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Abstract

In this study, the IrOy-FeO, and IrO.-CoOy anodes were fabricated to improve the
current efficiency of chlorine evolution reaction (CER) in dilute chloride solutions
by lowering the activity of oxygen evolution reaction (OER). Dimensionally stable
anodes (DSAs) are regarded to be optimized electrodes for electrochlorination
owing to their excellent electrocatalytic activity for the CER and reliable stability.
However, in dilute chloride solutions, DSAs preferentially produce oxygen rather
than chlorine because of their low overpotential for OER. Considering the frequent
use of electrochlorination in dilute conditions, the poor efficiency of DSAs severely
limits their environmental and industrial applications. Although there are several
attempts to maintain a high concentration of chloride such as a continuous supply
of synthesized brine or seawater, these require additional facilities and costs.
Furthermore, in consideration of the global trend of a small-scaled, decentralized
water treatment system, electrochlorination in dilute conditions becomes
increasingly important. Therefore, this study aims to improve the
electrochlorination efficiency in dilute chloride solutions by suppressing the
competitive reaction of CER, i.e. OER.

Herein, iron oxide and cobalt oxide were used as an OER-suppressing catalyst to
improve the CER efficiency of DSAs in dilute chloride solutions. Iron oxide (FeOx)

is well-known to have an extremely slow reaction rate of OER with a high OER



overpotential. Meanwhile, cobalt oxide (Co304) was reported to have a much higher
working potential for OER than that for CER, which can be interpreted as Co3O4
has high selectivity for CER against OER. Furthermore, Co3O4 showed a relatively
larger difference in the working potential between the OER and CER compared
with other metal oxides. These characteristics of FeOx and Co3O4 can be an
indication that they have the potential to improve the CER efficiency in dilute
chloride solutions. Although there have been many trials to develop novel anodes
with various transition metals, the lifetime of the anodes was too short. Therefore,
a small amount of IrO; was used as a co-catalyst to enhance the stability of FeOx
and Co304, resulting in the IrOy'FeO, and [rO.-CoOy anodes fabricated by the
thermal decomposition method. The IrOy-FeO, and IrO.-CoOp showed superior
CER efficiency than DSAs not only in dilute chloride solutions but also in
concentrated solutions (1 mM — 2000 mM). The improvement in CER efficiency of
the anodes is attributed to the synergistic effect of suppressed OER (FeOx and
Co304) and high CER activity of IrO». The stability of the anodes also exceedingly
improved compared with that of pristine FeOx and Co30s. In addition, hazardous
byproducts formation during eletrochlorination such as CIO>~, ClO3™, and ClO4~
was also examined and confirmed to satisfy the standard for drinking water.

These results suggest that the IrOy-FeO, and IrO.-CoOyp have great potential to
expand the scope of application of the electrochlorination system, particularly in

dilute solutions.
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Chapter 1. Introduction

1.1. Research Background

Water chlorination is the essential part of water treatment which is the process of
injecting chlorine (Cl,) into water to kill microorganisms, bacteria, and viruses. The
disinfection process with chlorination prevents waterborne diseases such as cholera
and typhoid fever. In conventional chlorination, liquefied Cl, and sodium
hypochlorite solution are used to inject an adequate dose of Cl» into water. However,
safety concerns arise from the storage and transport of hazardous reagents
(Patermarakis and Fountoukidis 1990, Kraft, Stadelmann et al. 1999, Jeong, Kim et
al. 2007, Nath, Wang et al. 2011, Choi, Shim et al. 2013, Cotillas, Llanos et al. 2015,
Saha and Gupta 2017). To minimize safety problems, electrochlorination is adopted
as an alternative to conventional chlorination due to its great merit of on-site Cl»
production. Electrochlorination is an environmentally friendly, economical, and
easily operated system comprised of an anode, cathode, and power supply. Cl» is
electrochemically produced from the anode by oxidation of chloride (CI"). In
electrochlorination, the conventional dimensionally stable anodes (DSAs)
(generally refer to I[rO> and RuO>) has been considered as an optimized electrode
because of its outstanding performance in the chlorine evolution reaction (CER)
and reliable stability (Trasatti 2000, Malpass, Miwa et al. 2007, Khelifa, Aoud; et

al. 2013, Menzel, Ortel et al. 2013, Cotillas, Llanos et al. 2015, Le Luu, Kim et al.



2015, Saha and Gupta 2017). However, in dilute C1™ solutions, the current efficiency
for CER of DSA is significantly decreased due to its low overpotential for oxygen
evolution reaction (OER) and Cl -deficient environment (Kraft, Stadelmann et al.
1999, Neodo, Rosestolato et al. 2012, Grgur and Mijin 2014, Tavakkoli, Kallio et
al. 2016, Oakton, Lebedev et al. 2017). In other words, as the concentration of C1~
decreases, OER which is the competitive reaction of CER becomes dominant.
DSAs are also known as excellent electrodes for OER as well as CER. In dilute CI™
solutions, DSAs preferentially produce oxygen (O») rather than Cl,. Considering
most of the water which needs to be treated for use (domestic sewage, groundwater,
river, and lake) contains a very low concentration of Cl™, the poor effectiveness of
DSAs in dilute CI” solution severely limits environmental and industrial
applications of electrochlorination. There have been various approaches to supply
concentrated CI™ solution into electrolyzer via synthesizing saturated CI™ solution,
and mixing of seawater or brine. However, these require additional costs and
equipment (electrolytic cell, chemicals, and pump etc.) (Mendia 1982, Patermarakis
and Fountoukidis 1990, Khelifa, Moulay et al. 2004, Hooper 2005, Malpass, Miwa
et al. 2007). Furthermore, a small-scaled and decentralized water treatment system
becomes increasingly important in consideration of the global goals (“Clean Water
and Sanitation” is one of the Sustainable Development Goals (SDGs) supported by
United Nations). Therefore, it is worthwhile to enhance the current efficiency for

CER in dilute CI” solutions. The current efficiency for CER strongly depends on



several parameters including the electrode materials, pH, current density,
composition of the solution, and temperature. Among them, electrode materials are
considered as the most crucial factor. One strategy to improve the CER efficiency
is a selection of electrode materials that can suppress the competitive reaction of
the CER. In other words, materials whose reaction rate of OER is slow can be

electrode candidates for efficient Cl, production in dilute CI™ solution.

Iron oxide can be a good candidate to suppress OER because it has an extremely
slow reaction rate of OER with a high OER overpotential (Sivula, Le Formal et al.
2011, Spray, McDonald et al. 2011, Rahman and Joo 2012, Cong, Chen et al. 2014,
Fu, Jiang et al. 2014, Yang, Kang et al. 2014, Tamirat, Su et al. 2015, Zeng, Bai et
al. 2015, Carroll and Gamelin 2016). In addition, according to the previous study
(Trasatti 1984), iron oxide revealed a much higher working potential for OER than
that for CER, which can be interpreted as iron oxide has high selectivity for CER
against OER. Furthermore, iron oxide showed a relatively larger difference in the
working potential between the OER and CER compared with other metal oxides.
These characteristics of iron oxide can be an indication that iron oxide has more
potential to improve the CER efficiency in dilute Cl~ solutions than other metal
oxides. Nevertheless, to the best of our knowledge, iron oxide has not been

investigated as an OER suppressor for efficient CER in dilute CI™ solutions.

Similarly, cobalt oxide exhibited a much higher working potential for OER than



that for CER (Trasatti 1984). Although the overpotential for OER and CER of cobalt
oxide was much lower than that of iron oxide, the gap between the working
potential for OER and CER was even larger than iron oxide. This indicates cobalt
oxide also produces chlorine effectively with low energy consumption compared to

iron oxide.

There are many trials to develop electrodes with various transition metals such as
Fe, Co, Ni, Mn, and Ti (Hummelgard, Karlsson et al. 2013, Gokuladeepan and
Karthigeyan 2018, Han, Kim et al. 2020). However, most of the electrodes were
inadequate to use in practical applications due to their poor stability. There are
several reports on the enhancement of stability by mixing DSA materials (Han, Kim

et al. 2020).

In this study, iron oxide and cobalt oxide were used as an OER suppressor to
enhance the CER efficiency in dilute chloride solutions by mixing IrO> for

enhancing the stability.



1.2. Objectives of the study

To improve the current efficiency for CER in dilute CI™ solutions, the materials
which can suppress OER is proposed as an alternative electrode. Considering the
lifetime of the electrodes is the most important factor for practical use, a small

amount of DSA was added to enhance the stability.

First, iridium-iron mixed oxide electrode (0.31rOy-0.7FeO,) was fabricated to
enhance the current efficiency of CER in dilute chloride solutions. For this purpose,
the OER and CER characteristics of the FeOy, IrO», and 0.3IrOy-0.7FeQO, electrodes
were compared. To demonstrate the feasibility of the 0.31rO,-0.7FeO; electrode for
practical use, the characteristic of hazardous byproducts formation, stability, and

applications to pollutant oxidation in dilute chloride solutions were examined.

Secondly, cobalt oxide was used as another OER suppressor to verify the
hypothesis that the materials which have a large difference between the
overpotential of OER and CER have the potential to enhance the selectivity of CER.
Iridium-cobalt mixed oxide electrode (ICO) was fabricated to enhance the CER

efficiency and confirm the validity of the hypothesis.



