Energy &
Environmental
Science

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Energy & Royal Society of Chemistry peer review process and has been
Environmental accepted for publication.
Science Accepted Manuscripts are published online shortly after

acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's

standard Terms & Conditions and the Ethical guidelines still

&;ﬁm apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript

or any consequences arising from the use of any information it

contains.

ROYAL SOCIETY
OF CHEMISTRY WWW.rsc.org/ees


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 43

Energy & Environmental Science

Broader Context

Capacitive deionization (CDI) is an emerging technology that can reduce the energy cost
of salt removal for a variety of water streams. Previous studies have shown the loss of
salt separation during operation of a CDI cell, which was due to oxidation of the anode in
an aqueous solution. While oxidation-resistant anode materials have been suggested, they
have yet to be developed for the improvement of CDI performance stability. To
overcome this difficulty, carbon electrodes with completely different surface charge
states were employed to develop a novel desalination system, called the inverted
capacitive deionization (i-CDI) system. Operation of this system results in salt desorption
when the cell is charged using a power supply and salt adsorption when the cell is
shorted. Through this study, salt separation performance of the i-CDI system can be
further improved by enhancing the net surface charges of carbon materials. This
enhancement can be achieved through the relationship between the zeta potential of
oxides and the potential of the zero charge for carbon electrodes (Eq. [3] in the main text)

with broad applicability in other fields, e.g., capacitive mixing for energy extraction.
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Abstract

Unsustainable and inefficient capacitive deionization (CDI) performance has been
observed through CDI operation with carbon xerogel (CX) electrodes for 50 hours using
a constant-voltage charging method. This behavior is primarily accounted for by changes
in the surface chemistry for the studied material via oxidation of the carbon electrodes in
an aqueous solution. In order to improve performance stability, we have developed a
novel CDI system using an anode with net negative surface charges and a cathode with
net positive surface charges. As a result, salt separation in this system is achieved in an
opposing manner to the conventional CDI system, e.g., when the system is charged using
a power source, cations and anions are desorbed at the anode and cathode, respectively.
This system is named the inverted capacitive deionization (i-CDI) system. Most
importantly, salt separation in the i-CDI system was maintained for over 600 hours,
which is approximately an increase of 530% in lifetime compared to a CDI system
operated under similar conditions. This enhanced performance stability is attributed to the
use of oxidized anodes in the i-CDI system, which limits the possibility for loss in

separation performance due to carbon oxidation in an aqueous solution.
Key Words

capacitive deionization, performance stability, carbon oxidation, potential of zero charge

(Epzc), working voltage window
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Figure 1. Schematic of (a) capacitive deionization (CDI) and (b) inverted capacitive
deionization (i-CDI) systems. Both systems have the same physical structure where
carbon cathodes and anodes are separated by a flowing salt solution. (It should be noted
that the cathode and anode are defined as shown in the diagrams.) However, because the
net surface charges on the carbon surface can be managed by chemical and/or
electrochemical modifications, the i-CDI system shows completely opposite adsorption-
desorption behavior compared to the conventional CDI system. For instance, when the i-
CDI system is charged using a power source, cations and anions are desorbed at the
anode and cathode, respectively, and when the i-CDI system is discharged under a short-

circuit condition, cations and anions are adsorbed at the anode and cathode, respectively.
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1. Introduction

Water, more specifically fresh water, is an essential component for human life." While
the earth is mostly covered by water, only limited fresh water is available and suitable for
human comsumption.” To meet fresh water requirements, desalination technologies have
been developed to match population and industry growth, of which distillation, reverse
osmosis, and electrodialysis are currently among the options used commercially to
produce clean water.’ Capacitive deionization (CDI) is an alternative and maturing
technology for desalination, which is based upon reversible salt adsorption-desorption at
porous carbon electrodes.*® Research and development have been extensively performed

7-20

in the preparation and modification of carbon materials,” " the fabrication of new flow

systems for CDI applications,”

and the mathematical modeling of desalination in a
CDI cell.> *** We expect that CDI technology may lead to a significant reduction in the
operational and energy costs for desalination processes as no heat-treatment, high

. . 146,30
pressure, or membrane is required.”

Desalination in a CDI system is achieved by using an external power source to
adsorb salts into the electric double layer (EDL) at the surface of a porous carbon
electrode. As shown in Fig. 1(a), a typical CDI system has a structure such that a carbon
cathode and anode are separated by a flowing salt solution. By applying a voltage (or a
current) from an external power source to the cell, anions and cations in a salt solution
are electrostatically attracted into the EDL at the polarized anode and cathode,
respectively, resulting in salt being removed from the solution. Subsequently, by shorting

the cathode and anode, due to the reduction in electrostatic attraction, the trapped ions are
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released back into solution to form a concentrated stream, and the cathode and anode are

correspondingly regenerated.

