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Abstract

Over recent decades, the lack of available water has been considered
as a critical challenge for mankind. Electrochemical water treatment can be a
promising alternative due to its high energy efficiency, eco-friendliness and
lack of required hazardous chemicals. Capacitive deionization (CDI),
electrodialysis (ED) and desalination battery are well-established
demonstrations that are successfully converged of materials used for energy
storage with electrochemical system for water treatment. These
demonstrations accomplish electrochemical deionization by means of the
operational principle of energy storage in energy storage systems (e.g.,
supercapacitors and batteries). Although they provide an energy efficient
deionization process, the systems have suffered from the limitations in their
systems and materials, attributing to difficulties to find suitable
compounds/systems for capturing anions and retain the stability of active

material in aqueous system.

In this dissertation, it is demonstrated that a novel electrochemical
water treatment system combined of deionization and oxidation, and suitable

materials for intercalation/deintercalation of cations. First of all, a novel



hybrid electrochemical water treatment system consisting of an
electrochemical desalination system synchronized with an oxidation process
is developed. The hybrid electrochemical water treatment system consists of
electrode material for the sodium ion battery as a desalination component and
an oxidant generation anode serving the oxidation function. As a primary
result, superior desalination capacities of approximately 87 mg g™ and 36 mg
g’! were accomplished with NaCl concentrations of 35 ¢ L' and 3 g L,
respectively. Moreover, this hybrid system showed a coulombic efficiency in
synthetic brackish water (2.79 g L™! of diverse ions) of approximately 98%

and 66% for desalination and oxidation, respectively.

Second, a new HCDI system with sodium iron pyrophosphate
(NaFeP,0O7) is investigated. The overall deionization performance of
NayFeP207 as the electrode capturing cations is demonstrated. The major
results of the HCDI system with NaFeP.O7 showed a superior maximum
deionization rate performance (0.08 mg g! s!) with a comparable
deionization capacity (30.2 mg g') compared to the previous HCDI system
with NasMnoO1s. Furthermore, the analysis of the CDI Ragone plot was
applied to investigate the hybrid behavior characteristics, high deionization
capacity that originated from the high capacity of NaxFeP.O7; and fast

deionization rates resulting from the supercapacitor.

il



Consequently, the novel electrochemical water treatment and
electrode materials can contribute to providing a new strategy to overcome
the limitations of materials used for capturing anions and discovering their

behavior for electrochemical water treatment.

Keywords: Hybrid electrochemical water treatment system; Deionization
and oxidation; Blue TiO; nanotube; Hybrid capacitive deionization;

NaxFeP>0O7
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1. Introduction

1.1. Research Background

Over recent decades, the lack of available water, which threatens nearly 80%
of the world’s population, has been considered as a critical challenge for
mankind. It is expected that 3.9 billion people will suffer from limited access
to water according to projections that 90% of available water will be depleted
by 2025 (Service 2006, Vorosmarty, Mclntyre et al. 2010, Elimelech and
Phillip 2011). Electrochemical water treatment has emerged as one possible
solution due to its high energy efficiency, eco-friendliness, and lack of
required hazardous chemicals (Brillas, Sirés et al. 2009). It has been
demonstrated in various applications such as desalination (e.g., capacitive
deionization (CDI), electrodialysis (ED), and desalination batteries), heavy
metal removal, wastewater treatment and water recycling (Martinez-Huitle
and Ferro 2006, Oren 2008, Sadrzadeh and Mohammadi 2008, Jeong, Kim et

al. 2009, Porada, Zhao et al. 2013).

Above all, electrochemical desalination has been developed by the
successful convergence of materials used for energy storage with

electrochemical systems for water treatment (Pasta, Wessells et al. 2012,



Zhang, Yan et al. 2012, Porada, Borchardt et al. 2013, Yin, Zhao et al. 2013,
Lee, Kim et al. 2014, Suss, Porada et al. 2015, Kim, Lee et al. 2016). These
techniques achieve electrochemical desalination by means of the operational
principle of energy storage in supercapacitors and batteries. They provide an
energy efficient desalination process, although the system performance

depends heavily on electrode material.

Capacitive deionization (CDI) removes ionic species from solution
by applying electric energy to carbon based electrodes and includes excellent
convergence technologies combined with energy storage technology and
environmental systems such as water treatment and deionization (Farmer, Fix
et al. 1996, Ryoo and Seo 2003, Welgemoed and Schutte 2005, Oren 2008,
Anderson, Cudero et al. 2010, Suss, Porada et al. 2015). In the CDI process,
ions are stored in an electrical double layer of porous carbon electrodes, which
is analogue to the principle of an electrical double-layer capacitor (Kim and
Yoon 2013, Porada, Borchardt et al. 2013, Porada, Zhao et al. 2013, Kim, Lee
et al. 2014). In recent decades, the technology for the synthesis of new carbon
materials has advanced, the electrical double layer capacitance in porous
materials has become better understood, and novel systems have been
introduced. For example, advanced carbon materials have been developed in

an attempt to enhance the deionization capacity in CDI, such as carbon



aerogel, carbon nanofiber, ordered mesoporous carbon, carbon nanotube,
metal organic framework derived porous carbon, graphene derived materials
and carbide derived carbon (Xu, Drewes et al. 2008, Li, Zou et al. 2010,
Richard T. Mayes 2010, Li, Pan et al. 2012, Wang, Dong et al. 2012, Zhang,
Wen et al. 2012, El-Deen, Barakat et al. 2013, Li, Liang et al. 2013, Porada,
Borchardt et al. 2013, Wimalasiri and Zou 2013, Yin, Zhao et al. 2013, Wang,
Shi et al. 2014, Yang, Kim et al. 2014, Qian, Wang et al. 2015, Xu, Pan et al.
2015). However, these carbon materials cannot fully make use of the
capacitance in low electrolyte concentrations due to the overlap of the
electrical double layer on its porous structure (Barbieri, Hahn et al. 2005, Li,
Zou et al. 2009). Moreover, the charge efficiency, the captured ions per
consumed charges, is deteriorated by the co-ion repulsion phenomenon

(Avraham, Bouhadana et al. 2009, Avraham, Noked et al. 2009).

Conversely, in desalination batteries, materials that are able to capture
cations or anions are required. In the case of host materials for sodium ion
batteries, various potential compounds for intercalation of sodium ions have
been investigated, such as Nao.44MnQO,, A-MnQO;, NaFePO4, NaFeP,07, and
Prussian blue analogues (Slater, Kim et al. 2013, Kim, Hong et al. 2014, Jo,
Park et al. 2015, Smith and Dmello 2016). Meanwhile, it is difficult to find

suitable compounds for capturing anions. In the majority of applications, the



reaction of silver/silver chloride (Ag’ + CI" = AgCl) has been used. The
possibility of its use in electrochemical desalination with battery systems is
limited due to the following reasons: i) the necessity of a noble metal, ii) the
reaction can be used only with chloride ions, and iii) the possibility of active
material dissolution (Pasta, Battistel et al. 2012, Pasta, Wessells et al. 2012,
Lee, Yuet al. 2013, Trocoli, Battistel et al. 2014, Kim, Lee et al. 2015). Thus,
there is an urgent requirement to develop a novel system that overcomes the

current drawbacks of electrochemical desalination.



1.2. Objectives

The aim of studies in this dissertation is to develop a novel electrochemical
water treatment system and propose suitable materials for deionization and

oxidation.

First of all, a novel hybrid electrochemical water treatment system
consisting of an electrochemical desalination system synchronized with an
oxidation process is developed. The oxidation process is a strategy for
overcoming the drawbacks associated with existing electrochemical
desalination systems, such as issues with anion capturing material selection,
the necessity for noble metals and the possibility of active material dissolution.
The hybrid electrochemical water treatment system consists of a sodium ion
battery as a desalination component and an oxidant generation anode serving
the oxidation function. The two components are divided by an anion exchange
membrane that offers a channel for migration of anions. During the operation
of this hybrid system, cations are intercalated into the cathode by applied

electrical potential in the desalination component.

Second, a new HCDI system with sodium iron pyrophosphate
(NaxFeP207) is investigated. NaxFeP>O7 is a promising material for sodium

ion batteries due to its high capacity, low cost and environmentally benign



nature. This study attempted to investigate the overall deionization
performance of NayFeP,O7 as the electrode capturing cations. Furthermore,
the analysis of the CDI Ragone plot was applied to investigate the operational
behavior of the HCDI system with NaFeP>O7 combined with a battery and

supercapacitor compared to the conventional MCDI system.