Chapter 2. Literature Review

2.1. Decrease in efficiency for a chlorine production of

dimensionally stable anodes in dilute chloride solutions

Dimensionally stable anodes (DSAs) are the most widely used electrode in
electrochemical chlorine production such as chlor-alkali process and water
treatment due to their excellent catalytic activity and stability (Kraft, Stadelmann et
al. 1999). In Chlor-alkali process, chlorine is electrochemically produced from
DSAs in a very high concentration of chloride (almost saturated solutions) for mass
production. On the other hand, electrochlorination system for water treatment
commonly produces chlorine from naturally derived water such as a river,
groundwater, and domestic sewage. The concentration of naturally occurring varies
from 10 mg L' t0 250 mg L ™! (0.28 mM — 7 mM). Despite the frequent use in dilute
chloride solution, most of the studies were conducted using very high chloride
concentration. As Kraft et al., pointed out the lack of research on electrochlorination
in very dilute chloride solutions, they investigated the dependence of CER
efficiency on the concentration of chloride. The iridium oxide (IrO>—TaOs) and
platinum electrodes with the geometrical areas of 30 cm™ were compared in the
circulated electrolyte at 0.3 L min~'. As can be seen in Figure 2-1, the current

efficiency for CER was evaluated in the range of chloride concentration from 60



mg L' to 19000 mg L' (1.7 mM — 536 mM). Although iridium oxide showed
higher efficiency than platinum electrode at all concentrations, the current
efficiency of iridium oxide severely decreased below 5000 mg L™ (141 mM). At

60 mg L' of chloride solution, the current efficiency of IrO, was only 4.6%.
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2.2. Volcano curve of oxygen evolution reaction

The low efficiency for CER of DSAs is attributed to its low overpotential for OER.
Considering OER is the competitive reaction of CER, in dilute chloride solutions,
OER becomes more dominant as the electrode produces oxygen more easily.
According to “volcano curve” of OER reported by Trasatti (Figure 2-2), the
overpotential of OER was plotted as a function of the enthalpy change when the
metal oxide is oxidized to a higher oxidation state (Trasatti 1984). The mechanism

of OER is known as follows (Hong, Lee et al. 2020):

MO, + H20 — MOy (-OHag) + H' + ¢ (2-1)
MO,(-OHad) — MOy + H + & (2-2)
MO,:1 — MOy + 1/2 0, (2-3)

Above certain anodic potential, metal oxide (MOx) would react with water to form
adsorbed hydroxyl radical (OH a4) as the first step of OER. After that, MOx(-OH
ad) would react to form higher oxide (MOx+1) with a double bond (M=0). As the
higher oxide (MOx+1) reverts to the lower oxide, oxygen evolves.

Based on the OER mechanism, metal oxides whose transition enthalpy is much
negative such as iron oxide and cobalt oxide are easily oxidized to higher oxides

but oxygen atom is too strongly adsorbed to be released as oxygen gas, resulting in



poor OER activity. On the other hand, metal oxides with relatively positive
transition enthalpy such as PbO», NiOx, MnO;, and PtO; are unfavorable to form
higher oxide because -OHaq is too weakly adsorbed. This also causes poor OER
activity. Therefore, the metal oxides with adequate transition enthalpy such as IrO»

and RuO> would show optimal activity for OER. The optimal catalytic activity for

OER of DSAs causes a severe decrease in CER efficiency in dilute chloride solution.
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Figure 2-2. Electrocatalytic activity in O, evolution at various oxide electrodes as
a function of the enthalpy of the lower to higher oxide transition. (o) Alkaline and

(@) acid solutions are indicated (Trasatti 1984).
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2.3. Iron oxide as a suppressor of oxygen evolution

Iron oxide can be a good candidate for efficient CER in dilute chloride solutions
due to its slow reaction rate and large overpotential for OER. Iron oxide is widely
used as photoanode material for photoelectrochemical water splitting due to its
various advantages such as small band gap (2.0 eV) which can absorb visible light,
abundance, and excellent chemical stability in water (Yang, Kang et al. 2014).
Despite these advantages, iron oxide has an intrinsic drawback of the slow kinetics
of OER with large overpotential (Cong, Chen et al. 2014, Fu, Jiang et al. 2014, Yang,
Kang et al. 2014, Tamirat, Su et al. 2015, Zeng, Bai et al. 2015, Carroll and Gamelin
2016). Plenty of research has been conducted to enhance the kinetics of OER by
modifying its surface characteristics via various methods. At a different point of
view, however, slow kinetics for OER of iron oxide can be a clue to improve CER
efficiency in dilute chloride solutions by suppressing the competitive reaction of

CER.

From the aforementioned paper of Trasatti (Trasatti 1984), there is another
evidence that iron oxide can enhance the CER efficiency in dilute chloride solution.
As shown in Figure 2-3, Trasatti also proposed the linear correlation between OER
and CER by plotting the working potential for CER against that for OER. In other
words, the metal oxide which has a low overpotential of OER would have a low

overpotential of CER and vice versa. The author concluded that electrode materials
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barely affect selectivity for CER. However, even in that linear correlation, there is
a distinctive difference between the working potentials of OER and CER. Iron oxide
showed relatively higher OER working potential than CER compared with other
metal oxides. It can be a clue to improve the CER efficiency in dilute chloride
solutions. The author also added that the situation may differ in low concentration
of chloride. Not only iron oxide but also cobalt oxide can be another candidate for
improving CER efficiency in dilute chloride solution. Although the overpotential
for OER of cobalt oxide is not as high as that of iron oxide, the difference between
the OER and CER working potential is comparably large as that of iron oxide. This
implies that cobalt oxide can enhance the CER selectivity as effectively suppress

OER.
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2.4. Requisite for the reliable stability of the electrodes

Lifetime is one of the most important requisites of the electrode. Two ways for the
loss of the electrocatalytic activity were suggested as follows (Pani¢, Dekanski et

al. 2000, Yi, Kangning et al. 2007):

1. the simultaneous electrochemical oxidation of active material forming the

soluble products that move to the electrolyte

2. the formation of insulating TiO- layer at the substrate/coating interface which

grows by oxidation of the Ti substrate with oxygen

Based on the deterioration mechanism, adsorption/desorption of oxygen atom
should be fast and reversible for a long lifetime (refer to Equation (2-1) — (2-3)),
otherwise side reactions such as oxidation of active material and substrate would
occur. This is the reason that DSAs show reliable stability. Between IrO; and RuO»,
IrO2 is known to be more stable because the soluble product of IrO> (IrO3) is less

favorably formed than that of RuO> (RuO4) (Moser, Mondelli et al. 2013).
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2.5. Volcano curve of chlorine evolution reaction

To elucidate the electrocatalytic activity for CER, Zeradjanin et al. proposed the
volcano curve of CER by utilizing the vibrational frequency of the crystal lattice as
a dynamic descriptor instead of the thermodynamic descriptor as transition enthalpy
(Figure 2-4) (Zeradjanin, Menzel et al. 2012). They insisted that the formation of
an OHaq layer resulting from water is a prerequisite for CER based on the sluggish

CER in non-aqueous solutions. The pathways for CER is known as follows:

MO, + H20 — MOy (-OHag) + H' + ¢ (2-4)
MO,(-OHad) + CI” — MOy (‘OHClag) + ¢~ (2-5)
MO,(-OHCl,g) + CI” + H" — MO, + Cl, + H20 (2-6)

Based on the pathways for CER, the authors suggested the importance of the
nature and strength of the interaction between a metal oxide and adsorbed oxygen
from the water molecule (:OHaq). In addition, Rossmeisl et al. also suggested that
the binding energy between the metal atom in metal oxide and adsorbed oxygen
atom is a universal catalytic descriptor for the CER and OER (Hansen, Man et al.
2010). Zeradjanin et al. suggested that the vibrational frequency in the CI-O bond
should be very similar to that of M—O for optimal CER, considering the timescales

of electron transfer and vibrations are similar, a vibrational energy change would
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easily happen if the two vibrational wave functions are more overlapped. The
authors compared the vibrational frequency of metal oxides with that of C1-O using
Raman spectroscopy and plotted the volcano curve of CER. As shown in Figure 2-
4, the metal oxides whose Raman shift is similar to CI-O such as IrO; and RuO;

would exhibit excellent CER activity.
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the Raman shift of the CI-O bond vibration of HCIO in aqueous solution

(Zeradjanin, Menzel et al. 2012).
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2.6. Necessity of arsenite oxidation process

Arsenic contamination in groundwater has been a serious problem in many
countries including India, Bangladesh, Argentina, USA, Taiwan, and Japan, etc
(Lakshmipathiraj, Prabhakar et al. 2010). Since the prolonged intake of arsenic
from drinking water causes lung cancer, neurological disorder, and hyperkeratosis,
the World Health Organization (WHO) recommends that the maximum
concentration of arsenic in drinking water should be lower than 10 pL™' (Sorlini
and Gialdini 2010, Lacasa, Canizares et al. 2012). However, several hundred

billions people still drink contaminated water with arsenic above the WHO standard.

Arsenic in groundwater generally occurs from the dissolution of arsenic minerals.
The main forms of arsenic are inorganic arsenite (As(Ill)) and arsenate (As(V)). In
groundwater, arsenite is predominantly present due to its anaerobic condition.
Arsenite is known to be 60-times more toxic than arsenate (Du, Zhang et al. 2013).
In addition, arsenite is much more difficult to remove with conventional treatment
such as coagulation—filtration, adsorption, and ion exchange because arsenite exists
as the non-ionic H3AsOs3 up to pH 9.2. On the other hand, arsenate exists as the

arsenate anions (H2AsO4 , HAsO4>", and AsO4*") above pH 2.2. Therefore, arsenite

oxidation to arsenate is a prerequisite for effective arsenic removal. Strong oxidants
are generally used to oxidize arsenite because the oxidation rate of arsenite is

extremely sluggish. Among various oxidants, chlorine is reported as an effective
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reagent (Sorlini and Gialdini 2010). Alum precipitation is known as the most
effective arsenic removal process if an oxidant is added ahead below pH 7 (Kartinen
Jr and Martin 1995). Figure 2-5 shows the effect of chlorine dose on the removal
efficiency of arsenic using alum. After the oxidation process with chlorine below
pH 7, about 90% of arsenic was removed by alum precipitation. On the other hand,
only 10% of the arsenic was removed without chlorine. Only 10% of the arsenic

was removed without chlorine
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Figure 2-5. Effect of chlorine dose on the removal efficiency of arsenic using alum