By using the above-mentioned CDI working principle, a few research groups have
examined adsorption-desorption behavior of CDI cells for 50-500 hours using a constant-

voltage charging method.>'>*

In these cases, cells were charged within a range of 0.7-1.2
V for adsorption and discharged at short-circuit for desorption. All of these studies
depicted performance degradation with CDI cells assembled with commercially available
activated carbon (AC) cloth and monolithic carbon xerogel (CX) electrodes in deaerated
NaCl solutions. This performance loss is mainly attributed to oxidation at the anode via
electrochemical reaction of the carbon electrodes in the aqueous solution, leading to the
formation of oxide layers at the carbon surface.'" ** %> **37 As a consequence, these
oxides (e.g., carboxylic groups) bias the electrode into having a negatively charged
surface state and/or a cation exchange behavior," > ' ** leading to not only changes in the
point of zero charge (pHpzc) at the carbon surface but also a relocation in the potential of

zero charge (Epzc) of the carbon electrode.”®** Overall, these changes in surface charges

mainly caused the loss in salt separation observed in these CDI cells.

In order to sustain desalination performance, oxidation at the anode needs to be
managed in a CDI cell, correspondingly minimizing the Epzc shift. Therefore, oxidation-
resistant carbon materials need to be developed for CDI anodes, and similar
development has been conducted for carbon materials in the fuel cell field, where carbon

oxidation is likewise a substantial problem.‘w'51

However, prior studies have yet to
resolve the issue of anode oxidation for CDI applications. To aid in the separation

process, an alternative route would be to exploit the surface charges created in the CDI
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cell via electrochemical oxidation. For instance, the oxidized CDI anode will have net
negative surface charges due to the formation of —-COO" groups from the hydrolysis of —
COOH groups. These negative surface charges can facilitate cation adsorption during the

CDI separation process.

By leveraging the impact of the Epzc location (or net surface charges) on the
electrosorption of salts in a CDI cell, and the phenomenon of chemical charging in a

9, 44, 48, 52-57 . o
| we have developed an inverted capacitive

capacitive mixing (CAPMIX) cel
deionization (i-CDI) system. Desalination in an i-CDI system is mainly achieved by a
spontaneously formed EDL at a chemically-modified surface of a carbon electrode
without an external power source. As shown in Fig. 1(b), the i-CDI system possesses
fixed charges at an electrode’s surface to spontaneously adsorb ions while an applied
voltage from an external power source is used to desorb ions. To demonstrate this
concept, the i-CDI system in this study employed carbon electrodes with
functionalized/oxidized carbon as the anode and pristine carbon as the cathode. (It should

be noted that we have defined the anode as the electrode where positive potential is

applied and the cathode as the electrode where a negative potential is applied.)

The i-CDI system can lead to a significant improvement in the performance
stability for long-term CDI operation owing to the mitigation of the problem for
oxidation at the anode, as the anode in the i-CDI system in this example is already
composed of an oxide layer to enhance cation adsorption. Therefore, we consider that use
of this method is an alternative route to the development of oxidation resistant materials.

In this paper, we will demonstrate the use of the i-CDI system to provide stable

Page 8 of 43
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separation performance for over 600 hours of operation and suggest methods for

electrode development for i-CDI systems.

2. Experimental

2.1. Materials Preparations

Preparation of carbon materials has been documented in the literature.”® >

In this study,
we first prepared a solution by adding 20.00+0.02 g resorcinol (C¢HsO,, Sigma-Aldrich),
29.48+0.02 g formaldehyde (CH,O, 37 wt% in methanol, Sigma-Aldrich), 6.32+0.02 g of
0.02 M Na,COj solution (Sigma-Aldrich), and 6.00+0.02 g of deionized H,O in a sealed
glass bottle. The solution was stirred for 30 min. The resulting solution was used to
infiltrate a dry carbon cloth (untreated, Fuel Cell Earth). Subsequently, the wetted carbon
cloth was immobilized between two glass slides, sealed with aluminum foil overnight,
and heated at 85°C for a period of 24 hours in air. A solvent-exchange process was
performed for the polymerized sheets in which the sheets were subjected to soaking in
deionized water, soaking in acetone, and air-drying. Time taken for each step was 2
hours. Finally, the dried sheets were carbonized using a quartz tube in a computer-
controlled furnace (Lindberg M, Thermo Scientific), where the temperature was held at
1000°C for 2 hours using a ramp rate of 5°C min™ for both heating and cooling from
room temperature under N, atmosphere. The resulting sheet is called pristine carbon
xerogel (CX) with a density of 0.48+0.02 g cm™, a conductivity of 551 S cm™, and a

thickness of 0.046+0.003 cm. For a comparison in desalination performance,

commercially available monolithic carbon cloths with much higher microporosity,
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Zorflex (ZX) and Spectracarb (SC), were purchased from Chemviron Carbon and

Capling, respectively.