2. Literature Review

2.1. Electrochemical Water Treatment System

2.1.1. Capacitive Deionization

Since the 1960s, capacitive deionization (CDI), a novel electrochemical water
treatment technique, has emerged as convergence technology with energy
storage material and deionization system (Farmer, Fix et al. 1996, Ryoo and
Seo 2003, Welgemoed and Schutte 2005, Oren 2008, Anderson, Cudero et al.
2010, Suss, Porada et al. 2015). In CDI process, ions are stored in electrical
double layer of porous carbon electrode by applying electric energy during
charging step, and deionized water is produced. In discharging process, stored
ions are released from electrical double layer; thereby the system is
regenerated for next cycle. The principle of CDI is analogue to that of electric
double-layer capacitance (EDLC) in the way that ions transport induced by
electrical energy in carbon based materials (Kim and Yoon 2013, Porada,

Borchardt et al. 2013, Porada, Zhao et al. 2013, Kim, Lee et al. 2014).
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In CDI, deionization capacity, which is a key factor of deionization
performance indicating how much ions can be removed from solution, is
considerably affected by capacitance of carbon materials. In recent decades,
advanced carbon materials have been attempted to enhancement of
deionization capacity in CDI, such as carbon aerogel, carbon nanofiber,
ordered mesoporous carbon, carbon nanotube, metal organic framework
derived porous carbon, graphene derived materials and carbide derived
carbon, etc (Xu, Drewes et al. 2008, Li, Zou et al. 2010, Richard T. Mayes
2010, Li, Pan et al. 2012, Wang, Dong et al. 2012, Zhang, Wen et al. 2012,
El-Deen, Barakat et al. 2013, Li, Liang et al. 2013, Porada, Borchardt et al.
2013, Wimalasiri and Zou 2013, Yin, Zhao et al. 2013, Wang, Shi et al. 2014,
Yang, Kim et al. 2014, Qian, Wang et al. 2015, Xu, Pan et al. 2015). However,
the carbon materials is not fully able to show its capacitance in low electrolyte
concentration due to overlap of electrical double layer (Biesheuvel, Van
Limpt et al. 2009, Zhao, Biesheuvel et al. 2009, Porada, Borchardt et al. 2013,
Porada, Zhao et al. 2013). Moreover, the charge efficiency, captured ions per
consumed charges, is hindered by co-ion repulsion phenomenon on carbon
materials, leading to charge consumption for not only counter ion attraction

but co-ion repulsion (Avraham, Bouhadana et al. 2009, Avraham, Noked et

10



al. 2009). Thus, it is required to overcome these drawback to achieve high

deionization capacity in CDL
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adsorption in the micropores of activated carbon electrodes, expressed as

moles of ions adsorbed per volume of micropores. Theoretical lines are based

on the modified-Donnan model (Porada, Zhao et al. 2013).
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In terms of novel system, kinetic enhancement was achieved by flow-
through electrode capacitive desalination (FTE CD) (Suss, Baumann et al.
2012). In order to prevent the effect of co-ion repulsion, ion exchange
membrane assisted CDI (MCDI) and ion exchange resin coated CDI were
investigated (Lee, Park et al. 2006, Biesheuvel and Van der Wal 2010, Kim
and Choi 2010). Continuous charging process without discharging process
was successfully enabled by Flow-electrode capacitive deionization (FCDI)
(Sung-il Jeon 2013, Jeon, Yeo et al. 2014, Porada, Weingarth et al. 2014).
Long-term stability of carbon material was retained by altering its potential
of zero charge in inverted CDI (i-CDI) (Gao, Omosebi et al. 2014, Gao,

Omosebi et al. 2015, Gao, Omosebi et al. 2015).
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Static electrode architectures
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Flow electrode architectures
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Figure 2-4. (a)—(d) CDI architectures using static electrodes, including: (a)
flow between electrodes, (b) flow-through electrode, (¢) membrane CDI, and
(d) inverted CDLI. (e) and (f) show architectures which utilize static electrodes
that depart from purely capacitive behavior, including (e) hybrid CDI, and (f)
a desalination battery. (g)—(i) show CDI architectures with flow electrodes,
including systems with (g) feed-in electrodes, (h) feed-between electrodes,

and (1) membrane flow electrode CDI (Suss, Porada et al. 2015).
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2.1.2. Desalination Battery

In order to enhance the deionization capacity, a new concept of a desalination
battery was proposed (La Mantia, Pasta et al. 2011, Pasta, Wessells et al.
2012). The system consists of a sodium manganese oxide and silver/silver
chloride electrodes. The NaxxMnsO19 (NMO) nanorods and silver electrode
were utilized to capture sodium ions and chloride ions as following chemical

reaction

5MnO; + 2Ag + 2NaCl < NaMnsOo + 2AgCl

Due to the high specific charge storage capacity (~ 35 mAh g™!), low cost and
benign environmental impact, NMO is one of ideal materials for capturing
cations. Moreover, the NMO prepared by a polymer synthesis method
exhibits fast ion transfer on the interface between the electrode and electrolyte
because of its nanorods shape.

The desalination battery showed energy efficient operation in sea
water desalination, which the energy of 0.29 Wh I'! was required for 25%
removal of NaCl, indicating this system can compete with reverse osmosis

(0.2 Wh 1I'") under sea water desalination. Since this system generates the

16



energy in discharging process and consumes it in charging process, energy
efficient operation can be accomplished. In respect to coulombic efficiency
during operation, approximately the coulombic efficiency of 80% was
reported due to reduction of oxygen and formation of OH". In addition, it was
reported that the intercalation of Ca*", Mg?* in NMO structure due to these
crystal ionic radii of cations.

Although this desalination battery showed promising energy efficient
deionization process even in the salinity level of sea water, the limitation of
silver electrode, such as low conductivity of silver chloride, cost, formation
of silver sulfate at high potential (0.65 V vs. NHE) and materials dissolution

should be overcome.
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Figure 2-5. Schematic representation of the working principle behind a

complete cycle of the desalination battery, showing how energy extraction

can be accomplished: step 1, desalination; step 2, removal of the desalinated

water and inlet of sew water; step 3, discharge of Na" and CI” in seawater;

step 4, exchange to new seawater (Pasta, Wessells et al. 2012).
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Table 2-1. ICP-OES/ICP-MS: Coulombic Efficiencies and Selectivity for

Anions and Cations (Pasta, Wessells et al. 2012).

ion
sea water (mg/L)
25% removal
(mg/L)
Heas
50% removal
(mg/L)

Ne,s0

Nat
11250
9840

47%

7860

57%

K+
450
430

<1%
390

<1%

19

2
Ca™*

450
280

3%
180

3%

cr

18500
14470

87%
11430

76%

A]

.
o
=
T

1_'_” '-:j}

p |

1



2.1.3. Hybrid Capacitive Deionization

Recently Hybrid CDI (HCDI) was proposed as a novel concept of CDI, which
is a combined CDI system of material for sodium ion batteries (SIBs) and
activated carbon (Lee, Kim et al. 2014). The HCDI with sodium manganese
oxide (NasMnoOig) was enabled by combining materials for SIBs and
supercapacitor. The HCDI system utilizes the intercalation of Na“ in the
NasMnoO1g and adsorption of CI” on the surface of the activated carbon
electrode. As utilizing carbon electrode to capture chloride ions, this system
copes with the difficulties of silver electrode. Furthermore, since NasMnoO1g
exhibits higher capacity (40 ~ 50 mAh g!), corresponded to the capacitance
of more than 300 F g, than that of activated carbon (~120 F g-!), HCDI
system is able to show superior deionization capacity (mg of removed NaCl
per g of electrodes) than typical CDI system, which symmetric two carbon
electrodes are employed.

As amajor result, the HCDI system showed the deionization capacity
of 31.2 mg g! that is the highest record ever reported. Compared to typical
CDI and MCDI system, the HCDI system exhibited 230% and 140% of
deionization capacity, respectively. Moreover, stability of the

NasMnoOg/activated carbon system was demonstrated. Approximately 100%

20



of coulombic efficiency was retained during 300 cycles in the galvanostatic
cycling test.

