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Abstract

This thesis reports the preparation and utilization of high entropy oxides in chlorine
evolution reaction (CER) to increase the catalytic activity, chlorine selectivity and stability against
corrosion in both concentrated and dilute chloride solutions. Single-phase, nanosized rutile
structured high entropy oxides (HEO-R) containing five elements (Ru, Sn, Ti, V and Co) has been
successfully synthesized through a one-step solvothermal method (180 °C), followed by calcination
(350 °C - 700 °C) in air atmosphere. The synthesized material denoted as HEO-R-500 (calcination
temperature=500 °C) displayed a single-phase rutile structure with affluent oxygen vacancies. The
catalysts were coated on a carbon substrate and its activity was tested in acidic 5 M NaCl (pH=2)
and dilute 0.5 M NaCl (pH=6) solutions. As a result, the HEO-R-500 delivered a high current
density of 50 mA c¢cm with a lower overpotential of 47 mV. In contrast, the commercial RuO2-TiO:
dimensionally stable anodes (DSA) required about 3 times higher overpotential value under the
same testing conditions. The HEO-R-500 also exhibited a smaller Tafel value of 78.09 mV dec! in
5 M NaCl solution (pH=2) and high chlorine selectivity in both acidic and dilute chloride solutions.
The electrode delivered an excellent stability of 100 hours with a negligible increase in potential
(0.9%) during the chronopotentiometry test at a current density (jgeo) of 50 mA cm?. Post-linear
sweep voltammetry (LSV) tests revealed that there is no difference in the catalytic activity before
and after the stability test. Overall, the HEO-R shows good electrocatalytic performance as anode
in chlorine evolution reaction. The high catalytic activity and excellent stability are rooted in the

confinement of five elements together in a single crystal lattice of the HEO.
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Chapter 1.  Introduction

1.1 Background of electrocatalysis

The electrochemical production of chemicals is of great importance in considering the
increased CO2 emissions from the industries. The process of electrolysis involves applying electric
charges to electrodes immersed in an electrolyte, a conductive medium and produces valuable
chemicals as a result of the exchange of electrons between the electrode and the electrolyte. Typical

examples are Cl2 and Hz production!!l.,

Figure 1.1: Schematic representation of chlor-alkali production. Reproduced with permission!?],

Copyright 2022, Multidisciplinary Digital Publishing Institute.

Among the electro-synthesized compounds, chlorine (Cl2) is an indispensable ingredient in
numerous industrial processes, including wastewater treatment3-3» medicines!® 7, disinfectants!®

9 defense!”, and polymer/plastic synthesis!!®l, among others. The electrolytic generation of



chlorine (Cl2) and sodium hydroxide (NaOH or caustic soda) began in 1888 and remained as one
of the essential electrochemical processes, accounting for >97% of the world's chlorine production,
consuming >150 TWh of electricity annually (Figure 1.1)"!l. Currently, the chlor-alkali industries
use dimensionally stable anodes (DSA) because of their high selectivity and stability with a service
life of more than four years. Although the selectivity and stability of DSA are high, their activity
is low, resulting in increased energy consumption. It is thus, high operating voltage and
temperature (>80 °C) are applied to the electrochemical reactor to meet the manufacturing
demand!"?!. Hence, it is vital to design and create an energy-efficient catalytic system due to the
considerable operating costs associated with the electricity consumption. Even a 1% decrease in

energy consumption will significantly affect cost savings!> 1011, 131,

In addition to the industrial chlorine production, the presence of chloride ions in seawater
represents an alternative supply of inexpensive reactants for chlorine oxidation reactions. By
oxidizing the chloride ions present in the seawater or wastewater to free chlorine, on-site water
disinfection and organic matter removal could be performed with reduced chemical and
operational expenses!'* 151 Apart from this, the electro-chlorination of seawater is also
advantageous for the hydrogen-chlorine regenerative fuel cell on a wide scale!' 171, However, the
presence of low chloride content, high pH(~8), and the impurities in seawater increases the
overpotential of the reaction, which allows parasitic reactions such as oxygen evolution reaction
(OER) to occur and also causes system failure through corrosion of anodes!!®l. Even though a
variety of approaches have been made to increase the performance of these anodes through changes
in chemical compositions, morphology, and crystal structure, they are still not capable of replacing
the typical RuO2-TiO2 or RuO2-IrO2-TiO2 DSA’s!!!l. This is either because of their complicated

manufacturing process incurring huge cost or as a result of failure in satisfying one of the following



factors, such as selectivity, stability, and activity. Therefore, searching for new anodes is a
continuous effort, globally looking for materials with low overpotential for electrochemical redox

reactions and high stability in harsh operating conditions.

Recently high entropy materials have been actively explored in hydrogen evolution reaction
(HER) and oxygen evolution reaction (OER) because of their excellent catalytic activity and
stability against corrosion. Random mixing of five or more elements and confining them in a single
lattice in the HEOs, can lower the overall activation energy required in the electrochemical
reactions. The physical, chemical, and electrochemical properties of the HEOs can be tuned by
altering the elements used and their stoichiometry!'8. The incorporation of five or more cations
with different atomic radii in the same lattice site creates a lattice constraint that induces more
active sites on the surface including oxygen vacancies 1329, As oxygen defects play an important
role in enhancing the activity of a catalyst, creating and controlling those defects in high entropy
materials will be very useful for increasing the activity of anodes in chlorine evolution reaction
(CER)BI. Although the HEOs are structurally equivalent, the functions of the randomly distributed
metal cations vary because some cations function as active sites where others act on modulating
the electronic structure, which could be advantageous in catalytic reactions [!8-221, Additionally, the
varying diffusion rate of the metal cations in the HEOs increases the phase stability of the catalyst
that could be beneficial over the conventional DSAs[?!l. However, high entropy oxides (HEOs)
have never been studied for chlorine evolution reaction yet. Thus, this work would focus on
designing energy-efficient anode materials based on high entropy systems for electro-chlorination,

aiming to achieve an enhanced efficiency compared to typical DSAs.



1.2 Objectives.

This research aims to fabricate a highly stable anode with increased activity for electro-

chlorination systems using a high-entropy oxide catalyst.

Nanosized single-phase high entropy oxide (HEO) materials based on rutile (HEO-R)
structure will first be fabricated by solvothermal synthesis. The HEO will then be assessed for
chlorine generation in both industrial 5 M NaCl solution (pH=2) and dilute 0.5 M NaCl (pH=6)
solution. Highly concentrated 5 M NaCl solution is used in industrial conditions because the
selectivity for Clz2 gas increases with an increase in Cl” concentration, and >97% selectivity was
measured when 4 M NacCl solution was used. In membrane cells, the concentration of NaCl in the
feed brine is about 300 g L*!. The pH value is maintained at ~2 because pH <2 can likely dissolve
the T1 and metal elements. When the pH is >2, the oxygen evolution reaction's selectivity increases
and dissolution of anodes occurs under alkaline conditions!'> 23! For dilute chloride solutions, 0.5
M NaCl is chosen considering of the lower concentration of [CI'] = 0.5 M and higher pH of 8 in
the sea water!'¥l. However, the pH value is maintained at 6 in this work instead of 8 to avoid the
corrosion of the carbon substrate!?* 251, Based on the above discussion, the following objectives

are to be achieved:

1. To synthesize single phase and nanosized high entropy rutile oxides using solvothermal
synthesis.

2. To achieve very high catalytic activity, enhanced service life, and high selectivity in
acidic (5 M NaCl, pH =2) and dilute chloride (0.5 M NaCl, pH=6) solutions at a very low

overpotential compared to the control sample.



Chapter 2. Literature Review

2.1 Background of chlorine evolution reaction

Electrocatalysis is the process of enhancing the formation of new chemicals from the reactant
material with a catalyst by passing electric charge (Q) to electrodes immersed in a reactant medium
called electrolyte, where electron transfer occurs through the oxidation (+'ve) and reduction (-'ve)
of the interested species via adsorption/desorption steps. Oxidation refers to the loss of electrons
from the reactant at the anode, whereas reduction refers to the gain of electrons by another reactant
at the cathode. The above reactions are performed in an electrochemical cell called the
electrolysers. Therefore, the amount of electrical energy consumed is exactly proportional to the

quantity of products obtained, which determines the efficiency of the process according to Eq.2.1.

Q = nFm/M 2.1

Where,

Q = Electric charge, coulombs, C

n = The total number of electrons transported per reactant molecule or atom.
m = The mass of the electrochemically produced product, Kg.

F = Faraday’s constant, equal to 96485.3 C mol.

M = Molar mass of the reacting species, Kg mol-'.

The activity, selectivity, and stability of an electrocatalyst are interrelated and are the three
crucial parameters that determine its performance. Failure of an electrode to meet any of the
aforementioned three requirements will result in unsatisfactory performance. Activity is the
measurement of current density in relation to the applied overpotential. The selectivity is

determined by the ratio of the faradaic current produced by chlorine generation to the total current



consumed during the electrolysis process. Lastly, stability denotes the service life of the electrode

under the applied operating conditions.

The thermodynamic equilibrium potential of an electrode is quantified by the Nernst

equation.(Eq.2.2):
.. RT Cj 2.2
EOZEG+ _F lnC_E
Where,

Ee = Equilibrium potential, V;
¢° = Equilibrium potential under standard conditions, V;
R = Universal gas constant, 8.314 J mol''K!;
T = Temperature, K;
n = Total number of electrons transferred in the redox reaction;
F = Faraday’s constant, 96485.3 C mol'!;
Co® = Surface concentration of oxidized product, mol L;

CrS= Surface concentration of reactant, mol L.

2.2 Chlorine evolution reaction

Electrochemical chlorine evolution reaction (CER) is the process in which sodium chloride
salt dissolved in water is used as the electrolyte (brine). The oxidation of CI- at the anode releases
chlorine gas (Eq.2.3) in conjunction with the reduction of H" at the cathode to form hydrogen gas

(Eq.2.4) driven by the electrode potential via the following reactions:

Anodic reaction:  2ClI" —» Cl2 (gas) + 2¢” (1.356 Vvs RHE) 2.3



Cathodic reaction: 2H"+2e- —» Hb2 (gas) (0 V vs. RHE) 2.4

Overall reaction: 2NaCl + 2H0<+—>» Cl>+ H2 + 2NaOH 2.5

The membrane, diaphragm, and mercury cell electrolysis are the three essential two-
electrode systems used in the chlor-alkali industrial processes!'’l. The diaphragm cells were
developed and operated from the early 1890s. In this cell, the diaphragm membrane made using
asbestos fibre is used as a separator (Figure 2.1). Even though their energy consumption is lesser
than the mercury cells, the diaphragm allows the brine to pass through the membrane from the
anode compartment to the cathode compartment, contaminating the NaOH produced. Also,
asbestos causes health issues like lung cancer!!® 121, As a result, only 12.5% of the chlor-alkali

industry uses diaphragm-based electrolysers until 2020.
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Figure 2.1. Schematic diagram of diaphragm chlor-alkali cells. Reproduced with permission!'2l,

Copyright 2005, Springer.

The mercury cells were designed in the late 1890s and dominated the chlor-alkali industry
during the 20" century. In the mercury cells, sodium forms an amalgam with mercury after chlorine

oxidation. Then, it is transported to another reactor, where it is decomposed into H2 gas and NaOH



by reacting with water (Figure 2.2). However, because of environmental contamination and

mercury poisoning, the mercury-based chlor-alkali industries have been phased out!!% 121,
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Figure 2.2: Schematic diagram of mercury chlor-alkali cells. Reproduced with permissionl!?],

Copyright 2005, Springer.

The membrane cells were developed by modifying the diaphragm cell by replacing the
asbestos fiber with permselective membranes in the 1940s (Figure 2.3). It was commercialized
after introducing perfluorinated ion exchange membranes called Nafion, which have enhanced ion-
exchange properties, less energy consumption, and high resistance against corrosion under harsh

operating conditions.
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Figure 2.3: Schematic diagram of membrane chlor-alkali cells. Reproduced with permissionl!?],
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Two types of membrane electrolysers are available, monopolar, and bipolar. The monopolar
electrolysers are operated at high amperage and low voltage and vice-versa for the bipolar
electrolysers. However, the caustic efficiency of the perfluorinated membranes was less because
of the back-migration of the OH" ions from the cathode to the anode compartment. To overcome
this, the asymmetric membranes were designed, containing perfluoro-sulfonate polymer on the
anode side and perfluoro-carboxylate polymer on the cathode side resistive for caustic migration.
Almost 83% of the chlor-alkali industry uses the membrane electrolysis approach because of its

less energy consumption, high efficiency, and high product purity!1% 121,

With the widespread usage of membrane electrolysis, the estimated annual power
consumption is 150 TWh!"I, Therefore, the parameters mentioned in Table 2.1 are optimized to
achieve a very high selectivity of Clz by circumventing oxygen evolution reactions (OER). OER
1s a parasitic reaction that causes an increase in electricity consumption by compromising the
purity of the Clz2 gas because of its low equilibrium potential than CER, and it proceeds through

the following reaction (Eq.2.6).

2H,0 - 0, + 4H* + 4e” 2.6

Table 2.1. Typical operating conditions for chlor-alkali production in membrane processes!'
12]

Cell Voltage (V) 24-2.7

Applied current density (kAm2) 1.5 — 7 (Usually 400 mA cm)
Temperature (°C) 80-90

NaCl concentration in the analyte (g L) 200 - 300

Analyte pH 2-4

NaOH concentration in the catholyte 30—-40%




However, the oxygen gas produced reduces the effectiveness of chlorine production and
causes the anode material to degrade by corrosion. By using electrodes that selectively adsorb
chloride ions, chlor-alkali processes can reach a faradaic efficiency close to 99%!/26l. The chloride
ions release electrons to the anode as a result of their oxidation at the anode surface, which in turn
is consumed by the H" ions on the cathode surface, producing hydrogen gas (H2 gas) and
precipitation of sodium hydroxide (NaOH) in the cathode compartment. The chlor-alkali industry
currently utilizes ruthenium-based Mixed Metal Oxides (MMO) as anodes because of their high
electronic conductivity and tendency to operate at industrial current densities with high selectivity
and a service life of more than ten years! 121, Nickel plates are used as cathodes for hydrogen
evolution reaction (HER) because of their resistivity towards corrosion in concentrated alkali

solutions!!,

2.2.1 Reaction mechanisms

Even though the CER is a simple two-electron transfer reaction, the in-depth understanding
of the reaction mechanism is very limited because of the lack of in situ-spectroscopic studies to
probe the reactant intermediates during the reaction. First principle calculations using DFT
calculations primarily focused on investigating the CER on the rutile oxides!!»1% 11, To date, only
the following three mechanisms, which are derived, based on the kinetics of CER, have been

proposed and accepted.

2.2.1.1 Volmer-Tafel mechanism
In step (I), the chloride ions in the brine bind to two adjacent active sites in the catalyst layer
(Eq.2.7), indicated as the Volmer step. Then the two adsorbed chloride ions combine and evolve

as a chloride molecule (Eq.2.8) known as the Tafel step!?”- 281,
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S* Active site for chlorine ions in the catalyst.

Step (I) 28* + 2CI~ - 2CI* + 2e” 2.7

Step (I1) 2C1* > 2° + Cl, 2.8

2.2.1.2 Volmer-Heyrovsky mechanism

In the Volmer-Heyrovsky mechanism 27291 same as the previous one, the chloride ion gets
adsorbed in the Volmer step (Eq.2.9). Then, in the second step, another chloride ion binds to the
adsorbed chloride ion and turns into a chlorine molecule (Eq.2.10).

