

Various experimental factors, including electrolyte pH and composition, specific
adsorption of ions, bubble formation and removal and passivation of the substrate, can
influence the catalytic CER Kkinetics. Early study on these factors has been
comprehensively reviewed by Trasatti.?! With the advancement of fabrication and
characterization techniques, more attention has been redirected onto screening next-
generation electrode materials with high intrinsic chemical properties, and Sabatier
principle has played an important role in connecting the material properties with CER
catalytic performance.®” According to the Sabatier principle, the adsorption energy of
reactive species near catalyst surfaces should be optimized to allow for facile sorption of
the substrate and equally facile desorption of the product. This principle leads to the
“volcano plot” relationship between catalytic activity and the surface properties of
heterogenous catalysts (Figure 2.1).%8 As mentioned above, the oxides of the PGMs are
found near the apex of a volcano plot with RuOz2 serving as the benchmark for the CER®®7°

although 1rOz2, PtO2 and CoOx are also considered to be suitable CER catalysts.*
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Figure 2.1. Volcano plot for CER catalysis reproduced with permission from Zeradjanin et al.®®
Copyright 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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The CER activity of the MMO electrodes primarily relies on the use of PGMs, although
Ru is most used. The effect of various metal ion dopants on the catalytic performance of
RuO: has been reviewed by Karlsson and Cornell.! The metal dopants can be categorized
into: (1) valve metals (e.g. Ti, Zr, Ta and Sn );>3436438871-77 (2) non-valve first-row
transition metals (Zn, Co, Ni, Zn);?64278-8 and (3) other metals such as Ce and Mg.368¢
Iridium, which is more expensive than Ru, is often used as a dopant to prolong the service
lifetime of the other PGM oxides.’*"38%1 valve metals are traditionally viewed as
intrinsically inactive electrode stabilizers that are used solely for increasing electrode
lifetimes. However, this argument has been challenged by the enhanced activities exhibited
by Ti- or Sn-containing electrodes that enhance the CER selectivity of Ru02.267" In the
case of RTO electrodes prepared by thermal deposition using homogenous precursor
solutions, Ti has been shown by Rutherford backscattering spectrometry and XPS to
preferentially segregate at the electrode surface to “cover” Ru sites.%? Moreover, Tafel plots
were used to show that a RTO electrode made with 35 wt% RuO: had a similar CER
activity as an electrode made with 80 wt% RuO2.1® This result implies that Ti (e.g., >TiOH)

also functions as catalytically active sites on the surface of RTO electrodes.

Transition metals such as Fe, Co and Ni can be incorporated into the rutile lattice of
RuO:2 to form a single-phase mixture,*>787%8284 although Co and Ni dopants form new
phases at high annealing temperatures.’># At an atomic percentage of <20%, cobalt forms
a single-phase binary nanocrystalline catalyst with RuO2 with a mean size of 20-60 nm that
results in both enhanced OER activity and increased selectivity.2* Iron was shown to
increase the OER activity and while suppressing the CER.”® Nickel was shown to be
enriched at the surface upon doping into the rutile RuO2 matrix without forming a distinct
phase.® This resulted in an increase in both the CER selectivity and activity. The optimal
CER selectivity was achieved at 10% Ni doping, whereas the highest activity was observed
at 20% Ni doping for both CER and OER.*? In contrast, doping RuO2 with Zn and Mg
formed local ilmenite structures intergrow with rutile blocks that resulted in reduction in
current density in chloride electrolyte solutions.®># In addition, the CER selectivity of

