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Abstract

Capacitive deionization (CDI) is an energy efficient brackish water desalination
technique which allows low voltage operation (~ 1.2V) under room temperature and
pressure. Carbon material is the most studied material for CDI electrodes. However, the
maximum salt adsorption capacity (MSAC) of carbon CDI have reached a limit (~20 mg/g).
We have developed an in-situ CDI performance measurement system and tested the
desalination performance of CDI cell with activated carbon electrodes and PEDOT:PSS
electrodes. Conductivity change of solution inside our CDI cell was monitored during the
desalination process. The dependence of salt adsorption on potential difference between
CDI electrodes and feed water concentration have been investigated. We compared the
desalination behavior of our all-polymer CDI cell with activated carbon and demonstrated
that the two materials work under different physical principles. Most notably, the
PEDOT:PSS cell has an MSAC that increases with salinity, suggesting its use in
applications beyond the desalination of brackish water. An MSAC of over 55 mg/g have

been obtained for our PEDOT:PSS CDI system in desalination of 10 g/L salt solution.

Keywords: PEDOT:PSS; Conductive polymer; Capacitive deionization; Faradaic

electrodes
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Chapter 1.
Introduction

1.1. Global water scarcity

Growing population and economy have increased water consumption around the
world. Figure 1.1 shows a historical trend of total annual water consumption around the
world from 1900 to 2025." The total annual withdrawal of freshwater increases at a
dramatic speed, it is anticipated the total annual global water consumption would exceed
5000 m3 in 2025.

Global Water Consumption 1900 — 2025

(by region, in billions of m® per year)
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Figure 1.1.  Historical trend of global water consumption per year (1900-2025) '

There are more than 2 billion people in the world that lack access to basic water.
In middle Africa, serious water crisis results in food shortage and environmental refugees.
Limited water resource also leads to frequent water conflicts between nations. As figure
1.2 shows, amount of water conflicts happening per year is increasing from 1930 to 2017.2
In 2017, 70 conflicts about water resources happened around the world. People dies not

only because of water scarcity, but also because of the war caused by the scarcity.
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Figure 1.2. Water conflict events aroun

As the demand for freshwater is increasing, freshwater resource on the Earth
remains limited. Only about 2.5% of water in the world is freshwater, with most of the water
resources stored as mountain glaciers or deep underground water. Due to global warming,
mountain glaciers are melting every year (Figure 1.3)3. It can be anticipated that one thirds
of glacier will disappear by the end of the century, which is a huge loss of freshwater.
Water from melting glaciers flows into the ocean and increases the sea level, which further
causes land freshwater to become salty, exacerbating global water scarcity. The object of

our research is to address water scarcity by providing means for desalination.
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Figure 1.3  Melting of mountain glaciers from 1980 to 2017 3



1.2. Desalination techniques

Oceans have about 97% of water on the earth. However, sea water is salty and
difficult to use in agriculture or industry. Desalination techniques have been developed to
transform sea water into usable freshwater. The first desalination plants appeared in large
number in late 1950s.* Low cost of fossil fuel made thermal desalination the most popular
method in the first generation of desalination plants.* Fossil fuel price increases and social
attention to carbon dioxide emission have pushed the development of more energy
efficient desalination techniques. Desalination capacity describes the volume of
desalinated water produced per year. By the year of 2018, Reverse Osmosis (RO)
became the most popular technique of water desalination and contributed 69% of
desalination capacity around the world, while multi-stage flash (MSF) and multi-effect

distillation (MED) becoming popular, if secondary, desalination methods. (Figure 1.4) 5

16000 2% <1%

3%

g & 8

18%

8000

13446

Number of operational desalination facilities
[«2]
3
o

* Reverse Osmosis (RO) * Multi-Stage Flash (MSF)
* Multi-Effect Distillation (MED) Nanofiltration (NF)
Technology ® Electrodialysis (ED) * Other

Figure 1.4  Number of operational desalination facilities (left) and desalination
capacity (right) by technology (2018) °

This section will introduce the principles of current major desalination methods, in
order to provide an idea of advantages and shortcomings of different desalination

techniques.



1.2.1. Thermal desalination

Thermal desalination are desalination methods in which sea water is evaporated
with thermal energy. Vaporized sea water then condensed on a surface that collects
desalinated water. Multi-effect distillation (MED) and multi-stage flash distillation (MSF)
are two important thermal desalination techniques currently, making up 25% of total

desalination capacity of the world.
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Figure 1.5 Schematic of multi-stage flash distillation process ©

MSF is a technique based on flash evaporation of water. When boiling water in a
high-pressure tank is transferred into a low-pressure tank, part of water evaporates to
leave vapour and liquid phase in equilibrium. MSF includes a series of tanks with
pressures varying from tank to tank from high to low pressures (Po> P1> P2> P3> Py)
(Figure 1.5)%. Feed saline water is boiled at pressure P, (about 2.5 bar)” then transferred
to the first tank with pressure P1. Because of the saline water is at higher temperature than
the boiling point at P4, part of saline water evaporates before being condensed by the
feeding tube and collected by a collector. The rest of the saline water concentrates as
brine in the bottom of the tank, it will be transferred to a tank with a lower pressure Py,
which causes a part of liquid vaporize again. Brine flows into series of tanks with
decreasing pressure in MSF system. The multi-stage system provides an optimized use

of heat comparing to direct flash distillation.
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Figure 1.6  Schematic of multi-effect distillation process ©

MED uses a similar multi-stage setup as MSF, but this setup relies more upon the
temperature difference between stages instead of a pressure difference. As figure 1.6
shows, saline water is feed into all the tanks with vapor tube. The vapor tube of first tank
is supplied by vapor from boiler, while the vapor tube of other tanks is supplied by vapor
from the previous tank. Vapor in the vapor tube boils the brine in the next tank producing
vapor, this vapor again heats next tank and is eventually condensed as fresh water.
However, because of heat loss between stages, the temperature of vapor used to heat
each successive tank is decreasing (T1> T2> T3> T4). The final temperature, T4, would be
the same temperature as environment, limiting the number of stages the MED system can
have. This problem can be solved by connecting MED system with an adsorption

desalination (AD) system, which allows a controllable ending temperature?.

Thermal desalination is good for processing high salinity feed water into high
quality freshwater. However, disadvantages like low recovery ratio (product vs feed) and
corrosion caused by exposure of high temperature feed water of high salinity limits its
overall application. Current high fossil fuel price also increases the cost of unit produced
freshwater by thermal desalination plants. In addition, the system produces CO; through
the burning of fossil fuels, further limiting its applicability as a sustainable solution to the

problem of freshwater production.



1.2.2. Reverse osmosis (RO)

Osmosis Reverse Osmosis
Applied Pressure

Flow

P

Membrane Membrane

B Concentrate Solution Diluted Solution
Figure 1.7 Schematic of reverse osmosis principle °

Reverse osmosis (RO) is currently the most popular and most state-of-art
technique for processing brackish water. The principle of RO is based on a semi-
permeable membrane which only passes water molecules. As figure 1.7 shows, when a
concentrated solution and a diluted solution are separated by the semi-permeable
membrane, water molecule will pass through the membrane from diluted solution to
concentrated solution via the process of osmosis. By applying a pressure on the
concentrate solution side (feed pressure), water molecule can pass the membrane from
concentrate solution to diluted solution. Semipermeable membranes used in RO system

are often thin film polyamide composites.'®

The average salinity of sea water is 35 g/L while salinity of industrial brackish water
is normally lower than that level. Based on the salinity of feed water treated by RO, RO
systems have been separated into brackish water RO (BWRO) and seawater RO (SWRO).
The distinction is necessary as each feed stream requires different optimization conditions,
and different considerations to prevent membrane fouling. SWRO have a wide range of
acceptable feed water concentrations, as required by the salinity of ocean. While BWSO
usually works with feed water salinity from 1 g/L to 10 g/L."" The membranes used in
SWRO are required to be more impermeable to NaCl than that of BWRO. This
consideration also lowers the flux of fresh water, as well as lowering the recovery ratio of
SWRO relative to BWRO.?



Membrane fouling is problem for all RO systems. Due to membrane fouling, a
membrane replacement is required every 2-5 years for SWRO and 5-7 years for BWRO.
Fouling on RO membrane increases the required pressure on concentrated water feed,
and negatively influences the permeate freshwater quality. In addition to challenges with
respect to fouling, RO suffers from relationship between water recovery rate and feed
pressure. High pressures are required (15-25 bar for BWRO, 54-80 bar for SWRO)'3,
reducing the energy efficiency of the technique. As a result current research on RO focus

on reducing membrane fouling and improving energy efficiency.'?

1.2.3. Electrodialysis (ED)
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Figure 1.8  Schematic diagram of electricdialysis setup

Electricdialysis has been considered as a safe and environmentally friendly
desalination method comparing to thermal desalination and RO. The operation of ED
system does not require heat or pressure, electricity is directly used for desalination
process. Figure 1.8 shows the principle of ED system. Cation exchange membranes
(CEM) and anion exchange membranes (AEM) are stacked between negative electrodes
and positive electrodes, while feed water flows in the space between CEMs and AEMs.
Because of the electric potential on Positive electrodes and negative electrodes, counter
ions are attracted and flow towards them. Cations would pass CEM but get stopped by
AEM, while anions would pass AEM but get stopped by CEM. With separation of AEM
and CEM, feed water is separated into dilute phase and concentrate phase. Dilute phase

is collected as product while concentrated phase is fed back into the ED system for further



desalination. To prevent poisonous chlorine formation near the electrodes, dilute Nax(SO.)

solution is used to rinse the electrodes.’®

Feed concentration controlling is important for optimizing working condition of an
ED system. ED system works best at a moderate feed concentration range (0.4-6 g/L).">1®
High concentration feed water accelerates membrane fouling, while the low conductivity

of low concentration feed water reduces ED energy efficiency.

In addition, membrane fouling is also a primary issue in ED systems. Fouling of
ion exchange membranes would lower exchange efficiency and increase electric
resistance. Feed water pre-treatment for removing organic impurities and maintaining

moderate salt concentration is necessary in an ED system to reduce membrane fouling.

1.3. Capacitive deionization (CDI) basics

++++++++++
® ” Y OO

Salt water L4 PY Desalinated water
—_— o ® —_——

Figure 1.9 Schematic diagram of capacitive deionization working principle

Capacitive deionization (CDI) is believed to be an energy efficient process that has
the potential to compete with other techniques of desalination. This is due to the fact that
the molarity of NaCl molecules in unit volume of sea water, is way lower than that of water
molecules. Therefore, it is more efficient to remove salt ions from the feed stream than
water molecules. As an example of industrialized CDI system, ESTPURE have build a
CDI plant in China desalinates brackish water from total dissolved solids (TDS) level of 1

g/L to 0.25 g/L, produces 10000 tons desalinated water per day.'”