(Kartinen Jr and Martin 1995).
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Chapter 3. Iridium-iron mixed oxide electrode as a highly
efficient electrode for electrochlorination in dilute

chloride solutions

3.1. Introduction

To improve the CER efficiency of DSA in dilute chloride solution, iron oxide was
adopted as a co-catalyst to suppress OER because it has an extremely slow reaction
rate of OER with a high OER overpotential (Sivula, Le Formal et al. 2011, Spray,
McDonald et al. 2011, Rahman and Joo 2012, Cong, Chen et al. 2014, Fu, Jiang et
al. 2014, Yang, Kang et al. 2014, Tamirat, Su et al. 2015, Zeng, Bai et al. 2015,
Carroll and Gamelin 2016). In addition, according to the previous study (Trasatti
1984), iron oxide had a much higher working potential for OER than that for CER,
which can be interpreted as iron oxide has high selectivity for CER against OER.
Furthermore, iron oxide showed a relatively larger difference in the working
potential between the OER and CER compared with other metal oxides. These
characteristics of iron oxide can be an indication that iron oxide has more potential
to improve the CER efficiency in dilute Cl~ solutions than other metal oxides.
Nevertheless, to the best of our knowledge, iron oxide has not been investigated as

an OER suppressor for efficient CER on DSA, especially in dilute Cl™ solutions.
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Therefore, in this study, we aimed to improve the CER efficiency of IrO> as a
representative of DSA in dilute C1™ solutions by addition of iron oxide (FeOx) as a
co-catalyst and to elucidate the electrocatalytic behavior of the iridium-iron mixed
oxide electrode (0.3IrOy-0.7FeO,). The formation characteristic of hazardous
inorganic byproducts and lifetime of the 0.3IrOy:0.7FeO, electrode were also
investigated to confirm the viability for practical use. In addition, the feasibility of
environmental application for electrochlorination was also demonstrated through
the arsenite oxidation process, ammonium removal, and direct electrolysis of tap

water.
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3.2. Materials and methods

All chemicals were of reagent grade and were purchased from Sigma-Aldrich Co.
and used without further purification. Deionized (DI) water (18.2 MQ-cm, Milli-

Q® Direct 8 system, Merck Millipore, MA, USA) was used to prepare the solutions.
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3.2.1. Preparation of the electrodes

The electrodes for CER were fabricated with a working area of 1 cm X 1.5 cm by
thermal decomposition. To fabricate the FeOx, IrO>, and RuO; electrodes, the

precursor solutions of the electrodes were prepared as follows: 1.6 g FeCls, 0.8 g

IrCl3'xH20, and 0.5 g RuCl3-xH>O were respectively dissolved in a solvent

comprising 5 mL DI water and 5 mL ethanol. In addition, the iridium-iron mixed
oxide electrodes were fabricated with various volume percentages (v/v%) of the
precursor solutions of FeOy and IrO> (1%, 3%, 5%, 10%, 40%, 70%). Titanium foil
(T1) as a substrate was sandpapered and etched in 37% HCI at 60 °C for 30 min.
The substrate was rinsed with DI water and dried. The precursor solution (33 pL)
was poured onto the Ti substrate and spin-coated using a spin-coater (Model WS-
400BZ-6NPP/Lite, Laurell Technologies Co., PA, USA) for 15 s at 100 rpm. The
electrodes were dried at 100 °C to evaporate the solvent for 5 min and annealed at
500 °C for 5 min. The spin-coating and annealing processes were repeated four
times. Finally, the electrodes were annealed at 500 °C for 4 h under atmospheric
conditions.

To compare the iridium-iron mixed oxide electrodes and a simple mixture of FeOx
and IrO», the simple mixture electrode of FeOx and IrO; (FeOx+1rO;) was fabricated
as follows. The bottom part (1.0 cm x 0.4 cm) of the as-prepared FeOx was scraped

and etched in 37% HCl at 60 °C for 20 min. After rinsing with DI water and drying,
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the precursor solution of IrO> was spin-coated. The electrode was dried at 100 °C
for 5 min and annealed at 500 °C for 5 min. The spin-coating and annealing

processes were repeated four times. Finally, the electrode was annealed at 500 °C

for 4 h.
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3.2.2. Characterization of the electrodes

The microstructures and chemical compositions of the as-prepared electrodes were
investigated by field emission scanning electron microscope (FE-SEM) coupled
with an energy-dispersive X-ray spectroscopy (EDS) system (JSM-7800F Prime,
JEOL Ltd, Japan). The crystal structure of the electrodes was determined using an
X-ray diffractometer (SmartLab, Rigaku, Tokyo, Japan) with Cu Ka radiation (40
kV, 250 mA) in the 20 range of 10° — 80° at a scan rate of 2° s”!. The surface
characteristics of the electrodes were analyzed using X-ray photoelectron
spectroscopy (XPS) performed in an UHV multipurpose surface analysis system
(Sigma probe, Thermo, UK) operated at a base pressure of less than 10~ mbar. The
photoelectron spectra were excited by an Al Ka (1486.6 eV) anode operating at a
constant power of 150 W (15 kV and 10 mA). Raman spectroscopy measurements
were conducted to plot the so-called “volcano curve” of CER with a Raman
spectrometer (DXR2xi, laser wavelength of 532 nm). To measure the vibration of
the CI-O bond, the hypochlorous acid sample was prepared electrochemically with

IrO2 in 10 mM NaCl at a current density of 10 mA c¢cm 2 for 20 min.
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3.2.3. Electrochemical measurements

Electrochemical impedance spectroscopy (EIS) was conducted using a
potentiostat (VersaSTAT 3, Princeton Applied Research, USA). The rest of
electrochemical experiments were performed using a battery cycler (WBC3000,
WonATech, Seoul, Korea). Linear sweep voltammetry (LSV), EIS, and electrode
potential measurements were conducted using a three-electrode system. A Pt
electrode was used as a counter electrode, and an Ag/AgCl (KCl sat.) electrode was
used as the reference electrode. The rest of the experiments were conducted with a

two-electrode system with a Pt electrode unless otherwise stated.

3.2.3.1. Electrochemical chlorine evolution

The experiments for CER on iridium-iron mixed oxide electrodes, IrO>, and FeOx
electrodes were performed at a current density of 10 mA cm 2 for 5 min in a 30 mL
aqueous solution at a stirring rate of 200 rpm. The concentration of Cl, was
measured as total chlorine using the N,N-diethyl-p-phenylenediamine (DPD)
method with a colorimeter (DR 900, HACH Co., USA). The current efficiency for

CER was calculated as follows:

Current efficiency for CER (%) = (C-V-n-F) / (j-A-t) x 100 (3-1)
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, where C is the concentration of Cl> (mol L"), ¥V is the volume of the solution (L),
n is the number of electrons participating in CER (2 equiv. mol™!), F is the Faraday
constant (96485 C equiv.™!), j is the current density (A cm2), 4 is the area of the

electrode (cm?), and ¢ is the electrolysis time (s).
3.2.3.2. Linear sweep voltammetry

To investigate the electrocatalytic activity for CER and OER, LSV was performed
at a scan rate of 2 mV s™! in the potential range of 0.8 V to 1.6 V (vs. Ag/AgCl).
The onset potential in LSV was defined as the potential at a current density of 0.5
mA cm 2. To explicate the behavior of the as-prepared electrodes for CER and OER
in a concentrated solution, 2 M NaCl and 2 M NaNOs aqueous solutions were used,
respectively. On the other hand, in a dilute C1™ solution, it is difficult to distinguish
CER from OER due to the co-occurrence of both reactions. Therefore, 10 mM HC1
and 10 mM HNOs solutions were used to distinguish between the two reactions
because the OER can be more suppressed at lower pH value (Sohrabnejad-Eskan,

Goryachev et al. 2017, Vos, Liu et al. 2019).
3.2.3.3. Long-term stability test

The stability test was performed in the tap water of Seoul, Korea, at a current
density of 20 mA cm 2. The tap water was supplied directly and continuously to the

system. The Cl> production rate was calculated as follows:
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Cl, production rate (mg h™') = Cl» concentration (mg L™!) x flow rate (L h™!) (3-2)
3.2.3.4. Accelerated stability test

To examine the stability of iridium-iron mixed oxide electrodes, an accelerated
stability test was conducted in 30 mL of 0.5 M H>SOs solution at 0.5 A cm 2 for

200 hours with Pt counter electrode
3.2.3.5. Cyclic voltammetry

To measure the electrochemically active surface area, cyclic voltammetry (CV)
was conducted in 50 mM NaCl in the potential range of 0.2 — 1.0 V at a scan rate

of 20mV s '
3.2.3.6. Electrochemical impedance spectroscopy

EIS was conducted in 2 M NaCl and 2 M NaNOs at 1.4 V (vs. Ag/AgCl) with 10
mV amplitude covering the frequency region of 50 Hz — 50000 Hz to measure

charge transfer resistance (R¢) for CER and OER.
3.2.3.7. Byproducts formation

To evaluate the safety of the iridium-iron mixed oxide electrodes, the
characteristics of byproducts formation were investigated. Electrochlorination was
conducted in 30 mL of 4 mM NacCl at various current densities of 5, 10, 20, and 30

mA cm 2. The produced byproducts (chlorite, chlorate, perchlorate) were measured
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with ion chromatography (DX-120, Thermo Fisher Scientific Inc).
3.2.3.8. Arsenite oxidation

To demonstrate the feasibility of the application of electrochlorination system to
arsenite oxidation, the experiment was conducted with an initial concentration of
300 uM of NaAs(III)O: with varying the supporting electrolyte at a current density
of 10 mA cm 2. To investigate the effect of chlorine on arsenite oxidation, the
electrolysis was conducted in 1 mM NaCl or I mM NaNOs. In addition, arsenite
oxidation was conducted in 1 mM, 10 mM, and 20 mM NacCl to investigate the
effect of chloride concentration on arsenite oxidation rate. The concentration of
arsenic was measured using a molybdenum blue method with a UV/Vis
spectrometry at a wavelength of 865 nm (Agilent 8453, Agilent, USA) (Tsang, Phu

et al. 2007).
3.2.3.9. Ammonium removal

Ammonium removal in a dilute chloride solution was performed in 30 mL of 1
mM NH4Cl aqueous solution at a current density of 10 mA c¢cm 2 to examine the
feasibility of 0.3IrOy-0.7FeO, for water treatment in domestic sewage. Ammonium
ions were measured by ion chromatography (ICS-1100, Thermo Fisher Scientific

Inc).
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3.3. Results and Discussion

3.3.1. Characterization of the FeOx electrode

To confirm the formation of the iron oxide, iridium oxide, and ruthenium oxide on
Ti substrate, the crystal structure of the electrodes was analyzed with XRD (Figure
3-1). From the XRD data of the as-prepared iron oxide electrode in Figure 3-1a, it
appears that iron oxide was comprised of Fe;O3 (hematite), FesO4 (magnetite), and
Feo.9s0 (wiistite) (JCPDS PDF# 79-1741, 65-3107, 79-1967). Figure 3-1b and c
show that iridium oxide and ruthenium oxide were well fabricated in the form of

IrO2 and RuO», respectively (JCPDS PDF# 71-4827 and 75-4303).