RuO2 decreased with Zn doping,® while selectivity was increased with Mg doping.®
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IrO2 has a higher CER selectivity than RuOz2 in dilute chloride solutions despite its
lower activity, as shown by Kuhn and Motimer.* Contradictive result was reported by Vos
and Koper using RRDE.*" The discrepancy was partly caused by the static solution and

high temperature (70 °C) used by Kuhn and Motimer that facilitate chlorate formation. On

the other hand, the differences were also attributed to the different catalyst fabrication
methods. The electrochemical generation of chlorine species over RuO2 and IrO2
electrodes was further examined by Yoon et al.®® under constant current condition at room
temperature. Higher rates of both free chlorine and chlorate production were observed for
RuO:z2 in dilute chloride solution. Based on the above results, it is speculated that RuO2 had
higher CER selectivity than 1rO2, but also higher catalytic activity for hypochlorite
oxidation. Therefore, IrO2 may show higher effective CER selectivity under the condition

of high temperature and hypochlorite concentration.

Ir-doping causes a shift in the selectivity of RuO2 electrodes towards the CER.** Given
that RuOz and IrO2 with the same rutile structure and similar lattice parameters, their
different electrocatalytic selectivity may be attributed to differences in electronic properties.
In spite of the differences between RuO2 and IrOz electrodes, iridium oxides have been
used for the CER.*"#89 |n addition to bimetallic electrodes, electrodes containing three or
more elements have also been developed in efforts to enhance electrode performance.>™
For example, a ternary RuO2—IrO2-TiO2 electrode has been shown to have both enhanced
activity and improved stability.’* However, the detailed catalytic mechanisms of ternary

electrodes are poorly characterized.

The Sabatier principle also provides a semi-empirical strategy for tuning the activity of
CER active anodes. For example, an ideal CER electrode should have “just right” affinity
for chloride to be located at the apex of the Sabatier volcano, while the opposite should be
expected for the OER in order have an electrode with high activity and selectivity for the
CER. However, this may be challenging to achieve in practice considering the dynamic
nature of the catalyst surface, as influenced by applied potential, solution pH, the formation
of surface hydroxy groups (e.g., >MOH?*, >MOH, and >MQ") on hydrated surfaces, and

the presence of competitive adsorbates or complexing ligands at electrode surface.”%% As
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illustrated by the DFT calculations of Hansen et al., further complication arise due to the
intertwining of the mechanisms for the OER and CER (Figure 2.2).7°

Modulating the affinity toward surfaces of the target reactants and resulting products
with on electrode surfaces may allow for higher efficiency CER catalysis by tuning the
surface properties of the electrodes, by changing either steric or electronic factors. Steric
factors include surface morphology, lattice structure, and the potential stacking of
catalytically active sites. The electronic factors include the intrinsic electronic properties
of each catalytic site as reflected in the time-dependent valence states, surface charges, and

surface potentials.

In terms of steric factors, the influence of surface morphology of Ru-based electrodes
on their CER and OER activities has been investigated. For example, Zeradjanin et al.?’
attributed improved performance of an RTO electrode in concentrated NaCl solutions to
larger microscopic “cracks” as revealed by SEM, which were thought to lead to enhanced
mass transport of both reactants to and products away from the active surface sites.?’ Their
observations were supported by the results of Trieu et al.,%” who emphasized the importance
of accessible “outer surface area” for electrode activity. In a related study, microscopic
cracks were introduced into RuO2 by Sn doping in order to enhance OER catalytic activity
by facilitating gas bubble detachment.®® Lower Ru leaching under the same applied
potential profile was observed in the study as well. Chen et al. had contradictive argument
that Ruo.3Sno.7O2 electrodes with “mud-crack” morphology had compromised stability
because of the electrolyte penetrating the cracks to oxidize the Ti substrate, based on the
L-edge XAS spectra.’® However, control experiments with compact-morphology samples
are needed to solidify the conclusion. They also reported comparable CER activity of
crack-free electrodes compared to the “mud-crack™ ones. The discrepancy in activity in the
two studies might be due to the different techniques used. High-performance CER catalysis
has been achieved using “superaerophobic” nanoarray-structured RTO electrodes that
repelled gas bubbles and had fast product detachment.® In contrast, lowered CER
selectivity and a decrease in overall activity with Zn-doped RuO2 was attributed to the