S* Active site for chlorine ions in the catalyst.
Step (I) S*¥+Cl” - CI"+ e~ 29
Step (II) CI"+ CI" - S*+Cl, + e~ 2.10
2.2.1.3 Krishtalik mechanism

Similar to the Volmer-Heyrovsky, the Krishtalik mechanism also requires only one active
site to produce one Cl2 molecule!?”>3%, After the adsorption of the chloride ion in the first step
(Eq.2.11), it forms a chloronium ion by losing an electron in the second step (Eq.2.12) followed

by the recombination with another CI- ion from the electrolyte and evolves as Clz (Eq.2.13).

S* Active site for chlorine ions in the catalyst.

Step (I) Sx+Cl" > ClI" + e 2.11
Step (IT) Cl* > ClI* + e~ 2.12
Step (IIT) Cl"+ CI- >+ +Cl, 2.13

Different reaction mechanisms occur depending on the catalyst structure. In the above three
mechanisms, the Volmer-Heyrovsky mechanism is being reported for most of the oxide catalysts
(Rutile) in CER.
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2.2.2 Mechanism of parasitic oxygen evolution reaction

In the oxygen evolution reaction, Oz gas and H' ions are generated in the anodic
compartment as a result of water oxidation on anode surface at a thermodynamic potential of 1.23
V vs. RHEBR! 321, While the CER proceeds via 2-electron transfer process, the OER is a four-
electron transfer process, resulting in poor kinetics. The commonly accepted reaction pathway is
as follows:Alkaline oxygen evolution.

S* Active site for O-, OH", and OOH" intermediates.

Step (I) Sx+ H,0 > OH*+ H* + e~ 2.14
Step (1I) OH* » O*+ H* + e~ 2.15
Step (I1T) 0" + H,0 > OOH* + H* + e~ 2.16
Step (IV) OOH* > S*+ 0, +H* + e 2.17

2.2.2.2 Alkaline oxygen evolution.

S* Active site for O-, OH", and OOH" intermediates.

Step (1) S*+OH™ - OH" + e~ 2.18
Step (IT) OH*+ OH™ - 0"+ H,0 + e~ 2.19
Step (I11) 0"+ OH™ - OOH" + e~ 2.20
Step (IV) OOH"+ OH™ - S*+ 0, + H,0+ e~ 2.21

12



2.2.3 Electrochemical measurement criteria for catalytic activity
The kinetics of chlorine evolution was measured over RuO: electrodes and suggested that
the kinetics of CER is not affected by the change in pH of the brine®¥l. Figure 2.4 compares the

measured logarithmic value of current density (log j (mA) cm™) vs. pH.

Figure 2.4: Kinetics of CER over RuO, (110)/Ru (0001) at U =1.34 V vs. SHE and T = 25°C.

Reproduced with permission!*3l. Copyright 2017, American Chemical Society.

However, the activity of OER depends on the pH of electrolyte because the equilibrium
potential of OER decreases by a factor 0.059 eV per pH. An increase in pH reduces the equilibrium
overpotential of the OER, shifting the selectivity of chlorine evolution to oxygen evolution 26
341 Thus, the reversible hydrogen electrode (RHE) scale is adopted while determining the
equilibrium potential of the CER using the Nernst equation (Eq.2.22) that considers the pH,

concentration of the NaCl, temperature, and partial pressure of the electrolyte.

RT RT 2.22
Ecer vs RHE = EQgr — ?.ln a (CI7) + o7 JIna(Cl,)

The following equation is used to calculate The E°cer under standard conditions,

. RT dv 2.23
EQup = ( 1358V — —. 2.303.pH ) ~(0.001248 —-) (T — 298.15K)
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Where, ECcer = Electrode potential under standard conditions (V), R = the universal gas constant
(8.314 J mol! K!), T = Temperature (K), F = Faraday’s constant (96485.3 C mol!), a(Cl) =
concentration of the NaCl in the electrolyte (mol L'), a(Cl2) = partial pressure of evolving Clz

(0.01).

In the past decades, several methods have been developed and designed to evaluate catalytic
performance related to the activity, selectivity, and stability. Some of the widely accepted and
followed critical parameters are Overpotential (n), Tafel slope, Chronopotentiometry or
Chronoamperometry (Stability test), Faradaic efficiency (FE), Electrochemically active surface

area. They are discussed in more details subsequently.

2.2.3.1 Overpotential

Irrespective of the design of the process and the electrodes chosen, an excess potential from
the thermodynamic equilibrium potential needs to be applied to overcome the intrinsic activation
barrier to drive the electrocatalytic reaction, as the applied potential of 1.356 V in CER is same as
that of the half-cell potential. When the potential is increased, the free energy of the product
becomes negative, and the reaction proceeds. The positive deviation of applied excess potential
(Ee) for anodic reactions like CER or negative deviation for cathodic reactions like HER from the
thermodynamic equilibrium potential (Et) is termed as the overpotential (1)). Therefore, a catalyst

with less overpotential and high current density are desired for any catalytic reaction.

Overpotential is the first, and the foremost parameter used to estimate the performance of
the electrocatalyst by calculating the potential required to reach a fixed current density value from
the transient voltammograms or the sampling cyclic voltammograms. The ideal potential value for

the chlorine evolution reaction, oxygen evolution reaction, and hydrogen evolution reaction is
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1.356 V,1.23 V,and 0 V vs. RHE. The overpotential recorded can be classified into the following
types: (i) Activation overpotential; (ii) concentration overpotential (nc), and iii) resistance
overpotential (na). The activation overpotential depends on the intrinsic activity of a catalyst and
can be tuned by optimizing the process of catalyst design. The decrease of active ionic species near
the electrode surface during the electrochemical reaction causes the concentration overpotential.
Maintaining stable electrolyte concentration by continuous flow or stirring can reduce the
concentration overpotential. The increase in ohmic resistance due to the poor ionic conductivity of
the electrolyte or poor contact between the electrode/catalyst interface causes the increase of
resistance overpotential and can be compensated by subtracting the measured iR (current * ohmic
resistance) value from the observed potential values. Connecting one catalyst particle to another is
necessary for an efficient electron transfer and can be done by adding carbon additives. Therefore,
the most important point of focus is the activation overpotential, an intrinsic property that

determines the performance of a catalyst!33,

2.2.3.2 Tafel slope

Tafel slope reveals the reaction kinetics for the electrocatalytic reactions such as CER, OER
and HER, etc. The overpotential () and current density (j) measured from the transient
polarization techniques such as linear sweep voltammogram (LSV) or cyclic voltammogram (CV),
is plotted in terms of overpotential (n). vs. (|j|) and the linear portion of the obtained plot is used

to calculate the Tafel values based on the following equation (Eq.2.24).

n=>blog||+a 2.24
n = Overpotential (mV), j = current density ( mA c¢cm?), b = Tafel slope (mV dec’!), and a =

constant.
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They reflect the kinetic process of the electrochemical reaction. For an electrode to perform

well, it should exhibit a low Tafel slope, meaning less overpotential at very high current density!36-

38]

2.2.3.3 Electrochemically active surface area

The surface area obtained using the BET method cannot be used to calculate the
electrochemically active surface area (ECSA) because not all the elements present in the catalyst
will be active in the faradaic region under the electrolytic process. To find the active surfaces in
an electrocatalyst for a specific electrochemical reaction, the double layer capacitance (Ca) method,
redox peak integration method, hydrogen underpotential deposition (H-UPD), and carbon
monoxide (CO) stripping method can be used to determine the electrochemically active surface
area. Among these methods, the double layer capacitance method is used in CER, a technique in
which the measured double layer capacitance over the specific capacitance value of the electrode
gives the electrochemically active surface area of the catalyst and is obtained by performing 5 —
10 cyclic voltammograms in the fixed voltage window in the non-faradaic region at different scan
rates (10 — 200 mV s™). Increased active sites on the electrocatalyst results in larger Cal values.
The ECSA normalized current density can be used to compare the intrinsic property of different

catalysts[33: 3% 401,

2.2.3.4 Stability

Another important parameter for evaluating an electrocatalyst for practical application is the
long-term stability/durability tests such as chronopotentiometry (V vs. t) or chronoamperometry (i
vs. t). These tests are performed for a period of time usually greater than 10 hours. If the

overpotential is stable or within a 10% increase, the results suggests that the catalyst has excellent
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stability making it a potential candidate for practical application. Usually, the chronopotentiometry
test is suitable and widely adopted in which the overpotential value is monitored for a period of
time over the applied current density. Continuous supply of reactants are necessary in diffusion

limited reactions to maintain the potential constant!33],

2.2.3.5 Faradaic efficiency
Faradaic efficiency (FE) is the calculation of the charge transfer efficiency of the electrons

from the external circuit to the desired reaction products (chlorine).

It can be calculated using the following equation:

FE = Ilyield/ Ntheoretical = Nyield X it/zF 2.25

Where i = applied current (A), t = time consumed (s), z = the number of electrons consumed per

product (number of electrons in the CER = 2), and F = Faraday’s constant (96485.3 C mol™!).

2.3 Advances in the design of anodes for chlorine evolution reaction

In the initial days, platinum and graphite anode materials were used for chlorine production
in the chlor-alkali industry. Considering the increase in cost and poor performance, new anode
materials that are economical and high performing were needed. The revolution for new electrode
materials for chlorine evolution reaction started in year 1956, when Beer Lambert introduced the
insoluble titanium anodes coated with highly active platinum group metal oxides known as
Dimensionally Stable Anodes (DSA). The titanium anodes were not able to be dissolved
anodically, and when immersed in the electrolyte, they formed an insulating oxide layer on the
surface, which is non-conductive to the electrolyte but conducive to other elements. It is thus, the

titanium plates were coated with electrically and electrochemically active materials to improve
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their performance. Once the conductive coating wears off, the protective insulating layer develops
on the anode surface, preventing corrosion. Due to this intrinsic property, they are also called self-

healing anodes.

Since commercialization in 1960s, the precious metals have been used in the chlor-alkali
industry because of their high activity and selectivity towards chloride ions!*!-43l. The platinum
group metals were chosen because of their exceptional catalytic activity resulting in less
overpotential close to the theoretical value, when operated at high current density. Initially,
platinum and iridium were used as the electrocatalytic coatings, while later other low-cost platinum
group metals came into existence. The dimensionally stable anodes are made by depositing a
mixture of metal oxide (Example: RuOz, IrO2, RhO2, PbO2, etc.) on a conductive substrate,
(Example: Titanium, FTO, and carbon paper) that act as catalytically active sites for chloride ions!"
11,24, 41-451 ' However, the platinum group metal oxides usually suffer from the loss of catalytic
activity through corrosion, causing the dissolution of metal oxides into the electrolyte. This
dissolution not only reduces the service life of the anodes, but also incurs colossal maintenance

costs.

To prevent the dissolution and promote the activity and stability of the catalyst, alloying
with valve metals such as Ti, Zr, V, Sn, Nb, Ta, Nd and Sb, etc., has been carried out [44 46471,
Also, the electronic and geometric factors play a crucial role in determining the electrocatalytic
activity of the catalytic material. As the active materials and most of the valve materials share the
same crystal geometry, they result in a solid solution promoting the durability of the catalyst over
a long period of time. As the mixed metal oxides with less platinum group materials suffer from
poor electrical conductivity, the anodes are designed with 10% to 30% of platinum group metals

to overcome the poor electrical conductivity of the mixed metal oxides!™> 141,
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In academic and industrial research, the most common and currently employed platinum
group electrode material is RuO2 and IrO2, owing to their high activity in CER. Other metals such
as Pt, Pd, and Rh are added in minimal quantities as dopants or additives to improve the
electrocatalytic behavior of the anode!® !, As a result, DSA containing a mixture of oxides was
developed, which had an exceptional catalytic activity along with high selectivity and stability

towards CER compared to all other elements!! 121,

At the same time, with the aim of increasing the activity without increasing the cost of the
anode, low-cost transition metal elements are being explored as potential catalysts for CER.
Several low-cost, non-precious, abundantly available anode materials for chlorine evolution
reaction have been developed such as Co304 (Spinel)*¥l, CoSb20e.x (Trirutile)*’!, Single-atom
catalysts!?¢! and perovskites®!, etc. However, the non-precious anodes suffer from high
overpotential, and less activity compared to the precious metal like RuO2. A periodic table listing

the metals explored in the design of anodes for chlorine evolution reaction is given in Figure 2.5.

Figure 2.5: Elements used in the electrodes for chlorine evolution reaction. Reproduced with

permission!!!l, Copyright 2021, American Chemical Society.
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Optimizing the properties of a catalyst to achieve high activity and selectivity with very less
overpotential is a huge task. Both intrinsic properties and external parameters (temperature, brine
concentration, flow rate, etc.) should be perfectly balanced for achieving high performance in CER.
A short review of the recent advances in the design of anodes for chlorine evolution reaction is

given below.

2.4 Anodes for chlorine evolution reaction

According to the Sabatier principle, the binding energy between the catalytic site and the
reactant species should be optimized, where the catalyst and the reactant should be neither weakly
nor strongly interacting, making it easy for the reactant to be adsorbed or desorbed from the
catalyst surface. The free energy landscape (AG) between the catalyst and the reactant is estimated
through the DFT calculations. For a two-electron transfer reaction like CER, there is only one
reaction intermediate, whose free energy (AGri) depends on the catalyst surface and should be in

equilibrium (AGri = 0) with the reactants and the products, as illustrated in Figure 2.6!51-521,

Figure 2.6: Free energy diagram for the reaction intermediate with the different binding strengths.

Reproduced with permissionl®!l Copyright 2021, Frontiers.

20



Based on this, a volcano plot can be derived and the catalyst with high affinity and optimal
binding energy for the chloride ions will be present at the apex of the volcano curve. As all the
reactions happen on the catalyst's surface, the electrochemical performance will be influenced by

the pH, applied electrode potential, surface groups, and electrolyte composition - 111,

2.4.1  Precious metal anodes for chlorine evolution reaction

Almost, all the anodes for CER contain platinum group elements as catalysts owing to their
high activity and less energy consumption compared to the other transition metal elements. Among
the Pt group elements, Ru and Ir are mostly used because of their high affinity towards chloride
ions comparing to others reactants (Example: OH")I'>11:53-55 ' An overpotential-dependent volcano
plot based on the oxygen binding energies on the catalyst surface for Cl ions in CER is shown in

Figure 2.7.

Figure 2.7: Overpotential dependent volcano plot. Reproduced with permission[6l. Copyright

2019, American Chemical Society.

For example, at high overpotential region, the oxygen binding energy on the surface of RuO:
to CI" is weaker resulting in superior performance, whereas IrOz2 is superior in the low overpotential

region. As, RuO2 has weaker oxygen binding energy at the high overpotential region ncer > 0.05
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V, it is considered as a suitable catalyst for forward reaction and IrO2 is assumed to be superior in

the backward reactions ncer < 0 V, such as reduction of chlorine gas (Figure 2.8)15% 571,

Figure 2.8: Overpotential dependent volcano plots constructed for RuO2 and IrOz. Reproduced

with permission®®), Copyright 2019, American Chemical Society.