In order to prepare electrodes with a net negative surface charge and yet retain
high porosity®™, tetracthyl orthosilicate (TEOS) (>99%, Sigma-Aldrich), ethanol (200
proof, Pharmco-Aaper), and HNO; (~70%, Acros) were vigorously mixed with a
volumetric ratio of 1:20:1 for 1 hour. The pristine CX sheets were dipped once into the
resulting solution for 30 min and heated at approximate 280°C in air (Fisher Scientific,

Model 281) for another 72 hours. The resulting material is denoted by Si-CX in the text.

In order to identify shifts in the Ep;c of carbon materials, the pristine CX sheets
were also modified using HNO; at various temperatures. Briefly, a graduated cylinder
with a glass cover was used to heat 300 cm’® of HNO; (~70%, Acros) in a temperature-
controlled coolant bath (Thermo Scientific). When the temperature of HNO3 was stable at
20, 35, 50 and 80°C, a pristine CX sheet with a geometric area of ~50 cm’ was placed
into the cylinder for 1 hour. After treatment, to remove any residual HNOj3 on the surface
of the carbon, the treated carbon was washed with a significant amount of deionized

water until the pH value of wash solution approached neutral.
2.2. Materials Characterizations

Material characterizations were performed using a surface area and porosity analyzer
(ASAP2020, Micromeritics) and a Fourier-transform infrared (FTIR) spectrometer (6700,
Nicolet). Surface area and porosity were measured using ~150 mg of CX electrode after
degassing at 160°C for at least 4 hours, and isotherms were recorded by N, adsorption-
desorption at 77 K. FTIR spectra were recorded by co-adding 256 ‘scans’ at 4 cm™

resolution, and KBr was used as a background. Each FTIR sample was prepared with a

10
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~70 mg mixture of CX/KBr at a ratio of 0.3 wt% (CX vs. KBr) where the prepared
material was ground into a powder before mixing. In order to quantify the acidity of the
oxidized CX materials, each sample of ~100 mg was immersed in 50 cm’ of 0.015 M
NaOH solution for 72 hours, and the resulting NaOH was back titrated using 0.01 M

H,SOy4 in an automatic titration instrument (800 Dosino, Metrohm).
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Figure 2. Schematic of the main experimental setup used for the i-CDI and CDI studies.
(a) Potential distributions and cyclic voltammograms were studied using a four-electrode
setup. (b) Use of the four-electrode cell to measure the potential distribution for a pair of
electrodes. (¢) Use of the four-electrode cell to detect the Epyc via cyclic voltammetry. In

this diagram, c, w, and r represent counter, working, and reference electrodes,

11
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respectively. (d) Cycling performance of a CDI cell was examined using a flow-through

cell system.

2.3. Electrochemical Characterizations Using a Four-Electrode Setup

In order to obtain comparable potential distribution data for the CDI cell under
investigation in this study, a four-electrode setup was constructed. The four-electrode
setup depicted in Fig. 2(a) consists of two studied carbon electrodes, a reference
electrode, and a counter electrode. Each electrode was tightly placed in the cell such that
the distance between the pair of studied electrodes was 0.15 cm (the same configuration
used in the flow-through cell), and the distance between the tip of the saturated calomel
reference electrode (SCE) and the studied electrode was around 1 cm. Each studied
carbon electrode has an approximate geometric area of 0.36 cm®. All tests except stated

otherwise were performed in 4.3 mM deaerated NaCl solution.

The four-electrode setup possesses two functions. The first function shown in Fig.
2(b) was used to measure the potential distribution for the cathode and anode. Another
function shown in Fig. 2(c) was used to detect the location of the Epyc for each individual
electrode using cyclic voltammetry. In detail, in Fig. 2(b), by shorting the two electrodes,
the short-circuit potential vs. the SCE electrode was measured using a data logger
(GL220, Graphtec). By applying a voltage using a power supply (E3632A, Agilent)
across the cathode and anode, the potential drop across each electrode vs. the SCE
electrode was measured again with the use of the same data logger. Subsequently, as
shown in Fig. 2(c), each electrode was voltammetrically characterized via a conventional

three-electrode connection using a potentiostat (Reference 600, Gamry Instruments) and

12
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a counter CX electrode with geometric area of about 3.6 cm? for the Epzc determination.
The Epzc and potential distribution measured in this work can be used as a tool to
determine the locations of all system potentials. It is considered that these potentials will

not change considerably if conditions remain constant (e.g., stability of salt separation).
2.4. Adsorption-Desorption Cycling Test