Similar to ED systems, CDI systems can also operate under room temperature and
pressure. CDI system is driven by an electric potential applied between two electrodes.
As feed water flows between the electrodes, salt ions are adsorbed on their surface
(Figure 1.9). During this process, the feed water is desalinated until the electrodes
become saturated with salt. To remove the salt, a brine stream is created by passing feed
water through the CDI system with no potential applied to the electrodes. The electrodes
will then release salt ions into the cleaning stream, releasing their stored energy in a
manner similar to a supercapacitor. This electrical energy can be reused to charge another

set of electrodes, making CDI a potentially high efficiency desalination technique.

Advantages like high recovery ratio and low energy consumption make CDI a
promising desalination technique for the next generation. However, low energy efficiency
in feed water with high TDS due to co-ion expulsion and organic fouling limit the
performance of CDI desalination devices.’ In order to provide a clear view of CDI
technique, electrical double layer theory and important metrics for evaluating CDI

performance are introduced in the following section.

1.3.1. Electrical double layer

In an ideal CDI system, every electron passed as current to the electrodes would
accumulate, result in a counter-ion firmly attracted to the electrode surface. The ratio
between the moles of electrons passed to the electrodes and the moles of salt ions
removed from solution is called charge efficiency (CE) with and ideal CE reaching unity.
However, in practice, CDI systems are not perfectly efficient due to the complicated

behavior of ions around a charged surface.

Electrical double layer (EDL) model has been developed to describe the structure
of attracted ions around a charged surface in ionic solution. Herman von Helmholtz'® first
realized the existence of double layer on charged surface in ionic solution and developed
first model of this layer. In the Helmholtz model, surface charges are directly compensated
by a layer of counter-ions attached firmly to the surface, while co-ions are repelled away
from the surface. This model considers ions as point charge and the approach of ions
towards electrodes are unlimited, while size effect of counter-ions is ignored in the model.
This causes problem when explaining different adsorption of ions with same charge but

different size?0.



The Helmholtz model gives a basic view of ion attraction on the electrode surface,
but it does not include the factor of counter-ion diffusion in the solution. Gouy-Chapman
model of EDL considers the idea that the layer of attracted counter-ions is not as compact
as in Helmholtz model. In this model, attracted counter-ions form a diffuse layer near the

electrodes, and are not firmly attached to the surface.

Otto Stern?' has further optimized the model by combining Gouy-Chapman model
with Helmholtz model. In Gouy-Chapman-Stern theory, attracted counter-ions are
separated into a Stern layer and diffuse layer. Attracted ions are firmly attracted to the
electrode surface in the Stern layer, while ions diffuse in the solution in diffuse layer.
Surface potential decreases linearly with the distance from ion-electrode interface in the
Stern layer and follows exponentially decaying behavior in the diffuse layer. (Figure 1.10)
The finite size of counter-ions limits the number of counter-ions in the Stern layer. Besides
ion size, the number of counter-ions in the Stern layer is determined by the surface area
of electrode, as well as the voltage applied to the electrode. According to X-ray
photoelectron spectroscopy study of EDL on SiO; electrode surface in NaCl solution,
thickness of the stern layer is around 0.6 to 0.9 nm, while diffuse layer has thickness of 3-

4 nm.22

In CDI system, counter-ions forms EDL near the electrodes. lons in the stern layer
stays with electrode as adsorbed salt, while ions in diffuse layer leave the system together

with the desalinated product.
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Figure 1.10 Schematic diagram of electric double layer according to the Gouy-
Chapman-Stern theory

1.3.2. Important metrics

Since the concept of CDI desalination was originally developed in 1960,%° metrics
have been created for describing CDI system performance. Early research on the
technique of CDI reported the reduction feed stream concentration under constant voltage
charging.?*-26 However, feed stream concentration reduction can be influenced by system
factors like mass of electrodes and flow rate of the stream. Without controlling for these
system-based factors, it is possible for a highly effective system to be judged poorly as
exhibiting a low feed stream concentration reduction. In order to more accurately
demonstrate the performance of a CDI cell, metrics like salt adsorption capacity (SAC),
average salt adsorption rate (ASAR) and CE have been developed and are commonly

reported in many articles describing the effectiveness of a particular CDI cell.

SAC is a widely used metric for describing electrode performance in CDI system.
It describes the amount of salt adsorbed by unit amount of electrode material. Maximum
salt adsorption capacity (MSAC) is the SAC under fixed applied voltage at equilibrium.
Measuring MSAC requires a long charging-discharging cycle of a pair of electrodes such

that concentration of ions near electrodes can reach equilibrium. When MSAC is reached,
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the concentration of feed stream across the CDI electrodes no longer changes.
Calculation of MSAC can be done by dividing mass of salt removed by the mass of
electrodes, giving the result in mg-g™* (milligram of salt removed by gram of electrode
material) (Equation 2.1).1t should be noted that when counting electrode mass, all solid
ingredient in both of CDI electrodes should be included (e.g., activated carbon and

binder)?’.

mass of absorbed NaCl 21
mass of elecrodes

MSAC (SAC) =

MSAC is a very useful metric because under fixed operational condition MSAC is
a material property only related to the electrodes and would not be affected by other CDI
system components. It is therefore an important metric to use when judging the

effectiveness of a new CDI electrode material.

While MSAC provides a view of maximum amount of salt that is possible to get
adsorbed by electrodes, ASAR provides another dimension of information: how fast salt
can be adsorbed by the electrodes. ASAR can be calculated by dividing SAC by the time

of full charging-discharging cycle (Equation 2.2), the unit is mg-g-'-min-'.

Comparing to MSAC, ASAR is more a system property than a material property.
Many factors in CDI system can affect ASAR. For example, shorter charging time would
result in a higher ASAR since the adsorption rate is fastest in the beginning. Higher feed

water concentration would allow more rapidly charging, which also increases the ASAR.

SAC 2.2

ASAR =
S full cycle time

It is meaningless comparing ASAR across different CDI systems when their
operational factors are different. However, since an optimized ASAR can be reached in a
CDI system when specific operation factors are controlled, indicating the metric is useful

when optimizing a CDI system during use in a real-world application.

Different from MSAC and ASAR, CE is an important metric for evaluating energy
cost in the desalination process. CE can be calculated by dividing moles of salt adsorbed

by moles of charge passed as current into the CDI cell (Equation 2.3).
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_ moles of NaCl absorbed 2.3
"~ moles of charge

CE

Theoretically, a mole of charge accumulated on the electrodes would result in a
mole of ion removed from solution. However, in practice, not all the charge on the
electrodes necessarily contributes to salt adsorption. As Figure 1.11 shows, given a fixed
amount of energy per ion removed, a higher CE would naturally result in lower energy

consumption.
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Figure 1.11 Data for energy consumption per ion vs charge efficiency based on
reported CDI and MCDI data operated under different conditions 2728

1.4. CDI system design

To optimize the desalination performance of a CDI system, a variety of
configurations have been developed. For example, studies optimizing system geometry,
applying ion-exchange membranes, and flow electrode designs has pushed the
development of next generation CDI plants. Good CDI design would allow system to have
a high desalination rate and high energy efficiency. This section introduces several CDI

system designs as well as their advantages and disadvantages.
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1.4.1. Cell Geometries of CDI system
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Figure 1.12 Common cell geometries of CDI system. Red and white dots
represents sodium and chloride ions, respectively.?®
a) flow-by mode b) flowthrough mode c) electrostatic ion pumping
mode d) wire CDI mode

Figure 1.12 shows different geometries of CDI system. Flow-by mode is the classic
CDI cell geometry in which two electrodes are set parallel to each other with an open
channel between them where the feed stream can flow (Figure 1.12a). In a flow-by mode
CDI cell, electrodes can either be free standing electrode material, or coated films on
current collectors. Due to easy construction and space saving of the design, flow-by mode

remains the most used CDI cell geometry in application.

Another competing cell geometry is flow-through mode developed by Newman and
Johnson in 1970.%° In this geometry, water is pumped through the layered porous
electrodes with a flow direction perpendicular to their surface (Figure 1.12b). In order to
reduce the required pressure for water to pass through the cell and increase energy
efficiency, a larger pore size (diameter ~ 10 um pore with 10nm micropores) comparing to
flow-by mode (diameter < 100 nm) is required.' Compared to flow-by mode, flow-through
mode has the advantage of a fast adsorption rate since ions are in closer proximity to the

surface of electrodes when solution flowing through them. However, Faradaic process’

' Faradaic process: Redox reactions associated with charge transfer
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between unwanted compounds (e.g. organic pollutant) and electrodes happens more
frequently in flow-through CDI cell, with electrode oxidation further exacerbating Faradaic
reactions between electrode and ions, undermining both the MSAC and charge efficiency
of flow-through CDI cell.*?

When a CDI cell reaches its MSAC, electrodes need to be discharged to remove
adsorbed salt so that it can continue desalinating in a new charging cycle. The discharge
process of the electrode would increase the salt concentration in the feed stream and
produce brine. In flow-by mode and flow-through mode, product from charging (freshwater)
and discharging (brine) exit the cell from the same place, which may cause contamination
of freshwater produced. Changing feed stream flow direction may be a way to solve the
problem. Electrostatic ion pumping mode CDI cell is a geometry which allows brine and
freshwater to have different exits from the cell, avoiding the contamination at the switch of
electrodes charging state. In electrostatic ion pumping mode CDI, there are two pathways
for feed water to flow through the cell, one is for freshwater exit the cell (pathway A) and
the other is for brine exit the cell (pathway B). During charging, pathway B is closed,
feedwater passes through pathway A to get desalinated. During discharging, pathway A
is closed, brine pass through pathway B to wash adsorbed salt from electrodes (Figure
1.12c¢).

Another geometry separates brine and freshwater is wire CDI. In wire CDI,
electrodes are made into wires or thin rods. During charging, feed stream is desalinated
to produce freshwater. When discharging, wire electrodes are removed from the feed
stream and immersed into another stream to release salt (Figure 1.12d). This CDI
geometry would allow the entire production process of freshwater and brine to occur in
different parts of the cell, thus avoiding contamination from the sequence charging and
discharging. Also, since reduction of the electrode is accomplished in another stream,

uninterrupted desalination of feed water can be done with multiple wire CDI systems.