formation of inclusions ilmenite-like structures.38°
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Modification of catalytic surfaces at the nano or atomic scale is limited by available
fabrication methods and a lack of understanding the mechanistic details of the CER. On
the other hand, there appears to be a relationship between CER catalytic activity and the
rutile crystal structure, as shown in the cases of RuOz, IrO2, PtO2, RTO, and RuO2-1rO2-
TiO2 anodes. In addition to the PGM-based anodes, a series of transition metal antimonate
catalysts with rutile structures (MSbOx, M = Ni, Co, Mn) have been shown to have high
activity and stability for both the OER and CER in acidic electrolytes.*>1% These results
suggest that the crystal structures and crystalline facets may have an intrinsic influence on
CER catalysis. For example, the different crystal facets of RuO2 have substantially
different OER catalytic activities.'®* Additional experimental and computational studies
need to be focused on resolving the effects of both crystal structure and specific crystalline

facet for catalysts that have polymorphs such as PbO2 and MnO:..
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Figure 2.2. Computational diagrams of different intermediate species of the CER over the rutile
(110) surface. (a) Computational Sabatier volcano plots for CER and OER catalysis over the rutile
(110) facet adapted with permission from the PCCP Owner Societies from Hansen et al.”
Copyright 2010 Royal Society of Chemistry. Black dotted lines denote the overpotential as a
function of material descriptor AE(O) for CER mediated by CIO®, CI(O%), and CI° (from left to
right), while dashed blue lines marked the calculated volcano plot for OER. The domains of the
most stable surface structure as function of potential and oxygen binding energy (details shown in
(b)) is marked by gray. To be truly active, the intermediate should form at sites that are stable, as
this makes the active site abundant. The solid black line shows the combined Sabatier volcano

taking into account the stability of the active sites for a given mechanism. The activity of IrO, and
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RuO; are indicated with error bars derived from the variation of the O° adsorption energy with

varying O° coverage.

In comparison to steric factor, modification of the electronic valance state of the
catalytic sites may lead to an improved mechanistic understanding of the catalytic activity
for both the PGM oxides and MMO electrodes. It was noted as early as in 1980 by Mozota
et al. that cyclic-voltammetry-treated Ir and Ru electrodes showed substantially higher
CER catalytic activity.1%2 The authors speculated that it was due to a change in oxidation
state of surface Ir and Ru atoms. XPS analyses together with DFT calculations suggest that
the higher OER catalytic activity of amorphous hydrous IrOx is due to the existence of
Ir(111/1V) mixed valence states compared to rutile 1rO2.1% Furthermore, the activity of RTO
electrodes has been correlated with valence change of metals as studied by Finke et al.*®
via atomic layer deposition (ALD) and by Naslund et al.1® via scanning electrochemical
microscopy (SECM), respectively. In both studies, the authors attributed the higher
observed electrochemical activity of RTO electrodes compared to pure RuO:2 to decreases
in the XPS binding energy (BE) of Ti 2p states (Figure 2.3). These results suggested the
presence of a partially reduced Ti state within the binary RTO matrix. Also, an increase in
the BE of Ru 3d as observed by Naslund et al., implied a more oxidized state of Ru that
resulted from electron polarization within the “RuOx%*-TiOx%” matrix that in turn could
account for the enhanced activity of RTO electrodes. Naslund et al., favored RuOx¢* as the
catalytically active site, while Finke et al., favored TiOx%™ as the primary catalytically active
site. Negative shifts in the BE of the XPS peak for TiOx in the Ti-Ir mixture were observed
by Finke et al.®®, while Yang et al,® indicated that the electronic interaction of the metals
may contribute to the catalytic activity of conventional DSAs. The aforementioned
electronic interaction indicate that Ti plays a more active role in CER catalysis than simply
serving as an inactive stabilizer in MMO electrodes. Although TiO2 is a wide band-gap
semiconductor with low conductivity in its normal state, when it is partially reduced to a
lower valence state (e.g. Ti®*) it becomes an active CER and OER.?!% Photochemical
studies also show similar effects are achieved by doping aliovalent atoms in to the TiO2