Later in 2012, Zeradjanin and co-workers studied the adsorbents that are formed on the
catalyst surface during CER by combining electrochemical techniques and Raman spectroscopy.
Based on the observed characteristic Raman spectrum, an overpotential dependent volcano plot
was constructed and the characteristic Raman peaks of RuOz is close to the CI-O bond vibration
near the apex of the volcano plot, compared to other oxides as shown in Figure 2.934. The high
affinity for chloride ions is because of the oxygen deficit nature, presence of more positive charges
and smaller binding energy of chloride ions on the surface of RuO2!®®l In addition to that, it was
found that the solvent also plays an important role in the formation of a key intermediate for
chlorine evolution reaction to occur, which is the formation of a hydrophilic layer that contains O-
atoms. Almost all precious metal elements have high affinity for chloride ions comparing to non-

precious catalysts!!!> 54591 The RuO: electrodes exhibited higher selectivity for Cl2 compared to
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IrOz2 in acidic 5 M NaCl solution, even though the electrochemically active surface area of IrO2

was higher than RuO2!®8!, which agrees with the theoretical calculations!3% 371,
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Figure 2.9: Overpotential dependent volcano plots as a function of Raman spectrum obtained.

Reproduced with permission!®#. Copyright 2012, Wiley-VCH.

In addition to the above, most of the RuO2-based MMO electrode made by the conventional
thermal decomposition method contains only 20 to 40 % of RuO2 in the MMO anode 11 14 46, 55,
%01 because several studies have proven that the electrodes with less than 40 % RuO: exhibit higher
selectivity for CER compared to 60 to 100 % RuO:2 in the composite due to its less
electrochemically active surface areal®® 6!l Bune and co-workers measured the selectivity of
chlorine evolution for a RuO2-TiOz electrode in an acidic 4.27 M NaCl solution at a current density
of 1.2 kA m and concluded that the selectivity increased as the percentage of Ru in the coating
was decreased, while the opposite was experienced for oxygen evolution reaction. The volume
percentage of oxygen gas as a function of Ru content in the RuO2-TiO2 coating is shown in Figure
2.10M1. Further studies have proved that, the selectivity of Clz for a RuO2-TiO2 DSA electrode is

high, when the content of Ru is <30 %123, 62I,
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Figure 2.10: Oxygen content in the cell gas as a function of mole-% RuO2 in a RuO2-TiO: electrode.

Reproduced with permission!!'). Copyright 2016, American Chemical Society.

The decrease in selectivity of Clz with increase in Ru content is because of the decrease in
the threshold potential of OER. In 1993, Takasu and co-workers measured the threshold electrode
potential for CER and OER for a RuO2-TiOz electrode made using thermal decomposition method
in 1 M H2SO4 + 0.5 M NaCl solution. A less threshold potential of ~1.12 V vs. Ag/AgCl was
needed for CER, while the OER threshold potential was 1.19 V vs. Ag/AgCl. When increasing
the Ru content to 80%, the threshold potential for chlorine evolution decreased near 1.1 V vs
Ag/AgCl along with the decrease in threshold potential for OER near 1.15 V vs. Ag/AgCl (Figure

2.11)1631,
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Figure 2.11: Threshold potentials for (a) chlorine and (b) oxygen evolution in 1.0 mol L3 + 0.5
mol L3 solution measured for electrodes with different Ru % in the RuO:2-TiO:2 coating.

Reproduced with permission!®]. Copyright 1993, Elsevier.

The selectivity for Cl2 over Oz also depends on the amount of catalyst loading. When the
catalyst loading increases, the activity for CER increases. But, the insufficient amount of chloride
ions near the electrode surface oxidizes the OER reactants present in the electrolyte, thereby
increasing the Oz concentration in the cell gas!® %1, In 1998, Arikawa and co-workers, measured
the selectivity between chlorine and oxygen gas using differential electrochemical mass
spectroscopy (DEMS) for a RuO: coated Titanium (Ti) electrode with different loadings and the
electrode with less loading of 0.1 to 0.2 mg cm™ has >95 % selectivity at low overpotential and
~90 % selectivity at high overpotential region for chlorine evolution compared to the higher oxide

loadings that have <70 % selectivity as shown in Figure 2.12125 611,
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Figure 2.12: Ratio of chlorine evolution reaction as function of electrode potential in NaCl solution
for 0.1 (a), 0.2 (b), 0.5 (¢) and 0.9 (d) mg cm RuO2 on Ti plate. Reproduced with permission[®!],

Copyright 1998, Springer Nature.

The loss of the platinum group oxides during the electrolysis is too high due to corrosion of
active sites. Especially, the service life of the pure RuO2 electrode was poor because of the
formation of volatile RuOas, when the critical potential is reached!s®%"l. To increase the lifetime of
these anodes, the stabilizing agents were added in the coating mixture. One or more metals, such
as titanium, tantalum, zirconium, or niobium were added. However, titanium was primarily used
because of the exceptional catalytic activity of RuO2-TiO2 anodes comparing to doping of other

metals with RuQ»[1141-44]

2.4.1.1 Effect of dopants on the catalytic performance of precious metal-based anodes.

Titanium is the most important and indispensable dopant in almost all the dimensionally

stable anodes!® 6°l, The service life of RuO2-TiO2 DSA is better as compared to pure RuO2 DSA,
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because TiO: acts as a stabilizer in the composite and also alters the selectivity towards CER6%-731,
Studies have also proven that, even the DSA with less Ru content needs Ti to selectively catalyze
the chloride ions!2l. As the electrodes with 20 % RuO2 and 80 % RuO:z2 in the TiO2 based DSA’s
deliver similar activity, it is suggested that Ti also functions as an active catalyst layer for chlorine
evolution reaction. This is due to the activation of the Ti sites by the Ru dopants!® ¢, Using
computational studies, it was found that the TiO:z layer on top of RuO2 has a significant effect on
the chlorine selectivity and activity. For the TiO2 monolayer on top of RuO2, the O adsorption
energy AE(O°€) was in the range of 2.7 eV to 4.2 eV (average AE(O°) = 3.5 e¢V), which is closer to
the optimum value of in the volcano plot (3.2 eV), exhibiting high selectivity. On the other hand,
for the RuO2 monolayer on TiO2 was in the range of 1.1 eV to 1.6 eV (average AE(O°) = 1.4 eV),
not close to the optimum selectivity value. The Ti sites in the TiO2 monolayer on RuO2 might have
been activated by the Ru doping!®!. Also, the TiO2 layer on the top of RuO: blocks the
intermediates of OER, thereby increasing the selectivity towards chlorine evolution reaction.
Experimental studies have proved that a coating of single layer of TiO2 increases the selectivity

for chlorine evolution!’# 751,

Then the study was extended to find the optimal doping element in the rutile TiO2 to achieve
high activity and selectivity in chlorine evolution reaction. The optimal oxygen adsorption value
AE(O°) for chlorine evolution reaction was 3.2 eV. The calculated descriptor value for dopant in
TiO2 as an active site or Ti as an active site is shown in Figure 2.13. Based on the optimal
descriptor value, the dopants that exhibit optimal activity and selectivity for CER, when doped in

TiO2 were Bi, Co, Ir, Mn, Pd, Ru, V, Pt and Irl! 681,
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Figure 2.13: Descriptor value for doped TiO2, where the dopants act as an active site (left) and

when the Ti acts as an active site (right). Reproduced with permission!®®l. Copyright 2015, Elsevier.

In 2018, Deng and co-workers prepared electrolyzed oxidizing water using TiO2 doped IrO:-
Ta20s anode and studied the effects of varying TiO2 content (10 %, 16 %, 24 %, and 34 %) on the
activity, selectivity for CER and service life in dilute 0.1 M NaCl solution. The electrode was
fabricated using thermal decomposition method at 550°C. SEM measurements showed that the
compactness of the coating increased with increase in the % of TiOz2, in which the electrode with
30 % TiO2 has less cracks and the opposite is observed for 10 % TiO2 (Figure 2.14 a). CV
measurements show that the activity increased with increase in TiO2 (Figure 2.14 b), whereas the
pure IrO2 and IrO2-Ta2Os have lesser activity, suggesting that TiO:2 also participates in the
electrochemical reaction. The selectivity for Cl- ions was measured by quantifying the amount of

active chlorine content by applying 100 mA ¢m for 30 mins in 0.1 M NaCl solution (Figure 2.14
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¢). The IrO2-TiO2-Ta205 (34 % TiO2) had produced 173.9 mg L' of Chlorine, higher than the
electrode without TiO2 (90.2 mg L"). Figure 2.14 (d) depicts that, the service life of the electrode
increased with the increase in the TiO2 content with service life of 170 hours for 34 % TiO2
electrode, comparing to the shorter service life of the DSA with no TiO2 dopant. The effect of
increasing the TiO2 beyond 34 % was not discussed!’®!. However, the obtained results agree with
the computational calculations, that the addition of TiO:2 increases the catalytic activity and

selectivity in CERI®81,

R Y (b)

(©) (d)

Figure 2.14: (a) Surface morphology of the DSA with varying TiO2 content; (b) Cyclic
voltammograms; (¢) Total amount of ACC and remaining C1- at 100 mA c¢cm for 30 mins; (d)
Accelerated service life of the DSA at 2000 mA cm at 40 in 0.5 M H2SO4 solution. Reproduced

with permission[7®l, Copyright 2019, Elsevier.
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SnO: is another important element in the DSA fabrication, that has been added as a
stabilizer and dispersion agent in the DSA’s. At high pH value (pH>6), RuO: is susceptible for
undergoing corrosion through oxidation of Ru (IV) to Ru (VIII) and becoming volatile!””l. This
makes the coating get dissolved in the electrolyte and form an insulating TiO2 layer when the Ti
substrate comes in contact with the electrolyte. The insulating TiO:2 layer blocks the contact with
the electrode coating and causes an sudden increase in overpotential as a result of the electrode
failure?¥l. The influence of SnO2 on the electrocatalytic activity of RuO2 (30 %)-TiO2 (70 %)
prepared using the thermal decomposition method for oxygen evolution in HC1O4 electrolyte was
studied by Onuchukwu and co-workers in 1990. The RuO:2 content was kept constant and the TiO2
content was varied with SnOa. The surface charge q* was higher at >60 mC cm? for RuO2-TiO:
with 20-40 % of SnO2 and ~30 mC c¢cm for 10 % and ~20 mC cm for 70 % SnQ:. The higher
surface charge at 20-40 % of SnO2 was because of the increased exposure of the Ru catalytic sites,
but the results were contradictory with the activity measurements. The maximum activity is
obtained for the electrode with 70 % SnO:2 and no apparent reasons were given. Also, the influence

of SnO2 on the service life of the electrodes were not studied!”8!.

Later in 2005, Chen and co-workers measured the electrocatalytic performance of RuO:-
Sb205-Sn02 (12.2 % - 22.2 % - 65.6 %) in an acidic 3 M H2SO4 solution prepared using thermal
decomposition method, by utilizing SnO: acts as a dispersing agent / stabilizer and Sb20s as a
conductive agent. A compact coating was observed from the SEM measurements (Figure 2.15 a)
and the ternary metal oxide coating had a service life time of 307 hours under a current density of
500 mA c¢cm? at 25 °C (Figure 2.15 b), and they reported that electrode service life was 15 times
higher than the pure RuO26l. Later, the effects of ruthenium content in RuO2-Sb205-SnO2 on the

stability of the anode for OER in 3 M H2SO4 were studied by Li and co-workers in 2021. The
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electrode with 30 % Ru content in the coating had a service life of 419 hours (25 °C) and 165 hours
(70 °C) at 500 mA c¢m current density (Figure 2.16 a), whereas the electrode with 75 % Ru had
poor service life of ~100 hours at 25 °C and ~30 hours at 70 °C (Figure 2.16 b)!¢°l. Even though
less activity is obtained in coatings with less Ru content, the valve metal present in the composite

was able to protect the anode from corrosion and extend the service life.
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Figure 2.15: Service life of Ti/RuO2-Sb205-SnO2 electrode in 3 M H2SO4 at 500 mA cm™.

Reproduced with permission!“6l. Copyright 2005, Elsevier.

(@) (b)

Figure 2.16: Comparison of service life RuO2-Sb20s5-SnO2 electrodes with varying Ru contents
under 500 mA c¢cm2in 3 M H2SOs solution at (a) 25°C and (b) 70 °C. Reproduced with

permission(®, Copyright 2021, Elsevier.
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The addition of SnO2 not only increases the stability of electrode, but is also advantageous
for improving the selectivity of chloride ions in CER because of its high OER overpotential
comparing to CER "> 71 The activity of Ru doped SnO:> film using the thermal decomposition
method was measured for both oxygen evolution (1 M KOH solution at 30 °C) and chlorine
evolution reaction (3 M NaCl solution at 30 °C). The anodic overpotential for oxygen evolution in
the alkaline conditions was around 1.4 V, whereas the chlorine evolution reaction potential was
around 1.0 VI8 Later, the Ti/RuO2-Sb205-SnO2 was evaluated for seawater electro chlorination
(0.5 M NaCl, pH=8) and the electrode had a current efficiency of 90 % at 25 mA c¢m current
density and ~85 % at 100 mA c¢cm. The decrease in current efficiency at increased current density
might be because of the lesser chlorine content. However, the electrode demonstrated an excellent
service life of 266 hours at a current density of 1000 mA c¢cm (35 °C). The service life of the
electrode was estimated to be around five years at 50 mA cm current density ¢!, Comparing the
anode’s activity in oxygen evolution and chlorine evolution, the electrode required ~1.6 V to reach
1000 mA cm in chlorine evolution, whereas in it required ~2 V to reach 500 mA ¢m™ in OERI46],
The increase in the threshold potential for oxygen evolution is due to the addition of SnO2 because
it is an n-type semiconductor with poor conductivity. The presence of SnO2 might have weakened
the OH* adsorption on the electrode surface, resulting in poor kinetics for OER. The reason for
electrode failure after 250 hours might be because of the applied current density!!l, where
insufficient concentration of chloride ions near the electrode surface in alkaline electrolyte might

have resulted in increased oxygen evolution, inducing the corrosion of the anodes!2.