Figure 3-2 shows the surface characteristics of the FeOx electrode examined using
SEM and EDS. As shown in Figure 3-2a, FeOx nanoparticles clustered on the Ti
substrate. From the EDS mapping data (Figure 3-2b and c), it can be seen that FeOx
nanoparticles are evenly distributed on the Ti substrate. Figure 3-2d shows that the

composition of FeOx was Feo.4700.53.
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Figure 3-1. X-ray diffraction patterns of the as-prepared FeOx, IrO2, and RuO:
electrode (JCPDS PDF# 79-1741, 65-3107, 79-1967, 71-4827, and 75-4303,

respectively).
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Figure 3-2. (a) SEM image, (b) EDS mapping data of the as-prepared FeOx

electrode regarding (b) Fe and (c) O, and quantitative analysis.
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3.3.2. Chlorine evolution efficiency of the FeOx electrode

Figure 3-3 illustrates the current efficiency for CER of the FeOx, IrO,, and RuO»
electrodes at various concentrations of NaCl aqueous solution (1 mM — 2000 mM).
The FeOx electrode showed an outstanding performance of the CER at all ranges of
chloride concentrations comparable to that of IrO,, which is well-known as a
superior electrode for CER. On the other hand, RuO; known as one of the
representative electrodes of DSAs revealed inferior current efficiency for CER at
all concentrations. The current efficiency for CER of DSAs (IrO> and RuO»)
drastically decreases below the chloride concentration of 200 mM. At the level of
fresh water (below 7 mM of chloride concentration), DSAs barely produce chlorine.
Interestingly, the current efficiency for the CER of FeOx is much higher than that
of IrO> and RuO; in the dilute chloride solution (1 mM to 20 mM NaCl). In
particular, at a chloride concentration of 1 mM, the current efficiency for CER of
FeOx (16.8%) is 5 times higher than that of IrO (3.2%), and 20 times higher than

that of RuO» (0.8%).
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3.3.3. Characteristics of CER and OER of the FeOx electrode

To elucidate the efficient electrocatalytic property of FeOx for the CER in a dilute
chloride solution, LSVs on FeOx and IrO, were measured (Figure 3-4). Note that
the red and blue colors represent FeOx and IrO,, respectively, and the filled and
empty symbols represent the electrolyte in the presence and absence of chloride,
respectively. In the concentrated solution (Figure 3-4a), the current density in the 2
M NaNOs solution originates from the OER, whereas the current density in 2 M
NaCl can be assumed to originate from the CER considering that the current
efficiencies for CER of FeOx and IrO; are over 90% in 2 M NaCl. As shown in
Figure 3-4a, FeOx exhibits higher overpotentials for CER and OER compared with
IrO., which is confirmed by the onset potentials for each reaction. In particular, the
onset potential for OER is far higher on FeOx (1.4 V) than IrO> (1.1 V), indicating
that FeOx exhibits much slower reaction kinetics for OER than IrO;. Furthermore,
it should be noted that the difference in onset potential between CER and OER is
significantly high for FeOx (172 mV). Considering OER is the competitive reaction
to CER, the large potential difference implies that FeOx has good selectivity for
CER over OER. On the other hand, IrO; begins to generate Cl and O with a very
low onset potential of 1.1 V, implying that IrO; has fast kinetics, not only for the
CER but also for the OER. Meanwhile, IrO; leads to a much higher current increase

in CER than in OER, implying that IrO2 shows a high current efficiency for CER
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in chloride-rich environments owing to its extremely fast reaction rate for CER
compared with that for OER. In the dilute chloride solution (Figure 3-4b), FeOx
exhibits a large difference of 70 mV in the onset potential between CER and OER,
whereas IrO; exhibits no difference. This indicates that FeOx shows a relatively
higher selectivity for CER, while IrO> mostly produces OER in dilute chloride
solutions. The electrocatalytic behavior of RuO» is very similar to that of IrO»
(Figure 3-5). The results suggest that in a chloride-deficient environment, the
current efficiency for CER is greatly affected by slow OER kinetics and the large
difference in onset potential between CER and OER, as compared with fast CER

kinetics.
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Figure 3-4. Linear sweep voltammograms of FeOx and IrO; (a) in highly
concentrated aqueous solutions (NaCl (2 M) and NaNOs (2 M)) and (b) in dilute

solutions (HC1 (10 mM) and HNOs (10 mM)), respectively (scan rate: 2 mV s }).
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Figure 3-5. Linear sweep voltammograms of the RuO» electrodes (a) in the highly
concentrated aqueous solutions (NaCl (2 M) and NaNOs3 (2 M)) and (b) in the dilute

solutions (HCI (10 mM) and HNOs (10 mM)), respectively (scan rate: 2mV s ).
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3.3.4. Stability of the FeOx electrode

Figure 3-6 shows the voltage profiles of the FeOx-Pt and IrO,-Pt systems during
the tap water electrolysis to examine the long-term stability of FeOx compared with
IrO,. The composition of the tap water is listed in Table 3-1. The voltage profile of
the FeOx-Pt system drastically increased within 20 h indicating the loss of the
electrocatalytic activity of the FeOx electrode. On the other hand, the voltage profile
of the IrO»-Pt system was stably retained over 28 days. This result shows that the
lifetime of the FeOx electrode is too short and inadequate for practical use. It can
be concluded that the long-term stability of the FeOx electrode should be improved

for the successful practical use of electrochlorination.
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Figure 3-6. Voltage profiles of the FeOx—Pt and IrO,—Pt systems during the

electrolysis of tap water in Seoul, Korea (current density: 20 mA cm 2).
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Table 3-1. Composition of tap water in Seoul, Korea.

[CIT] (mM) 0.75
[SO42] (mMM) 0.15
[NOs] (mM) 0.15

[Na*] (mM) 0.52

[K*] (mM) 0.06
[Mg?*] (mM) 0.33
[Ca®] (mM) 0.62

pH 7.5
Residual Clz, Ci, (mg L™) 0.03
Conductivity (mS cm™) 0.217
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3.3.5. Fabrication of the iridium-iron mixed oxide electrodes

Our strategy for improving the long-term stability of the FeOx electrode is the
introduction of IrO; as a co-catalyst, which is very stable and well-known as a
mediator for electron shuttling in mixed oxide electrodes. The iridium-iron mixed
oxide electrodes were fabricated with various composition ratios. Figure 3-7a
shows the current efficiency for CER of the iridium-iron mixed oxide electrodes.
Interestingly, the iridium-iron mixed oxide electrodes showed far improved CER
efficiency than pristine IrO> and FeOx electrodes. Among them, the electrode with
70 at.% of Fe (Fe:Ir = 70:30) showed the most efficient CER performance. Figure
3-7b illustrates the voltage profiles of the iridium-iron mixed oxide electrodes with
Pt counter electrode during the accelerated stability test in 0.5 M H2SOg4 at 0.5 A
cm 2. Except for the electrode with the smallest Ir component (92 at.% of Fe), all
electrodes stably retained their voltage profiles. After the accelerated stability test,
the current efficiency for CER was measured under the same experimental
conditions. Although there was overall deterioration in CER performance, the
electrode with 70 at.% of Fe maintained the highest CER efficiency. As a
representative of the iridium-iron mixed oxide electrodes, the electrode with 70 at.%
of Fe was chosen to investigate CER performance and electrocatalytic behavior

resulting from the addition of FeOx into IrO».
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Figure 3-7. (a) Current efficiency for the CER of the iridium-iron mixed oxide
electrodes with various atomic ratios (Fe:Ir) (1 mM NaCl, current density of 10 mA
cm 2). (b) Voltage profile during the accelerated stability test of the iridium-iron
mixed oxide electrodes with Pt counter electrode (0.5 M H2SOs, 0.5 A cm cm 2.).
(c) Current efficiency for the CER of the iridium-iron mixed oxide electrodes after

the accelerated stability test (1 mM NaCl, current density of 10 mA cm2).

45



3.3.6. Characterization of the 0.3IrOy-0.7FeO; electrode

From the quantitative analysis with EDS (Figure 3-8a), the iridium-iron mixed
oxide electrode with 70 at.% of Fe will be denoted as 0.3IrOy-0.7FeO.. Figure 3-8
b, ¢, and d confirm that Ir and Fe components were evenly distributed in the
0.3IrOy-0.7FeO, electrode. Figure 3-9a represents the XRD patterns of the
0.3IrOy-0.7FeQ, electrode, mainly showing the characteristic peaks of IrO2, Fe;0s,
and Ti. Figure 3-9b, c, and d show the SEM images of 0.31rOy-0.7FeO,, IrO, and
FeOy, respectively. 0.31rOy-0.7FeO, shows uniform nano-grains onto the electrode
surface. Considering the IrO> and FeOx electrode surfaces, it seems that the IrO»
nanoparticles are evenly distributed on the FeOx particles. This leads to an
improvement in electrochemically active surface area of 0.31rOy-0.7FeO, compared
with that of IrO, and FeOx (Figure 3-10). Integrated charge in CV has been regarded
as an indicator of electrochemically active surface area. 0.31rOy-0.7FeO, showed
the highest current response during CV, followed by IrO, and FeOx. From the CVs,
integrated charge of 0.31rOy-0.7FeQ,, IrO,, and FeOx was 8.8 mC cm 2, 5.5 mC

2

cm 2, and 0.1 mC cm 2, respectively (Figure 3-10b). These results imply that

0.3IrOy-0.7FeO, has the largest electrochemically active surface area.