However, even though HCDI showed great promise as novel CDI
system, the advance of HCDI has been limited due to the synthesizing new
material for SIBs and its convergence with desalination application. For the
further understanding of HCDI, it has been required that investigation of

material for SIBs as an electrode for deionization.
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Sodium Manganese Oxide
3 + + +

Figure 2-6. Schematic diagram of desalination via HCDI. The HCDI system
consists of an NMO electrode, anion exchange membrane, and porous carbon

electrode (Lee, Kim et al. 2014).
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(Lee, Kim et al. 2014).
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2.2. Materials of Electrochemical Water Treatment

for Deionization and Oxidation

2.2.1. Materials for Deionization

Among a variety of investigated materials for sodium ion batteries (SIBs),
certain materials that are able to stably work at the potential range preventing
the oxygen and hydrogen evolution can be applied to applications in the
aqueous system. For decades, materials for aqueous sodium ion batteries
(SIBs) have intensively investigated, such as Nao.44MnO;, A-MnO,, NaFePOgs,
NaxFeP,07, and Prussian blue analogues due to its practicability for large-

scale applications (Kim, Hong et al. 2014).

Nap.44MnO> is the most extensively utilized as the electrode material
for intercalation/deintercalation of sodium ions. Since the redox potentials of
intercalation/deintercalation of sodium ions in Nap44MnQO; are located at the
0.29, 0.51, and 0.74 V vs. NHE, working potential is suitable in aqueous
system. Moreover, the orthorhombic crystal structure of Nag44MnO:
facilitates rapid diffusion of sodium ions through three dimensionally

interconnected S-shape tunnels. In respect to the charge storage capacity,
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approximately 45 mAh g! and 20 mAh g™ were obtained at a C/8 and 18 C

rate, respectively.

Recently NaxFeP.O7 was investigated as a novel material with high
specific capacity (~90 mAh g! at a 1C rate) and fast kinetic characteristic in
aqueous electrolyte. The triclinic structure under P1 space group of
NaxFeP,07 that consists of infinite metal polyhedral and pyrophosphate group
enables the migration of sodium ions. The redox potentials of Na;FeP>O7 are
located at -0.23 V, 0.18 V, 0.29 V and 0.41 V vs. NHE, of which the working

potential of NaxFeP,0O7 is negatively situated compared to that of Nag 44MnOs-.
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polyhedral units. The sodium migration channels for (c) the Nal and Na2 sites

and d) the Na3—Na6 sites (Kim, Shakoor et al. 2013).
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2.2.2. Materials for Oxidation

Electrochemical advanced oxidation process (EAOP) has gained interest for
water treatment. In EAOP, an electrode functions as electro-catalyst that
assists efficient generation of various oxidants such as reactive chlorine
species (e.g., Clo, HOCI and Cle), reactive oxygen species (e.g., H2O2, OHe
and O3). The selection of electrode material significantly affects the

efficiency.

Electrodes based on mixed metal oxide (e.g., IrO2, RuO;, PbO>,
Sn0Oz), which is well-known for commercial trade name Dimensionally Stable
Anode (DSA®), have been extensively used for chlor-alkali process. These
mixed metal oxide electrodes were classified to active anodes that have a low
overpotential for oxygen evolution, providing efficient chlorine evolution.
Thus, pollutants and organics are oxidized in the presence of chloride. Boron-
doped diamond (BDD) electrodes have been investigated due to the high
overpotential for oxygen evolution, providing formation of OHe on the
electrode surface. Thus, BDD clectrodes were classified to non-active anodes

and utilize direct oxidation process of pollutants and organics by electrolysis.
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However, need of precious metal precursors and relatively little
investigations for electrode and reaction in the part of electrochemical
reduction can be major obstacles to utilize EAOP in the practical applications

(e.g., point-of-use drinking water system and potable water treatment).

Recently as a novel material for anode, a Blue TiO2 nanotube was
reported, which demonstrated the generation of oxidants through TiO:
nanotube treated by cathodic polarization (Kim, Kim et al. 2014). The TiO>
nanotube can be easily fabricated by anodization in the electrolyte containing
H>O/NH4F with ethylene glycol under the constant voltage operation. After
cathodic polarization treatment, the novel features in the TiO: nanotube
emerged, which exhibited blue coloration and remarkably enhanced
electrocatalytic activity in oxygen evolution reaction, resulting from
irreversible proton intercalation. The Blue TiO2 nanotube showed a potential
as anovel anode for generating chlorine and OHe without containing precious
metal compounds. The amount of chlorine generation on the Blue TiO>
nanotube was comparable with that on the DSA®. In addition, the efficiency
of OHe generation on the Blue TiO2 was also comparable with that on the
BDD. It implies that the Blue TiO2 possesses inter-mediate electrochemical

characteristic between active anode and non-active anode.
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Figure 2-11. Scheme for fabricating the Blue TiO2 NTA from the anatase

TiO2 NTA with the simple cathodic polarization (Kim, Kim et al. 2014).
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3. Hybrid Electrochemical Water Treatment System

for Deionization and Oxidation

3.1. Introduction

In this study, a novel hybrid electrochemical system consisting of an
electrochemical desalination system synchronized with an oxidation process
is proposed (Figure 3-1). This hybrid system is realized by combining a
cathode for capturing cations with an oxidant generation anode. As described
in Figure 3-1, this hybrid system consists of a desalination component and an
oxidation component. The two are divided by an anion exchange membrane

that offers a channel for migration of anions.
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Figure 3-1. Schematic of a novel hybrid electrochemical water treatment
system consisting of an electrochemical deionization system synchronized

with the oxidation process.
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During operation of this hybrid system, cations are intercalated into the
cathode by an applied electrical potential. Simultaneously, anions diffuse into
the oxidation component through the anion exchange membrane in order to
retain a neutral charge in the desalination component. At the same time,
oxidation reactions occur on the anode of the oxidation component,
maintaining the charge balance in the oxidation component and facilitating
the diffusion of anions from the desalination component. In water containing
a high concentration of chloride ions, chlorine can be generated and utilized
in the disinfection or oxidation application of water treatment. A sodium
manganese oxide, which is a representative material in sodium ion batteries,
was selected as a cathode for capturing cations. A Blue TiO2 nanotube,
recently reported as a novel anode, was adopted as an oxidant generating
anode due to its high efficiency for chlorine generation without the use of

precious metals (Kim, Kim et al. 2014).
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hydrogen evolution.
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3.2. Experimental

3.2.1. Preparation of sodium manganese oxide (Nao.44MnOz)

The Nao44MnO, was synthesized via solid state reaction with Na,CO3 and
Mn,0s5 (Sigma-Aldrich, USA), following the procedure (Lee, Kim et al.
2014). These chemicals were mildly mixed at a molar ratio of 0.484 : 1
(Na2COs3 : Mn203). Then, the mixed powder was pelletized and annealed at
500°C for 5 h under air condition and cooled to room temperature. The
product was re-pelletized and annealed at 900°C for 12 h under atmosphere
condition. Nap.44MnO> electrode was fabricated by a slurry mixture of
prepared powder (80 wt%), carbon black (Super-P™, TIMCAL Graphite and
Carbon Inc., Switzerland, 10 wt%) and polytetrafluoroethylene (PTFE,
Sigma-Aldrich, USA, 10 wt%). The mixture was treated by roll press machine
to prepare sheet-type electrode with approximately 300 um of thickness. The
electrode was dried in a vacuum oven at 60°C for 12 h to remove remaining

solvent.
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3.2.2. Preparation of blue TiO2 nanotube on meshed Ti

substrate (m-Blue TiO2 NTs)

The m-Blue TiO2 NTs was fabricated by following the procedures of
anodization and cathodic polarization reported in literatures (Kim, Kim et al.
2014). First, titanium mesh degreased by ultrasonication in acetone and
platinum were used as the anode and cathode, respectively. Anodization was
conducted in the electrolyte of H>O (2.5 wt%)/NH4F (0.2 wt%) with ethylene
glycol for 5 h under constant voltage (40 V) at room temperature. The
anodized TiO2 nanotube on meshed Ti substrate was annealed at 450°C for 1
h under air condition. Then, the electrode was treated by cathodic polarization
under constant current (17 mA cm) for 90 s in phosphate buffer electrolyte

([KH2PO4]o = 0.1 M with NaOH, pH ~7.2), leading to the m-Blue TiO> NTs.
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3.2.3. Characterization of prepared electrodes

The prepared electrodes were characterized by field emission scanning
electron microscopy (FE-SEM, JSM 6700F, JEOL Ltd, Japan), and the
crystalline structure was analyzed by X-ray powder diffraction (HR-XRD,
Bruker D8 Discover X-ray Diffractometer, Germany). Electrochemical
characterization of the prepared electrodes was measured by cyclic
voltammetry (CV) and staircase linear sweep voltammetry (SLSV) with a
potentiostat (PARSTAT 2273, Princeton Applied Research, USA).
Galvanostatic charge/discharge was conducted with a battery cycler (WBCS