1.4.2. Membrane CDI (MCDI)

Porous carbon is the most common electrode material for CDI system. When
porous carbon is immersed into feed stream, there will be both cations and anions
adsorbed in the pores of the electrodes in the absence of applied voltage. This is the initial

state of the electrode. Figure 1.13 shows the charge compensation in the electrode pores
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when charge is accumulated on the electrodes. In the initial state of porous carbon
electrode in NaCl solution where no voltage has been applied, both anions and cations
can enter the pores of electrodes. When charging starts, counter-ions are adsorbed by
electrodes while co-ions in the pore are expelled from the electrodes at the same time.
Co-ions expulsed from electrodes cause the concentration of salt to increase in the bulk
solution during desalination process, lowering the charge efficiency of the CDI system.

m Initial state m Counterion adsorption (A > 0)

External solution

m Co-ion expulsion (A < 0)

Figure 1.13 Fundamental electrical charge compensation mechanisms from i)
initial state to ii) co-ion expulsion (CE < 0) iii) ion swapping (CE = 0)
iv) counter-ion adsorption (CE > 0) %

External solution

pore

To improve charge efficiency, ion exchange membranes (IEM) have been
introduced in CDI system, in a process called membrane CDI (MCDI). Common MCDI
system includes an anion exchange membrane (AEM) and a cation exchange membrane
(CEM) placed in front of positive electrodes and negative electrodes respectively (Figure
1.14). IEM in front of the electrodes prevents co-ion from entering the pores of electrodes,
which eliminates the influence of co-ion expulsion. Therefore, comparing to traditional CDI

systems, MCDI systems have improved MSAC and CE.
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Figure 1.14 Schematic diagram of typical MCDI system *

In real application of CDI systems, dissolved organics in feed water could be a
problem. Fouling caused by bonding of dissolved organics to the electrode would increase
the energy consumption of CDI system and reduce salt removal. Application of
membranes provides a protection for the electrode surface, preventing electrodes from
being deactivated by fouling compounds. Hassanvand et al. compared the desalination
performance between CDI and MCDI system in presence of humic acid and sodium
alginate as foulant, showing a more stable performance of MCDI system than CDI

system.34

MCDI system have also been studied for selective ion removal for different ions.
Water softening is an example of selective ion removal in application. Due to the existence
of Na*, the adsorption efficiency of Ca?* is undermined as Na* occupies some active sites
on electrode surface. lon adsorption in MCDI system can be divided into two steps. lons
are firstly adsorbed by ion exchange membranes. In the second step, ions adsorbed on
membranes would move to the surface of electrodes. Because the electrodes can only
adsorb ions which have passed through the membranes, ion selective removal can be
realized by chemically adjusting the ionic preferences of the ion exchange membrane. For

the application of water softening, Nnorom et al. have found MCDI system with sulfonated
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ion exchange membrane coated on carbon electrodes have a high selectivity (6.0 + 1.5)
towards Ca?* over Na*. The Ca?'/Na* selectivity of sulfonated membrane coated
electrodes is much improved compared to carbon electrodes without membrane coating

(2.9 £ 0.7), which allows an effective water softening process with MCDI setup.3®

1.4.3. Flow electrode CDI (FCDI)

(a) (b) (c)

(d) ICC mode

(e)

Continuous Cycle mode

Figure 1.15 Schematic diagram of different configurations of FCDI system 3
(a) isolated closed cycle mode (ICC) (b) short-circuited closed cycle
mode (SCC) (c) single cycle mode (SC) (d) switch cycle mode (e)
continuous cycle mode
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The application of ion exchange membranes can reduce co-ion adsorption and
expulsion in CDI system, improving the desalination efficiency of electrodes. However,
electrode saturation remains a problem in all fixed electrode CDI systems. When
electrodes are saturated with adsorbed ions, no more ions can be adsorbed as there are
no active sites for ions to attach. A discharge process for releasing ions is required to

restore electrodes, which would interrupt the desalination process.

Flow electrode CDI (FCDI) has been invented based on MCDI systems.?” In
contrast to MCDI systems, FCDI systems use flowing suspended activated carbon as the
electrode material. The electrode slurry flows through the channel curved on the current
collector with ion exchange membrane separating flowing electrode slurry from feed water.
Since electrode material is flowing by the CDI cell, electrodes are not saturated during
charging. Without the necessity of discharging the electrodes, continuous desalination can
be realized with FCDI system. Flowing electrode also allows easy scale up of the process

achieved by increasing volume of flowing electrode material.

The configuration of FCDI system have profound influence on desalination
efficiency of FCDI system. FCDI systems can be divided into single module configuration
and multiple module configuration. In single module configurations, CDI units are
independent to each other, flow electrode does not transfer between CDI units. In multiple
module configurations, the flowing electrode material travels through all CDI units in the

system.

The first model of FCDI systems operate in open cycle (OC) mode, in which infinite
electrode material flows by the current collectors. Assuming an infinite reservoir of flowing
electrode material, OC mode FCDI system have infinite salt adsorption capacity, but the
cost of maintaining a continuous flow of electrode material is huge. Closed cycle modes
appear more practical. Isolated closed cycle mode (ICC) (Figure 1.15a) and short-
circuited closed cycle (SCC) (Figure 1.15b) modes are the main configurations of closed
cycle mode. The only difference between ICC and SCC is that ICC separates positive
electrodes and negative electrodes circulation, while SCC have a total reservoir for
circulating positive electrodes and negative electrodes. Comparison between ICC and
SCC mode have shown that ICC electrode easily get saturated during desalination just as

fixed electrode CDI systems, while SCC has a constant salt removal rate since salt ions
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are recombined and released in the total reservoir where positive electrodes and negative

electrodes material mixes.38

Besides ICC and SCC mode, SC mode is a novel configuration in which negative
electrodes material with adsorbed ions directly pumped into positive electrodes continues
adsorbing counter ions while adsorbed ions are released forming concentrated brine
(Figure 1.15c). lon exchange membranes prevent mixing between brine and feed in SC
mode. This configuration not only simplifies the construction of cell, but also helps ion

release from charged electrodes, which improve the desalination efficiency.

Multiple module configurations include switch cycle mode (Figure 1.15d) and
continuous cycle mode (Figure 1.15e). In switch cycle mode, electrode slurry flows
through CDI units alternatively in positive electrodes and negative electrodes. Adsorbed
cations and anions in the electrode slurry during desalination are released into
concentrated brine. lon exchange membranes separate feed water and brine near the
electrode surface so that continuous salt adsorption is realized. Continuous cycle mode
reverses the position of ion exchange membranes in an alternative CDI unit allowing the
flowing electrode slurry to take the same route as in switch cycle mode. In more detail, the
flowing electrode slurry adsorb salt in the first CDI unit, then release ions in the second
CDI unit. Continuous mode does not require a periodic electrode restoring process as in
other configurations, allowing for a continuous desalination process. More generally, both
multiple module configurations give high desalination efficiency and reduced energy

consumption while providing continuous desalination.
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1.5. CDI Electrode materials
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Figure 1.16 Mechanisms schematic diagrams and reported MSACs for
conventional CDI, hybrid CDI and Faradic CDI systems 3°

Besides configuration of CDI system, electrode material is also an important factor
affecting CDI performance. CDI electrode materials can be divided into capacitive
electrodes and Faradaic electrodes. With capacitive electrodes, desalination is based on
formation of EDL by adsorbed counter-ions. While in Faradaic electrodes, the Faradaic
reaction between ions in the solution and electrode material provides the salt removal

capacity in a manner resembling a lithium-ion battery.

Conventional CDI systems utilizing two capacitive electrodes is currently the most
used configuration. Studies upon optimizing conventional CDI systems are reaching a

plateau showing that the MSAC of a conventional system is limited to approximately 20
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mg/g. To further improve performance of CDI system, Faradaic electrodes have been
developed for CDI applications. Instead of EDL from electrostatic ion adsorption,
reversible Faradaic reactions like ion intercalation and conversion are the mechanisms of
ion adsorption on Faradaic electrodes. Research on hybrid CDI systems and pure
Faradaic CDI systems has shown outstanding MSAC comparing to conventional

electrodes. (Figure 1.16)

This section will introduce properties and desalinating mechanisms of different CDI
electrodes, to provide contrasting viewpoints regarding the development of CDI electrode

materials.

1.5.1. Capacitive electrodes

Salt removal by capacitive electrodes is based on surface EDL formed by
adsorbed counter-ions. In order to have larger ions adsorption on electrode surface, a
larger electrode surface area is favourable for good CDI performance. Besides large
electrode surface area, high chemical stability over used pH and voltage, high electric
conductivity and good wetting behaviour are also desired properties for good capacitive

electrodes.

Activated carbon is the first and most used material in CDI systems due to its low
cost (~0.5 $ per kg) and high surface area (1000-3500 m?/g).2° Conventional preparation
of activated carbon includes pyrolysis step and activation step. In pyrolysis step, natural
carbon precursors (like wood, coconut shell) are pyrolyzed under 600-800 Celsius in inert
atmosphere to eliminate non-carbon components and produce char. In activation step,
produced char is physically activated by gasification with steam or CO,, or chemically
activated by strong acids or bases.*® MSAC for activated carbon CDI cells are around 6

mg/g.*!

Porous carbon material can give large electrode surface area. With same porosity,
smaller pore size theoretically results in larger surface area of an electrode. However, CDI
performance is not directly related to surface area, large macropores may cause more
counter-ions in diffuse layer, while small size of micropores may prevent ions from entering
inner spaces.*?>*3 Therefore, optimizing pore size and structure is necessary for carbon-

based electrodes to increase ion accessible surface area.
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Pore diameter of activated carbon electrodes varies from less than 2 nm to larger
than 50 nm, indicating pore size and structure are not well controlled. Carbide-derived
carbon (CDC) is a carbon material that allows an atomic porosity control during synthesis.
The synthesis of CDC is based on removing metal atoms from metal carbide precursor
with an etchant (dry chloride) in an elevating temperature (200-1000 Celsius), leaving
behind the carbon material with controlled pore according to metal component. Pore size
and structure can be controlled by adjusting the metal component in metal carbide
precursor. Porada et.al. reported for the first time using CDC as CDI electrodes, and also
shown that CDC with controlled micropore (less than 2 nm) has a higher charge efficiency

and salt adsorption (~ 12 mg/g) than activated carbon.**

Ordered mesoporous (diameter 2-50 nm) carbon (OMC) has drawn intention since
Zou et.al found mesoporous material facilitates ion adsorption on electrode surface.*®
Similar to CDC, the synthesis of OMC requires template material for pore size control.
Silica-based template material mixed with carbon-based polymer or resin is the carbon
precursor for OMC synthesis. The mixture is carbonated under high temperature ( ~ 800
Celsius) then HF processed to remove template material and leave behind mesoporous
structure. Giannelis et.al. have developed hierarchical porous carbon structure (Figure
1.17) with micropores inside of mesopores,*® demonstrating a fast salt removal rate (0.2
mg-g'-min) at a high salt adsorption capacity ( ~ 13 mg/g). Zhao et.al have built a 3D
hierarchical porous carbon structure with self blowing technique (KHCOs as blowing agent
mixed with resin will release gas during calcination) and obtained 17.83 mg/g as MSAC in
0.5 g/L NaCl solution with 1.2 V charged.