46



(a)

Element Atomic percent (%)

Ir 11
Fe 25
O 64

Figure 3-8. EDS data of the iridium-iron mixed oxide electrode with 70 at.% of

Fe: (a) quantitative analysis, (b) SEM image, and EDS maps of (c¢) Ir and (d) Fe.
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3.3.7. Chlorine evolution efficiency of the 0.3IrOy:0.7FeQO: electrode

The performance for CER of the 0.3IrOy-0.7FeO, electrode was further
investigated at various chloride concentrations (Figure 3-11a). In the dilute CI™
solution (1 mM to 20 mM NacCl), the current efficiency for CER of 0.3IrOy-0.7FeQO,
(28% — 79%) is much higher than that of IrO2 (3% — 33%). Furthermore, the
0.3IrOy-0.7FeQ, electrode exhibits notably higher current efficiency for CER than
the other electrodes in concentrated Cl™ solutions as well. It might be attributed to
the synergistic effect of and FeOx (slow reaction rate of the OER) and IrO, (fast
reaction rate of the CER), which is discussed further below. Prior to the discussion,
it should be noted that the simple mixture electrode of FeOx and IrO> exhibited an
intermediate value of CER efficiency between that of FeOx and IrO; (Figure 3-11b).
This implies that the improvement in CER efficiency of 0.3IrOy-0.7FeO; is not only

ascribed to simple mixing of FeOx and IrO;.
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3.3.8. OER and CER characteristics of the 0.3IrOy-0.7FeQ;, electrode

To elucidate the efficient electrocatalytic property of 0.31rOy-0.7FeO, for CER in
adilute Cl” solution, the OER and CER characteristics of the 0.31rOy-0.7FeOy, IrO2,

and FeOx were investigated with LSV, EIS, XPS, and volcano curve.

3.3.8.1. Linear sweep voltammetry

Figure 3-12 illustrates the LSV curves of 0.31rOy-0.7FeO;, in concentrated and
dilute solutions, respectively. Note that the filled and empty symbols represent the
electrolyte in the presence and absence of CI™, respectively. As shown in Figure 3-
12a, the LSV curve of 0.3IrOy-0.7FeO; in 2 M NaCl revealed a steeper slope and
lower overpotential than in 2 M NaNOs;. Since CER and OER are dominant
reactions in 2 M NaCl and 2 M NaNOs, respectively, 0.3IrOy-0.7FeO, exhibits a
higher electrocatalytic activity for CER than OER. The LSV of the 0.31rOy-0.7FeO,
electrode in 2 M NaCl was nearly identical to that of IrO, (Figure 3-4). Particularly,
in 2 M NaNOs, 0.3IrOy-0.7FeO, reveals lower current density and higher
overpotential compared with IrO> indicating OER is more suppressed on
0.31IrOy-0.7FeQ; than IrO;. Considering the current flow means reaction kinetics in
LSV, it can be assumed that 0.31rOy-0.7FeO; has fast reaction kinetics for CER with
suppressed OER kinetics. In addition, the larger difference between LSV curves in
two different solutions implies an improvement of the selectivity for CER because

OER is the competitive reaction to CER. It is also verified in the dilute solutions
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(Figure 3-12b). As can be seen in Figure 3-12b, 0.3IrOy-0.7FeO, shows a similar
trend of LSV curves in the dilute solutions with that in the concentration solutions,
namely, an evident difference between LSV curves in two different solutions. This
means that 0.31rOy-0.7FeO, also exhibits good selectivity for CER in dilute CI™
solution. The OER suppression on 0.3[rOy0.7FeO, originates from FeOx
component which can be confirmed with LSVs of FeOx (Figure 3-4). These results
suggest that 0.3IrOy-0.7FeO, has amphoteric characteristics including FeOx-like
(slow OER kinetics) and IrO»-like (fast CER kinetics) aspects, resulting in efficient

CER behavior.
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3.3.8.2. Charge transfer resistances for CER and OER of the 0.31rOy:0.7FeO;,

electrode

These amphoteric characteristics of 0.3IrOy-0.7FeO, were also supported by EIS
analysis (Figure 3-13). Figure 3-13a, b, and c respectively illustrate Nyquist plots
0f 0.31rOy-0.7FeOy, IrO2, and FeOx in 2 M NaCl and 2 M NaNOs. From the Nyquist
plots, Rt was calculated by fitting a simple Randles circuit and listed in Table 3-2.
In 2 M NaCl, 0.3IrOy-0.7FeO, showed the same R value with IrO; of 0.35 Q. On
the other hand, R¢; of 0.31rOy-0.7FeO in 2 M NaNO3 (6.08 Q2) was twice as high as
that of IrO> (3.06 Q). As previously stated, the anodic reaction in 2 M NaCl and 2
M NaNO3 can be assumed as CER and OER, respectively. Therefore, it can be
concluded that 0.31rOy-0.7FeO; has the same Rt for CER and higher R¢c for OER
compared with IrO2, leading to enhancement of CER efficiency. It appears that the
high Rt for OER of 0.3IrOy-0.7FeQy is attributed to a remarkably high Rt value of
FeOy for OER (2738 Q). It appears that the high R¢ for OER of 0.31rOy-0.7FeQ; is

attributed to a remarkably high R value of FeOx for OER (2738 Q).
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Table 3-2. R values of 0.31rOy-0.7FeO,, IrO2, and FeOx in 2 M NaCl and 2 M

NaNOs.
Ret (ohm)
0.31r0,-0.7Fe0;, IrO- FeOx
2 M NacCl 0.35 0.35 659
2 M NaNOs3 6.08 3.06 2738
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3.3.8.3. XPS analysis

The suppressed OER activity of 0.31rOy-0.7FeQO, is also confirmed by the
bonding environments examined by XPS spectra (Figure 3-14). As shown in Figure
3-14a, the peaks for Fe 2p12 and Fe 2p3.2 are observed in 0.31rOy-0.7FeO; at 724.6
eV and 711.0 eV, and in FeOyx at 723.8 eV and 710.1 eV, respectively. The peak
position of 0.3IrOy-0.7FeQ; is positively shifted compared with that of FeOx. On
the other hand, the peaks regarding Ir 4fs,» and Ir 4f7,, are negatively shifted from
64.9 eV to 64.6 eV and from 61.9 eV to 61.5 eV, respectively, compared with those
of IrO; (Figure 3-14b). This means that the electron density around the Fe atom is
lower in 0.31rOy-0.7FeO; than in FeOx, whereas the electron density around the Ir
atom is higher in 0.3IrOy-0.7FeO, than in IrO>. Consequently, the affinity of Fe
atoms with negatively charged species becomes stronger in 0.31rOy-0.7FeQ, than in
FeOy, while that of Ir becomes weaker in 0.31rOy-0.7FeO, than in IrO». Therefore,
partially negatively charged oxygen atoms (-O, -OH) associated with OER are more
easily adsorbed to Fe atoms in 0.31rOy-0.7FeO,, while being less favorable for the
adsorption to Ir atoms in 0.3IrOy-0.7FeO, (De Faria, Boodts et al. 1996, Da Silva,
Boodts et al. 2001, Hu, Zhang et al. 2004, Grgur and Mijin 2014). Therefore,
0.3IrOy-0.7FeO, exhibits suppressed OER activity similar to FeOyx as Fe atoms in

0.3IrOy-0.7FeQO, play a more important role in OER.
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3.3.8.4. Volcano curve of CER

To better understand the electrocatalytic activity of 0.31rOy-0.7FeO, for CER, the
volcano curve of CER was obtained with Raman spectroscopy analysis (Figure 3-
15). The volcano curve has been frequently used and recognized as an indicator of
the activity of the electrode reaction. The volcano curve of CER was proposed by
Zeradjanin et al., which correlates the CER activity with the vibration of the C1-O
bond as a dynamic descriptor using Raman spectroscopy. As previously reported
(Zeradjanin, Menzel et al. 2012), metal oxides whose Raman shift of the M—O bond
is similar to that of C1-O bond have an optimal catalytic activity for CER. As shown
in Figure 3-15, the Raman shift of the M—O bond of 0.31rOy-0.7FeO, is very close
to the C1—O bond just like that of IrO2, implying the 0.31rOy-0.7FeO; also has a
good condition for CER. From the LSV, XPS, and Raman spectroscopy analysis, it
can be summarized that 0.3IrOy-0.7FeO; reveals highly efficient CER behavior

resulting from superior CER activity with a suppressed OER activity.
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of the 0.3IrOy0.7FeO, (m), IrO. (A), and FeOx (o) electrodes and
electrochemically produced HCIO solution (%) (with IrOz in 10 mM NaCl at 10 mA
cm 2 for 20 min). The values of RuO2, PtO2, Co3;04, MnO2, and NiO (+) were taken
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3.3.9. Characteristic of the byproducts formation during electrochlorination of
the iridium-iron mixed oxide electrodes

To examine the safety of the iridium-iron mixed oxide electrodes, the
characteristics of byproduct formation were investigated. Chlorine readily dissolves

in water to form hypochlorous acid and hypochlorite as follows:

Clz + H,0 — HCIO + HCl (3-3)

HCIO &> H' +CIO~  pKa=7.54 at 25°C (3-4)

During the electrochlorination, hazardous inorganic byproducts such as chlorite
(ClO27), chlorate (ClO3"), and perchlorate (ClO4) can be formed as follows

(Czarnetzki and Janssen 1992):

Chlorite: HC1IO + HO — HCIO> + 2 H" + 2 ¢~ (3-5)
ClO+20H — ClO2 +H0+2¢ (3-6)

Chlorate: HCIO, + H,O — CIO3 +3H +2 e (3-7)
ClO; +20H — CIO; +HO0+2¢e” (3-8)
6 HCIO+3H,0 —-2ClO; +4ClI +12H +320,+6¢ (3-9)
6CIO"+3H0—2ClOs +4CIT +6 H ' +3/20,+6¢ (3-10)
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Perchlorate: C1O3~ + HxO — ClO4~ + 2H" + 2¢e~ (3-11)