3000, WonA Tech Co., Korea).
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3.2.4. Operations of the hybrid system for deionization and

oxidant generation

The hybrid water treatment system consists of a deionization component and
an oxidation component, which are separated by an anion exchange
membrane (AMV, AGC engineering Co., Japan). Operation of the hybrid
system was carried out with Nap4MnO; and m-Blue TiO, NTs. The
electrolyte volumes of the deionization cell and the oxidant generation cell
were 41 mL and 90 mL, respectively. Prior to installation of the system, the
Nao.44MnO: electrode was treated by a pre-charging process in which a
potential of 0.9 V (vs. Ag/AgCl) was applied for 30 min, providing defect
sites to Na in Nap4MnO> (Lee, Kim et al. 2014). The performance of the
hybrid system was tested in synthetic brackish water (total amount of salt: ~
2.79 g LY, which included sodium, calcium, magnesium, chloride and sulfate
ions (the details are presented in Table 1). The current density was 50 mA g
'based on Nag4sMnO; (~ 1 C: theoretical capacity of 50 mAh g') and 3.5
mA cm based on m-Blue TiO2 NTs (Lee, Kim et al. 2014). Additionally, the
system was tested in the NaCl concentration range of 3 g L to 35 g L™! based

on the salinity levels of brackish water and sea water.
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The amount of deionized ions was estimated from the change in concentration
of cations and anions in the deionization cell measured through ion
chromatography (IC, DX-120, DIONEX Co., Ltd., USA). The desalination
capacity was expressed by the total mass of deionized ions per mass of the
employed electrode. The amount of accumulated reactive chlorine in the
oxidation cell was measured by the N,N-diethyl-p-phenylenediamine (DPD)
colorimetric method using a spectrophotometer (DR/2010, HACH Co., USA)
at a wavelength of 530 nm (Jeong, Kim et al. 2009). The coulombic efficiency

for chlorine generation was estimated by the following Equation (1):

_ nxVxFx[Cllppp
77@12_ Ixt (1)

where n is the number of consumed charges, V is the volume of electrolyte
(L), F is the Faraday constant (96485 C equi™'), [Cl2]ppp is the concentration

of chlorine (mol L), / is the applied current (A) and t is the operation time.
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3.3. Results and Discussion

Table 3-1 presents the overall performance of hybrid electrochemical water
treatment system for desalination and oxidation as the hybrid system operated
in the synthetic brackish water (sodium: 873.6 mg L™, calcium: 63.2 mg L'},
magnesium: 85.5 mg L, chloride: 1547.1 mg L}, sulfate: 219.8 mg L™).
Deionization occurred in the Nap44MnO,, and simultaneously, oxidation
occurred in the m-Blue TiO2 NTs. As shown in Table 1, this hybrid system
demonstrated effective deionization capability with coulombic efficiency of
approximately 98% considering the cations (sodium, calcium, and
magnesium ions). Approximately 68% of the charges were consumed for
capturing sodium ions, which composed the majority of the synthetic brackish
water. Notably, despite Nao4MnO; being a representative host material for
sodium intercalation, approximately 30% of charges were consumed for
capturing magnesium ions and calcium ions. The high removal ratio of the
divalent ions magnesium and calcium is possibly explained by their smaller
or equivalent atomic size and high electrostatic force of divalent ions

compared to those of sodium ions (Pasta, Wessells et al. 2012).

43



However, no notable difference was observed in the removal ratio of
the anions (chloride and sulfate). It is plausible to explain that the anions do
not selectively diffuse through the anion exchange membrane due to their
similar ionic mobility in water (C1: 7.91 10® m?s! V!, SO42: 8.29x 108
m? s™! V) (Bard and Faulkner 2001). Furthermore, as shown in Table 1, this
hybrid system demonstrated a coulombic efficiency of approximately 66%
for chlorine generation in the synthetic brackish water, and the rest of the
charges were presumed to be utilized for oxygen evolution. This result
indicates that the m-Blue TiO2> NTs efficiently functions as the anode for
chlorine generation in the low concentrations of synthetic brackish water (~
1,547 mg L' of CI') and is supported by the SLSV in Figure 3-3 (Kuhn and

Mortimer 1972, Rajkumar, Kim et al. 2004).
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Table 3-1. The overall performance of hybrid electrochemical water

treatment system for desalination and oxidation in the synthetic brackish

water (The current density: 1 C, 50 mA g! based on Nag.44MnO>, 3.5 mA cm’

2 based on Blue TiO2 NTs)
Desalination Cell Oxidation Cell
Na Ca®' Mg?' CI Nor Cl, gencration
Ci/mgL"! 873.6 632 85.5 1547.1 219.8 0
Cr/mg L’ 615914 28.7%1.1 46.5£ 1.0 10326 £79 1369+ 1.0 173.3
AC/ % 29.5 544 459 332 378 -
Coulombic 68 10 20 88 10 ”
Efficiency / % 98 (Total)
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Figure 3-3 shows the anodic SLSV of the Blue TiO2 NTs in 1 M of NaCl and
NazSO4. As shown in Figure 3-3, remarkably, a difference of anodic onset
potentials was observed in the Blue TiO> NTs depending upon the species of
anion (Cl, SO4%). In the presence of chloride ions (1 M of NaCl), the onset
was measured near 1.6 V (vs. Ag/AgCl KCl sat’d), whereas it was over 2 V
(vs. Ag/AgCl KCl sat’d) in the absence of chloride ions (1 M of Na;SO4). The
m-Blue TiO; NTs exhibited lower onset potential in the presence of chloride
ions, which provides insight into the favorable characteristic for chlorine
evolution compared to that of oxygen evolution. Although the theoretical
potential of oxygen evolution at a neutral pH (0.62 V vs. Ag/AgCl) is much
lower than that of chlorine evolution (1.16 V vs. Ag/AgCl), the chlorine
evolution was noted to be kinetically favorable due to abstraction of four
electrons for the oxidation of H>O to O, (Hoganson and Babcock 1997). This
efficient property of the m-Blue TiO2 NTs for chlorine generation led to the
stability of this hybrid system without accumulation of diffused anion from

desalination cell.
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Figure 3-3. SLSV of the Blue TiO2 NTs in 1 M of NaCl and Na>SOs. SLSV
was conducted with a 50 mV step height and 1 min step width, and the scan
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Figure 3-4 shows the voltage profile of the hybrid system that consisted of
each potential profile of the m-Blue TiO2> NTs and the Nao 44MnO> measured
in the corresponding condition in Table 3-1. As shown in Figure 3-4, the
hybrid system was operated under a range of cell voltages from 2.2 V to 3.0
V. At the initial operation, the cell voltage was measured to be 2.2 V, while
it increased to 3.0 V at the end of operation. This resulted from the increasing
over-potential for chlorine generation of the m-Blue TiO> NTs (2.8 V to 3.2
V vs. Ag/AgCl) and the decreasing potential of the Nag44MnO> (0.6 V to 0.2
V vs. Ag/AgCl) by the intercalation reaction of cations. Overall, estimating
the required energy based on the result in Table 3-1 and Figure 3-4, this hybrid
system is able to deionize 33% ions in 1 L of synthetic brackish water and

produce 4.3 g of chlorine using approximately 1.3 Wh of energy.
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Figure 3-4. Voltage profile of hybrid electrochemical water treatment system

that consisted of each potential profile of the m-Blue TiO> NTs and the

Nao.44MnO> measured in the corresponding condition in Table 3-1.
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Figure 3-5 (a) and (b) show the specific capacity of the Nap.44MnO> via the
discharging curves and its desalination capacity (the amount of deionized ions
per the mass of employed electrode) in the concentration range of 3 g L'! to
35 g L' of NaCl (representing the salinity level from brackish water to sea
water), respectively. As shown in Figure 3-5 (a), the Nao44MnO; exhibited its
high specific capacity with increasing concentration of NaCl, which allows
more ions to be accessible to the interfaces of electrode. For instance, the
specific capacity in 3 g L' of NaCl was approximately 18 mAh g'!, whereas
it increased to approximately 40 mAh g in 35 g L' (more than twice the
specific capacity). This implies that twice as many sodium ions can be

intercalated into the Nag.44MnOs>.