lattice (Figure 2.4).2% 1t is quite clear both electrochemically and photochemically that
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TiOx% serves as an active catalytic center. Partially reduced Ti as induced by doping rather
than by chemical reduction, also leads to improved electrode stability. Valence tuning as
observed for Ti has also been observed for Sn and Nb oxides that are doped with Ru, Sb or
N (Figure 2.3) in the TiO2 structure.107-109

Although well-known and extensively used in photocatalysis, the strategy of valence
tuning should be further explored in electrochemistry. Questions that remain to be
answered include: 1) does partially reduced TiOx really serve as an active site in RTO
electrodes; 2) can other non-PGM elements also lead to the partial reduction of TiOx; and
3) does valence tuning activate other valve metals for CER catalysis. Activating valve
metals by valence tuning may be a promising route for future developments of CER
electrodes with increased stability as well as reduced electrode costs.
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Figure 2.3. XPS spectra of valence-tuned valve metals. (a) Ti 2p XPS peak displacement after Ru
doping adapted from Néaslund et al.’®* Copyright 2013 American Chemical Society. The XPS
spectra correspond to pure RuO2, RugsTios02, RuosTio7O2 and pure TiO, from top to bottom. (b)
Ti 2p XPS peak evolution during TiO, ALD on RuO; surface adapted from Finke et al.*® Copyright
2019 Royal Society of Chemistry. Deposited TiO, with low cycle numbers had core-level peaks
agreeing to that of Ti®*", while 100-cycle TiO, produced XPS signal of bulk TiO,. This clearly
showed that the valence tuning effect of TiO; is limited to a certain range. (c) Sn 3d XPS spectra
of SnzN4 and N-doped SnO; prepared by annealing SnsN4 at different temperatures adapted from
Pan et al.” Copyright 2012 Springer. N doping led to significant Sn 3d peak shift towards low BE.
(d) XPS spectra of SnO, doped with different levels of Sh adapted from Babar et al.'®® Copyright
2010 Elsevier. Sb doping led to shift of Sn 3d XPS peaks towards high BE. (e) Nb 3d XPS spectra
of Ru-Nb/Al,O;3 catalysts adapted from Jeon et al.'® Copyright 2018 Elsevier. Numbers in the
parentheses refer to different Nb/Ru molar ratios.
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Developing new CER catalysts with both improved activity and selectivity requires an
in-depth understanding of the CER catalytic mechanism. Given the limited number of in
situ spectroscopic tools for probing reaction intermediates, DFT calculations can be a
useful guiding tool for understanding catalytic processes at the atomic level. Most often,
the computational studies of the CER have focused primarily on rutile systems, especially
on RuOz2. The classical CER mechanisms based on kinetic studies, include the Volmer-

Tafel mechanism:
2 % +2Cl1~ - 2CI* + 2e~ (12)
2CI* - 2 = +Cl, (13)

the Volmer-Heyrovsky mechanism:

*+Cl” > ClI" +e” (14)
Cl" + CI” »* +Cl, + e~ (15)
and the Krishtalik mechanism:
*+Cl” > Cl" +e” (16)
Cl* - CI*t +e” (17)
CI** + ClI™ —* +Cl, (18)

where * denotes an active catalytic site, which can be either a surface bound oxygen atom
or a metal atom. The VVolmer-Tafel mechanism consists of the initial binding of active sites
with aqueous chloride (Equation 12, 14 and 16, denoted as the VVolmer step) followed by
combination of two adjacent adsorbed chlorine atoms into molecular chlorine (Equation
13, denoted as the Tafel step). The Volmer—Heyrovsky mechanism consists of a similar
Volmer step but invokes consecutive adsorption of anot