Chlorite can cause methemoglobinemia, hemolysis, kidney failure (Goldfrank,
Hoffman et al. 2006). Chlorate is known as a neurotoxin, causing hemolytic anemia
by the destruction of red blood cells (Yoon, Cho et al. 2015). In addition, perchlorate
has a potent inhibitor of the thyroid sodium-iodide symporter (Braverman, He et al.
2005), and pulmonary toxic effects. Due to the toxicity of the byproducts, WHO
suggested through a drinking water guideline that the concentration of chlorite,
chlorate, and perchlorate should be below 700 ug L', 700 pg L', and 15 pg L',
respectively. Therefore, it is necessary to examine the safety of the electrodes when
developing novel electrode materials. The iridium-iron mixed oxide electrodes
were examined to confirm the safety for use in practical applications. Figure 3-16
shows the formation of chlorite, chlorate, perchlorate, and chlorine during the
electrochlorination from the iridium-iron mixed oxide electrodes at various current
densities. Chlorate was the most readily produced byproduct because the rate
constant of chlorate formation (Equation (3-7) — (3-8)) is much higher than that of
chlorite formation (Equation (3-5) — (3-6)), and the formation of perchlorate
(Equation (3-11)) is reported to occur at very high potential and oxygen
intermediates should be involved (Czarnetzki and Janssen 1992). The amount of
produced chlorate correlates with the amount of produced chlorine. In addition, as

the iron component in the iridium-iron mixed oxide electrodes increases, chlorate
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tends to be more produced. Iridium-rich mixed oxide electrodes (0 — 11 at.% of Fe)
produced chlorite at low current density, and FeOx also produced chlorite regardless
of the current density. Only FeOx produced the perchlorate, it might be attributed to

its high working potential than others.
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Figure 3-16. Byproducts formation during electrochlorination from the iridium-

iron mixed oxide electrodes. The concentration of (a) chlorite, (b) chlorate, (c)

perchlorate, and (d) chlorine after the electrochlorination at various current density

of 5, 10, 20, and 30 mA cm 2 (4 mM NaCl, 30 mL, consumed charge: 5.4 C)
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It is necessary to standardize the amount of the produced byproducts regarding
the amount of produced chlorine. As the Ministry of Environment of Korea
recommends that the concentration of chlorine should be above 0.1 mg L', the
amount of the produced byproducts was divided by 0.1 mg L' of chlorine.
Therefore, the standardized values of chlorite, chlorate, and perchlorate are 7, 7,
and 0.15. Figure 3-17 shows the standardized values of the produced byproducts.
After the standardization, the amount of the produced byproducts from the iridium-
iron mixed oxide electrodes was much less than the pristine IrO; and FeOx. It is
attributed to the much efficient chlorine production from the iridium-iron mixed
oxide electrodes compared with the pristine IrO> and FeOx. It was hard to find a
distinctive correlation with current density, however, it seems obvious that
perchlorate formation is proportional to the working potential (Figure 3-17). It
should be noted that the byproducts formation of all electrodes is sufficiently low
to satisfy a level of drinking water. In conclusion, the iridium-iron mixed oxide
electrodes successfully demonstrated their safety for practical use with a low ratio

of byproducts formation.
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3.3.10. Applications of electrochlorination in dilute chloride solutions
3.3.10.1. Arsenite oxidation process

There are several trials to adopt electrochlorination system for arsenite oxidation
because it is chemical-free and environmentally benign. However, it turns out to be
an inefficient, energy-consuming system because dimensionally stable anodes (IrO»,
RuOy) for electrochlorination system barely generate chlorine in groundwater-level
solution which contains a very low concentration of chloride. Therefore, it is
necessary to adopt the anode which can effectively generate chlorine in dilute
chloride solutions. Herein, 0.31IrOy-0.7FeO, was used as an electrode in
electrochlorination system for arsenite oxidation in groundwater. Figure 3-18
illustrates the arsenite oxidation rate of the 0.3IrOy-0.7FeQ,, IrO2, and FeOx during
the electrolysis in the solution with and without chloride. Note that the filled and
empty symbols represent the electrolyte in the presence and absence of chloride. In
1 mM NaCl, the 0.31rOy-0.7FeO, and FeOx electrodes exhibited much faster
oxidation rate compared with chloride-deficient solution (1 mM NaNO3). On the
other hand, the arsenite oxidation rate of IrO> was nearly identical in NaCl and
NaNO:s. According to the previous results (Figure 3-3 and 11), electrochlorination
in dilute chloride solutions is most efficient with 0.3IrOy-0.7FeQO, followed by FeOx
and IrO,. Therefore, Figure 3-18 implies that arsenite oxidation with chlorine is
much effective than direct oxidation or aeration. Arsenite oxidation reaction by

chlorine is known as follows (Sorlini and Gialdini 2010):
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H3As(II1)O3 + HCIO — H2As(V)O4s~ +2 H" + CI- (3-12)

The 0.3IrOy-0.7FeO, electrode completely oxidized 300 uM of arsenite within
ten minutes. The efficient CER performance of the 0.31rOy-0.7FeQ;, electrode in
dilute chloride solutions demonstrated the feasibility of electrochlorination system
for the arsenite oxidation process. The effect of chloride concentration was also
investigated in Figure 3-19. As the concentration of chloride increases, the arsenic
oxidation rate increases. The 0.3IrOy-0.7FeO, electrode showed the most efficient

arsenic oxidation followed by FeOx and IrO..
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3.3.10.2. Ammonium removal

To demonstrate the potential as an anode for electrochlorination in dilute CI™
solution, an ammonium removal test was conducted in 1 mM NH4Cl solution
(Figure 3-20). The performance for the decomposition of ammonium is in the order
0f 0.3IrOy-0.7FeO, > FeOx > IrOz. The 0.31rOy-0.7FeO; exhibits high effectiveness
for ammonium removal in the dilute Cl™ solution, which can be also supported by
the pH change resulting from the deprotonation of ammonium with the reaction of
Clz into NO3™ or N> (Table 3-3). This is in good agreement with CER efficiency in

the dilute Cl™ concentration (Figure 3-3 and 11).
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Figure 3-20. Ammonium removal with the 0.31rOy-0.7FeO,, IrO2, and FeOx

electrodes in a 1 mM NH4ClI aqueous solution (current density: 10 mA cm ).
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Table 3-3. Changes in the pH after electrochlorination for ammonium removal.

pH 0.3IrOy'0.7FeO,  FeOx IrO2
Initial 6.1 6.1 6.1
After electrochlorination 3.5 3.8 6.1
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3.3.10.3. Tap water electrolysis

The feasibility of 0.31rOy-0.7FeO, for practical application in dilute CI™ solution
was assessed with the electrolysis of tap water (Figure 3-21). As can be seen in
Figure 3-21a, the concentration of Clz increases from 0.03 mg L' (residual Clz in
tap water) to 6.48 mg L ™! with 0.31rOy-0.7FeQ,, 1.97 mg L™! with FeOy, and 1.09
mg L' with IrO,, showing that 0.3IrOy:0.7FeO, exhibits the highest CER
performance regardless of the presence of other ions. In addition, 0.3IrOy-0.7FeQO,
requires the lowest energy to produce 1 g of Cl, during tap water electrolysis with
a value of 0.1 kWh g !, followed by FeOx of 0.4 kWh g !, and IrO2 of 0.7 kWh g !
(Figure 3-21b). Figure 3-21c shows the voltage profile of the 0.3IrOy-0.7FeO.-Pt
system during the tap water electrolysis to examine the long-term stability. The
0.3IrOy-0.7FeO, shows notable stability over 50 days although the Cl, production
rate slightly decreased from 3.47 mgh™! to 2.53 mg h™! due to the partial dissolution
of the Fe component (Table 3-4). These results imply that 0.3IrOy-0.7FeO; has a
high potential as an electrode for practical applications in dilute water

electrochlorination as well as brine electrochlorination.
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Figure 3-21. Electrochlorination with tap water in Seoul, Korea. (a) Chlorine
generation from the 0.3IrOy-0.7FeQ., IrO2, and FeOx electrodes, and (b) energy
consumed to produce 1 g of Cl> during tap water electrolysis (current density: 10
mA cm 2). (c) Voltage profile of the 0.31rOy-0.7FeO,~Pt system during the stability
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density: 20 mA cm?).
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Table 3-4. EDS analysis of the 0.31rOy-0.7FeO,

electrode before and after the

stability test.
Atomic ratio (%) initial After stability test
Ir 11 13
Fe 25 19
O 64 68
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3.4. Summary

The 0.31rOy-0.7FeO;, electrode was fabricated to enhance the current efficiency
for CER in dilute CI” solutions. The 0.3IrOy-0.7FeQO, exhibited far better current
efficiency for CER compared with IrO; as a representative of DSA, not only in a
dilute CI” solution but also in a concentrated CI™ solution. It is attributed to the
synergistic effect originating from amphoteric behavior, including FeOx-like (slow
OER rate) and IrO»-like (fast CER rate) aspects. The 0.31rOy-0.7FeQO, also showed
reliable stability during the 50-day operation. In addition, 0.31rOy-0.7FeO, was
confirmed to be a safe electrode in respect of the formation of hazardous inorganic
byproducts such as chlorite, chlorate, and perchlorate by satisfying a guideline of
drinking water. Moreover, the feasibility of 0.3IrOy-0.7FeO, for environmental
application was successfully proved with arsenite oxidation, ammonium removal,
and direct tapwater electrolysis. These results suggest that 0.3IrOy-0.7FeO, can be
a good alternative to DSA and has the potential to expand the application of

electrochlorination systems in dilute C1™ solutions.
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Chapter 4. Iridium-cobalt mixed oxide electrode for

efficient chlorine evolution in dilute chloride solutions

4.1. Introduction

Cobalt oxide has the potential to be another candidate for OER suppressor for
improving CER efficiency in dilute chloride solutions because the cobalt oxide as
well as iron oxide showed relatively higher overpotential for OER than that for CER
compared with other electrode materials (Trasatti 1984). In the previous chapter of
this study, we investigate with a hypothesis that the material which has a large
difference between the overpotential of OER and CER has the potential to enhance
the selectivity of CER. To demonstrate the hypothesis and utilize cobalt oxide as
another OER suppresser, the iridium-cobalt mixed oxide electrodes were fabricated
and examined to confirm the feasibility as another electrode material to enhance the

CER efficiency.
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4.2. Materials and Methods

4.2.1. Chemicals
All chemicals were reagent grade and used without further purification and were
purchased from Sigma-Aldrich Co. All solutions were prepared in deionized water

(18.2 MQ-cm, Milli-Q® Direct 8 system, Merck Millipore, MA, USA).
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4.2.2. Preparation of the electrodes

The electrodes were fabricated as anodes with a 1.5 cm? (1 cm x 1.5 cm) working
area by thermal decomposition and the cathode was the platinum foil of the same
size. To fabricate the Co304 and IrO; electrodes, 1.3 g CoCl>’xH>0 and 0.8 g
IrCl3-xH2O were respectively dissolved in a solvent of 5 mL DI water and 5 mL
ethanol as precursor solutions. The iridium-cobalt mixed oxide electrodes
(IrO2:CoOyp) were fabricated with various volume percentages (v/v%) of the
precursor solutions of Co304 and IrO2 (10%, 30%, 50%, 70%, 90%). Titanium foil
(T1) as a substrate was rubbed with sandpaper and etched in 37% HCI solution at
60 °C for an hour. Then, after the substrate was rinsed with DI water and dried,
precursor solution (33 pL) was poured onto the substrate and spin-coated using a
spin-coater (Model WS-400BZ-6NPP/Lite, Laurell Technologies Co., PA, USA)
for 15 s at 100 rpm. To evaporate the solvent, electrodes were dried at 100 °C for 5
min and annealed at 500 °C for 5 min. These spin-coating and annealing processes
were repeated four times. After these processes, the electrodes were annealed at