In Figure 3-5 (b), the deionization capacity of sodium ions (gray) and total
desalination capacity of NaCl (gray + white) are presented depending on the
concentration of NaCl. Notably, world record-level desalination capacity of
approximately 87 mg g! was achieved in 35 g L! of NaCl. The desalination
capacity was approximately 36 mg g! in 3 g L' of NaCl. Note that these
desalination capacities of this hybrid system were much higher than that in
CDI(~14mgg'in0.6 g L") and HCDI (~35mg g!lin 6 g L") (Lee, Kim
et al. 2014, Kim, Lee et al. 2016). A primary reason for this superior

desalination performance is attributed to the nature of this hybrid system.
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Because an oxidation process was utilized as a counterpart of the desalination
system, the anions were deionized by spontaneous diffusion into the oxidation
cell without employing the anode for capturing the anions. The desalination

capacity was estimated by following Equation (2):

1 1

= 2

CDesalination (CCations+CDiffusion)/ MCathode

where Chpesalination 1S the desalination capacity of the system, Ccations 1S the
capacity of deionized cations, Chiffusion 1S the capacity of diffused anions, and
Mcathode 1 the mass of the cathode employed for capturing cations. Hence, this
hybrid system is able to achieve desalination performance twice as high as
the conventional system that consists of a cathode and anode, which is

estimated by following Equation (3):

I 1 + 1 3)

Cpesalination ~ CCations/MCathode CAnions/MAnode
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where Cpesalination, Ccations and Mcathode are have a corresponding meaning in
Equation (2), Canions 1s the capacity of deionized anions, and manode 1S the
mass of the anode employed for capturing anions. In addition, utilizing an
oxidation process demonstrated a new embodiment of an electrochemical
desalination system without employing the anode for capturing anions. This
provides an opportunity to overcome the limitations associated with selecting

materials for anion capture.

Figure 3-5 (c) presents the correlation (R? = 0.99) between the specific
capacity of the Nap.44MnO> (Figure 3-5 (a)) and its desalination capacity
(Figure 3-5 (b)) with high average efficiency of approximately 98%. This
high efficiency implies that this hybrid system makes full use of the specific
capacity of the electrode independently of electrolyte concentration. Note that
the efficiency in each concentration of NaCl was calculated by total
consumed coulombs for deionized NaCl (Figure 3-5 (b)) per the specific

capacity of the Nao.4sMnO; (Figure 3-5 (a)).
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Figure 3-5. (a) Discharging curves and (b) desalination capacity of the
Nag 44MnO7 in the range of 3 g L' to 35 g L'! NaCl (The current density: 1C,
50 mA g based on the Nay 44sMnQ,), and (c) the correlation between specific
capacity of the Naop4MnO; and desalination capacity of the hybrid

electrochemical water treatment system.
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Figure 3-6 (a) and (b) show the coulombic efficiency of chlorine generation
of the m-Blue TiO2 NTs in comparison with that of the IrO2/Ti electrode at
two conditions of 35 g L' and 3 g L' of NaCl, respectively. Note that the
IrO2/Ti electrode was selected due to its popular application for chlorine
generation, and an identical current density was applied to the m-Blue TiO»
NTs and IrO,/Ti electrode (3.5 mA cm™). As shown in Figure 3-6 (a) and (b),
the efficiency of chlorine generation on the m-Blue TiO, NTs was higher than
that on the IrO»/Ti electrode. For instance, in the condition of 35 g L', the
coulombic efficiency of the m-Blue TiO2 NTs for chlorine efficiency was
approximately 80% ~ 95%, while that of the IrO2/Ti electrode was
approximately 65% ~ 90%. This difference was larger at a lower
concentration of NaCl (3 g L'"). The efficiency of the m-Blue TiO2 NTs was
maintained at approximately 70% ~ 80%, whereas that of the IrO»/Ti
electrode was only 45% in 3 g L''. The high efficiency of the m-Blue TiO>
NTs for chlorine generation is consistent with the result in the oxidation cell

in Table 3-1.
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Figure 3-6. The coulombic efficiency of the m-Blue TiO2 NTs for chlorine
generation in comparison with that of the IrO2/Ti electrode at two conditions

(a) the 35 g L' and (b) 3 g L' of NaCl (current density: 3.5 mA cm™).
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Figure 3-7 (a) and (b) show the FE-SEM images of the m-Blue TiO, NTs as
an oxidant generation anode and the Nap44MnO; as a cation-capturing
cathode in the hybrid system, respectively. As shown in the top-view images
in Figure 3-7 (a), TiO2 NTs grown via electrochemical anodization appeared
to be highly ordered. The outer diameter of the m-Blue TiO>» NTs was
approximately 100 nm, and the wall thickness was 20 nm. The length of the
m-Blue TiO2 NTs was approximately 15 um. The high efficiency of chlorine
generation on the m-Blue TiO, NTs in Figure 3-6 (a) and (b) could be
attributed to its well-organized nanotube structure (Figure 3-7 (a) and Figure
3-8) or its intrinsic properties (e.g., affinity for oxygen, working potential and
over potential), which allows for the efficient mass transfer of chloride ions
from the bulk to the interface. In addition, Nao4MnQO,, exhibiting a mean
diameter of approximately 300 nm and a length of 1 — 2 um, is presented in

Figure 3-7 (b).
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Figure 3-7. The FE-SEM images of (a) the m-Blue TiO, NTs as the oxidant
generation anode and (b) the Nao44MnO; as the cation capturing cathode in

the hybrid electrochemical water treatment system.
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Figure 3-8 (a) and (b) presents the top-view and side-view FE-SEM images
of the m-Blue TiO; NTs, respectively. As shown in Figure 3-8 (a) and (b), the
thickness of one strand of meshed Ti was approximately 400 pum. TiO>
nanotubes of approximately 15 um were grown on the Ti substrate. Figure 3-
8 (c) shows the anodized TiO> nanotube on meshed Ti substrate (amorphous
phase, on left) and the m-Blue TiO> NTs (anatase phase, on right). After the
annealing and cathodic polarization treatment, the anodized TiO2 nanotube
was changed from a yellow color to blue color, leading to the activation the

electro-catalyst as an oxidant generation anode.
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Figure 3-8. (a) Top-view and (b) side-view FE-SEM images of m-Blue TiO»
NTs, and (c) fabricating scheme of the m-Blue TiO2 NTs, anodized TiO:
nanotube on meshed Ti substrate (left) and Blue TiO2 NTs (right), treated by

annealing and cathodic polarization.
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Figure 3-9 (a) and (b) present the electrochemical characteristics of the
Nao44MnO: analyzed via CV and galvanostatic charge/discharge,
respectively. As shown in Figure 3-9 (a), four distinct peaks of the
intercalation (0.07, 0.16. 0.31 and 0.55 V) and de-intercalation (0.22, 0.27,
0.46 and 0.67 V) of sodium ions with the Nao44MnO> were observed between
0 V and 0.8 V (vs. Ag/AgCl KCI sat’d). Moreover, the plateaus at the
potential corresponding to peaks in CV were consistently exhibited in the
charging and discharging in Figure 3-9 (b). This implies that the Nag.44MnO>
offers four different sites involving intercalation and de-intercalation of
sodium ions. Despite the theoretical possibility of the oxygen evolution
reaction over 0.6 V (vs. Ag/AgCl KCl sat’d) at a neutral pH, the Nag.44MnO»
demonstrated coulombic efficiency of approximately 99% by suppressing
oxygen evolution due to its high over-potential. Within the potential range,
the Nap4MnO> showed high specific capacity and rate capability. For
instance, the specific capacity of approximately 47 mAh g'! was measured at
50 mA g (1 C based on the theoretical specific capacity: ~ 50 mAh g).
Furthermore, Figure 3-9 (c) shows the rate capability of a Nag44MnO>
measured at 1 C for charging and at various rates for discharging. As shown
in Figure 3-9 (c), the Nao.44MnO: exhibited good rate capability. For instance,

the specific capacity of approximately 47 mAh g™! was measured at 50 mA g°
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(1 C based on the theoretical specific capacity: ~ 50 mAh g™!). Furthermore,
approximately 90% and 80% of the specific capacity was retained at 3/2 C

and 2 C, respectively.
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(c)
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Figure 3-9. (a) CV, (b) galvanostatic charge/discharge and (c) Discharging
curves of Nag.44MnO> in 3.5 M of NaCl electrolyte. CV was conducted in at
a scan rate of 2 mV s™'. Galvanostatic charge/discharge was measured by the
current density of 50 mA g'!. The current density was varied from 25 mA g'!

to 100 mA g'! in discharging curves.
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Figure 3-10 (a) and (b) present the HR-XRD patterns of the m-Blue TiO2 NTs
and the Nao.44MnOz, respectively. As shown in Figure 3-10 (a), the patterns
exhibited diffraction peaks at 25.3°, 37.8°, 53.9° and 55.1°, indicating TiO>
in the anatase phase. In Figure 3-10 (b), the peaks at 19.5°, 34.1°, 37.4°, and
51.5° were exhibited, indicating Nao 44MnO; with orthorhombic structure. All
peaks are in agreement with the standard spectrum (JCPDS no. 84-1285 (Ti0»)

and 27-0750 (Na 4sMnO»)).