There are very few non-precious transition metal oxides that are active for chlorine evolution,
ry Y
namely Co304, Fe304, PbO2, NiO and MnO231-35- Among them, spinel Co3O4 was examined by

several researchers due to their moderate activity and less cost. Ha and co-workers synthesized the
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Co0304 nanoparticles using the hot injection method with particle sizes in the range of 10 nm to 20
nm (Figure 2.17 a). They evaluated the electrochemical properties of Co3O4 in CER by combing
Raman spectroscopy. High selectivity for CER over OER has been observed based on the LSV
measurements in 0.6 M NaCl and 0.6 M NaClO4 shown in Figure 2.17 b. The In-situ Raman
spectrum illustrates that, when the potential reached 1.2 V, a new broad peak was has been
observed at 502.6 cm™!' due to the adsorption of the reaction intermediates of chlorine evolution
reaction (Figure 2.17 ¢) but the band was absent for the oxygen evolution in the NaClO4 electrolyte

(Figure 2.17 d), confirming its high selectivity for chlorine evolution!3¢l,

(a) (b)

(c) (d)

Figure 2.17: comparison of the polarization curves of Co304 nanoparticles in (a) 0.6 M NaCl; (b)
0.6 M NaClOs solution; (c) In situ Raman spectrum observed in the diluted chlorine solution
during the active chlorine solution; and (d) Spectrum observed in the NaClO4 solution for oxygen

evolution reaction. Reproduced with permission!®®!. Copyright 2019, American Chemical Society.
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Addition of a platinum group element with a co-catalyst, that has poor OER kinetics is an
attractive strategy for increase the selectivity and stability of the electrodes used in CER. Therefore,
mixed coatings were fabricated with precious metal oxides such as RuO2 or IrO2 and were
evaluated based on their structure, composition, and electrochemical properties!!> 871, More
recently, Han and co-workers prepared the IrO2-Co304 (ICO) anode with less than >3 % IrO2 and
tested it for chlorine evolution reaction in both 2 M NaCl and diluted 10 mM NaCl solutions. The
electrode performed well in the 2 M NaCl solution with early onset potential around ~1.75 V, and
increased overpotential of 55 mV for OER in 2 M NaNOs (Figure 2.18 a). The higher activity of
ICO than pure IrO2 or C0304, was due to the formation of more Co sites in Co30O4 as a result of
doping of Ir. The ICO had >97 % current efficiency in 50 mM NacCl electrolyte, where the Co304
exhibited ~65 % and IrO2 exhibited ~30 %. The Accelerated stability test (AST) for the ICO
electrode conducted in 0.5 M H2SO4 solution resulted in a service life of 200 hours, where the IrO>
electrode potential was quite higher. (Figure 2.18 b)!*. This work shows that doping of precious
metals at very small amount into the non-precious metals could improve the electrochemical
performance by exposing additional active sites, similar to the activation of Ti sites observed from

the doping of Ru in TiO2!%!,

(a) (b)

Figure 2.18: Accelerated stability test of ICO (IrO2-C0304), IrO2 and C0304 at 0.1 A cm™ in 0.5

M H2S04 (pH=3). Reproduced with permission!*’]. Copyright 2022, Elsevier.
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2.4.2 Non-precious anodes for CER

In the recent days, the on-site water treatment plants using chlorine-electrolyzed water for
water purification is growing rapidly. Nevertheless, the current RuO2 based DSAs are costly and
in order achieve widespread installation of these plants, development of cheap and highly stable
CER electrocatalysts are necessary. Only a very few non-precious metal elements are highly active
for chlorine evolution, such as Co, V, Mn, Ni, Fe, and Pb, etc. Based on the previous studies on
the precious metal DSA’s, multi-metal composites always deliver better performance compared to
the single metal elements!*® 4% 86,881 The non-precious and non-stoichiometric cobalt, nickel and
manganese based antimonates prepared using the co-sputtering technique on a FTO substrate was
reported for acidic chlorine evolution reaction by Moreno and co-workers in 201941, The
synthesized materials were predicted to be stable in Cl> medium according to the pourbaix
diagrams. The polarization curves before and after the stability test are shown in (Figures 2.19 a,
b). Comparing to all the electrodes, the CoSb2Ox retained its activity and stability after the

chronopotentiometry tests.
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Figure 2.19: Comparison of polarization curves of RuTiOx, CoSb20x, NiSb20x and MnSb20x
before and after the stability test at 100 mA ¢cm in 4 M NaCl solution at pH=2. Reproduced with

permission(*]. Copyright 2019, Royal Society of Chemistry.
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The CoSb206x film remained on the substrate with only minor surface enrichment of Sb
content (13 %) with only 48 mV increase in potential after 50 hours of operation at 100 mA cm™
in 4 M NaCl (pH=2) solution. It was further confirmed that, after a 250 hours chronopotentiometry
tests at 100 mA cm, the potential decreased by 47 mV from the initial value (~1.851 V vs NHE),
ensuring its high stability. The other anodes lost their performance because of their poor structural
stability under harsh conditions. In which, after a stability test of 50 hours, ~80 % and ~39 %
surface enrichment of Sb content was found on the surface of NiSb20x and MnSb20Ox with potential
increase of 297 mV and 134 mV#1. The author mentioned that the activity can be further increased
by increasing the loading of the catalyst material. However, increasing the loading can increase
the charge transfer resistance of the electrodes!®l. Also, the elements are present in a non-
stochiometric form, which makes it difficult to synthesize the catalyst using other synthesis
methods. Later, Evan and co-workers prepared stochiometric CoSb20s and MnSb20O¢ through
electrodeposition technique on FTO substrate (Figure 2.20 (a and b)). Even though the CoSb20x
had very high selectivity for chlorine evolution in 4 M NaCl (pH=2), the potential required for
reaching 100 mA c¢cm was very high for CoSb20s (around 2.2 V vs. RHE), as shown in Figure

2.20 (¢)!®.

(@ (b) ()

Figure 2.20: Comparison of surface morphology of the synthesized electrodes (a & b) and (c) the
polarization curves of CoSb20¢ (purple) and MnSb20Os (green) in 4 M NaCl (pH=2) and 0.5 M

H2SO04. Reproduced with permission!®]. Copyright 2020, American Chemical Society.
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It is suggested that the high activity for chlorine evolution in the CoSb2Ox prepared by Moreno
and co-workers in the previous work was because of the presence of non-stochiometric elemental
composition that have triggered the formation of the oxygen vacancies having appropriate binding
energy for chloride ions!®l. As no theoretical calculations have performed, the reason for high

selectivity for chlorine evolution is still not clear.

Recently, selective, and non-precious vanadium-based Ti/Ti0.35V0.355n0.25Sbo.0sO2 DSA was
prepared through the thermal decomposition method for acidic chlorine evolution reaction by
Alavijeh and co-workers. The electrode had an onset potential of 1.25 V vs. Ag/AgCl for chlorine
evolution with a selectivity of 88 % at 40 mA cm? and the overpotential for oxygen evolution >6
times higher than the potential of CER. Density of states and band structure calculations projected
that the band gap of Tio35V0.35Sn0.255b0.0sO2 decreased from 2.01 eV to 1.0 eV, resulting in an
improved activity compared to the pure V-oxide and V-doped TiO21®. The presence of Ti
increased the selectivity for chlorine evolution and doping Sn/Sb increased the overpotential for
oxygen evolution. The activity obtained from this composite is very less but this work shows that
vanadium is active for CER when doped with TiO2, which is in agreement from the theoretical

studies by Karlsson and co-workers!®8].

Many researchers are recently focusing on the development of non-precious electrodes for
chlorine evolution, but the high catalytic performance delivered by the precious metals is difficult
to be achieved by the low-cost transition metal-based anodes. The non-precious anodes are cheap
and widely available, but they can only decrease the initial capital investment cost. The high energy
consumption of the non-precious catalysts because of their sluggish kinetics hinders their

suitability for the practical applications!!’l. Therefore, the non-precious metal anodes can be added

37



as dopants to decrease the precious metal concentration and to tune the electronic properties for

achieving exceptional catalytic properties!3% 371,

2.4.3 Effect of physical properties on catalysts for CLER

All the above works focused on altering the electronic properties and crystal structure to
increase the catalytic performance of the electrodes in CER. But the modulation of the physical
properties, such as morphology, surface roughness, exposed surface area, and porosity also plays
an important role in increasing the activity and stability of electrocatalysts. The factors such as
bubble removal and mass transfer of reactive ions have a direct influence on the electrode potential.
The electrodes that are made of the traditional thermal decomposition method have a mud crack
surface morphology, which allows the electrolyte to penetrate inside these cracks. This causes
bubble trapping, thereby inducing the catalyst removal from the electrode surface as a result of an
increase in the tensile stress inside the cracks. Hence, several strategies have been proposed to

improve the performance of the electrodes through structure modification.

One of the industrially convenient methods for preparing electrodes with molecular level
homogeneity and nano structural morphology is the sol-gel method®. Chen and co-workers
evaluated the impact of microstructural coating on the electrochemical performance of CER for
Ruo3Sno.702 (rso) electrode coating prepared through sol-gel thermal decomposition method with
a Ru loading of 5.78 g m2. By controlling the coating times and loading amount, four different
coating with mud-cracks (mc-rso), reduced-cracks (rc-rso), less-cracks (Ic-rso), and crack-free (cf-

rso) coatings have been prepared (Figure 2.21)P1,
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Figure 2.21: SEM images of mud-crack-RSO (a), reduced-crack-RSO (b), less-crack-RSO (c¢),
crack-free-RSO (d), enlarged image of (d) indicating the nanoporous surface. Reproduced with

permission®!. Copyright 2019, Royal Society of Chemistry.

The electrode with mud crack (mc-rso) structure delivered 30 % higher voltametric charge
(qa) than the cf-rso (nano-porous), Ic-rso, and commercial Ruo3Tio.7O2 because of the penetration
of the electrolyte through them. The voltametric charge (qa) response shown in Figure 2.22(a),
indicates that only the outer surface layer of the compact cf-rso and lc-rso coatings have been
exposed to the electrolyte. The polarization curves of the cf-rso and commercial electrode were
measured in 3.5 M NaCl (pH=3) at 80 °C. The crack-free (cf-rso) electrode exhibited very less
overpotential (~1.225 V vs NHE) in the low current density region (<100 mA ¢cm™) compared to
other electrodes in Figure 2.22(b), because of the nano-porous network enabling efficient
diffusion and transportation of the reactive ionic species. The compact coatings can ensure long

service life as compared to mud-crack electrodes because, the penetration of the electrolyte

39



through the mud-cracks can form an insulating TiOz layer, deactivating the electrode. In addition,
the better performance of sol-gel prepared crack-free (cf) electrodes was also due to the efficient

bubble removall®ll,
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Figure 2.22: (a) Voltametric charge (qa) response obtained from different scan rates, (b)
Comparison of polarization curves measured in 3.5 M NaCl (pH=3) solution. Reproduced with

permission(®!l. Copyright 2019, Royal Society of Chemistry.

In order to further improve the electrocatalytic activity, improving the porous nature of the
electrode and making the electrolyte more accessible with efficient bubble removal under high
current density is very important. Menzel and coworkers prepared an ordered 10 nm mesoporous
micelle templated Ru or Ir, or Ru/Ir coated TiO: catalyst with excellent pore connectivity, by using
Pluronic F127 as a templated polymer to induce the porous structure (Figure 2.23). Figure 2.23
(b and c¢) shows that the activity obtained from the CV for the templated catalyst (120 mA c¢m™ at
~1.87 V vs. RHE) was two times higher than the untemplated catalysts (~50 mA cm™2 at 1.9 V vs.

RHE) in 4 M NaCl (pH=3) electrolyte!®?l,
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(b) (c)

Figure 2.23: (a) Schematic diagram of the surface morphology of the templated and the
untemplated I1/TiOz electrode; (b and ¢) Comparison of cyclic voltammograms from the templated
and untemplated Ir/TiO2 catalyst with varying thickness in 4 M NaCl ( pH=3 ) solution.

Reproduced with permission®?l. Copyright 2020, American Chemical Society.

Although the sol-gel methods can improve the mass transport of the reactants by enhancing
the activity of a catalyst through surface structural modifications, there are high chances for the
added surfactants and adhesives in electrode preparation to block the active sites from participating
in the electrochemical reaction. Additionally, the interfacial resistance between the electrode
coating and the substrate causes an increase in the overpotential'’l, The in-situ growth of the
catalysts on the substrate can reduce the interfacial resistance, thereby providing an efficient
electron transfer and protecting the catalyst from peeling off, which is not possible via the thermal

decomposition method 1% 72,93-951,
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The electrodes with high contact angle and less adhesion forces are needed for achieving
high catalytic activity. The traditional DSA coating with less contact angle and high adhesion
forces is also one of the reasons for its poor performance. Jiang and co-workers constructed a
superaerophobic electrodeposited RuO2 coating on the hydrothermally grown TiO2 nanostructured
arrays (NSA) and correlated the measured electrochemical results with the bubble adhesion force
and the contact angle. The nanostructured RuO2@TiOz2 sheets had an average size of 200 nm with

20 nm thickness, as shown in Figure 2.24 (a and b) 3.
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Figure 2.24: (a) SEM images of RuO2@TiO2 nanosheet arrays; (b) enhanced image; (c) LSV
polarization curves and (d) Chronopotentiometry test at 250 mA cm™ of RuO2@TiO2 NSA,
RuO2@TiOz sheet, and RuO2-TiOz traditional coating. Reproduced with permission®>), Copyright

2016, Wiley-VCH.

Figure 2.24 (¢ and d) compares the polarization curves and the chronopotentiometry tests of

the RuO2@TiO2 NSA and the control samples. The RuO2@TiO2 NSA had an onset potential of
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1.07 V vs. SCE reaching a current density of 6.65 mA cm2, while the flat electrode and the DSA
delivered 0.37 mA cm™ and 0.65 mA c¢cm in saturated NaCl solution. Under chronopotentiometry
test at a current density of 250 mA cm for 10 hours, the NSA electrode only had a 4.2 % increase
in potential, while there was a 16 % increase in the potential for the traditional coating and the flat
film electrode had a steep increase in overpotential. The NSA electrode experienced less bubble
adhesion force of ~3 uN due to less area of contact between the catalyst surface and the bubble,
comparing to higher contact area exhibited by the flat film and traditional coating resulting in
higher adhesion forces (42 mN and 29 mN). The NSA electrode has high aerophobicity with large
bubble and less electrolyte contact angle of (157.2° and 15.5°), better than the flat film (116.2° and
78.1°) and traditional coating (128.2° and 56.3°). The flat film electrodes make it difficult for the
bubbles to detach, which is not observed in NSA. Also, the surface roughness (r) calculated for
the NSA was greater than the control samples, resulting in increased surface wettability and
aerophobicity. Post SEM measurements proved that the NSA retained its structure after the
stability test, owing to its efficient bubble removal, while damages were found in the traditional
coating. It is because of the increased tensile stress caused by the bubbles, that peeled off the flat

film due to poor bubble removal®3l,

Similar way, Wang and co-workers prepared the IrO2/TiO2 nanosheet arrays through in situ
growth of TiO2 nanosheets and sputtered IrO2 on top of it. The electrode reached 10 mA c¢m™
current density with 44 mV overpotential in saturated NaCl solution (pH=2). The electrode
delivered 50 mA c¢cm at 1.61 V vs. RHE in the chronoamperometry test with an 92.3 % initial
current density retention after a 50-hour stability test!® 3, In both of the above works based on the
nanostructured electrodes, the reason for the increased activity and the stability is due to the high

surface concentration of the CI™ ions, not affecting the local current density and not blocking the
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active sites by providing efficient Cl2 bubble removal, thus maintaining the electrode potential
constant!® %31, But compared to the thermal decomposition and electrodeposition methods,
sputtering requires special equipment making the process complicated and costly!®%°7l. Adopting
hydrothermal methods for insitu growth of catalyst seems attractive, but the electrodes size
prepared are very small (~ 4-6 cm™2). Several complications might arise when converting them to

industrial scale, where big electrodes are needed (>1 m?)1> %I,

Comparing to the hydrothermal method for in-situ growth of nanostructured electrodes, the
growth of TiO2 nanotubes using the electro-anodization process is very attractive and suitable for
large scale. Also, the one-dimensional nanomaterials possess high electrical conductivity,
enhanced surface area and strong adhesion to the substrates. By tuning the electrolyte composition
and the electrochemical parameters (voltage and current), the physical properties of these
nanotubes can be altered!”® *81. Heo and co-workers synthesized RuOz-loaded conductive black
TiO2 nanotube arrays by constructing the TiO2 nanotube arrays through two step electro-
anodization process followed by calcination in Ar atmosphere at 450 °C. RuO2 was deposited on
the nanotubes though pulsed electrodeposition process at -1 mA ¢cm for 50 ms with a resting time
of I s. The advantage of pulsed electrodeposition is the coverage of the inner pores of the nanotubes
with RuOz2, while the galvanostatic process can only deposit on the outer surface resulting in a very
less loading of Ru species. The SEM images of black TiO2 nanotube arrays, along with the current
density and potential profiles recorded during the RuO:2 deposition is shown in Figure 2.25 (a and

b) 1.