500 °C for 5 h under atmospheric conditions.
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4.2.3. Characterization of the electrodes

The surfaces and chemical compositions of the IrO.:CoOp, C0304, and IrOa,
electrodes were characterized by field-emission scanning electron microscopy (FE-
SEM) coupled with an energy-dispersive X-ray spectroscopy (EDS) system (JSM-
7800F Prime, JEOL). The crystal structure and elemental composition were
analyzed by X-ray diffraction (XRD; SmartLab, Rigaku) with Cu Ka radiation (40
kV, 250 mA) in the 20 range of 10° — 80° at a scan rate of 2° s ' and X-ray
photoelectron spectroscopy (XPS; Sigma probe, Thermo). The photoelectron
spectra were excited by an Al Ka (1486.6 eV) anode operating at a constant power
of 150 W (15 kV and 10 mA). Raman spectroscopy measurements were conducted
with a confocal Raman microscope (LabRam 300, JY-Horiba) equipped with a
thermoelectrically cooled charge-coupled device (CCD) detector. The 660 nm laser
line from a diode-pumped solid-state laser (Cobolt Flamenco, Sweden) was used

for excitation sources.
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4.2.4. Electrochemical measurements

The electrochemical properties of anodes were measured by cyclic voltammetry
(CV), linear sweep voltammetry (LSV), and electrochemical impedance
spectroscopy (EIS) using a three-electrode system with Ag/AgCl (KCL sat.). EIS
was conducted using a potentiostat (VersaSTAT 3, Princeton Applied Research) and
the rest of the electrochemical experiments were performed using a battery cycler
(WBC3000, WonATech). CV was performed at a scan rate of 20 mV s ! in the
potential range of 0.2 V — 1.0 V (vs. Ag/AgCl) in 50 mM NacCl electrolyte. LSV
was performed at a scan rate of 2 mV s in the potential range of 1.0 V—1.6 V (vs.
Ag/AgCl). To figure out OER and CER onset potential with chloride concentration,
2M of NaCl, NaNOs, and 10mM of HCl, HNOs; aqueous solutions were used
respectively. Because it is not easy to distinguish CER and OER onset potential in
dilute aqueous solutions, 10mM of HCI and HNO; aqueous solutions were used to
suppress the OER in acidic conditions. To measure charge transfer resistance (Rc)
for CER and OER, EIS data was recorded at 1.3 V (vs. Ag/AgCl) for 10 mV
amplitude with a frequency region of 10 Hz — 100,000 Hz in 1M NaCl and 1M

NaNO:s.
4.2.4.1. Evaluation of CER efficiency

Chlorine evolution reaction (CER) efficiency for IrO,-CoOp, C0304, and IrO:

electrodes were measured in a current density of 10 mA cm 2 in a 30 mL NaCl
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aqueous solution with a stirring rate of 200 rpm. The free chlorine concentration in
bulk was measure at 5 minutes using N,N-diethyl-p-phenylenediamine (DPD)
method at 530 nm with a spectrophotometer (DR 900, HACH Co., USA). The

current efficiency for CER was calculated by Equation (4-1):

Current efficiency for CER (%) = (C-V-n-F) / (j-A-t) x 100 (4-1)

, where C is the concentration of free chlorine (mol L), ¥ is working volume (L),
n is the number of electron transfer (2 eq mol '), F is the Faraday constant (96485

C mol ™), /is the applied current (A), and ¢ is the electrolysis time (s).

4.2.4.2. Accelerated stability test

Accelerated stability test (AST) was performed in 0.5 M H>SOs4 solution at a
current density of 0.1 A cm 2. After AST, the chemical compositions of IrO,-CoOp

electrode were measured by an energy-dispersive X-ray spectroscopy (EDS) system.

4.2.4.3. Ammonium degradation test

To better understand the feasibility of the IrO.-CoOy for the application of real
wastewater treatment (Hong, Chan et al. 2007, Fontenot, Lee et al. 2013), the

ammonium degradation test was performed in a volume of 30 mL containing 2 mM
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of ammonium and 15 mM of chloride at 10 mA ¢cm 2 for 1 h. Ammonium ions were

measured by ion chromatography (ICS-1100, Thermo Fisher Scientific Inc).
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4.3. Results and Discussion

4.3.1. Cobalt oxide as another candidate material for suppressing oxygen

evolution reaction

Figure 4-1a shows the onset potential for CER against that for OER of various
electrode materials. In accordance with the previous research (Trasatti 1984), the
cobalt oxide as well as iron oxide showed relatively higher overpotential for OER
than that for CER compared with other electrode materials. At the very first of this
study, we investigate with a hypothesis that the material which has a large difference
between the overpotential of OER and CER has the potential to enhance the
selectivity of CER. To demonstrate the hypothesis and utilize cobalt oxide as
another OER suppresser, the current efficiency for CER in 1 mM NaCl of various
electrodes was compared in Figure 4-1b. Although iron oxide showed the highest
CER efficiency, cobalt oxide also showed highly efficient CER performance
compared with MnQO3, IrO, and RuO». As cobalt oxide exhibited much lower CER
overpotential than iron oxide, cobalt oxide has the potential as a highly active CER
catalyst as well as an efficient OER suppressor. To examine the feasibility of cobalt
oxide as an efficient CER catalyst, we fabricated iridium-cobalt mixed oxide

electrodes just as we fabricate the iridium-iron mixed oxide electrodes.
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4.3.2. Selection of the representative iridium-cobalt mixed oxide electrode

Figure 4-2 shows the current efficiency for CER of the iridium-cobalt mixed oxide
electrodes with various compositions in 1 mM NaCl at 10 mA cm 2. Among the
iridium-cobalt mixed oxide electrodes, the electrode made with 90 v/v% of CoCl,
precursor solution showed the highest CER current efficiency. We selected the
electrode and denote it as ICO for further experiment to investigate CER

performance and electrochemical property.
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Figure 4-2. Current efficiency for CER of the iridium-cobalt mixed oxide
electrodes with various volume percentages (v/v%) of the IrO2 and CoCl; precursor

solutions (1 mM NaCl, current density: 10 mA cm2).
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4.3.3. The characterization of the iridium-cobalt mixed oxide electrode

Figure 4-3 shows the XRD patterns and SEM images of ICO, Co304, and IrO-
electrodes. Figure 4-3a illustrates XRD patterns for as prepared ICO, mainly
involving the peaks of IrO», and Co304 electrodes (JCPDS PDF# 74-1656, 86-0330).
As shown in the SEM images of Co3O4 and IrO; (Figure 4-3c and d), the particle
size of Co304 is far bigger than IrO,. The relatively small IrO» particles are well
distributed to Co304 particles in ICO (Figure 4-3b). It is supported by EDS mapping
(Figure 4-4). This structural character may lead to ICO’s larger electroactive surface
area than IrO, and Co30s4, which is supported by CV test (Figure 4-5). The
integrated charges in the anodic and cathodic current of electrodes are described in
Table 4-1. Although the integrated charge of Co304 is about six times smaller than
that of IrO2, ICO shows the largest electrochemically active surface area which
might lead to high CER performance. Quantitative analysis was conducted with

EDS (Table 4-2).
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Figure 4-4. EDS data of ICO electrode: (a) EDS layered FE-SEM image, and EDS

maps of (b) Co, (¢) Ir, and (d) O.
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Table 4-1. Integrated charge of ICO, IrO;, and Co304 electrodes in cyclic
voltammograms (potential range: 0.2 — 1.0 V vs Ag/AgCl, scan rate: 20 mV s7').

Integrated Charge

(mC cm-2) ICO IrO2 Co0304
Anodic Current 5.6 3.9 0.6
Cathodic current 5.3 3.1 0.3
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Table 4-2. Atomic ratio (%) of ICO electrode form EDS data.

Element Atomic ratio (%)
Ir 2
Co 46
O 52
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4.3.4. CER efficiency of the iridium-cobalt mixed oxide electrode

Figure 4-6 shows CER current efficiency and energy consumption of the ICO,
Co304, and IrO; electrodes. As shown in Figure 4-6a, The ICO shows excellent
CER performance compared with Co304 and IrO». In the dilute chloride solution
(1 mM NaCl), the current efficiency of CER on ICO was approximately 15%,
which is a 7-fold improvement compared to IrO> (2%). Besides, the CER efficiency
of ICO was better than that of Co304 (8%). In particular, above 50 mM NaCl
concentration, the ICO exhibits an excellent CER efficiency close to unity. In
addition, even in the high concentration of chloride solution (0.1 M — 2 M NaCl),
we see the ICO has higher CER efficiency compared with IrO2. Accordingly, the
ICO electrode shows the smallest energy consumption for CER (Figure 4-6b). The
energy consumption for generating 1 g of chlorine on the ICO electrode is about
10.3 Wh g ! in 10 mM NaCl at 10 mA cm 2, whereas the IrO> electrode consumed
about 42.4 Wh g”!. These results indicate the ICO has great potential as an optimum