Mesopore

Micropore

Macropore I

Figure 1.17 Schematic diagram of hierarchical porous carbon structure.*?
Micropore provide large surface area, while mesopore facilitate
counter-ion transfer from macropores to micropores

Graphene is a sp? bonded 2D structural carbon-based material (Figure 1.18b).

High electrical conductivity and chemically inertness have made graphene a promising
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material for CDI application.*” The open interlayered structure of graphene provides short
access for counter-ions to diffuse into the electrodes, which facilitates counter-ion
adsorption and desorption.*® Carbon nanotube (CNT) is made up of a graphene sheet roll
into a nanosized tube, thus having a similar covalent bond network as graphene (Figure
1.18a). The nanotube structure provides CNT extra mechanical strength and electronic
conductivity.*® Li et.al. have tested the CDI performance of pristine graphene and CNT
reported salt adsorption of CNTs (0.74 mg/g and 0.55 mg/g for single walled CNT and
double walled CNT) and graphene (0.46 mg/g).>° The adsorption performance of pristine
graphene and CNT suffers from aggregation. Aggregation cause irregular pore size and
low surface area, which limits salt adsorption during CDI process.5' Shi et.al. induced H,0-
in reduction of graphene oxide to prevent aggregation of produced graphene, obtained a
3D structure of interconnected graphene and reported an MSAC of 17.1 mg/g at applied
voltage of 1.6 V.52 Zhang et.al. produced homogenous CNT electrode by electrophoretic
deposition with optimized electric field preventing aggregation and obtained 23.93 mg/g
as MSAC.%

Figure 1.18 Structure of a) carbon nanotube b) graphene

Doping heteroatoms onto carbon materials have also been developed as a
strategy for improving CDI performance of the carbon electrodes. Nitrogen doped carbon
material have been reported having good charge transfer ability and improved wettability,
as well as increased porosity.5%5¢ However, the reported salt adsorption improvement from
singly nitrogen doping is limited (SAC ~10 mg/g). Multiple heteroatoms doping on carbon
material has drawn attention not only because doping of heteroatoms increases number

of active sites for ion adsorption, but also multiple heteroatoms doping have synergistic
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catalytic effect accelerating oxidation reduction reaction between electrode and

electrolyte, which increases capacitive performance.
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Min et.al. prepared N,S co-doped porous carbon nanosheets as CDI electrodes,
as well as singly N-doped and S-doped carbon nanosheets for comparison.%” D-glucose
was used as carbon precursor, while Na;S;03 and LiINO3; was respectively used as sulfur
source and nitrogen source. KCI/LiCl powder was used as porogen in this procedure to
provide porosity. Carbon precursor, heteroatom source, and porogen was firstly mixed
and homogenized, then carbonized with heating rate 5 °C/min at 600 °C for 2 hr under
nitrogen atmosphere. Carbonized sample was washed with deionized water to remove
porogen, then dried under 60 °C for 24 hrs to give the final product (Figure 1.19A). N,S
co-doped carbon nanosheets have higher SAC than singly doped carbon nanosheets,
showing that synergistic catalytic effect between nitrogen and sulfur improves CDI
performance. Besides dopants, carbonization temperature is also an important factor that
affects SAC (Figure 1.19B). An MSAC of 55.79 mg/g was reported by this study in 330
mg/L NaCl solution under 1.4 V applied potential.>’

1.5.2. Faradaic electrodes

High theoretical MSAC and low energy consumption has made Faradaic electrode
a popular direction for developing new generation CDI plants. lon attraction on Faradaic
electrode is based on charge transferring Faradaic reaction between electrode and ions,

thus Faradaic CDI does not have co-ion expulsion problem. Faradaic reaction between
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ions and electrode can happen in the bulk of electrode material, thus surface area is not

a limiting factor for Faradaic electrode. Common mechanisms applied for Faradaic CDI

includes (1) intercalation reactions, (2) conversion reactions, (3) electrolyte charge

compensation, (4) ion-redox active moiety interaction (Figure 1.20).
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Intercalation reaction is a process where ion insert into vacant sites in host material

via charge transfer between ion and host material (Figure 1.20A). An ideal intercalation



material should have abundant space for ion insertion. Intercalation materials can be
divided into 1D, 2D and 3D insertion materials according to different spatial dimension for
ion insertion (Figure 1.21). 1D insertion materials (e.g., Nag44MnO2)%° have tunnel like
channels for ion diffusion and storage in the material. 2D insertion materials (e.g., sodium
vanadium oxides, MXenes)® ¢! have layered structures, where ion insertions happen
within the interlayer space. 3D insertion materials (e.g., NASICON-type phosphates)®?
have open 3D framework structure, providing 3D transport channel help transferring ions
to specific crystal structural sites for insertion. lon insertion into vacant spaces within the
material may cause structural change of material, increasing the distance between
interlayers in 2D insertion materials, which causes capacity of electrodes to adsorb ions
to decay during continuous desalination cycles.®? In order to solve problems associated
with structural changes during ion insertion, materials with a 3D open porous structure
have been developed. Cao et.al. combined 3D open-structured NaszV2(PO.)s@C with
commercial activated carbon as hybrid CDI system, obtained a high salt adsorption of
137.2 mg/g in 100mM NacCl solution.6?

Figure 1.21 Schematic diagram of A) 1D B) 2D C) 3D insertion materials. Green
particles represents inserted ions %

In conversion electrodes the reaction between electrode material and ion forms a
new compound on electrode (Figure 1.20B). Conversion reaction material normally have
high theoretical adsorption capacity. However, the conversion reaction between ion and
electrode causes tremendous volume expansion of electrode, which makes electrode
unstable. The low reaction rate of conversion reaction also makes achieving ideal CDI
performance difficult.5® Nam and Choi have built a MCDI system using a Bi electrode as
positive electrodes and a BiOCI electrode as negative electrodes.?® Chen et.al. combined

a sodium manganese oxide insertion positive electrodes and a BiOCI conversion negative
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electrodes into a Faradaic CDI system, and obtained a reversible salt adsorption rate of
68.5 mg/g.%®

Electrolyte charge compensation is a mechanism in which salt ions do not directly
reacts with electrode material, but instead react with redox electrolyte near electrodes
through IEM. Example is shown in Figure 1.20C, |3~ adsorbs 2 e~ and reduces into 3 I-
during electrodes charging. During the reduction, 2 Na* passed through the CEM into |57/l
electrolyte to balance the charge in the electrolyte solution. Lee et.al have built the CDI
system with porous carbon material and iodide electrolyte separated from NaCl solution
with IEM, and obtained a MSAC of 69 mg/g throughout 120 desalination cycles showing
a highly stable desalination performance in feed concentration range of 17-600 mM
(seawater concentration is around 600 mM). This mechanism is similar to electrodialysis
method. Therefore, the quality of IEM is important for high CDI performance and

preventing electrolyte solution polluting product.

lon redox active moiety reaction is the desalination mechanism for redox active
polymer CDI electrodes (Figure 1.20D). Redox reaction between ions in feed water and
active moieties results in desalination of feed water. Redox active polymers can be divided
into two groups according to the redox active moiety position: 1) redox active moiety

suspended polymer, and 2) redox active moiety embedded polymer.

In redox active moiety suspended polymer (e.g., polyimide, polyquinone)®67,
redox active moieties are connected to non-conductive backbones. Li et.al. synthesized a
redox active polyimide, poly[N,N-(ethane-1,2-diyl)-1,4,5,8-naphthalenetetracarboxiimide]
(PNDIE), as sodium adsorber combined with activated carbon electrode, and built a hybrid
CDI system.5¢ Carbonyl group connected to the polymer backbone are the active sites for
sodium adsorption during charging, and this process can reverse during natural
discharging (no applied voltage) (Figure 1.22). This hybrid CDI system provided a MSAC
of 54.2 mg/g calculated for total mass of PNDIE and AC electrodes.

ONa*
‘{> +ne +nNa* + +ne +nNa* =
The,, -nNa* -ne: nNa = n
Na*o Na*0 ()

Figure 1.22 Schematic diagram for redox mechanism of PNDIE ©
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Redox active moiety embedded polymers have redox active backbones with active
monomers (e.g., polypyrrole and polyaniline)®®%°. Conjugated conductive polymers are
typical redox active moiety embedded polymers. The m-conjugated double bonds of
polymer backbone can be either p-doped with anions or n-doped with cations to maintain
electrical neutrality, like polypyrrole (Figure 1.23). High electrical conductivity and fast
charge transfer along conjugated backbone also made conjugated conductive polymer
attractive for CDI application. Wang et.al have developed a CDI cell with CNT coated with
polypyrrole modified by dodecyl benzyl sulfonate as Na* adsorber and a graphite cloth as
Cl- adsorber, and obtained a MSAC of 93.68 mg/g.”° They have also synthesized
polypyrrole/polyaniline composite, provided a uniform nanorod morphology with abundant
mesopores. This composite is combined with carbon nanotube to form CDI cell, giving
MSAC of 197.8 mg/g.”

xNa* yX-
X- y+
1\ -xe", -xNa* 1\ -ye:, +yX- J\
s — e ——
H h  txe, +xNa* rd h tye, -yX E h

Figure 1.23 Schematic diagram of p-doping and n-doping reactions of
polypyrrole

lon capture preference of polymers can be modified by adding redox active
moieties on the backbone. For example, by doping sulfonate group onto polypyrrole
backbone, the modified polypyrrole electrode would prefer interacting with Na* than CI-.72
Silambarasan et.al have implanted [Fe(CN)¢]* as redox active compound into
polysilsesquioxane (PSQ) chain to make redox PSQ electrode.”? This redox PSQ
electrode have superior Cl- adsorbing performance over conversion electrodes like Ag and
Bi electrodes. Addition of redox group on polymer electrodes allow optimization of CDI
performance by adjusting preference of ion interaction. Highly sodium preferred material
combined with a highly chloride preferred electrode promises an excellent CDI

performance.

1.6. PEDOT:PSS as CDI electrodes

Poly(3,4-ethylenedioxythiophene) (PEDOT) is a polymer (Figure 1.24A), that
when polymerized in the presence of poly(styrene sulfonate) (PSS) (Figure 1.24B),
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creates a stable, conductive, water-soluble suspension (PEDOT:PSS) that is perhaps the
strongest example of a commercially successful conductive polymer (Figure 1.25).7* The
material is also of strong contemporary research interest as a transparent conductor,’” a
thermoelectrically active semimetal,’® a biosensor,”” and a neuromorphic computing
element.”® PEDOT:PSS transports both electrons and ions, and is heavily p-doped in its
as-received form. The material can be cross-linked to create a water insoluble film that
typically transports cations when cycled towards negative electrochemical potentials. It is
found that the electrical conductivity of PEDOT:PSS generally increases with increasing
PEDOT relative to PSS. Stocker et al. have demonstrated that PEDOT:PSS ratio of 1:1
has the highest conductivity while ratio of 1:30 have the lowest.”® Thus, the conductivity
of PEDOT:PSS can be optimized for different applications by controlling the ratio between
PEDOT and PSS.