The polarization curves were measured in 5 M NaCl (pH=2) solution, and the RuO: coated
black TiO2 (RuO2/b-TiO2) only required 1.090 V and 1.125 V vs. SCE to reach a current density

of 10 mA c¢cm, and 100 mA cm2, while the electrode without RuO2 coating showed negligible
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activity (Figure 2.25 ¢). In acidic conditions, the faradaic efficiency measured was 95.25 % and
the high performance of the black TiO: is because of its high electrical conductivity compared to
the crystalline TiOz, as reflected in the chronopotentiometry test at a current density of 100 mA
cm? for 4 hours. The black TiO2 maintained a stable potential, while a steep increase in potential
has been observed for the crystalline TiO2 as a result of poor electrical conductivity at increasing

potentials (Figure 2.25 d) *1.

(b)
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(c) (d)

Figure 2.25: (a) SEM image of conductive black TiOz; (b) Electrodeposition profile of RuO2
(Current density vs. Time vs. Potential); (c) LSV profiles of ¢c-TiO2 and b-TiO2 with and without
RuO2; (d) Chronopotentiometry test observed at 100 mA c¢cm for 4 hours in 5 M NaCl (pH=2).

Reproduced with permission!®l. Copyright 2020, Elsevier.

The high catalytic performance is because of the presence of defects in the black-TiOz,

resulting in increased electrochemically active surface area, but the activity depends on RuO:2
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loading because it improves the electrical conductivity by acting as an electron donor!”% %91,
Enhanced electrical conductivity at increased potentials is deemed to be necessary for

electrocatalytic reactions, as the industrial reactions are performed at high anodic potentials!® 11

99].

Carbon cloths and carbon papers are widely used as substrates in electrocatalytic reactions
like OER and HER because of its high electrical conductivity and 3-dimensional structure/100-1031,
After the graphite electrodes, carbon-based electrodes have been very rarely used in chlorine
evolution reaction!?4 93,104, 1051 7hang and co-workers prepared RuO:2 decorated carbon fiber cloth
through galvanostatic electrodeposition (20 mA c¢m2), followed by thermal annealing at 500 °C in
an air atmosphere (Figure 2.26 a). At 1.20 V vs. SCE, the RuO2/CC-10 delivered a higher current
density of 175 mA ¢cm, comparing to the RuO2/CC-5 (105 mA cm?), RuO2/CC-20 (85 mA cm?)
and RuO2/CC-30 (65 mA cm2) in 5 M NaCl solution (Figure 2.26 b). A very small charge transfer
resistance of 3.7 Q was measured for 10 min electrodeposition, compared to 8.76 Q, 10.17 Q and
14.91 Q for 5 mins, 20 mins and 30 mins deposition of RuO: (Figure 2.26 ¢). The bubble shielding
effect at high current densities has been resolved by the 3-dimensional topography of the carbon

cloth, that resulted in efficient utilization of the RuO2 and decreased charge transfer resistance!®?l.
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(a)

(b) (c)

Figure 2.26: (a) Schematics of preparation of RuO:2 on carbon-cloth; (b) LSV and (c) EIS data of
Ru02-CC (5, 10, 20, and 30 mins) deposition time. Reproduced with permission [*3l. Copyright

2019, Elsevier.

The physical and chemical properties of the carbon materials can be altered through
heteroatom doping. Microwave irradiation was used to decorate Pt nanoparticles (~10.9 nm) on
heteroatom (nitrogen and phosphorous) doped carbon (~200 nm) (Pt/NPC) by Huang and co-
workers. At 50 mA c¢cm in an acidic 5 M NaCl solution, an overpotential (1) of 108 mV was
measured for the Pt/NPC, that is close to the 62 mV () exhibited of Pt/C. The high catalytic
activity is because of, (i) the synergy between the Pt nanoparticles and the N/P doped C and (ii)
the formation of active sites as a result of electronegativity difference between the carbon and
heteroatom dopants!!'% 191 Even though the electrode has a high electrochemically active surface
area with less charge transfer resistance, the decomposition of carbon substrates will diminish the

electrode performance at higher potential and pH conditions!'’”> 198l Thus, this work can be
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considered a good example, and can be used to prepare the electrodes based on metal foams with

high electrical conductivity and 3-dimensional structures!!%% 1101,

2.4.4 Strategies for maximizing the utilization of catalytic materials

Unlike the homogeneous catalysts, the behavior and performance of the heterogeneous
catalysts totally depends on their surface property. Since the catalytic reaction only happens on the
surface, the efficient usage of catalytic materials is very important and is a growing
concern ,especially in the usage of precious metal as their cost increases by ~5 % every year. Apart
from the cost of the raw material, converting them to usable catalysts adds up extra cost. The nature
of the active site not only depends on the composition and shape, but also the size of the catalyst.
Reducing the size of the particle to increase the amount of electrochemically active surface area
for per gram of loading is one way to overcome this issue!!'!l. In the recent days, many researchers
have been focusing on achieving high performance and maximum utilization efficiency with less

loading of the electrocatalyst through single atom catalysts and supported catalysts!!11-113],

2.44.1 Single atom catalysts

Single atom catalysts are the ones in which the catalysts are atomically dispersed on the
support structure (eg: carbon-based materials, metal oxides, etc.) and are isolated from one atom
to another. Compared to the conventional catalysts, the single atom catalysts have shown
promising evidence in high metal utilization efficiency, selectivity, and stability in many
heterogeneous catalytic reactions like HER, OER ORR, etc.!*5 113-115] Very few researchers have
been working on single atom catalysts for chlorine evolution reaction. Lim and co-workers
prepared the atomically dispersed Pt-N4 (2.7 wt % - 0.7 wt %) on multi-walled carbon nanotubes

(Pt1/CNT) for chlorine evolution reaction (Figure 2.27 a)!?6l. The electrocatalytic activity was
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measured in 1 M NaCl ( pH=0.9) using a RRDE, and Pti/CNT only required 50 mV (1) to reach
10 mA c¢cm?, while the PtNP/CNT and commercial DSA needed 120 mV (1) and 105 mV (n). In
situ electrochemical XANES showed that, only negligible changes were observed in the absorption
spectrum in 0.1 M HCIlO4 electrolyte, while significant changes were observed in the presence of
NaCl. Increase in intensity of absorption were observed at 1.40 V and 1.50 V in the presence of

NaCl confirming its high selectivity towards oxidation of chloride ions (Figure 2.27 b).

(b) (©)

Figure 2.27: (i) HAADF-STEM image of Pt;-CNT; (ii) In situ electrochemical XANES results of
Pt1/CNT in the absence (a) and presence (b) of NaCl. Reproduced with permission!?l. Copyright
2020, Springer Nature.

But, the electrode only retained 72 % of its initial activity at 1.41 V vs. RHE, after 12 hours
of chronoamperometry test, incurring a huge loss because of the dissolution of the Pt metals!?6l.
The electrode might lose its complete activity at high current density or in industrial conditions
(~400 mA c¢m). Another complexity in the single atom catalysts is achieving high-density loading
of single atoms in a specific areal!''> 131, Also, metal substrates should be used as supports instead
of carbon in order to avoid the oxidation of the support at high potentials in anodic reactions

involving waterl?4 1081,
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2.4.4.2 Supported catalysts

The catalysts employed in chlorine evolution reactions suffer from anodic corrosion at either
higher operating potentials or under alkaline conditions. The formation of durable active sites
under high current density with superior selectivity and low catalyst loading is a grand challenge!"
10, 11, 1161 " T im and co-workers synthesized the Nb-doped TiO: loaded with RuO2 (~1.1 at %)
nanoparticles through a two-step hydrothermal process. The HAADF and elemental mapping

image of RuO2/Nb:Ti02-A200 is shown in Figure 2.28!251,

Figure 2.28: HAADF and elemental mapping image of RuO2/Nb:TiO2-A200 nanoparticles.
Reproduced with permission!?3], Copyright 2021, American Chemical Society.

The unprotected RuO2 decorated TiO2 NP experienced a continuous decrease in activity
during the LSV test over 50 cycles, because of the loss of RuO2 nanoparticles through corrosion
from the TiO: surface (0 cycles = 2.54; after 50 cycles = 0.45 %.). Interestingly, Nb doping into
the TiO2, formed a protective TiO:2 layer on top of TiO2 nanoparticles during calcination, protecting
the RuO2 from anodic dissolution. The protected catalyst maintained a stable activity for 50 LSV
cycles (Figure 2.29 a) with a high faradaic efficiency of 93.7 % (0.6 M NaCl, pH=6) and 97.7%
(5 M NaCl, pH=2) at 50 mA cm™. The overpotential required for RuO2/Nb:TiO2-A200 to reach
10 mA cmwas only 22 mV, lesser than the DSA (158 mV). The Nb doping formed an TiO: layer
on RuO2, making the catalyst more durable under harsh conditions, through inhibition of the

surface hydroxylation and suppressing the side reactions as revealed from the XPS results shown
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in Figure 2.29 b. As a result negligible changes in potential values was observed during the
chronopotentiometry test at 10 mA ¢cm in dilute 0.6 M NaCl (Figure 2.29 ¢) and 100 mA cm™

in acidic 5 M NaCl ( Figure 2.29 d) 1?3,

(a) (b)

(©) (d)

Figure 2.29: (a) LSV provides; (b) XPS spectra of RuO2/Nb:TiO2(A200) nanoparticles (before and
after in dilute NaCl solution); (¢) Chronopotentiometry tests for 5 hours at 10 mA cm™ in dilute
0.6 M NaCl (pH=6); (d) 100 mA ¢cm in acidic 5 M NaCl (pH=2). Reproduced with permission[?*],
Copyright 2021, American Chemical Society.

The utilization of supported catalysts in large-scale electrolysis sounds promising because
of the usage of very smaller amount of precious (>5 %) metals as comparing to the DSA’s (20 %
to 40 %). But the loss of active sites in the DSA or composite catalysts are backed by the active
sites beneath the surface ensuring long service life, while the loss of active sites in the supported

catalysts are permanent.
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2.5 High entropy oxides for in catalysis

As new group of ceramic materials comprising five or more elements in a single-lattice,
leading to high configurational entropy value (> 1.5 R) known as high entropy ceramics (HEC’s)
have been actively explored for variety of applications in recent days. The physical and chemical
properties of these materials can be tuned by altering the type and stoichiometry of the metal
elements used. Random mixing of elements of different atomic sizes, lowers the overall energy
required for the activation and transportation of the active reactant species, that is beneficial for
both electrochemical and photoelectrochemical reactions. High entropy oxides have been applied
for several catalytic reactions such as, HER, OER, ORR, CO oxidation, COz2 reduction, and alcohol
oxidation. As oxygen defects play an important role in enhancing the activity of a catalyst,
especially oxidation reactions like CER, OER, etc., creating and controlling those defects in high
entropy materials will be very useful for increasing their catalytic activity. High entropy materials
can be applied directly as catalysts or as a support structure to anchor the catalytic materials. Apart
from the structure and surface properties, particle size has a huge influence on the catalytic activity.
As high entropy oxides tend to have huge number of active sites, reducing their particle size to
nanometers (<100nm) could result in efficient electron transfer and high catalytic activity. A very

few reports have been reported for the nano-sized high entropy oxides for electrocatalysis!'7-1191,

Duan and co-workers used the solvothermal method to synthesize nanosized
(FeCoNiCrMn)304 high entropy spinel oxide electrocatalyst (Figure 2.30 a), with an average
particle size of 6.24nm (Figure 2.30 b) for alkaline oxygen evolution reaction. The HEO required
an overpotential of 288 mV to reach 10 mA cm, less than the commercial RuO2 which required
300 mV overpotential as observed from the LSV curves measured in 1 M KOH solution (Figure

2.30 ¢). Tafel plot and EIS results suggest that the electrode had a smaller value of 60 mV dec!
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and 8.7 Q (Ret) comparing to the pure RuO2 (150 mV dec’!, Ret = 54.1 Q). A potential increase of
1.3 % (0.019 V) was observed from the initial value of ~1.52 V vs RHE during the
chronopotentiometry test at 10 mA cm™ (Figure 2.30 d). Post analysis revealed that the amount
of oxygen vacancies increased from 28.1 % to 51.4 % as a result of partial oxidation of the metal

oxides and loss of oxygen anions during the electrochemical activation process/ .

(a) (b) (c)

(d)

Figure 2.30: (a)Morphology; (b) particle size of (FeCoNiCeMn)304 calcinated at 400 °C; (c) LSV
polarization curves measured of the HEO’s and RuO2 measured in 1 M KOH solution and (d)
chronopotentiometry test at 10 mA cm™. Reproduced with permission!!!?]. Copyright 2022, Royal
Society of Chemistry.

However, most of the HEO’s are poorly conductive. The addition of the conductive
materials is necessary, in order to boost the electrocatalytic activity. The surfactant assisted
solvothermal synthesis method was used to prepare (CoCuFeMnNi)Ou4 spinel (Fd3m structured)

nanoparticles decorated on multi-walled carbon nano tubes (MWCNT) for alkaline oxygen
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evolution. The HEO/MWCNT needed lesser potential of 1.58V vs. RHE, while the bare HEO
needed 1.63V vs RHE to reach 10 mA cm™ in alkaline 1 M KOH solution (Figure 2.31 a). The
poor electrical conductivity of the HEO, causes an increase in the charge transfer resistance (~100
Q at 1.58 V vs. RHE), that was solved by the MWCNT owing to the efficient electron transfer at

higher potentials (~25 Q at 1.58 V vs. RHE) (Figure 2.31 b) 11201,

(a) (b)

Figure 2.31: Comparison of activity from LSV curves and (b) EIS plots of HEO and

HEO/MWCNT. Reproduced with permission!!?%], Copyright 2019, Royal Society of Chemistry.

The presence of oxygen defects and straining effect created by the presence of five cations,
good lifetime of charge carriers, and modified electronic structure are the reasons for the high
performance of high entropy oxides. Increasing the surface area of the HEO can further increase
the catalytic activity!!?!l. The high entropy materials are superior in activity and stability
comparing to traditional electrocatalyst like RuO2, IrO2 and Co304, etc. and photocatalyst like
TiO2, BiVOs, and ZnO, etc!'?Y. As the surface area has a huge influence on the activity of the

electrocatalysts, synthesizing nanosized high entropy materials are necessary.
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2.5. Summary

Considering the increase in requirement of chlorine for production of valuable products and
onsite electrochemical water treatment, high performing anodes are needed that can operate at
rigorous operating conditions with less energy consumption. Even though the state-of-art DSA
are capable of operating at high potential for long time (>4 years), their energy consumption is
very high because of their poor catalytic activity as a result of the low surface area and less
electrical conductivity. They also suffer from poor stability in the dilute and high pH electrolysis
conditions as a result of corrosion of the active sites. Therefore, highly active, selective, and stable
electrocatalysts with less energy consumption are needed for both industrial and dilute/sea-water

electrolysis systems.