65



(a) Blue Tio, NTs | | (b) Nag4sMnO,
JCPDS 84-1285 JCPDS 27-0750
- || | 1 ‘| 1 | | N L "I‘l.' II I,|
20 40 60 80 10 20 30 40 50 60
2 theta / deg 2 theta/ deg

Figure 3-10. HR-XRD patterns of (a) the m-Blue TiO> NTs and (b) the

Nao.44MnO; and standard spectrum of TiO> (a) and Nao.44MnO- (b).
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3.4. Summary

In this study, a novel hybrid electrochemical water treatment system
combining an electrochemical desalination system with an oxidation process
was successfully demonstrated by intercalation of cations on a cathode,
spontaneous diffusion of anions through the anion exchange membrane and
the simultaneous reaction of chlorine generation. As a primary result, superior
desalination capacities of approximately 87 mg g' and 36 mg g were
achieved in 35 g L'! and 3 g L' NaCl, respectively. In addition, this hybrid
system showed a coulombic efficiency of approximately 98% and 66% in
synthetic brackish water for desalination and oxidation, respectively. The m-
Blue TiO> NT as an anode electrode functions efficiently for chlorine
generation, even in low concentrations of electrolyte. Consequently, by
combining the desalination process and the oxidation process, this hybrid
system showed superior desalination capacity and efficiency, and it provided
a new strategy to overcome the limitations of materials used for capturing

anions.
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4. NaxFeP,07as Novel Material for Hybrid Capacitive

Deionization

4.1. Introduction

Various novel CDI systems were investigated, including flow-through
electrode capacitive desalination (FTE CD), ion exchange membrane assisted
CDI (MCDI) and ion exchange resin coated CDI, Flow-electrode capacitive
deionization (FCDI), inverted CDI (i-CDI) and desalination battery system
(Lee, Park et al. 2006, Biesheuvel and Van der Wal 2010, Kim and Choi 2010,
La Mantia, Pasta et al. 2011, Pasta, Wessells et al. 2012, Suss, Baumann et al.
2012, Jeon, Park et al. 2013, Gao, Omosebi et al. 2014, Jeon, Yeo et al. 2014,
Porada, Weingarth et al. 2014, Gao, Omosebi et al. 2015, Gao, Omosebi et al.
2015). A recently introduced Hybrid CDI (HCDI), which utilizes sodium
manganese oxide (NasMnyOisg), a representative material for sodium ion
batteries (SIBs), to replace one of the carbon electrodes, successfully
demonstrated its superior deionization performance (31.2 mg of NaCl per g

of electrodes) over conventional CDI (Lee, Kim et al. 2014).
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As shown in Figure 4-1, in the HCDI system, sodium ions are intercalated on
the sodium manganese oxide electrode and chloride ions are adsorbed on the
activated carbon electrode, leading to a deionization process. Alternatively,
the captured sodium and chloride ions are released from the sodium
manganese oxide and activated carbon electrodes, respectively, during the
discharge step. Despite the great promise of the HCDI system, the limited
availability of aqueous-based intercalation materials and the lack of
information regarding the characteristics of the HCDI system performance
are obstacles to the advancement of HCDI to compete with reverse osmosis
for deionization.

This study attempted to investigate the overall kinetic deionization
performance of HCDI with sodium iron pyrophosphate (NaFeP>O7). It has
been noted that among the various materials for SIBs that have been used in
large-scale energy storage systems (ESSs) as an alternative to grid energy
storage, NaxFeP,07 is attractive due to it high capacity, stability, low cost and
environmentally benign nature (Kim, Shakoor et al. 2013, Chen, Matsumoto
et al. 2014, Jung, Lim et al. 2014, Kim, Hong et al. 2014). In addition, the
analysis of the CDI Ragone plot was applied to investigate the operational
behavior of the HCDI system with NaxFeP>,0O7 combined with a battery and

supercapacitor compared to the conventional MCDI system.
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Figure 4-1. Scheme of Hybrid CDI (HCDI) consisting of sodium ion batteries
(SIBs) on one side of the electrode instead of carbon material as well as an
anion exchange membrane assisted activated carbon (AC). During the
charging process, sodium ions are intercalated onto the SIB and chloride ions

are absorbed onto the AC.
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4.2. Experimental

4.2.1. Material synthesis

Sodium iron pyrophosphate was synthesized via a solid-state reaction with
NaxCOs, (NH4)>2HPO4, and FeC>O4 (Sigma Aldrich) following the procedure
reported in a previous study (Kim, Shakoor et al. 2013). These chemicals
were mildly mixed at a molar ratio of 1: 2: 1 (NaCOs, (NH4)2HPO4, and
FeC>04). Then, the mixed powder was pelletized and annealed at 350°C for
3 h under an inert atmosphere and cooled to room temperature. The product
was re-pelletized and annealed at 600°C for 6 h under a N> atmosphere. To
enhance the electrical conductivity, the prepared powder was ball-milled and
carbon-coated with carbon black at a weight ratio of 8: 2 (prepared powder:
Super P). The carbon coated powder was pelletized and annealed at 600°C
for 10 h under a N> atmosphere. The prepared material was characterized by
scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy
(EDS, JEOL JSM 6700F) and inductively coupled plasma atomic emission
spectroscopy (ICP-AES, Optima-4300 DV, PerkinElmer). The crystalline
structure was analyzed by X-ray powder diffraction (XRD, Bruker DS

DISCOVER).
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4.2.2. Electrode fabrication

The NaxFeP207 electrode employed in the HCDI system was fabricated by a
slurry mixture of its powder (75 wt%), carbon black (Super P, Timkan
graphite and carbon 15 wt%) and polytetrafluoroethylene (PTFE, Sigma-
Aldrich, 10 wt%). The activated carbon electrode was also prepared by a
slurry mixture of carbon powder (MSP-20, Kansai Coke and Chemicals, 86
wt%), Super P (7 wt%) and PTFE (7 wt%). Slurry mixtures were treated with
a roll press machine to fabricate the sheet-type electrodes with an
approximate thickness of 300 um. The electrodes were dried in a vacuum

oven at 60°C for 12 h to remove the remaining solvent.
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4.2.3. Electrochemical characterization

Cyclic voltammetry (CV) was carried out with a potentiostat (PARSTAT
2273, Princeton Applied Research) using a three electrodes system in an
aqueous 2 M NacCl electrolyte. The system consisted of NaxFeP,O7 for the
working electrode, excess activated carbon for the counter electrode, and KCI
saturated Ag/AgCl for the reference electrode. Galvanostatic
charge/discharge, cycling and rate capability were conducted by NaxFeP.O~
and an activated carbon system using a battery cycler (WBCS3000, WonA
Tech Co) in an aqueous 2 M NaCl electrolyte. A cellulose nitrate membrane
(Advanced Microdevice, thickness ~ 110 um) was used as a separator

between the two electrodes.
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4.2.4. Deionization test