We demonstrate here that PEDOT:PSS can be used as an electrode for capacitive
deionization, and that treatment with CaCl; allows it to transport anions. As a result,
PEDOT:PSS can serve as both electrodes, thus demonstrating an all-polymer CDI cell.
We compare the desalination behavior of our all-polymer cell with activated carbon and
demonstrate that the two materials act on different physical principles. Most notably, the
PEDOT:PSS cell has an MSAC that increases with salinity, suggesting its use in
applications beyond the desalination of brackish water, the most common CDI application

for activated carbon electrodes.

A B OH o
/ \ 0=S=—=00=S=0
S H

“, S

Figure 1.24 Chemical structure of (A) PEDOT (B) PSS
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(a) Dissociation of Na,S,0, (Oxidant)

Na;S;,05 — 2Na’' + S;0s%

$,05* ——m» 250;

(c) Propagation and doping steps

(b) Oxidation step of monomer

Nt

B 58— HA

EDOT radical cation

B

CK_/O

Dimer

Na

Figure 1.25 Mechanism of polymerization of PEDOT:PSS 7
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Chapter 2.
Experimental

2.1. In-situ solution concentration measurement

In order to collect in-situ measurements of capacitive deionization behavior, we
created a custom 6 electrode electrochemical cell. This circuit allows us to simultaneously
measure the electrical input to the capacitive deionization electrodes as well as the in-situ
salt concentration during the deionization process. The equipment consists of two function
generators, a two-channel transimpedance amplifier, a two-channel analog to digital
converter, a lock-in amplifier, and custom current source. This section will describe the
components in detail along with basic op-amp circuit design, in order to provide a clear

explanation of the choices made during the design and testing process.

2.1.1. Solution conductivity

Electrical conductivity (o) is a property that describes how easily a material
conducts electric current. In aqueous electrolyte solution, electrical conductivity results
from movement of positive and negatively charged ions. Pure water is known to have a
resistance of 18.2 MQ due to autoionization at neutral pH. However, this concentration is
negligible as compared to the NaCl concentrations measured here. Therefore, solution
conductivity in a solution of NaCl, is proportional to its concentration as described in
Equation 2.1 below (a and b are coefficients). Conductivity (o) is the conductance in unit
path length (Equation 2.2), In our system, we measure conductance (G) of solution in
fixed path length (L) to show the ion concentration change in our CDI system (Equation

2.3). The unit of conductance is Siemens (S).

o = a[Na+] + b[Cl —] 2.1
_6 2.2

=1
G = L(a[Na +] + b[CL-]) 2.3
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Conductivity meter is a common tool for solution conductivity measurement. Most
conductivity meters use 4-ring conductivity probe with a built-in temperature sensor.
(Figure 2.1A) Alternating current is applied on outer rings and voltage is measured on
inner rings to give conductivity data. The conductivity probe is covered by an outer sheath

to ensure the volume of sample solution stays constant.

We have tested the conductivity of NaCl solution of different concentration (0.03,
0.3, 3, 30 g/L) with HANNA HI4321 conductivity meter to prove proportionality of measured
conductivity and NaCl concentration. (Figure 2.1B) The conductivity measured are in the

unit of uS/cm.

=/ temperature
sensor
44
2
£ 10°3
°Q 53
g 4
z 2
= 3 y = 1654.7x0.97
B 1073
N
S 47 -B- test data
o 2: — fit curve
10”3
&3
3 4567 1 2 3 4567 1 2 3 4567 ] I
0.1 1 10

Conc (g/L)

Figure 2.1 A) Model of a 4-ring conductivity probe used in commercial
conductivity meter B) Calibration curve from conductivity test of
0.03, 0.3, 3, 30 g/L NaCl solution with HANNA HI4321 conductivity
meter.
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Conductivity (o) is the conductance in unit path length (Equation 2.2). In our
system, we measure conductance (G) of solution in fixed path length (L) to show the ion

concentration change in our CDI system (Equation 2.3).

2.1.2. Instrument

An AC source for our solution conductivity measurement and a DC source for
capacitive deionization are required to build a CDI cell and measure salt concentration.
An arbitrary function generator (AFG) is a device that generates programmable electrical
signal. Our system employs two AFGs with the Tektronix AFG1022C & providing an AC
signal while the Tektronix AFG3022C 8! was the DC signal source.

In order to build in-situ CDI performance measurement system, we need to
measure conductivity of NaCl solution in an electric field during desalination. The
challenge is how to measure small AC signal in noisy environment. Lock-in amplifiers are
pieces of equipment that detect signals at a single frequency, filtering noise and other
unwanted signals at all other frequencies. The SR810 Lock-in amplifier 8 was used to

read AC signal from our solution conductivity measurement.

Channel 2 Reference . .
AFG 1022C | ciignal TApUt SR810 Lock-in amplifier
Channel 1 Signal Signal
AC signal input A input B

AC DC
grounding  grounding

CD
O O O O
CDlI electrode —

olectrode

AC di
“ Capacitor grounding
j DC grounding
. . Inductor
Circuit ground

AFG 3022C  hannel 2

DC signal

Channel 1‘
DC signal

Figure 2.2  Schematic diagram of instrument connection
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Figure 2.2 shows the connection of instrument in our experiment. The AFG1022C
and the AFG3022C both have two independent channels. The AFG1022C outputs AC
sine waves with same phase but different amplitude on its channels. The AFG1022C
Channel 1 was connected to the solution conductivity measurement circuit while channel
2 was sent to SR810 reference input to provide frequency and phase reference. AC signal
from solution conductance measurement was read by SR810 signal input A and B. The
AFG3022C outputs a DC signal on CDI electrodes, channel 1 and channel 2 applies a
different DC voltage on each CDI electrodes, with the DC voltage applied to each of CDI

electrodes being adjustable. All devices used in this connection are earth grounded.

SR810 has two inputs: input A and input B. It reads AC voltage signal on both
inputs. There are two modes of data output on lock-in amplifier: A and A-B. In A mode,
lock-in amplifier outputs the voltage amplitude on A as data. In A-B mode, the lock-in
amplifier subtracts the voltage reading at B from the reading at A, outputting the voltage
amplitude of the resulting sine wave as data. We will use A-B mode to measure

conductance of NaCl solution.

In order to measure charge input of our CDI system, we need to measure DC
current across CDI electrodes. We used a transimpedance amplifier to convert DC current
signal into voltage signal so that an analog device (NI-PCI-4461) installed on the computer

can read and give DC current data.

2.1.3. Operational amplifier (op-amp) basics

Operational amplifiers (op-amps) are the backbone of analog electronics. Our
setup uses custom circuitry, and as such, contains many op-amps. In order to describe
the circuit in a manner accessible to future students, below is a short primer on these
important devices. Operational amplifiers play an important role in electronics used for
diagnostic and control of CDI systems. Because a typical AFG has very low power output,
it cannot supply sufficient current for our experiments. As such, AFG signals need to be

inputted into a power amplifier, which we have constructed using op-amp circuitry.
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Vin-

Vin+

Figure 2.3  Circuit diagram symbol for an operational amplifier

As shown in Figure 2.3, an operational amplifier is a three-terminal device, with
an additional two terminals Vs+ and Vs- providing power to the device from a DC power
supply. The three terminals are the inverting input (Vin-), the non-inverting input (Vin+), and
the output (Vout). Voltage supply (Vs+ and Vs.) typically needs to be symmetric with respect

to the circuit ground (for example +9V and -9V) to ensure correct operation of the op-amp.

In order to provide a clear view of how op-amps work, several basic rules of ideal

op-amp need to be introduced:

(1) Ideal op-amps have infinite impedance at Vin+ and Vin. to ensure no current flow

into Vin+ or Vin..

(2) Op-amps work to maintain an equal voltage between inverting and non-
inverting inputs (i.e., Vin- = Vin:+) by adjusting Voutwhen there is a feedback loop

from Vout to input terminals. (3)

(3) Open loop gain (Aq) of an ideal op-amp is infinite in the ideal case. In other
words, if we provide to the input terminals (Vin- and Vin+) different voltages, the
op-amp would amplify the difference between Vin+ and Vin- with open loop gain

(Aql), to cause an infinite large Vout (Equation 2.4) without a feedback circuitry.

Vout = Aol(Vin+ - Vin—) 24

Therefore, to make op-amp work in designated way, feedback from Vout to Vins or

Vin- is almost always necessary.

In practice, the behavior of an op-amp deviates from ideal behavior in several

ways. For example, the input impedance of op-amp is not infinite, but it tends to be
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relatively large (~47k ohm), preventing most, but not all current from flowing into inputs.
As another example of non-ideal behavior, the open loop gain is limited by the supply
voltage. Without any other limits, If the supply voltage is +9V, the maximum V..t would be
19V. Op-amps usually have a current limit as well, this limit is different for different op-
amps and represents a key performance metric when selecting the correct op-amp for a

given application.

2.1.4. Example op-amp circuits

A voltage follower, also known as unity gain op-amp, is an op-amp circuit often
used for supplying voltage or isolating measurements from the rest of an experiment
(Figure 2.4). When a voltage is applied at Vin+, the op-amp would adjust Vout to make Vin-
= Vin+. Therefore, Vout would be the same voltage as Vin+ hence providing unity gain. An
additional feature of this simple circuit is that the power output of the op-amp is limited by
properties of the op-amp and not of the signal source. It is therefore often useful as a

simple power amplifier for devices like AFGs which are very limited in their power output.

Vin+
Figure 2.4 Circuit diagram of a voltage follower

A current follower is an op-amp circuit often used for amplifying voltage or
supplying current. The structure of current follower op-amp is shown in Figure 2.5.
Vsource IS the constant voltage from voltage source, R1 and R2 are resistors, GND

represents circuit ground.
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R2

Vsource
Vout

Vin+
GND

Figure 2.5 Circuit diagram of a current follower

In this circuit, Vin- is a virtual ground as it has 0 V potential but not direct connected
to the circuit ground. This is because of op-amp always outputting a Vou that keeps Vin- =
Vin+. Wwhen Vin: = 0V, Vin. would also be keptat 0 V.

Current follower op-amp would output a negative voltage to maintain current
through known resistor R2 to equalize the current flowing through R1. As the equation
shown below, this makes Vo proportional to the current through the solution. By

measuring Vout we would know current (I) through R1 (Equation 2.5).

[ = Vsource __ Vout 2.5
R1 R2

2.1.5. Voltage source

Voltage source is a device which outputs constant voltage independent of load
resistance. AFG1022C channel 1 amplified by a unity gain amplifier is a voltage source.
To measure solution conductance with a voltage source, we apply a constant voltage (V)
across the solution and measure the current (I). The conductance of solution is

proportional to the current we measured as Equation 2.6 shows.