Up to date, many efforts have been devoted to developing various strategies to modify or
entirely fabricate new anodes for chlorine oxidation reactions, such as: (i) Template assisted
synthesis of nano porous coatings on DSA; (ii) Sol-gel synthesis of nano-structured electrodes!®?!;
(iii) In-situ growth of electrodes using hydrothermal method!”* *3; (iv) nanofilms through co-
sputtering method!>#!; (v) electrodeposition!”®71-%1; (vi) single atom catalysts, and (vii) supported
catalysts!?Sl. However, their suitability in industrial level design is limited because of either
complicated synthesis process or poor performance on long run. Recently, many researchers are
focusing on designing the low-cost non-precious anode for chlorine evolution rection!4 381 but the
non-precious anodes are not able to deliver the same performance as the precious metal anodes
like RuO2 and IrOa. Therefore, the search for new anode materials is needed that are highly active

and stable in all electrolyte conditions and superior to the DSA’s 110111,

Very recently, single phase high entropy ceramics are being recently explored as potential

candidates for many catalytic reactions such as thermocatalysis, electrocatalysis (OER, HER, ORR,
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and COz reduction, etc.), catalysts for metal-ion!!?2l, metal-sulphur!'?3l and metal air batteries!'?4I,
and photocatalysis!'?!l because of their high stability against corrosion and the presence of
abundant active sites, resulting in high catalytic activity. High entropy materials are expected to
provide high catalytic activity at low overpotential and high stability against corrosion, because of
their random mixing and the combined effect of five elements!!3-2!1. Thus far, a very few materials
have been explored because of its experimental synthesis complexity. Inspired from the properties
of HEO, single phase rutile high entropy oxides with random mixing are expected to deliver high

catalytic performance comparing to the traditional DSA.

The literature survey and the key challenges mentioned above leads to the objectives as

stated in Chapter 1, section 1.2.
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Chapter 3.

Experimental Section

3.1.

electrode slurry preparation, coating, and testing of catalytic activities are listed in Tables 3.1 and

3.2.

Reagents and laboratory equipment

The chemical reagents and laboratory equipment used in the anode material synthesis,

Table 3.1 Chemical reagents used in the experiment

Item Formula Grade Brand

Ruthenium(III) chloride ReagentPlus® | Sigma-Aldrich

hydrate RuCl3xH>0 40.0 % —49 %

Tin chloride SnClz 99.0 % Aladdin

Titanium(IV) butoxide | Ti(OCH2CH2CH2CH3)4 97.0 % Sigma-Aldrich

Ammonium ACS reagent, | Sigma-Aldrich

metavanadate NH4VOs3 >99.0 %

Cobalt(IT) chloride CoCl36H20 98.0 % - Acros

hexahydrate 102.0 %, ACS organics

reagent

Ethylene glycol C2HeO12 >99.5 % Acros
organics

Ammonia water NH4+OH 25 % Macklin

Ethanol CH3CH20H AR Duksan

Sodium Chloride NaCl 99 %, Ar Macklin

Hydrochloric acid HCI 37 % Sigma-Aldrich

Sodium hydroxide NaOH >99 % Sigma-Aldrich

EMSURE

Carbon paper TGP-H-060 Tech Toray

Isopropyl alcohol (CH3)CHOH AR

Nafion® 117 solution - 5% in water | Sigma-Aldrich

(~5% in a mixture of and alcohol

lower aliphatic alcohols

and water)

Ketjen black carbon ECP-600JD - MTI
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Table 3.2 Instruments used in the experiment

Item Type Brand, Supplier
Analytical balance SECURA324-10IN Sartorius
Magnetic stirrer with hotplate SP88857104 Thermo scientific
Ultrasonic cleaner MB-200MOD Branson
Vacuum drying oven DZF-6000 Standhill
Centrifuge TG16G BeiHong
Muffle furnace KLS 15/12 Thermoconcept
Potentiostat PGSTAT302N Metrohm Autolab

3.2. Material synthesis

In a typical synthesis process, 0.465 mmol RuCl3xH20 (0.096 g), 0.465 mmol SnCls (0.088
g), 0.465 mmol Ti(OCH2CH2CH2CH3)4 (0.158 g), 0.465 mmol NH4VO3 (0.054 g), and 0.465
mmol (0.110 g) were dissolved in 50 mL of ethylene glycol and is maintained under stirring for 6
hours. Some 5 mL, ammonia water was added to increase the solubility of the precursors. The
solution was then transferred into a 100 mL Teflon-lined stainless-steel autoclave and heated in an
oven at 180 °C for 12 hours. Once the autoclave has been cooled to room temperature, the
precipitated solid residue is washed with DI water and ethanol via centrifugal separation (10,000
rpm for 10 mins) to remove the organic solvent. The process was repeated three times. The
collected samples were then dried in an oven at 80 °C for 12 hours, and the nanosized high entropy
rutile oxides were obtained by sintering the precursor sample at 500 °C (HEO-R-500). In addition
to that, samples were sintered at 350 °C (HEO-R-350), 400 °C (HEO-R-400), 600 °C (HEO-R-

600) and 700 °C (HEO-R-700) for comparison.

3.3. Materials characterizations

The structural information of the synthesized powder material was analyzed through an X-

Ray diffractometer (XRD, Rigaku Smartlab) with Cu Ko radiation (A = 0.154 nm) between 10° —
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80° at a scanning rate of 1° min!. The morphology, HRTEM image, selected area diffraction
pattern (SAED) image, and elemental analysis/mapping was observed under a scanning
transmission electron microscope (STEM, JEM-2100F). The X-ray photoelectron spectroscopy
(XPS, Thermo Scientific Nexsa) was performed using a monochromatic aluminium X-ray source

to identify the elements and their respective oxidation states.

3.4. Electrochemical measurements

All the electrochemical characterizations were performed with PGSTAT302N metrohm
Autolab potentiostat. The catalyst slurry was prepared by dispersing 2.5 mg of HEO-R catalyst
powder with 0.235 pL isopropanol and 15 pL of Nafion 117 solution. Ketjen black carbon powder
(0.5 mg) was added to enhance the electrical conductivity and the support between the catalyst
particles. Then, 50 puL of the prepared catalyst ink was drop cast on a carbon paper to achieve a
loading of ~1 mg ¢cm™. To avoid concentration overpotential and diffusion-related problems, the
exposed electrode area is maintained at 0.05 cm?. An electrode with an exposed area of 0.2 ¢cm?
was also tested to confirm that there was no change in the stability of the catalyst during the
chronopotentiometry test, depending on the exposed area. The electrochemical performance of
HEO-R is compared with the control electrode, RuO2-TiO2 DSA, purchased from the Baoji
Changli Special Metal Co., Ltd. All the process variables such as electrode size, electrolyte
concentration, pH, electrolyte stirring speed (rpm), and temperature were maintained the same for
all the electrodes tested in this work. A 100 mL H-type cell with Nafion 117 membrane separating
the anode and cathode compartments was used. Teflon electrode holders were used to mount the
working electrodes. Pt foil was used as a counter electrode and Ag/AgCl filled with 3.5 M NaCl

was used as a reference electrode. All the electrode potentials reported in this work were converted
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into the reversible hydrogen electrode (RHE) scale with 100 % manual iR correction unless

otherwise mentioned using the following equation:

nl0 3.1

RT1
ERHE:EAg/AgC1+ 0.1976 + < ) pH vs. RHE

Where, Eagagcl = electrode potential measured (V), R = gas constant (8.814 J K! mol!), T =

Temperature (K), and F = Faraday’s constant (96485.3 C mol™!).

The equilibrium potential of CER is calculated using the following equation!?3- 261

_ . RT _RT 32
ECER(T’ (X(Cl ), (X(Cl2 )) :ECER_TIH (X(Cl ) + E In (X(Clz)

Where o(Cl") =molar concentration of NaCl in the electrolyte, and a(Cl, ) =0.01 (partial pressure

of evolving chlorine gas under Ar.

RTIn 10 dE°
Jo]- (

oy 1.358V+(
CER [ dT

) x (T-298.15 K) vs. RHE

Where, % = 0.001248 according to reported works!?6l,

The catalytic performance of the HEO-R was measured using HEO-R as a working electrode
and Pt-foil as a counter electrode in acidic 5 M NaCl (pH=2) and dilute 0.5 M NaCl (pH=6)
solution. HCI and 0.1 M NaOH were used to adjust the electrolyte pH. Highly concentrated 5 M
NaCl solution is used in industrial conditions because selectivity of Cl2 gas increases with an
increase in CI" concentration, and >97 % selectivity was measured when 4 M NaCl solution was
used. In the membrane cells, the concentration of NaCl in the feed brine is about 300 g L. The
pH value is maintained at ~2 because pH <2 can likely dissolve the Ti and metal elements. When
the pH is >2, the selectivity towards oxygen evolution reaction increases and dissolution of anodes

occurs under alkaline conditions!'> 231, For dilute chloride solutions, 0.5 M NaCl is chosen
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considering, the lower concentration of [Cl] = 0.5 M and higher pH of 8 in the sea water!14l,
However, the pH value is maintained at 6 in this work instead of 8 to avoid the corrosion of the
carbon substratel>* 251, Linear sweep voltammetry (LSV) tests were performed to measure the
catalytic activity between the potential range of 0 V — 1.3 V vs. Ag/AgCl. However, proper growth
of the diffusion layer and stable potential measurement is not possible in LSV, which causes a
huge difference in overpotential compared to the steady state technique. Thus, short-term
chronopotentiometry was performed at different current density ranges (10 mA c¢cm to 200 mA
cm?) and the measured potentials were used to compare the overpotential from the long term
steady state measurements, such as chronopotentiometry. The charge transfer resistance (Ret)
values were obtained from the electrochemical impedance spectroscopy measurements (EIS),
conducted at a fixed potential of 1.45 V in the faradaic region without iR compensation from
1,000,000 Hz to 0.1 Hz with a potential amplitude of 10 mV. The electrochemically active surface
area is calculated based on the double-layer capacitance (Car) value. The double layer capacitance
1s determined by performing cyclic voltammetry in the non-faradaic potential in the range of 0.8

to 0.9 V vs Ag/AgCl at different scan rates (20, 40, 60, 80, and 100 mV s!).

The electrodes selectivity towards CER and OER in acidic electrolyte was verified through
LSV and short-term CP tests in CER (5 M NaCl) and OER (H2S04) electrolytes at same pH=2.
The interference of OER during the CER was identified from the measured potential values.
Whereas the chlorine content in dilute solutions was measured using the DPD (N,N-diethyl-p-
phenylenediamine) colorimetric method with a pocket INESA portable chlorine meter (515 nm
LED light source, DGB-402F) to calculate the faradaic efficiency of the CER. A constant current
was applied through chronopotentiometry for 180 seconds. The reactor was well sealed, and the

reaction was performed under stirring (400 rpm) to dissolve the evolved chlorine gas. The
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electrolyte was then diluted ten times with DI water in a vial, and the DPD reagents were added to
the solution, which produces a transparent pink colour after reacting with chlorine species. Finally,
the concentration is automatically quantified by the chlorine meter by calculating the difference in

absorbance. The Faradaic efficiency is then calculated using the following equation!?3!:

_2x [c12’ DPD] xV xF 34

FE - x 100
1Xt

Where, Cl2,ppp = Molar concentration of active chlorine (mol L), V = volume of the electrolyte

(L), F = Faraday’s constant (96485.3 C mol'!), i = current applied (A), and t = time of electrolysis

(s).
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Chapter 4. Results and Discussion

4.1 Investigation of analytical properties

Based on the detailed literature survey, the following five elements, such as Ru, Sn, Ti, V,
and Co have been chosen to prepare the high entropy oxide, as they either directly or indirectly
participate in enhancing the catalytic performance of the electrode in CER. The elements such as
Ru, V, and Co exhibit high catalytic activity towards CERI3® 571, The presence of Ti in the
composite can alter the binding energy to selectively adsorb CI" ions favoring CER, while the
presence of Sn could weaken the OH™ adsorption energy and also shifts the overpotential of OER
towards more positive potentials!> 71, The XRD pattern of HEO-R sintered at 500 °C (HEO-R-
500) is shown in Figure 4.1. Major diffraction peaks present at 27.38°, 35.53°, 39.16°, 40.88°,
44.0°, 54.06°, 56.48°, 64.05°, and 68.70° correspond to the (110), (101), (200), (111), (210), (211),
(220), (310), and (301) planes of the rutile structure (P42/mnm space group) and confirms the
formation of a solid solution!'* 4. Some minor impurities can be observed at 22.60° and 33.94°

corresponding to TisO11 probably formed from the high-temperature calcination.

s
— = HEO-R-500
c
Ref. pattern: TiO7 (PDF card no.: 01-082-0514)

«  TigO11

2 Theta (0)

Figure 4.1: XRD patterns of HEO-R sintered at 500 °C.
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More information can be observed from the compiled XRD patterns of the HEO-R precursor

calcinated at 350 °C, 400 °C, 500 °C, 600 °C and 700 °C, as shown in Figure 4.2.

HEO-R

700 °C

600 °C

500 °C

\JL/LL AL 400 °C

—— Bare

10 20 30 40 50 60 70 80
2 Theta (0)

Figure 4.2: Comparison of XRD pattern of HEO-R precursor (Bare) and HEO-R sintered at 350 °C,

400 °C, 500 °C, 600 °C, and 700 °C.

There are no obvious crystalline peaks observed from the as-synthesized sample (HEO-R-
Bare), indicating an amorphous phase through the formation of an organic-inorganic
compound!!'?sl, The sample sintered at 350 °C (HEO-R-350) shows no impurities, but its
crystallinity is less than others because of the incomplete conversion of the precursor to oxides.
Further increase in calcination temperature is necessary for obtaining pure oxides with high
crystallinity, which has an impact on the catalytic activity. It is evident from the observed XRD

patterns, that the crystallinity of the HEO-R increases with an increase in temperature. Only minor
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differences can be observed in the XRD patterns for the samples calcinated at 400 °C, 500 °C, and
600 °C. On the other hand, when the temperature was increased to 700 °C, many additional peaks
are observed comparing with others, indicating the formation of a multiple phase and the loss of
prominent rutile structure. The multiple phases present in HEO-R-700 are related to Ti0.9Sno.102
(PDF card no.: 01-070-4403), Ti0.2Sno.sO2 (PDF card no.: 01-070-4410), TiVOa. (PDF card no.:

01-077-0332). Similar pattern have been observed in other works!1? 1% 1261,

Transmission electron microscopy (TEM) has been performed for HEO-R-350, HEO-R-500,
and HEO-R-700. TEM has not been analyzed for HEO-R-400 and HEO-R-600, as there is not
much difference in their XRD patterns compared to HEO-R-500. The TEM images of HEO-R-350
displayed in Figure 4.3 (a) shows that the particles are highly agglomerated and an intermixture
of a crystalline - amorphous phase is observed. The high-resolution images (Figures 4.3 b and c)
further confirm the presence of an intermixture of crystalline oxides and amorphous HEO
precursor materials. This is because of the incomplete conversion of the HEO precursor to oxides,
as reflected by the less crystalline XRD pattern of HEO-R-350. Because of the existence of the
crystalline-amorphous phase, it was challenging to observe the individual particles and hence the
average particle size has not been measured. The elemental composition is analyzed through TEM
point EDS analysis, and it confirms that all the elements added are present in the synthesized HEO-
R-350 in a non-equimolar ratio. Compared to all other elements, Co is present in a significantly

lower concentration.
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2

Figure 4.3: (a) TEM image of the HEO-R sintered at 350 °C, (b) high-resolution images of HEO-

R-350 with inset figure showing the diffraction pattern.