CER anode for its high CER performance with low energy consumption.
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4.3.5. Characteristics of CER and OER of the iridium-cobalt mixed oxide

electrode

The electrocatalytic activity for CER and OER of the ICO, IrO,, and Co304
electrodes was compared via LSV curves in concentrated solutions and dilute
solutions (Figure 4-7). As CER and OER are predominant in concentrated NaCl and
NaNOs solutions, respectively, the current flow in 2 M NaCl and 2 M NaNO3 can
be approximated as CER and OER. As shown in Figure 4-7a, the ICO shows
slightly higher CER activity and lower OER activity compared with IrO..
Interestingly, in dilute solutions (Figure 4-7b), the difference in LSV curves
between ICO and IrO2 becomes more distinct. The ICO shows an evident difference
between LSV curves for CER and OER with 37 mV of the onset potential gap
whereas the difference on IrO; was negligible (Note that the onset potential was
defined as the potential at a current density of 2 mA cm 2). Since the current flow
refers to reaction rate in LSV, it can be assumed that ICO exhibits a faster CER rate
with a lower OER rate compared to IrO>. Furthermore, the larger difference
between LSV curves in two different solutions implies an improvement of the
selectivity for CER because OER is the competitive reaction to CER. Considering
the Co304 shows large onset potential differences of 290 mV and 48 mV in
concentrated and dilute solution, respectively (Figure 4-8a and b). it can be

concluded that cobalt oxide components lead to the improvement in CER selectivity.
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4.3.6. Charge transfer resistance of CER and OER of the iridium-cobalt mixed

oxide electrode

The electrocatalytic activity of ICO for CER and OER is also supported by EIS
analysis. Figure 4-9 illustrates Nyquist plots of ICO, IrO», and C0304 in 1 M NaCl
and 1 M NaNO:s. Charge transfer resistance (Rc) was analyzed by fitting to Randles
circuit model and listed in Table 4-3. It is reasonable to assume that the Re values
measured in 1 M NaCl and NaNOj solutions refer to charge transfer resistance for
CER and OER, respectively because the current efficiency for CER of ICO and IrO>
are above 90% in 1M NaCl solution. R value of ICO in NaCl (0.1 Q) is about ten
times lower than IrO; in NaCl (1.1 Q), which contributes to ICO’s superior CER
current efficiency and low energy consumption. In addition, considering the Rt
ratio between OER and CER (Re¢,0Er / Ret,cEr) of ICO (about 56) is far greater than
that of IrO; (about 5), it can be concluded that ICO has more CER selectivity than

IrO», which is in good agreement with LSV test.
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Table 4-3. R (Q) values of ICO, IrO», and Co304 electrodes in 1 M NaCl and 1M

NaNOs.
Rct (ohm)
Solution
ICO IrO2 Co304
1M NacCl 0.1 1.1 7.9

1M NaNOs 5.6 5.1 44.0
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4.3.7. Volcano curve of CER

The high electrocatalytic activity of ICO can be explained by the vibration
frequency of crystal lattice (M—O). As can be seen in Figure 4-10a, the Raman shifts
of M—O were 692, 714, and 723 cm ™! at Co304, ICO, and IrO», respectively (The
Raman spectra are shown in Figure 4-10b (Zeradjanin, Menzel et al. 2012, Kim,
Kim et al. 2015). It is attributed to that the intermediate during the CER is easily
formed and cleaved when the vibrational frequency of M—O is in resonance with
that of Cl-0. Thus, a similar vibration frequency of M—O in ICO and CI-O can
allow high CER activity. This is also well supported by a high CER efficiency of
IrO2-Fe203 in dilute CI™ solution (charge efficiency of 80% in 50 mM NaCl solution)
and the Raman shift (706 cm ') of which is close to the vibration frequency of C1-O

originating from the synergistic effect of the mixture of Fe;O3 and IrOo.
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Figure 4-10. (a) Volcano curve of the CER based on the Raman spectroscopy
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4.3.8. XPS analysis

The repressed OER activity of ICO can be interpreted by the oxidation state of the
components in ICO examined by XPS analysis (Figure 4-11). In the XPS spectra
regarding Co 2p of ICO and Co304 (Figure 4-11a), the peaks at 782.9 eV and 798.2
eV are related to Co (II), and the peaks at 781.0 eV and 795.1 eV correspond to Co
(IT) peaks (Li, Kong et al. 2018, Liu, Bai et al. 2019, Wang, Hao et al. 2020). To
compare the oxidation degrees of ICO and Co030s4, the ratio of Co (III)/Co (II) was
calculated by the areas of respective peaks. The ratio of Co (III)/Co (IT) was 1.5 and
1.3 for ICO and Co304 electrodes, respectively. In other words, Co atoms in ICO
are more oxidized than those in pristine Co3O4. However, in the Ir 4f spectrum
(Figure 4-11b), the ratio of Ir (IV)/Ir (III) of ICO and IrO; was 1.7 and 1.5,
respectively, which is calculated with the peaks of Ir (III) at 62.4 eV and 65.4 eV
and Ir (IV) at 63.2 ¢V and 66.3 eV (Zhu, Liu et al. 2018, Park, Lee et al. 2020, Liu,
Zhang et al. 2021). This implies that Ir species in ICO are less oxidized than those
in IrOz. In short, in ICO, Co atoms are more oxidized and Ir atoms are less oxidized
compared to pristine Co3O4 and IrO». Therefore, in ICO, Co atoms would show
better affinity with the partially negatively charged oxygen atoms which is the
intermediate during OER, while Ir atoms have less affinity. Considering Co3O4 has
higher OER overpotential than IrOz, Co and Ir atoms in ICO changed to an

unfavorable state for OER, leading to suppressed OER activity on ICO.
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Figure 4-11. XPS spectra of (a) Co 2p of Co304 and ICO electrodes, and (b) Ir 4f

of IrO; and ICO electrodes.
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4.3.9. The stability of the iridium-cobalt mixed oxide electrode

The anodic stability of ICO, Co30a, and IrO; electrodes were tested at 0.1 A cm >
in 0.5 M H>SOg4 solution. As shown in Figure 4-12a, both ICO and IrO» electrodes
show notable stability (>200 h), while the Co3zO4 electrode shows a lifetime of 4h.
EDS analysis was conducted after the accelerated stability test (AST), and it was
found that the Co atomic ratio of after-AST (34%) only decreases about 12% of the
initial state (46%, Table 4-4). In addition, the CER current efficiency of ICO after
AST is 14.5%, which is about 1.5 times greater than that of pristine IrO; electrode
(9.7%) whereas the CER efficiency of IrO> after AST is only 7.6% (Figure 4-12b).
The higher stability of ICO compared to Co3O4 can be explained by the mechanism
for the loss of electrocatalytic activity of anode. It has been suggested that anode
lost its electrocatalytic activity when Ti substrate is oxidized to form an insulating
TiO> layer at the substrate coating interface (Ito, Murakami et al. 1996, Yi,
Kangning et al. 2007). Therefore, it seems that the Ir content in ICO prevents the

oxidation of Ti substrate via its high redox activity.
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Table 4-4. EDS data of ICO electrode before and after accelerated stability test.

Element Before AST After AST
Ir 2 2
Co 46 34

O 52 64
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4.3.10. Ammonium degradation

The ICO, Co0304, and IrO; electrodes are examined for anodic oxidation of
ammonium as a representative contaminant (Figure 4-13). As expected, ICO shows
the highest removal efficiency (52.1%) followed by C0304(30.6%), and IrO2 (6.6%)
after the 1 h degradation process. The ICO outperforms the Co304 and IrO> due to
its higher CER activity in dilute chloride solutions. In addition, the CER by-
products such as C1O, ", ClO3, and ClO4 were not detected by ion chromatography
analysis which means by-products were not generated or generated in extremely
low concentrations. Therefore, ICO would act as an optimal anode for contaminants

degradation in dilute aqueous solutions.
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4.4. Summary

In this study, we reported ICO electrode which showed high CER current
efficiency and anodic stability in dilute chloride solutions. The ICO exhibited higher
current efficiency for CER with lower energy consumption than IrO> not only in
dilute solutions but also in concentrated solutions. It is attributed to its low CER
overpotential with high OER overpotential. The high CER activity of ICO was
demonstrated with high similarity of vibrational frequency between ICO and C1-O
by Raman spectroscopy. Meanwhile, suppressed OER activity of ICO was analyzed
with XPS showing more oxidized Co atoms with less oxidized Ir atoms in ICO. The
ICO exhibited remarkable stability (> 200 h) in 0.5 M H>SOs solution due to redox-
active Ir species. In addition, the ICO outperformed IrO> for ammonium
degradation in dilute aqueous solutions. Consequently, the ICO could act as an
optimal electrocatalytic anode in dilute chloride solutions for its high CER

efficiency, low energy consumption, low cost and high anodic stability.
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Chapter 5. Conclusions

Due to the severe decrease in the current efficiency for chlorine evolution reaction
(CER) of DSAs in dilute chloride solutions, it was necessary to investigate the
alternative electrode materials for improving the CER efficiency. Our strategy to
enhance the CER efficiency was the adoption of catalysts that can suppress the
competitive reaction of CER, namely oxygen evolution reaction (OER). Iron and
cobalt were introduced as an OER suppressor because their relatively much higher
overpotential of OER compared with that of CER was expected to enhance the CER
selectivity. For reliable stability, iridium oxide was mixed with each electrode

material.

First, we fabricated the iridium-iron mixed oxide electrode (0.31rOy-0.7FeQ,) to
enhance the current efficiency for CER in dilute CI” solutions. The 0.31rOy-0.7FeO,
exhibited far better current efficiency for CER compared with IrO, as a
representative of DSA, not only in a dilute C1™ solution but also in a concentrated
CI" solution. The charge transfer resistance (Rct) of 0.31rOy-0.7FeO, for CER was
as fast as that of IrO», while R¢t for OER was much higher than that of IrO;. It is
attributed to the synergistic effect originating from amphoteric behavior, including
FeOx-like (slow OER rate) and IrO»-like (fast CER rate) aspects. The

0.3IrOy-0.7FeQO, also showed reliable stability and safety regarding byproducts
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formation. Moreover, the feasibility of 0.31rOy-0.7FeO, for environmental
application was successfully proved with arsenite oxidation, ammonium removal,

and direct electrolysis of tap water.

Secondly, the iridium-cobalt mixed oxide electrode (ICO) was also fabricate
d for improving CER current efficiency in dilute chloride solutions. The IC
O showed higher CER activity and lower energy consumption than that of t
he IrO> not only in dilute aqueous solutions but also in concentrated soluti
ons. It is attributed to its low CER overpotential with high OER overpotent
ial and low CER charge transfer resistance. The ICO electrode exhibited re
markable stability (> 200 h) in 0.5M H2SOgs solution. In addition, the ICO
outperformed IrO; for ammonium degradation in dilute aqueous solutions. C
onsequently, the ICO could act as an optimal electrocatalytic anode in dilut
e chloride solutions for its high CER current efficiency, low energy consu

mption, low cost and high anodic stability.

The results suggest that 0.3IrOy-0.7FeO, and ICO can be a good alternative to
DSA and has the potential to expand the application of electrochlorination systems

in dilute C1™ solutions.
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