2.6

Based on the current follower op-amp circuit, we made some changes to make this
part more stable in our experiment. (Figure 2.6) Firstly, op-amp output was connected to

the virtual ground and actual ground through resistors with same resistance R to improve
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Vout signal stability. Secondly, a capacitor with large capacitance was added before virtual
ground to filter DC current during CDI electrodes charging. The capacitance of this
capacitor should be large to minimize the capacitive impedance influence on the current

(1) through solution (Rs).

1 Solution

(@]

Rs

Figure 2.6 Current follower op-amp circuit optimized for our experiment

The first-generation solution conductance measurement system employed a
constant voltage source. Between two CDI electrodes we have 3 wires inside the cell: Vou,
A, and B (Figure 2.7B). Constant AC voltage from AFG1022C was amplified by a unity
gain op-amp and sent to the wire in the cell labeled Vout. The current passing through the
solution from Vout to A and B wires. Because the distance of solution from Vout to wire A
is different from Vout to wire B. Current that flows through wire A is different from that
through wire B. A current follower was connected to A and B wires in the cell to transfer
current signal into proportional voltage signal so that current on wire A and wire B can be
separately read by lock-in amplifier (Figure 2.7A). Lock-in reads voltage signal at input A
and input B, outputs voltage difference between input A and B as Va.s, which is proportion
to the current difference between wire A and wire B. It is observed that Va.s increases as
solution concentration increases. The rationale of using two wires to detect current is that
any parasitic currents emanating from DC voltage applied on CDI electrodes would be
equal in both wires and would therefore be cancelled upon taking their difference.
However, this configuration suffers from DC leakage current emanating from the CDI
electrodes that did not cancel out. This primarily occurred shortly after the DC voltage was
changed, this sharp change in voltage introduces a noise signal as required by the Fourier
transform of a step function. As a result, a high pass filter was added between current
follower and lock-in amplifier to eliminate the noise signal of voltage at beginning and end

of CDI electrodes charging process.
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solutions (0.03, 0.3, 3, 30 g/L) with voltage source circuit

Conductance measurement on NaCl standard solutions (0.03, 0.3, 3, 30 g/L) has

been done and a calibration curve of Vag vs concentration (Figure 2.8) has been fitted.

The calibration curve is a power law with the exponent equal to 0.8, which is encouraging,

but not close enough to the theoretically expected linear relationship as Equation 2.1

shows. The non-linearity relationship between Vag and concentration indicates

measurements in higher concentrations are not accurate enough to reveal solution

concentration from the Vas reading.
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We hypothesized that the non-linearity of calibration curve in the voltage-
source/current measure solution conductivity experiment was a result of electrolyte-
electrode interface impedance (R;) between wires and the solution. Electrolyte-electrode
interface impedance results from the electric double layer around the wire surface,
electrochemical reactions happening on the electrode, the formation of a native oxide
around the wire electrodes, or the diffusion of electrolyte ions around the electrode®. As
shown in Equation 2.7, considering interface impedance, current across the solution is
not only determined by the solution resistance (Rs), but also depend on this unknown
interface impedance (Ri). This interface impedance is less related to the solution
concentration but more related to the surface area of wires. In high concentration NaCl
solution, Rs is small, making the effect from R; more obvious. This causes the phenomenon
that relationship between Va.g and concentration have more deviation from linearity when
concentration is higher, which eventually results in a power law curve like fitting. It is
anticipated that when salt concentration is significantly higher than 30 g/L, which results
in nearly zero Rs, the A-B voltage would deviate from the power law curve fit and nearly

reach a plateau.

— Vsource 2-7
Rs + Ri

2.1.6. Current source

Due to the fact that the existence of electrolyte electrode interface impedance
severely influences voltage source system’s accuracy of conductance measurement in
concentrated solutions, we decided to use a current source to measure solution
conductance in the most advanced generation of solution conductivity meter employed in

this thesis.

A current source is a device that ideally outputs a constant current independent of
the load resistance in the circuit. According to Ohm’s law, as current () across the circuit

is constant, larger load resistance (Rioad) would cause a larger voltage output (Vout) from
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current source. In this case, conductance (G) is proportional to the reciprocal of voltage
(Equation 2.8).

1 1 2.
G = = 8
Rload Vout

A Howland current source is the configuration we used for building our solution
conductivity test system (Figure 2.9). There are four fixed resistors (R1, R2, R3, R4) and
a high frequency op-amp (LM7171) in this configuration.

vi 1 Rl vypp- R2 .,

>—- v3
Vin+

v2 12 R3 R4 13

AYAY; VA,

Iout

-

Figure 2.9 Configuration of Howland current source

According to the basic law of ideal op-amp working, there is no current flowing
into either input of op-amp. Therefore, when there is a voltage difference between V1

and V2, the following equations can be derived.

I =1 :Vin—_V1:V3_Vin—:V3_V1 29
. R, R, R, +R,
Vo= Vi 2.10
12 = R—3
_ Vs = Viny 2.1
13 = R—4_
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IO‘U,t = 12 + 13 2.12

Because Vin+ = Vin, V3 — Vins = V3 — Vin., Equation 2.13 can derived by
combining Equation 2.10 and Equation 2.11

LR, 2.13
Is=g.
4

Transforming from Equation 2.9, Vi.. = 1R1+V1. Emerging this into Equation

2.10 we can get Equation 2.14.

Vo — (IR + V1) 2.14
L .

Because lout = |2 + I3, Equation 2.13 and Equation 2.14 has expressed I3 and Iz,

we can get Equation 2.15

VZ - (I]_Rl + Vl) + IlRZ _ VZ - Vl 2.15

Lot = i

Ry

+1 !
G~ 7))

In the application of the configuration, the ratio of Rz : R4 is always controlled to
be equal to the ratio of R+ : R3, so that lo,t would be proportion to voltage difference

between V, and V1. While V1 is normally connected to the ground, which made lo. only

depends on V;, (Equation 2.16)

This configuration allows us to control the output current by changing applied
voltage (Vin) on AFG1022C. Vin+ is proportional to the resistance of load (Ricaq) in order to
supply constant current (Equation 2.17), which allows solution conductance

measurement via reading voltage of Vin«.

v, 2.16
Loyt = R_3
Vint = loutRioaa 217
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2.1.7. Final CDI test instrumentation

Figure 2.10 (A) CDI cell DC charging circuit (B) Solution concentration
measurement circuit

NaCl 1111

Ti substrate | PPMS s9|ution
Electrode

Top T
Side T === Pt Ti Ti Ag/AgCl

Top electrode EEEGE _ I

—
SV A AC
GND (ISDI\?D Bottom electrode Fully assembled

Figure 2.11 Detailed top and side view of our CDI cell (SV, A, ACGND, DCGND
are consistent with circuit diagram in Figure 2.9)

Eventually, we built a current source solution concentration measurement system

in the middle of our CDI cell.
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Figure 2.10A is the circuit diagram for CDI system. Constant DC voltage from
AFG3022C was amplified by unity gain op-amps and was applied on top and bottom CDI
electrode separately. DC current was converted to a voltage via a transimpedance
amplifier constructed by the SFU electronics shop. This volage was continuously read by
an analog to digital converter (Nl-scope) installed into the PC that controlled the
experiment. The inductors L2 and L3 prevents DC signal from impacting the AC

measurement of solution concentration.

Figure 2.10B is the solution concentration measurement circuit. The current
source supplies constant amplitude of AC current through the solution from SV to the AC
GND. The frequency of AC current is 100kHz. Voltage difference between SV and A was
read by lock-in amplifier. Unity gain op-amps was connected to SV and A to decouple
lock-in amplifier from current source load, so that lock-in amplifier voltage measurements
would not affect current source voltage output. High pass filters were added to filter noise
signal from sudden DC voltage change. During CDI cell charging, capacitors C1, C2, C3,
C4 minimized DC coupling from CDI electrodes, while inductors L4 and L5 balanced the
rest DC coupling on wire SV, A, AC-GND. C1 and C4 need to have high capacitance to
minimize capacitive impedance at the moderate frequencies used. DC-GND determines
reference voltage for DC voltage applied on CDI electrodes, 50 mH inductor L was

connected to DC-GND to prevent AC current from affecting this electrode.

Figure 2.11 shows the top and side view of our CDI cell. We use 1'x1’ titanium
sheet as our substrate, the CDI electrode material was fabricated on the substrate. CDI
electrodes at top and bottom were sandwiched a ring made by crosslinked
polydimethylsiloxane (PDMS). Four metal wires in the middle of PDMS ring participate in
solution concentration measurement corresponding to SV, A, AC-GND, and DC-GND in
Figure 2.10B. We choose platinum for SV to prevent corrosion caused by possible high
voltage. We use AgCl wire for our DCGND as a stable reference potential. NaCl solution
was injected into CDI cell by syringe on one side. During injection, old solution would be

pushed into another syringe on the opposite side of cell.
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Figure 2.12 Calibration curve obtained from concentration test for NaCl standard
solutions (0.1, 0.5, 1, 5, 10 g/L) with current source circuit

We obtained a calibration curve of conductance vs NaCl concentration with this
CDI performance measurement setup (Figure 2.12). The calibration curve has a power
law much closer to demonstrating its utility as a conductance and therefore concentration

meter.

2.2. Activated carbon electrode fabrication

In order to test our cell and provide a comparison to a standard CDI material we
fabraicated activated carbon electrodes onto our titanium current collectors. Activated
carbon electrodes are fabricated following the procedure of Hou et.al*'. Activated carbon
powder (US mesh 40) was mixed with polyvinylidene fluoride (PVDF) polymer
(M.W=534,000, Sigma Aldrich) binder in N,N-Dimethylacetamide (DMAc) solution to make
carbon slurry. PVDF content was 15 wt.% of activated carbon. Slurry concentration was
controlled at 25 g/L. Carbon slurry was drop casted on titanium substrate and dried under
120 °C for 2 hr to form carbon electrode that was well-adhered to the substrate. Then,
carbon electrode was further dried in an 80 °C vacuum oven for 2 hr to ensure all organic

solvents are removed.
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2.3. PEDOT: PSS electrode fabrication

Wet
conducting polymer

‘—”7
Hydrophilic polymer ~nm ‘

Amine-functionalized surface adhesive layer

:
o WQ‘ W...l IO

Insulated/conductive Insulated/conductive Insulated/conductive
substrate substrate substrate

Figure 2.13 (A) Polyurethane chemistry applied to improve PEDOT:PSS
adhesion on substrate (B) picture of our PEDOT:PSS film on
titanium substrate

In order to test PEDOT:PSS as an electrode material for CDI, very thick films are
required. Unfortunately, thick films also have a pronounced tendency to delaminate from
the titanium current collectors when they swell in water and when filled with ions during
device operation. Inspired by Inoue et.al 8, we use polyurethane (PU) as a binder to
increase our PEDOT:PSS film adhesion on titanium substrate. (Figure 2.13) Amine
functionalized surface would make better connection with PU, while PEDOT:PSS

dispersion can permeate and combine with PU layer to have better adhesion on surface.