Table 4.1: Atomic percentage (at%) of HEO-R-350 analyzed
through TEM point EDS analysis.
Elements Atomic Percentage (at%)
Ru 9.33
Sn 6.62
Ti 14.12
\ 10.01
Co 0.13
O 59.79

After increasing the calcination temperature to 500 °C, the particles (HEO-R-500) are clearly
observed without any amorphous phase but are still agglomerated (Figure 4.4 a). The HRTEM
analysis (Figures 4.4 b - f) displays the lattice fringes with a spacing of 0.318 nm, 0.251 nm, and
0.167 nm that are related to the (110), (101), and (211) crystal planes of the rutile structure. All

the observed planes are related to the three major peaks present at 27.38°, 35.6°, and 54.10° in the
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XRD pattern of HEO-R-500, further confirming the formation of a single-phase rutile structure.
The polycrystalline nature of HEO-R-500 can be well observed from the clear diffraction rings
from the SAED pattern shown in Figure 4.4 (g). The particle size distribution histogram shown in
Figure 4.4 (h) reveals that, the average particle size of HEO-R-500 is in the range of 10nm - 15nm.
The presence of nanoparticles are advantageous for obtaining high catalytic activity, as a result of

their large surface area with increased active sites and rapid electron transfer!!!%l,

(h) I Average particle size

Number of particles
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Figure 4.4: (a) TEM image of the HEO-R-500; (b) high resolution image (1) of HEO-R-500; (c)
Enlarged image of diffraction pattern of fig (b); (d) Enlarged image of diffraction pattern of fig
(b); (e) high resolution image (2) of HEO-R-500; (f) Enlarged image of diffraction pattern of fig

(e); (g) SAED pattern; (h) Particle size distribution histogram of HEO-R-500.
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The STEM-EDS mapping has been performed to analyze the dispersion of the elements in
the HEO-R-500 (Figure 4.5). A uniform dispersion of Ru, Sn, Ti, and V has been observed, while
the density of Co seems to be low. The presence of low concentration of cobalt might be due to
the incompatibility of the synthesis process, or the cobalt ion was not able to diffuse into the rutile
structure because of their difference in the cationic radii. Additionally, TEM point EDS analysis
confirms the presence of all the elements similar to the HEO-R-350, but with a difference in their

concentration, that might be because of the high calcination temperature (Table 4.2).

Figure 4.5: STEM-EDS mapping of HEO-R-500.

Table 4.2: Atomic percentage (at%) of HEO-R-500 analyzed
through TEM point EDS analysis.

Elements Atomic percentage (at%)
Ru 9.87
Sn 7.03
Ti 22.33
\Y 8.22
Co 0.14
O 52.41
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When the temperature was increased to 700 °C, highly crystalline particles with increase in
the particle size has been observed (Figure 4.6). The observed particles are two to three times
bigger than the particle size of HEO-R-500, which might result in decreased catalytic activity.
Table 4.3 lists the concentration of the elements presents in HEO-R-700, obtained through the
EDS analysis. Comparing to the HEO-R-350 and HEO-R-500, the elemental concentration in
HEO-R-700 is highly non-equimolar. It can be observed that, the non-equimolar ratio increases
with an increase in the calcination temperature, along with the formation of multiple phases.
However, high temperature calcination is necessary to remove the amorphous phase and also to

obtain crystalline metal oxides.

Figure 4.6: (a and b) TEM images of HEO-R-700.

Table 4.3: Atomic percentage (at%) of HEO-R-500 analyzed through TEM point EDS
analysis.
Elements Atomic percentage (at%)

Ru 41.33

Sn 8.56

Ti 7.53

\Y 17.95

Co 0.31

) 24.31
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The surface states of HEO-R-500 are analyzed through X-ray photoelectron spectroscopy
(XPS), and the elements Ru, Ti, Sn, V, and Co are observed in the complete survey spectrum
shown in the Figure 4.7. The Ruthenium 3d spectrum is shown in Figure 4.8 (a). The peaks
present at 284.98 eV and 280.93 eV are assigned to the Ru 3d32 and Ru 3ds2 of Ru*" oxidation
state. The intensity of Ru 3ds.2 is much less than Ru 3ds/2, contradictory to the observed spectrum
for pure RuO2. The decreased intensity is because of the addition of other metals resulting in
smaller content of Ru in the composite, as compared to the pure RuOz. The satellite peak observed
at 286.65 eV also corresponds to the binding energy of Ru*' oxidation state!’® 73 127 Also, less
Ru content in a mixed oxide material is beneficial in promoting the electrocatalytic activity of the
anode as a result of charge transfer induced activation of RuO2to RuO2®" by other elements, which
has been proved in the (Rui - Tix)O2 coatings!”l. The Ti 2p spectrum shows the Ti 2p32 and Ti
2p12 of the 4" oxidation state at 458.38 eV and 463.86 ¢V (Figure 4.8 b). A small amount of Ti is
also present in the Ti*" state, noted from the satellite peak at 461.967 eV related to the Ti 2p1s2,
creating oxygen defects!® 7% 73 121,128 Qp, i present in 4+ state, confirmed by the location of peaks
with binding energies of 486.19 eV and 494.7 eV related to the Sn 3d%? and Sn 3d*? ['?l (Figure
4.8 ¢). As the binding energy is less than pure SnOz, there are high possibilities for the presence
of Sn?*, creating oxygen vacancies!3". Two valence states are found in the V 2p spectrum, in
which the peaks at 516.60 eV and 523.45 eV correspond to the V 2p*2 and V2p!? of the V#*
oxidation state. While the minor contribution of two peaks present at 517.10 eV is assigned to the
V 2p*? related to the V3* oxidation state, that might be due to the presence of a small amount of
V20s (Figure 4.8 d), originated from the air oxidation of the surface or due to the high-temperature
calcination'31-1341 The presence of cobalt is confirmed by the presence of the Co 2p in the

complete XPS survey spectrum. As the concentration of cobalt in the HEO-R-500 composite is
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much less, the intensity of the peaks is very low, making it difficult to identify the oxidation states.
The less concentration of cobalt is because of the poor diffusion of Co ions into the rutile structure.
Deconvolution of the O 1s XPS spectrum resulted in three peaks at 529.92 eV, 532.41eV, and
533.39 eV. The lower binding energy peak at 529.92 is related to the lattice oxygen because of the
metal-oxygen (M-O) bond. The peak centered at 532.41 eV corresponds to the oxygen vacancies
and surface adsorbed hydroxyl group!!?8 1351361 The peaks present at 533.39 eV raised as a result
of adsorption of water (H20) molecules!'3”! (Figure 4.8 e). Except for cobalt, a major concentration
of all the elements is present in the 4+ oxidation state and the above results confirm the successful

solid solution, which will be beneficial for increase in resistance against corrosion.

Cls Co2p
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Ru3d
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Figure 4.7: Complete XPS survey spectrum of HEO-R-500.
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Figure 4.8: XPS profiles of Ru, Sn, Ti, V, Co, and O in HEO-R-500.
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4.2 Evaluation of the electrocatalytic performance of HEO-R for CER

All the electrochemical measurements were carried out in a 100 mL H-type electrolytic cell
at room temperature (25 °C) unless otherwise specified. Chlorine (Cl2) production from saturated
acidic NaCl solution is the first and foremost important process in the chlor-alkali industry. Thus,
the electrochemical performance of HEO-R (350, 500 and 700) was evaluated in a 5 M NaCl
solution (pH=2), followed by testing in the dilute solutions (0.5 M NaCl, pH=6). To clean the
surface of the electrode and make it wet, a cyclic voltammogram (CV) was performed between
0.30 V to 1.315 V at a scan rate of 500 mV s’!, until the capacitive current on the positive and
negative peak potential regions are stable. Figure 4.9 illustrates the cyclic voltammogram profiles
of HEO-R-350, HEO-R-500 and HEO-R-700 for 50 cycles in the non-faradaic region. All the
electrodes delivered an equal oxidation and reduction current at the end of the test suggesting that,
the electrode surface is completely wet and free of impurities. The apparent fluctuation in the
measured current response in the initial cycles of HEO-R-700 might be because of the surface
coverage of metal cations with different valence states emerging from the multiple phases
confirmed by the XRD patterns. These cations undergo oxidation/reduction during the CV
resulting in fluctuating oxidation/reduction current. Even though the CV was performed in the
non-faradaic region of CER to improve electrode surface wettability, the adsorption current
measured from HEO-R-500 is higher compared to the HEO-R-350 and HEO-R-700, indicating the

presence of more active sites.
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Figure 4.9: Cyclic voltammograms for impurity removal and wetting of electrodes.

The current/voltage (i/V) values of the HEO-R-350, HEO-R-500 and HEO-R-700 were

investigated through LSV at a scan rate of 10 mV s™! in a 5 M NaCl (pH=2) electrolyte as shown

in Figure 4.10.
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Figure 4.10: LSV polarization curves of (a) HEO-R-350, (b) HEO-R-500, and (c) HEO-R-700 in
5 M Nac(l solution (pH=2), (d) Comparison of overpotential of HEO-R-300, HEO-R-500 and

HEO-R-700 to reach 10, 50, and 100 mA cm™.

Comparing all the LSV graphs (Figures 4.10 a-c), it is clear that the electrodes require a

certain period of time to get completely activated and to deliver a stable performance. It is because
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of the incomplete wetting of the electrode, the activity in the initial stage low and increases with
increase in electrode wettability during the electrochemical reaction!®). It took approximately
more than 35 LSV cycles for all the electrodes to get completely wet to reach a stable current
density and potential value. No changes in the current density values have been observed between
35 - 50 cycles, indicating the complete activation of the electrodes. Figure 4.10 (d) compares the
overpotential required for reaching 10, 50, and 100 mA cm for the fabricated electrodes. Based
on the LSV curves, HEO-R-350 requires an overpotential of 32 mV, 64 mV, and 80 mV while the
HEO-R-700 required an overpotential value of 26 mV, 56 mV, and 69 mV to reach 10, 50, 100
mA c¢cm?. Whereas, the HEO-R-500 only needed 10 mV, 42 mV, and 54 mV overpotential to
deliver 10, 50, 100 mA cm2, less than both the HEO-R-350 and HEO-R-700. The lesser activity
of HEO-R-350 is because of its less crystallinity and the presence of a mixed organic-inorganic
phase, resulting in fewer active sites, which is evident from the XRD patterns and TEM images.
Although the crystallinity of the HEO-R-700 is higher compared to the HEO-R-350 and HEO-R-
500, it delivers lower catalytic activity comparing to the HEO-R-500. It is because of the high
temperature calcination, the material lost its single phase in addition to the formation of an larger
particle sizel'?61. The presence of multi-elements in a single lattice can alter the electronic structure
of the catalyst and the cationic size difference causes an lattice constraint that creates more active
sites and oxygen vacancies!!3-201. Additionally, the presence of nanoparticles results in exposing a
large number of active sites thereby improving the CER activity of the catalyst!"® 1201 This
confirms that, the combined effect of the presence of a single phase, high crystallinity, and the
smaller particle size (> 20 nm) in HEO-R-500, is the driving force for obtaining high catalytic

activity at low overpotential.
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Nevertheless, the LSV is transient, and the current/voltage (I/V) profile obtained from them
might differ from the values measured during steady state electrolysis conditions, such as
chronopotentiometry. Even a small difference in overpotential will have a significant impact on
the energy efficiency and production cost in the industrial electrolysis process!!38l. Thus, a series
of chronopotentiometry tests were performed for HEO-R-350, HEO-R-500 and HEO-R-700 at 10,
50, 100, 200, and 300 mA cm for 300 seconds to identify the actual potential values required by

these anodes (Figure 4.11).
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Figure 4.11: Comparison of chronopotentiometry test of HEO-R-350, HEO-R-500, HEO-R-700,

and RuO»2-TiO2 (DSA).
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Table 4.4: Overpotential comparison between LSV and CV profiles

HEO-R-350 HEO-R-500 HEO-R-700 RuO:-TiO; (DSA)
i LSV SCV LSV SCV LSV SCV LSV SCV
(mA cm?) (mn) (n) (n) (mn) (n) (n) (m) (n)
(mV) (mV) (mV) (mV) (mV) (mV) (mV) (mV)

10 32.0 43.70 12.9 21.0 26.3 38.3 68 80

50 64.80 75.90 42.0 47.0 56.3 65.7 101 121

100 80.40 92.30 54.4 58.8 96.06 79.0 123 179
200 99.30 115.0 66.3 71.1 85.5 97.2 163 189
300 113.1 130.0 74.4 82.3 97.6 113.5 - 226

Figure 4.11 depicts that all the electrodes maintain a stable electrode potential over a range
of applied current densities (10 — 300 mA cm2). Similar to the LSV results, the HEO-R-500
requires less overpotential to reach the applied current density values compared to the HEO-R-350
and HEO-R-700. However, the difference in the service life of the electrodes in acidic NaCl
electrolytes are difficult to be analyzed from the short-term chronopotentiometry tests, because the
rate of corrosion of the electrodes is slow, as compared to the dilute electrolytes!!?¢l. Table 4.4
compares the overpotential between HEO-R-300, HEO-R-500, and HEO-R-700, where more than
10 % difference in the overpotential observed between the LSV and the short-term
chronopotentiometry tests. As the LSV technique cannot be used to obtain more accurate
current/potential  results, the overpotential values obtained from the short-term
chronopotentiometry tests can be used for comparison with other works®®’l. The catalytic activity
and the overpotential of the HEO-R-500 have also been compared with the state-of-art commercial

RuO:2-TiO2 dimensionally stable anodes (DSA).
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Compared to the RuO2-TiO2 (DSA), the HEO-R-500 delivers 20 times more current density
at 1.45 V (Figure 4.12 a), suggesting that the fabricated anode has more active sites available for
reaction and also an efficient electron transfer. The lower performance of the DSA is because of
the less available active sites on the surface. The overpotential comparison between the HEO-R-
500 and commercial DSA suggests that the kinetics of HEO-R-500 is superior to that of the

commercially available catalysts (Figure 4.12 b).
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Figure 4.12: Comparison between HEO-R-500 and commercial RuO2-TiO2 (DSA), (a) LSV

curves, (b) overpotential values obtained from short-term chronopotentiometry tests.

Tafel slope was calculated, as they are one of the important parameters to reveal the kinetics
of the reaction and also the mechanism of the undergoing CER. The i/V values obtained from the
short-term chronopotentiometry tests without iR correction were used, as they represent the
practical potential values for the catalytic reaction to occur. The overpotential value was calculated

in three different current density regions to understand their kinetics from lenient to rigorous
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operating conditions, such as 10 to 40 mA ¢m, 50 to 90 mA cm2, and 100 to 150 mA cm~ (Figure

4.13).
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Figure 4.13: Comparison of Tafel slope vales determined from the sampling cyclic voltammetry

test for HEO-R-350, HEO-R-500, HEO-R-700, and RuO2-TiO2 (DSA).