The deionization performance, following the procedure of the previous
studies from our group, was conducted in a continuous flow system with a
pair of 2-cm diameter electrodes, a 200-um thick nylon spacer and an anion
exchange membrane (AMV, AGC engineering Co.) (Kim, Lee et al. 2014,
Lee, Kim et al. 2014, Kim and Yoon 2015). The contact area of two electrodes
was 3 cm’ due to the flow stream. Before installation of the electrode, the
electrode was treated with a pre-charging process in which a potential of 0.6
V (vs. Ag/AgCl) was applied for 30 min to the Na;FeP,O7 electrode, leading
to Na defect sites in NaxFeP2O7. Under constant voltage operations, 1.2 V and
-1.2 V were applied to the HCDI cell for 15 min for the charging and
discharging process, respectively. Under constant current, the current
densities varied from 60 mA g to 180 mA g (1 mA 2 to 3 mA cm™) based
on the NayFeP>O7 electrode using the battery cycler. The flow rate was 2 mL
min™', and the feed water contained 10 mM, 50 mM and 100 mM of NaCl.
The feed concentration was measured by a conductivity meter (3573-10C,
HORIBA, Ltd). The deionization performance was expressed as the mass of
deionized NaCl salt per Na;FeP>O7. In CDI, the performance of deionization
is typically evaluated in terms of the salt adsorption capacity, maximum salt

adsorption rate and average salt adsorption rate (ASAR) (Porada, Borchardt
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et al. 2013, Zhao, Satpradit et al. 2013). Since sodium ions are captured by
the intercalation reaction, the parameters for evaluating the deionization
performance are denoted by the deionization capacity, maximum deionization
rate and average deionization rate in HCDI. All experiments were carried out

in duplicate or triplicate to examine their reproducibility.
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4.3. Results and Discussion

Figure 4-2 (a) provides XRD data of Na;FeP>0O7 and the Rietveld refinement
pattern based on NaxCoP>0O7-rose, adopting a triclinic structure under the P1
space group. As seen in Figure 4-2 (a), the XRD pattern fit well with that of
NaxCoP>0O7-rose, which indicates that NaFeP>O; possesses a highly
crystallized structure with a pure phase and infinite metal polyhedrals and
pyrophosphate groups connected with shared corners utilizing the migration
of Na ions (Erragh, Boukhari et al. 1991, Kim, Shakoor et al. 2013). The
lattice parameters were analogous to those of NaxFeP,O7 reported in a
previous study (a=9.71 A,b=11.01 A, c=12.32 A, a=148.62°, =121.67°
and y = 68.43°) (Kim, Shakoor et al. 2013). As shown in Figure 4-2 (b) and
(c), the mixed powders before ball-milling and carbon coating showed
particle sizes of 10 to 50 um and rocklike shapes. After ball-milling and the
carbon coating treatment, the particles were smashed to small pieces that were

sub-micron sized.
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Figure 4-2. (a) XRD data of Na;FeP>O7 and the Rietveld refinement pattern
based on Na,CoP,0O7-rose, adopting a triclinic structure under the P1 space
group (Rp = 9.40%, Rwp = 7.15%, y*>= 4.01). Observed and calculated data
are presented as red markers and the black line, respectively. The gray line
and blue bars indicate the differences in the fitting residual and Bragg
positions, respectively. SEM images of NaxFeP,O7 powders synthesized by a
solid state reaction (b) before carbon coating and (c) after carbon coating and

ball-milling.
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Figure. 4-3 shows the EDS mapping scanning spectra (a) for sodium (Na),
iron (Fe), phosphor (P) and oxygen (O) consisting of the Na;FeP,07 and the
SEM image of NaxFeP,0O7 powders. As shown in 4-3, through EDS mapping
scanning spectra of the NaxFeP,O7, for Na, Fe, P, and O, were uniformly
distributed on the whole surface of prepared powder. The stoichiometry of
NayFeP>0O7 for Na, Fe and P was confirmed as 2 : 1 : 2 based on the results of

ICP-AES (1.97 : 1.05 : 2) and SEM-EDS (1.96 : 0.99 : 2) analyses.
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Figure 4-3. EDS mapping scanning spectra of NaFeP,O7 for sodium (Na),

iron (Fe), phosphorus (P) and oxygen (O).
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Figure 4-4 (a) and (b) show the electrochemical characterization of
NayFeP,0O7; as measured by CV and galvanostatic charge/discharge,
respectively. In Figure 4-4 (a), the characteristic peaks related to the de-
intercalation and intercalation reactions of sodium ions with Na;FeP.O7 were
observed at -0.36, 0.07, 0.18 and 0.43 V (black arrows) and -0.45, -0.07, 0.06
and 0.41 V (gray arrows), respectively, based on the Ag/AgCl KCl saturated
electrode, suggesting that de-intercalation and intercalation reactions of
sodium ions with NaFeP>O7 occurred over the potential range preventing
electrolysis at a neutral pH and were consistent with the literature values (Kim,
Shakoor et al. 2013, Jung, Lim et al. 2014). In galvanostatic charge/discharge
(Figure 4-4 (b)), the capacity of Na;FeP,O7 was shown to be approximately
56 mAh g ! at 48 mA g (1/2 C based on the theoretical capacity: 97 mAh g
.(Kim, Shakoor et al. 2013) This capacity corresponded to approximately
200 F/g of capacitance, which was a much higher value than that of
conventional activated carbon materials (~130 F g! of MSP 20 in 1 M of
NaCl).(Kim and Yoon 2013) More than 97% of the capacity was retained for
120 cycles at a current density of 384 mA g! (Figure 4-5), demonstrating that

there is good capacity retention in the HCDI system under aqueous conditions.
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Figure 4-4. The representative characterization of the (a) CV and (b)
galvanostatic charge/discharge of NayFeP>O7 in 2 M of NaCl (pH ~ 7). CV
was carried out at a scan rate of 0.5 mV s™'. Galvanostatic charge/discharge

was conducted with a current density of 48 mA g,
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Figure. 4-5 presents the galvanostatic charge and discharge capacity retention
of HCDI system with NaxFeP.O7 up to 120 cycles at two specific current
densities of 192 mA/g and 384 mA/g (corresponding to current density as 2C
and 4C based on theoretical capacity of NaxFeP>0O7). As shown in Figure. 4-
5, over 94% and 97% of capacity was retained for 120 cycles at current

density of 192 mA/g and 384 mAh/g, respectively.
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Figure 4-6 shows the deionization characteristics of the HCDI system with
NayFeP,07 in terms of (a) the conductivity profile of the effluent, (b) the
current (solid line) vs. the voltage profile (dotted line) of the HCDI system
under constant voltage operations and (c) the deionization capacity (mg g™!)
and average deionization rate (mg g s). As shown in Figures 4-6 (a) and
4(b), the HCDI system exhibited the typical deionization behavior of the CDI
system under constant voltage operation. For instance, the conductivity of the
effluent rapidly decreased initially during the charging process, triggered by
the instant change in the electric energy state between the two electrodes. As
the system reached the equilibrium state where ions can no longer be removed,
the conductivity of the effluent recovered to the initial value. On the other
hand, the effluent conductivity increased when the captured ions were

released during the discharge process, in which the system can be regenerated.
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Figure 4-6 (c) shows that the HCDI system with NaxFeP>O7 has a superior
deionization rate performance compared to the CDI system, the MCDI system,
and even the previous HCDI system with NasMnoO1g reported by previous
study (Lee, Kim et al. 2014). For instance, the maximum deionization rate of
the HCDI system with Na)FeP,O; was 0.081 mg g! s!, which is
approximately 69%, 13%, and 23% faster than those of the previously listed
CDI systems, respectively. In addition, the deionization capacity of HCDI
with Na,FeP,07 (30.2 mg g!) was higher than that of the CDI (13.5 mg g™!)
and MCDI systems (22.4 mg g'!), with higher capacity for Na;FeP,O7 than
for carbon material. However, no significant difference in the deionization
capacity between the two HCDI systems with NaxFeP20O7 and NasMnoOis
(31.2 mg g'!) were observed. This is explained by the fact that the deionization
capacity of the HCDI system is limited by the relatively low capacity of the

carbon material.
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Figure 4-6. The (a) effluent conductivity profile and (b) current-voltage
profile of the HCDI system under constant voltage operation and (c) the
deionization capacity and rate during the charging step. Positive and negative
1.2 V of cell voltage were applied for 15 min during the charging and

discharging processes, respectively, and the influent was 10 mM NaCl.
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Figure 4-6 compares the normalized deionization capacity to the maximum
deionization rate of the HCDI system with respect to the influent
concentration (10, 50 and 100 mM of NaCl) and constant voltage operations
(0.9, 1.2 and 1.5 V). Note that the data were calculated based on the results at
100 mM and 1.2 V (deionization capacity: 32.6 mg g-1, maximum
deionization: 0.143 mg g'!' s’), and the results from Figure 4-5 (¢) (10 mM &
1.2 V) were included for comparative purposes. As shown in Figure 4-6, the
increase in both the influent concentration and operation voltage contributed
to the enhanced deionization capacity and maximum deionization rates,
although the effect differs to some extent. For instance, the deionization
capacity at 1.2 V (30 ~ 33 mg g!) did not change much regardless of the
influent concentration, indicating that this HCDI system was near the
equilibrium state. However, the maximum deionization rate under this
condition is variable with changing influent concentrations. The deionization
rate was 40% higher at 100 mM than at 10 mM and 50 mM, implying that the
influent concentration influences the deionization rate due to the kinetic
accessibility of the ionic species on the surface of the electrodes. A high
influent concentration induces the facilitated transport of ions by reducing the
ionic resistance in the electrolytes, resulting in the enhancement of the