Silane solution was prepared by dissolving 1 w/v.% 3-aminopropyltriethoxysilane
(3-ATES) in 100 mL deionized water then add 10 pL of glacial acetic acid. PU solution
was prepared by dissolving 3 wt.% polyurethane (HydroMed D3, AdvanSource

Biomaterial) in mixture of ethanol and 5 v/v.% deionized water.

PEDOT:PSS dispersion was prepared by dissolving dry PEDOT:PSS pellets in a
mixture of propylene glycol and 0.3 g/L NaCl solution (30:70 = propylene glycol: NaCl
solution), 2 wt.% of 3-glycidoxypropyltrimethoxysilane (GOPS) was added as crosslinker
for PEDOT:PSS. PEDOT:PSS concentration of the dispersion was controlled at 5 g/L. The
reason for having NaCl solution in our PEDOT:PSS dispersion is to give space in
PEDOT:PSS film to allow salt adsorption, this helped dramatically to eliminate
PEDOT:PSS delamination during the CDI charging process.

Titanium substrates were cleaned by soaking in 15% HCI for 1 hr at 60 °C. Then
the cleaned titanium was soaked in prepared silane solution for 1 hr at room temperature

to form amine self-assembled monolayer. PU solution was then spin coated on the amine
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functionalized titanium surface at 1000 rpm for 30 s. After spin coating, PU coated

substrate was annealed under 90 °C for 1 hr.

PEDOT:PSS was drop casted on the annealed PU coated titanium substrate and
air dried overnight at room temperature. This allows PEDOT:PSS to have sufficient time
to permeate PU layer and interact with PU polymer chain. Air dried PEDOT:PSS was then
annealed for 1 hr at 120 °C to make PEDOT:PSS film

Surface treatment steps are necessary for optimizing CDI performance of
PEDOT:PSS film. PEDOT:PSS film was soaked in 0.1 mM polyethyleneimine (PEI)
(Mn~10000) solution at RT for 1 hr, then soaked in 1 M H.SO4 at RT for overnight in order

to remove the NaCl introduced in the procedure and improve the conductivity of the film.8

To prepare the anion conducting electrode, an additional treatment step was
required. Samples were immersed in 0.1 M CaCl; solution to replace the Na* typically
present in PEDOT:PSS films with Ca?*. Calcium was chosen because of its 2+ charge,
the non-toxic nature of calcium, and the low solubility of CaSQ. in water. Presumably, the
last factor makes Ca?* transport in PEDOT:PSS significantly slower than CI- allowing it to
be incorporated in order to maintain charge balance of the solution. Positive potentials
were not applied to the anion collecting electrode, as it tended to degrade electrode

performance over time.

2.4. CDI Electrodes conditioning

2.4.1. Activated carbon

After compacting CDI cell, MilliQ water 2 was first injected into the CDI cell to wet
the carbon electrodes, then 0.5 g/L NaCl solution was injected. After injection of NaCl
solution, we charged the CDI cell with top voltage 0.6 V and bottom voltage -0.6 V for 20
min (Ag/AgCl as ground). A curve like Figure 2.14 is typically observed during the
charging, electrode charging starts at 10 s and ends at 1200 s. As DC voltage was applied
on the top and bottom electrodes, conductance of solution falls because of capacitive
deionization. After the first plateau, conductance starts to increase a bit due to the

expulsion of co-ions. After charging stops, electrodes will discharge, and solution

2 MilliQ water: ultrapure water produced by Milli-Q™ direct water purification system
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conductance will firstly increase a little, then continue to decrease. We call this step the
electrode preparing process. This process helps the wetting of the dry activated carbon

electrode and improves electrode stabilization for further tests.

After the electrode preparing process, we need to wash the electrodes by injecting
milli Q water into the cell. The CDI cell need to be charged with top voltage 0.6 V and
bottom voltage -0.6 V in milliQ water for 20 min or longer. During charging, solution
conductance increase can be observed, indicating adsorbed salt coming out from
electrodes. MilliQ water was constantly injected to wash away the expelled ions until
solution conductance was stabled at limit of detection (stay below 1e-4 S for 100 seconds).
After charging ends, the CDI electrodes need to be discharged until current observed from
discharging is below 2e-5 A. This is called washing process. The washing process is also
needed before changing concentration of feed solution. The washing process expels the
co-ions that are attracted to the porous electrode surface by the adsorbed counter-ions

when applied voltage stopped.

After washing process, carbon electrodes are ready for desalination The first
desalination cycle should charge with 0.6V on positive electrode and -0.6V on negative
electrode. The first cycle should be longer than intended experiment charging time. We
take second desalination cycle as our experimental data since the first cycle is for CDI

system to achieve equilibrium in chosen concentration of feed water.
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Figure 2.14 Solution conductance change in 5 g/L NaCl solution during 20 min
conditioning charging of CDI cell with activated carbon electrodes
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2.4.2. PEDOT:PSS

Before experiment, PEDOT:PSS electrodes are soaked in 1 g/L NaCl solution
without any voltage applied. An increase of solution conductance is typically observed in
this process (Figure 2.15). The soaking process took an hour for solution conductance
to stop increasing. Soaking process is needed only the first time PEDOT:PSS electrodes
compacted into CDI cell. Soaking process stabilizes the dry PEDOT:PSS electrodes in

an aqueous electrolyte solution.
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Figure 2.15 Solution conductance increase during soaking PEDOT:PSS
electrodes in 1 g/L NaCl solution

Once solution conductance stabilized in the soaking process, MilliQ water is
injected into the CDI cell. Then we applied 0 V on positive electrode and 1.2 V on negative
electrode for 20 min or longer to release ions in electrodes, solution conductance increase
was observed during voltage applied. MilliQ water was constantly injected to wash away
the expelled ions until solution conductance was stabled at limit of detection (stay below
1e-4 S for 100 seconds), then electrodes were discharged under 0 V applied on both
electrodes until current from discharging decrease under 2e-5 A. We called this step
reverse charge process. Reverse charging process is also needed before we change
concentration of feed solution. Reverse charge process expels NaCl ions trapped in
PEDOT:PSS electrodes out of the electrodes, promises accurate CDI performance

measurements.

After soaking process and reverse charge process, NaCl solution is injected into
the system for desalination. In the first cycle, we applied 0 V on positive electrode and -

1.2 V on negative electrode. In low concentrations from 0.1 g/L to 1 g/L, solution
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conductance will firstly decrease, then increase to a certain point, then decrease again
during the first cycle. We stop the applied voltage when we saw solution conductance
stopped to increase or when first cycle time exceeds four times of our intended experiment
charging time. In high concentration like 5 g/L and 10 g/L, solution conductance would
keep decreasing during the first cycle. We stop when first cycle time exceeds our intended
charging time for the experiment. After the first cycle, we would wait until the cell
completely discharged to run second cycle. When discharging current in the cell drop
below 2e-5A, we can say it is completely discharged. The first cycle is for system to
achieve equilibrium in chosen concentration of feed water. We took second cycle of

desalination as our experimental data.

We are measuring CDI performance in same concentration with different applied voltage,
as well as in different concentrations with same applied voltage. For MSAC tests for both
material, first run only lasts 300 seconds, while the second run would be more than 20

minutes to obtain MSAC of the material.
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Chapter 3.
Results and Discussion

This section provides details regarding the result from desalination performance
test for activated carbon and PEDOT:PSS. The effect of applied potential and feed water
concentration on SAC and CE during 300 s desalination was studied in this experiment.
The MSAC of both materials in different feed water concentration have also been reported

and discussed.

In the experiment studying the affect of applied potential on desalination behaviour,
saltwater concentration was controlled at 0.5 g/L, while applied voltage difference between
two CDI electrode was varied (0.4 V, 0.6 V, 0.8 V, 1.0 V, and 1.2 V). In the experiment
studying the feed water concentration on desalination behaviour, applied voltage
difference between two CDI electrodes was controlled at 1.0 V, while 5 feed water

concentrations were used for desalination test (0.1 g/L, 0.5 g/L, 1 g/L, 5 g/L, and 10 g/L).

In the experiment studying MSAC, applied voltage difference between two CDI
electrode was kept at 1.0 V, while 4 concentrations of feed water were used for
desalination test. The CDI electrode charging process was over 20 minutes or longer until

solution conductance barely change with time.

The applied voltage on CDI electrodes during charging was different for activated
carbon and PEDOT:PSS. In activated carbon CDI cell, electrodes were symmetrically
charged, which can be interpreted as when there is a voltage difference of 1.0 V, 0.5V
was on positive electrode while -0.5 V on negative electrode. In PEDOT:PSS cell,
electrodes were asymmetrically charged. Positive electrode of PEDOT:PSS cell was
always kept 0 V, while negative electrodes have -1.0 V at voltage difference of 1.0 V. All

voltages above are refer to Ag/AgCl reference electrode.
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Figure 3.1.  Activated carbon CDI cell 300 second desalination test
(A) Solution concentration change (B) integrated current (C) CE and
SAC vs feed water concentration; (D) Solution concentration change
(E) integrated current (F) CE and SAC vs applied voltage

Figure 3.1 shows the response observed during the charging and discharging of
activated carbon electrodes in contact with a solution of NaCl. Figure 3.1A shows the
change in solution concentration as a function of time for several concentrations. At t=0
seconds, a voltage of 0.5 V is applied to one electrode, while a voltage of -0.5 V is applied
to the other. The concentration decreases until the potential is removed at t=300 seconds,
allowing ions re-enter the solution. Figure 3.1B shows the integrated current flowing to
the current collectors as a function of time for several concentrations. As expected, the
curves resemble the inverse of the desalination behavior. Figure 3.1C shows the salt

adsorption capacity (SAC = mg NaCl removed per g of electrode material) as a function
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of concentration. The SAC increases logarithmically with the concentration of the solution
as a result of the slight increase in double layer capacitance. The values obtained are
consistent with previous reports 8, and typical for activated carbon electrodes that have
not been scrupulously optimized. Figure 3.1C also displays the charge efficiency (CE =
mol NaCl removed per mol of electrons flowing to the electrodes, here plotted at t=300 s)
as a function of concentration. The CE is approximately flat across the concentration range
and reflects a concentration independent leakage current flowing from the desalinating

electrodes into the solution.