All the samples had a nearly similar Tafel slope value in the range of 50 mV dec! — 60 mV
dec”! in the 10 mA c¢cm™ to 40 mA c¢m current density region, with HEO-R-700 being the lowest
at 51.66 mV dec!. When the current density was increased to 50 mA ¢cm?— 90 mA cmand 100
mA cm?to 150 mA cm, the lowest Tafel slope values of 78.09 mV dec™! and 113.47 mV dec’!
were estimated for the HEO-R-500, while comparing to the HEO-R-350 (100.44 mV dec’! and
143.44 mV dec’'), HEO-R-700 (81.91 mV dec! and 134.34 mV dec™!), and the RuO2-TiO2 (DSA)

(97.53 mV dec! and 155.43 mV dec™!). This suggests that the kinetics of HEO-R-500 is superior,
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which are consistent with the LSV and short-term chronopotentiometry tests. The Tafel slope
values of the HEO-R-500 indicate that these electrodes favor the Volmer-Heyrovsky mechanism,

with the Heyrovsky step being the rate-determining step.

Further, the charge transfer resistance values were measured using electrochemical
impedance spectroscopy (EIS), as they reflect the true activity trends. The EIS values were
obtained in the faradaic region (> 1.375 V), because there are no electron transfer reactions
happening in the non-faradaic region. Figure 4.14 displays the Nyquist plot obtained from the EIS
graphs, recorded at 1.45 V vs RHE (no iR correction) in a 5 M NacCl solution (pH=2). Both the
Nyquist plot and their respective charge transfer values (Rct) mentioned in Table 4.5 signify that
the HEO-R-500 electrode has a smaller Ret compared to the other electrodes, as a result of an
efficient charge transfer kinetics. The more the active sites are present, and the more efficient will
be the electron transfer with a smaller Ret, resulting in a very high catalytic activity. It also suggests
the facilitation of the quick escaping of the Cl2 bubbles!*7!. In addition to the above, the comparison
of the measured Rt values and the double layer capacitance (Car) value can be used as an indirect
indicator of the electrochemically active surface area (ECSA). The electrode with smaller charge
transfer resistance (Rct) and higher double layer capacitance (Car) will have more active sites with

high catalytic activity3l.
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Figure 4.14: Comparison of charge transfer resistance from the EIS curves for HEO-350, HEO-

500, HEO-700, and RuO2-TiO2 (DSA).

Table 4.5: Comparison of charge transfer resistance (Rct) and double layer capacitance values

(Ca) for different anode materials

Anode material Charge transfer resistance Double layer capacitance
(Ret) (€2) (Ca)) (mF cm?)
HEO-R-350 13.3 44.37 mF cm™
HEO-R-500 2.514 70.01 mF cm
HEO-R-700 7.0 34.39 mF cm™
RuO2-TiO2 (DSA) 31.7 4.235 mF ¢cm™
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The Cai values were calculated from the i-V profiles obtained from the CV tests performed
at different scan rates, between 0.8 V - 0.9 V vs Ag/AgCl as shown in Figure 4.15. The linear
fitting values of the capacitive current densities at 0.85 V vs Ag/AgCl were 44.37 mF cm2, 70.01
mF cm?, 34.39 mF cm?, and 4.235 mF c¢cm™ for HEO-R-350, HEO-R-500, HEO-R-700, and
commercial RuO2-TiOz (DSA) (Figure 4.16). The Ca values of HEO-R-500 are nearly two times
higher than the synthesized catalysts (HEO-R-350 and HEO-R-700) and ~16 times higher than the
RuO2-TiO2 (DSA). The comparison of the Ret and Cai values indicates that, the active sites in the
HEO-R-500 are higher, emerging from the combined effect of a complex interaction between the
multi-elements present in the single phase rutile system and also the nano-particle size!% 11% 120,
1391 Furthermore, the presence of vanadium could have reduced the band gap of the composite,

thereby resulting in an efficient electron transfer!®8!,
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Figure 4.16: Linear fitting of the capacitive current densities for (a) HEO-R-350, (b) HEO-R-

500, (c) HEO-R-700, and (d) RuO2-TiO: (DSA).

Besides activity, selectivity is one of the crucial and essential parameters in CER. Under
controlled reaction conditions, if the electrode has high catalytic activity but poor selectivity, then
electrode can be considered as not suitable for industrial-scale electrolysis. In CER, the selectivity
of CI ions are affected by the parasitic OER, because of its similar operating potential window
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and the presence of favorable reactants (OH"). The electrode's affinity for oxygen evolution
reaction has been analyzed in 0.5 M H2SO4 at pH=0.3 and pH=2 conditions using LSV and short-
term chronopotentiometry tests (Figure 4.17). Comparing the potentials measured during LSV test
in 0.5 M H2S04 for OER and 5 M NaCl for CER , it can be observed that the electrodes were only
minimally active toward OER intermediates. The HEO-R-350, HEO-R-500 and HEO-R-700 had
an early onset potential for chlorine evolution in 5 M NaCl pH=2 at 1.39 V, 1.36 V and 1.37 V vs
RHE and a higher potential for OER in 0.5 M H2SO4 (pH=0.3 / pH=2) at 1.4V /1.45V,137V/
1.43 V,and 1.4 V/1.44 V vs RHE. As there is always contribution from the background capacitive
current, a fair comparison cannot be made from the transient techniques. Therefore, short-term
chronopotentiometry tests were performed at 50 mA ¢cm for CER and 10 mA c¢cm for OER. Even
at 50 mA c¢cm2, the HEO-R electrodes had an early onset potential for CER, comparing to the

higher potential required for OER even at a low current density of 10 mA ¢cm™.

The potential difference between the CER in 5 M NaCl (pH=2) and OER in 0.5 M H2SO4
(pH=2) electrolyte is >50 mV for all the electrodes. This is because of the presence of Sn in the
mixture, that not only acts as a valve metal increasing the stability of an electrocatalyst, but also
increases the overpotential of OER by weakening the chemical absorption of OH" on the (110)
plane!™, Further, doping of rutile TiO2 with transition metals such as Ru, V, and Co could have
modulated the binding energy to favor optimal selectivity for chlorine evolution reaction!®®l. These
results indicate that the HEO-R has high selectivity towards chlorine evolution reaction in

saturated chloride solutions.
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Figure 4.17: Comparison of LSV and SCV profiles for (a and d) HEO-R-350, (b and ¢) HEO-R-

500, and (c and f) HEO-R-700.
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Almost all the reported catalysts exhibit high selectivity and stability for CER, regardless of
their energy consumption in saturated NaCl solutions but they deliver poor performance in the
dilute chloride solutions. It is because, the low concentration of the chloride ions in the dilute
solutions exhibits diffusion limitations of reactants towards the electrode surface and the high pH
shifts the selectivity towards OER. The high pH not only reduces the efficiency of the electrolysis
process, but also compromises the stability of the catalyst through corrosion, causing the
dissolution of the metal species. For example, oxidation of RuO2 (Ru**) to volatile RuO4 (Ru¥")1%
251 Hence, the electrochemical performance of the catalysts was evaluated in a dilute 0.5 M NaCl

solutions at pH=6.

Figure 4.18 compares the activity of the HEO-R and DSA electrodes measured in 0.5 M
NaCl solution, and in order to maintain a constant pH at 6, 0.01 M bicarbonate salt has been added
as a buffer. Among the tested electrodes, the HEO-R-500 reached 10 mA cm at 1.614 V, whereas
higher potential was needed for HEO-R-350 (1.649 V), HEO-R-700 (1.655 V), and RuO2-TiO2
(DSA) (1.70 V). However, when the current density approached 50 mA ¢cm2, the potential required
was nearly similar for HEO-R-500 (1.705 V) and HEO-R-700 (1.710 V). Eventhough the DSA
needed higher potential (1.70 V) in the low current density region compared to the HEO-R
electrodes, the kinetics of the DSA increased comparable to the HEO-R-350 at the high current
density region (50 mA c¢m). As the potential difference at 50 mA cm between the HEO-R-500
and HEO-R-700 is very small based on the LSV curves, steady state chronopotentiometry tests
were performed at 50 mA c¢cm for one hour to monitor the potential and stability among the

catalysts.
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Figure 4.18: Comparison of LSV graphs of HEO-R-350, HEO-R-500, HEO-R-700, and RuO2-

TiO2 (DSA) in 0.5 M NacCl solution.

Figure 4.19 compares the V-t (voltage-time) curves of the synthesized catalysts obtained
from the one-hour chronopotentiometry tests at 50 mA cm2. Table 4.6 compares the increase in
potential value from the initial stage (100™ second) to the end of the reaction (3600 second). The
potential value of HEO-R-500 only increased by ~0.6 % at the end of the reaction and it is because
of the decrease in the chloride concentration. On the other hand, a constant increase in potential
value was observed for the HEO-R-350 and HEO-R-700, with a potential increase of 2.66 % and
2.5 % at the end of the reaction. The instability of the HEO-R-350 is because of the presence of an
organic-inorganic phase, that resulted in corrosion. On the other hand, the absence of a single phase
and the impure nature of HEO-R-700, resulted in poor stability. Even though the DSA required
higher potential for delivering 50 mA c¢m than the synthesized catalysts, it only had 1.73%
increase in potential at the end of the test, which is lower compared to the HEO-R-350 and HEO-
R-700. This is because of the existence of solid-solution of RuO2-TiO: in the DSA, but their
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potential increase is still higher than that of the HEO-R-500. Because of the presence of multi-
metal solid solution and enhanced active sites, the HEO-R-500 is capable of catalyzing chloride

ions in competitive oxidative environments with high stability.

Figure 4.19: Short-term chronopotentiometry test performed for one hour in dilute 0.5 M NaCl

solution (pH=06).

Table 4.6: Comparison of overpotential from short-term chronopotentiometry tests performed
for one hour in dilute 0.5 M NaCl solution (pH=06).

Electrode E(V) at 100 seconds | E(V) at 3600 seconds Percentage of increase (%)
HEO-R-350 1.762 1.809 2.66
HEO-R-500 1.719 1.729 0.6
HEO-R-700 1.756 1.801 2.5

Ru0,-TiO, (DSA) 1.817 1.849 1.73
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Further, the faradaic efficiency (FE) of the HEO-R-500 was compared with the commercial
RuO:2-TiOz2 anodes in dilute 0.5 M NaCl (pH=6 and pH=8), by quantifying the chlorine produced
through chronopotentiometry test at 50 mA cm for 180 seconds (Figure 4.20). The DPD (N,N-
diethyl-p-phenylenediamine) colorimetric test confirmed the active chlorine produced on the
surface of HEO-R-500, with a high FE of 96.0 % and 94.61 % in 0.5 M NacCl solution at pH=6
and 8. The DSA also had a high FE of 93.11 % at pH=6, but when the pH of the electrolyte was
increased to 8, the selectivity decreased to 73.98 %. The low FE of the DSA at pH=8 could be
attributed to the OER. The high FE of the HEO-R-500 at pH=6 and pH=8, further confirms their
weaker adsorption energy towards OER intermediates and optimal binding energy towards
chloride ions exhibiting high selectivity. This poor selectivity towards OER will also improve the

stability of the catalysts, by preventing corrosion through metal dissolution!™ 1,

100

Faradaic efficiency (%)
HEO-R-500
HEO-R-500

Figure 4.20: Faradaic efficiency test performed for one hour at 50 mA cm in dilute 0.5 M NaCl

solution (pH=6 and 8).
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The long-term stability of the HEO-R-500 was analyzed in a 5 M NaCl solution (pH=2) by

performing chronopotentiometry test at jgeo = 50 mA cm? for 100 hours. The electrolyte was kept

under circulation using a peristaltic pump and was replaced every 24 hours. Figure 4.21 (a) shows

that, only a potential increase of 0.9% (13 mV) from 1.428 V vs RHE to 1.441 V vs RHE was

observed, confirming the stability of the electrode. The total energy consumed during the test was

0.359 Wh or 7.17 Wh cm. In addition, the LSV curves (Figure 4.21 b) recorded before and after

the 100-hours chronopotentiometry test shows that, the electrode retained its initial activity with

only a negligible shift in overpotential, indicating the excellent durability of the electrode. On the

whole, the HEO-R-500 exhibits enhanced catalytic activity, selectivity, and outstanding stability

towards CER in both saturated and diluted NaCl solutions, that is attributed to the combined effect

of the multi-metal interactions (Ru, Ti, Sn, V, and Co), enhanced electrical conductivity and

structural stability of the HEO-R.
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Figure 4.21: (a) Chronopotentiometry test of HEO-R-500 at jgeo = 50 mA c¢cm™ in 5.0 M NaCl

solution (pH=2) electrolyte for 100 hours; (b) LSV test of HEO-R-500 before and after the 100-

hour chronopotentiometry test at jgeo = 50 mA cm in 5.0 M NaCl solution (pH=2).
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Chapter 5.  Conclusion

5.1 Contributions to knowledge

The present study comprises the synthesis, analytical characterizations, and electrochemical
investigation of rutile structured high entropy oxides as a potential catalyst for chlorine evolution

reaction. The following contributions to knowledge are made:

e An effective CER catalyst, HEO-R-500 have been successfully synthesized through
solvothermal method at 500 °C. As synthesized HEO-R-500 contains five distributed metal
elements (Ru, Ti, Sn, V, and Co) exhibiting a single phase rutile structure and nanoparticle
size (10 - 15 nm).

e  When used in CER electrolysis, the HEO-R-500 exhibited a high catalytic activity with
small overpotential of 1.387 V, 1.417 V, and 1.429 V at 10, 50 and 100 mA c¢m™ in the
saturated 5 M NaCl (pH=2) solution. The electrode resulted in an efficient electron transfer
as aresult of small charge transfer resistance and increased active sites. The electrocatalytic
performance of HEO-R-500 is superior to the synthesized HEO-R-350, HEO-R-700 and
commercial RuO2-TiO2 (DSA). As for the stability of HEO-R-500, after a 100 hour
chronopotentiometry test at 50 mA c¢cm in 5 M NaCl (pH=2) solution, a negligible increase
in potential (0.9%) and complete initial activity retention have been observed. In dilute
electrolyte (0.5M NaCl) conditions, the HEO-R-500 exhibited a better stability and higher
faradaic efficiency (96.0 % and 94.61% at pH 6 and 8) than the commercial RuO2-TiO2
(DSA). This excellent electrocatalytic activity could be attributed to the combined effect

of the metals present in the HEO-R-500.
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e This work demonstrates that the HEOs are potential catalysts for chlorine electrolysis. They

can offer high catalytic activity and durability with small energy consumption.

5.2 Suggestions for future study

The following studies may be performed in the future to further evaluate and improve the

electrocatalytic activity of the synthesized catalysts.

1. Post analytical characterizations, such as XRD and XPS analysis, will be performed to
analyze the changes in elemental concentration and surface oxidation state of the anode
materials after the stability tests.

2. Single phase high entropy oxides can be obtained by controlling the hydrothermal and
sintering temperature. The influence of the uniform oxidation state of elements in obtaining
equimolar composition and single phase could be investigated. The influence of particle size
and elemental composition of the HEO on the electrocatalytic activity of CER could be
studied.

3. The Ru element present in the HEO-R-500 can be replaced with other active elements for
chlorine evolution, such as Ir, Pb, & Mn. The difference in activity, stability and selectivity

compared to Ru can be studied.
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