deionization rate.
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Figure 4-7. Comparison of the normalized deionization capacity to the
maximum deionization rate of the HCDI system with respect to the influent
concentration (10, 50 and 100 mM of NaCl) under constant voltage (0.9, 1.2
and 1.5 V). Note that the data are calculated based on the results at 100 mM
and 1.2 V (deionization capacity: 32.6 mg g'!, maximum deionization: 0.143
mg g s!), and the results from Figure 4-5 (c) (10 mM and 1.2 V) are included

for comparative purposes.
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Figures 4-7 (a) and (b) represents (a) three consecutive cycles of the effluent
conductivity profiles and (b) the current (dotted line, 1 mA cm™) vs. voltage
(solid line) profile of the HCDI system with NaFeP>,O7 under a constant
current. The deionization behaviors under a constant current shown in Figures
4-7 (a) and (b) are distinguished from those under a constant voltage (Figures
4-5 (a) and (b)). For instance, as shown in Figure 4-7 (a), the conductivity of
the effluent under a constant current was retained by the current density,
increasing the extent of deionization. Constant current operations are often
preferred due to the benefit of a steady effluent concentration and the
simplicity of the equipment for the CDI system as well as the fact that the
equipment can directly connect to other electrical conversion devices
(Anderson, Cudero et al. 2010). The constant current operations showed a
deionization capacity of 24 mg g!, with an average deionization rate of 0.02
mg g™ s™!, which can be obtained from integrating Figure 6(a), indicating that
the deionization capacity was 30% better for the HCDI system than the MCDI

system with symmetric activated carbon (Kim and Yoon 2015).
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Figure 4-8. Representation of (a) three consecutive cycles of the effluent
conductivity profiles and (b) the current-voltage profile of the HCDI system
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mM NacCl influent.
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Figure 4-8 shows the effluent conductivity of HCDI system depending upon
applied current densities (1.0, 1.5, 2.0 and 3.0 mA cm™) in 10 mM and 100
mM of NaCl, respectively. As shown in Figure 4-8, under constant current
operation, the change of effluent conductivity was affected by the applied
current density, allowing the extent of deionization. In Figure (a, d, e and
Figure 4-7 (a)), the conductivity of effluent was stably retained at low applied
current density. However, as applied current density increased, the constantly
retained period of effluent conductivity was shorten (c, g), indicating the

HCDI system cannot be fully showed its deionization capacity.
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Figure 4-9 shows the CDI Ragone plot, which describes the overall
deionization performance of the HCDI system with NaxFeP,O7 with respect
to the influent concentration (10 mM and100 mM NacCl) and current density
(1 mA cm?, 1.5 mA cm?, 2 mA cm™ and 3 mA cm™). As shown in Figure 4-
9, two important observations regarding the HCDI system, depending on the

current density, can be addressed by the CDI Ragone plot.

First, at low average deionization rates (marked by green dashed box,
0.022 ~ 0.034 mg g! s) and the corresponding low current densities (1 mA
cm? or 1.5 mA cm™), the HCDI system showed a higher deionization
capacity than that of the MCDI system. For instance, at an inlet concentration
of 10 mM (—®— & —e—), a deionization capacity of 24 mg g was attained
at an average deionization rate of 0.22 mg g™!' s™! (current density of 1 mA cm’
2), which was approximately 30% higher than that in the MCDI system. This
difference became more profound at higher concentrations (100 mM -4—&

-a- ), reaching a deionized capacity that was approximately 50% higher than
that in the MCDI system. The high capacity of the HCDI system (24 mg g,
34 mg g') originated from the battery properties of NaFeP>O7, which are

much higher than those of activated carbon at low current densities.
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Second, at high average deionization rates (marked by yellow dashed box,
0.05 ~0.07 mg g s!) corresponding to high current densities (2 mA cm™ or
3 mA cm™), the gap in the deionization capacity between the HCDI system
and MCDI system narrowed, reaching 0% (10 mM) and 20% (100 mM) at an
average deionization rate of 0.06 mg g™ s™. This observation showed that the
capacity of NaxFeP,O7 cannot be fully utilized at high current densities, which
implies that the effect of the super-capacitive property dominated the effect
of the battery power on the deionization capacity. This is further supported
by the results shown in Figures 4-8 (c) and (g), which show the effluent
conductivity profiles at high current densities. Overall, the results of the CDI
Ragone plot in Figure 4-9 demonstrate the hybrid behavior characteristics of
the HCDI system, including the high deionization capacity originating from
the high capacity of NaxFeP,O7 at low current densities and high influent
concentrations as well as the fast deionization rate at high current densities
and low influent concentrations. The results implied that the HCDI system is
able to function as either an activated carbon based CDI or SIB based
desalination depending on the operation parameters, including the current

density, electrolyte concentration, resistance of system, and so on.
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Figure 4-10. HCDI Ragone plot of NaxFeP,0O7 with respect to the influent

concentration (10 mM ( —®— ) and 100 mM (—#--) NaCl) and current density

(1 mA cm?, 1.5 mA cm™?, 2 mA cm™ and 3 mA c¢cm™), including the results

in Figure 6(a). The results of MCDI at 10 mM (—— ) and 100 mM ( -&- ) are

included for comparative purposes (Kim and Yoon 2015).
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4.4. Summary

In this study, sodium iron pyrophosphate (NaFeP>O7) was successfully
examined as a new material for the HCDI system, and an analysis of the CDI
Ragone plot allowed for the examination of the effects of various operation
parameters on the system. The HCDI system with NaFeP>O7; showed a
superior maximum deionization rate performance (0.08 mg g s') with a
comparable deionization capacity performance (30.2 mg g'!) compared to the
CDI, MCDI and even HCDI from a previous study (the system with
NasMnyO1g). Furthermore, the analysis of the CDI Ragone plot revealed that
the hybrid behavior characteristics, high deionization capacity that originated
from the high capacity of Na,FeP>O7 and fast deionization rates resulting from
the supercapacitor depended on the operation conditions, including the

current density, cell voltage and influent concentration.
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5. Conclusion

In this dissertation, a novel electrochemical water treatment system and
suitable materials for deionization and oxidation were successfully

investigated.

First of all, a novel hybrid electrochemical water treatment system
combining an electrochemical desalination system with an oxidation process
was successfully demonstrated by intercalation of cations on a cathode,
spontaneous diffusion of anions through the anion exchange membrane and
the simultaneous reaction of chlorine generation. As a primary result, world
record-level desalination capacities of approximately 87 mg g™ and 36 mg g°
! were achieved in 35 g L'! and 3 g L' NaCl, respectively. In addition, this
hybrid system showed a coulombic efficiency of approximately 98% and 66%
in synthetic brackish water for desalination and oxidation, respectively. The
m-Blue TiO2 NT as an anode electrode functions efficiently for chlorine
generation, even in low concentrations of electrolyte. Consequently, by
combining the desalination process and the oxidation process, this hybrid
system showed superior desalination capacity and efficiency, and it provided
a new strategy to overcome the limitations of materials used for capturing

anions.
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Second, sodium iron pyrophosphate (NaxFeP.O7) was successfully
examined as a new material for the HCDI system, and an analysis of the CDI
Ragone plot allowed for the examination of the effects of various operation
parameters on the system. The HCDI system with NaFeP>O7; showed a
superior maximum deionization rate performance (0.08 mg g' s!) with a
comparable deionization capacity performance (30.2 mg g'!) compared to the
CDI, MCDI and even HCDI from a previous study (the system with
NasMnoO1g). Furthermore, the analysis of the CDI Ragone plot revealed that
the hybrid behavior characteristics, high deionization capacity that originated
from the high capacity of Na;FeP,0O7 and fast deionization rates resulting from
the supercapacitor depended on the operation conditions, including the
current density, cell voltage and influent concentration. This HCDI system
with NaFeP>O7 contributes to expanding the understanding for kinetic or

thermodynamic properties of the HCDI system.
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