The voltage dependence of the desalination behavior of activated carbon
electrodes is shown in Figure 3.1D-F with the potential applied symmetrically to the
current collecting electrodes. In these experiments, the solution concentration was 0.5 g/L.
As above, salt is removed from solution upon the application of a potential, and returned
to the solution upon removal of the potential. Agreement with the measured charge flowing
to the current collecting electrodes demonstrates that the desalination behavior is
electrically modulated and is not simply passive adsorption. Figure 3.1F displays SAC at
t=300 s as a function of voltage which increases with applied potential. A simple RC circuit
model would predict a purely linear increase however, we observe a slight nonlinearity as
a result of the potential dependence of the electrostatic double layer capacitance. As a
result of the increase in SAC, the CE increases with applied potential, saturating at the

largest potentials presumably as a result of increasing leakage current.
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Figure 3.2 PEDOT:PSS CDI cell 300 second desalination test

(A) Solution concentration change (B) integrated current (C) CE and
SAC vs feed water concentration; (D) Solution concentration change
(E) integrated current (F) CE and SAC vs applied voltage

The capacitive deionization behavior of PEDOT:PSS electrodes is demonstrated
in Figure 3.2 with the decrease in salt concentration as a result of applied potential being
shown in Figure 3.2A. The salt concentration decreases as potential is applied, recovering
slowly when the potential is removed. Figure 3.2B shows the integrated current passed
to the charge collecting electrodes as a function of time. The collected charge grows after
the potential is applied and is returned to the circuit when potential is removed. However,
the magnitude of the integrated charge at low concentrations is significantly higher than
the salt removed from solution. We interpret this as reflecting a much larger leakage
current emanating from the PEDOT:PSS electrode than is observed with activated carbon.

This is more clearly visualized from the CE at t=300 s plotted in Figure 3.2C. The CE at
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low concentrations is very low, following the SAC as concentration increases. This
behavior is consistent with a concentration independent leakage current; as more salt is
removed from solution, the contribution to the current resulting from deionization behavior
becomes a larger percentage of the overall current. The SAC at t=300 s increases
dramatically with concentration, which is totally different from activated carbon. This
indicates the desalination behavior of PEDOT:PSS is mechanistically different than the

electric double layer processes associated with activated carbon.

The voltage dependence of the deionization behavior of PEDOT:PSS is shown in
Figure 3.2D-F for a concentration of 0.5 g/L. The decrease in solution concentration as a
function of time is clearly observed in Figure 3.2D, which is in good agreement with the
integrated charge from the current collecting electrodes shown in Figure 3.2E. As with
activated carbon, this demonstrates that observed deionization behavior is modulated by
the voltage, rather than being due to passive adsorption. In Figure 3.2F the SAC at t=300
s is plotted as a function of applied potential. Consistent with the broad, flat density of
electronic states in PEDOT:PSS, the amount of salt taken in by the electrode is linear with
voltage. Over this potential range, the CE is observed to decrease with applied potential,
indicative of an increasing leakage current flowing into the solution while potential
increase, the magnitude of which can be qualitatively described in terms of a voltage
independent resistance. Strategies for decreasing the magnitude of leakage currents in
PEDOT:PSS capacitive deionization cells appears to be an important avenue of
investigation for technological applications, especially when used with lower concentration

feed streams.

It is observed from the concentration change vs time diagram that after discharging
process was over, the concentration of bulk solution did not return to its original level. This
indicates salt trapped in PEDOT:PSS layer. The reason for this phenomenon could be
counter ions combined tightly with PEDOT:PSS via charge transfer during charging
process. Our discharging process is zero voltage discharge, which only allows part of salt
ions that was not tightly combined with PEDOT:PSS to diffuse back to bulk. A reverse
voltage discharge (apply reverse voltage on electrodes) would help improve the

reversibility of the desalination cycle.

56



Figure 3.3  SEM images of pristine PEDOT:PSS, surface treated PEDOT:PSS,
and activated carbon
Pristine PEDOT:PSS (A) top view (B) cross section; Surface treated
PEDOT:PSS (C) top view (D) cross section; Activated carbon (E) top
view (F) cross section

Figure 3.3 shows electron microscope images of the untreated PEDOT:PSS films
(A and B) as well as the treated PEDOT:PSS film (C and D). For comparison, films of
activated carbon are shown in E and F. Comparing to the pristine PEDOT:PSS surface
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from our PEDOT:PSS procedure, surface treatment steps we applied in this study
obviously roughened the surface of PEDOT:PSS. Sulfuric acid treatment is also known to
remove an amount of PSS component and make the conformation of PEDOT molecular
chain to be more linear.8® According to the cross section images (Figure 3.3B, D, F), the
PEDOT:PSS films were approximately 25 microns in thickness, while thickness of

activated carbon films are around 200 microns.
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Figure 3.4 MSAC of activated carbon and PEDOT:PSS in different feed water
concentrations

The MSAC of a desalinating electrode is the preferred metric for comparing
between materials, as it is not affected by experimental conditions like film thickness or
charging time. Figure 3.4 shows the comparison between MSAC of CDI cell with
PEDOT:PSS electrodes and activated carbon electrodes. It is important to point out that
our activated carbon films are made with a simple recipe, and not highly optimized. Figure
3.4 provides a clearer demonstration of the dissimilarity of these two materials, with the
MSAC of PEDOT:PSS behaving linearly and the MSAC of activated carbon being

approximately independent of concentration.

In a manner wholly dissimilar to activated carbon, the MSAC of PEDOT:PSS
increases linearly with concentration. This can be interpreted as reflective of LeChatelier’s
principle, or more rigorously as a manifestation of Donnan equilibrium, known to determine
the concentration dependent charging behavior of PEDOT:PSS films. When PEDOT:PSS
charged with a negative potential, there would be more PSS carrying a negative charge

able to combine with Na*. While CI- passively adsorbed in the other half cell of
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PEDOT:PSS CDI system, there would be more PEDOT carrying positive charge to
combine with CI-. Equation 3.1 is a half-cell reaction equation of our PEDOT:PSS CDI cell
according to LeChatelier’s principle. Since PEDOT:PSS electrode is solid, [PSS-] is not
changing, when feed water NaCl concentration increases, the equilibrium will right shift,
more NaCl will be attracted to the electrodes and combine with active PEDOT and PSS,

and [Na:PSS] is proportion to [Na+] while k is a constant.

k[Na +][PSS—] = [Na: PSS] 3.1

This behavior clearly demonstrates that the charging of PEDOT:PSS is not best
described with double layer charging models common to materials like activated carbon.
Rather, the fundamental charging process appears Faradaic, redox reactions between
electrodes and counter-ions caused by charge transfer is the mechanism of desalination.
The SAC of Faradaic electrodes is not restricted by electrode surface area, this also
explains the superior performance of PEDOT:PSS over activated carbon. In addition, the
technological implications of this behavior warrant further comment. The observed
increase in SAC with salt concentration is likely not specific to PEDOT:PSS, as ion
incorporation into other polymers is frequently described in terms of Faradaic processes,
hinting that conducting polymers can be used to efficiently desalinate feed water streams

of higher salinity.

The ability of PEDOT:PSS to function as both the cation collecting and anion
collecting electrode is unusual. It is known that PEDOT:PSS typically only transports
cations,®”8 with the reduction of PEDOT:PSS being modulated by cation inclusion and
the oxidation of PEDOT:PSS being modulated by cation expulsion. However, our
observation of capacitive deionization requires both cation and anion transport into the
film. The solution must remain charge balanced, thus the SAC of the film requires the
transport of both ions from bulk to electrodes. It is known that Ag/AgCl electrode is also a
well studied faradaic electrode, while our configuration contains an Ag/AgCl wire as
reference electrode. To figure out whether Ag/AgCl reference electrode interferes the
measurement, simple test was done by substituting the anion collecting PEDOT:PSS
electrode with bare titanium current collector. The result turns out removing the anion
collecting PEDOT:PSS electrode does not allow for capacitive deionization, which

eliminates any considerations that the other 5 electrodes in the cell meaningfully contribute
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to the observed SAC. Moreover, the linear increase in MSAC with increasing solution
concentration is not observed in activated carbon, which further demonstrates that the

other components of our coin cell do not meaningfully contribute to the observed MSAC.

In summary, conductive polymers are promising candidates for next-generation
water deionization technologies, as demonstrated here with PEDOT:PSS. In order to
achieve deionization in PEDOT:PSS, it had to be forced to transport anions. This was
achieved by treatment with CaCl,. The films can achieve an MSAC of over 55 mg/g which
could likely be improved with further optimization. The MSAC of PEDOT:PSS shows a
very different relationship with respect to solution concentration than does activated
carbon, demonstrating that the former is charged via a Faradaic process while the latter

relies on an electrostatic double layer charging mechanism.
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Chapter 4. Future work

We have demonstrated the potential of PEDOT:PSS being next generation CDI
electrodes with our developed in-situ CDI performance test system. However, there are
always spaces for improvement to make more accurate performance test with our system.
Ag/AgCl wire have been used in the CDI cell setup as the reference electrode to control
the applied potential on two CDI electrodes accurately and individually. But, during a long
desalination test after salt adsorption on CDI electrodes reached MSAC for a while (~10
min), white particles were observed to form on the electrode which the reduction took
place (Figure 4.1B). This process can be observed on solution conductivity measurement
reading due to ground shifting (Figure 4.1A). Need to notice that white particle only
deposits on negative electrode when electrodes are not able to adsorb more counter ions
in electrolyte. Perera and Rosenstein et.al. have explained the mechanism of Ag
nanoparticle deposition on negative potential electrode (Figure 4.1C).8° Although many
studies includes Ag/AgCl reference electrode between CDI electrodes to control applied
potential %92 a better reference electrode would improve the stability of long desalination
test. Hu et.al. have applied a PdHx reference electrode for determining performance of
hybrid CDI cell with activated carbon electrode and graphene oxide-CNT composite
electrode, demonstrated PdHy as a stable reference electrode that can be applied to CDI

performance determination.®?
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Based on the desalination performance of PEDOT:PSS, high performance CDI
system with optimized PEDOT:PSS as electrode would also be a direction of this project.

In order to achieve a better CDI performance with PEDOT:PSS, one of the methods is to
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build a hybrid CDI cell with a better CI- adsorber. Example have been mentioned in the
introduction chapter, PSQ implanted with [Fe(CN)g]* is an excellent CI- adsorber,”® which
could have been utilized as positive electrode in our hybrid CDI system. Another method
is to build a flow CDI system with PEDOT:PSS dispersion. Since flow CDI has
demonstrated continuous desalination of wide range of feed water concentration, it is
feasible to apply water soluble PEDOT:PSS as flow electrode in flow CDI system.
However, the conductivity of PEDOT:PSS water dispersion might not be easy to control,

which can be a challenge of this application.

Besides CDI technique, the ion selectivity of PEDOT:PSS is also worth to study. It
has been reported that PEDOT:PSS as ion exchange membrane have high selectivity on
Ca?* over Na*.3% Surface treatments or polymer chain modifications can be done to allow
PEDOT:PSS to have higher selectivity to other ions, such as Li*. This might be an
interesting project not only for providing technical support for mining lithium from ocean,

but also for inspiring new generation high-capacity lithium battery.
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