Cycling tests were executed in the flow system shown in Fig. 2(d) where a flow-through
cell, a conductivity sensor (19500-45, Cole-Parmer), a peristaltic pump (Masterflex L/S,
Cole-Parmer), and a polyethylene tank were serially connected via silicone and
polyethylene tubing (Fig. S1). Experimental automation and timing were facilitated with
a computer-controlled relay box (Denkovi Assembly Electronics Ltd.). During operation,
31 L of 4.3 mM deaerated NaCl solution was circulated at 75 mL min™ through a cell
assembled with 16 pairs of electrodes separated by 0.15 cm thick silicon rubber spacers.
It should be noted that total mass of the CX electrodes including the carbon cloth
substrates was about 16 g. Due to the large volume of salt solution used, the steady-state
conductivity (o) after the adsorption and desorption profiles is equivalent to the ¢ value
for the bulk solution. Therefore, the electrosorption capacity (I') was quantified by the
solution flow rate (@) multiplied by the integration of the conductivity curve with time (t)

taken for both the adsorption and desorption steps (Eq. [1]).
F=K6ch(t), K=M /(km) [1]

where M is the molecular weight of the salt, m is the mass of the electrodes, and k
(112.77 pS cm™ mM™) is the slope calculated from a calibration plot of conductivity vs.

NaCl concentration. Similarly, the charge density (Q) during both the adsorption and

13
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desorption steps was calculated by integration of the current curves. Finally, the charge
efficiency (A) is the ratio of I' (converted to equivalent charge using Faraday’s constant

(F)) to the charge density (Eq. [2]).

A=TF/M/(Q [2]

14
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Figure 3. Characterization results for the CX and Si-CX electrodes. (a)-(b) The pore size

distributions were quantified by the Barrett-Joyner-Halenda (BJH) method as the CX and

Si-CX materials are mainly composed of mesopores (Fig. S2). (c¢) FTIR spectra of CX

and Si-CX materials. (d) Cyclic voltammograms at 1 mV s in 4.3 mM deaerated NaCl

solution. The capacitance (C) was calculated via C =j / v, where j is the current density

and v is the voltage scan rate. The dashed rectangles and arrows indicate the locations of

Epch.
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3. Results and Discussion
3.1. Characterizations of Electrode Materials for an i-CDI System

In order to obtain the separation behavior desired for ion adsorption-desorption in i-CDI
systems, CX and Si-CX materials were selected due to their completely different Epycs
(or state of net surface charges).” Their similarities and dissimilarities were characterized

through studies in pore size distribution, surface chemistry, and cyclic voltammetry.

The CX and Si-CX materials tested in this study are mainly composed of
mesopores and marcopores, which are depicted by their characteristic N, adsorption-
desorption isotherms shown in Fig. S2. The Barrett-Joyner-Halenda (BJH) method was
used to analyze their pore size distributions (Fig. 3(a)-(b)) by plotting the incremental
pore volume (AV) and the cumulative pore volume (£V) as a function of pore width
(w).°" ® In general, the trend and magnitude of the AV and TV values for the Si-CX
material are very comparable to those for the CX material, which suggests that the pore
structure of the Si-CX material as measured by gas adsorption-desorption has been
maintained. Furthermore, the pore volume for both the CX and Si-CX electrodes is
approximate 0.5 cm’ g'1 by summation of the AV values or by looking at the highest XV

value.

The use of TEOS mixtures to modify the CX electrode surface leads to changes in
its surface chemistry, which can be leveraged in the i-CDI process to make an
asymmetric cell with respect to surface charge.4 As shown in Fig. 3(c), FTIR
spectroscopy was employed to examine the chemical species at the material surface. C-O,
C=C, and O-H stretching groups exist at both the CX and Si-CX electrode surfaces, while

new bands at ~1730, ~1430 and ~1100 cm’! associated with C=0, Si-C¢Hs, and Si-O-C

16
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stretching groups, respectively, are further identified at the Si-CX surface.”” This
assignment indicates that the modification results not only in the formation of a thin
silicon-containing layer but also in the attachment of —-COOH functional groups to the
carbon surface.”’ It is known that oxidized Si has a negative zeta potential in neutral
solution, and —COO"™ from the hydrolysis of -COOH carries a negative charge.™® ! %6
It is also known that carbon suspensions with an oxide layer possess a negative zeta
potential in neutral salt solutions.’® 77 As a result, it is expected that the thin layer
formed at the Si-CX material surface will have a negative zeta potential, which facilitates

cation adsorption in a neutral solution. This negative zeta potential affects ion adsorption

properties in the diffuse layer, as reflected by a relocation of the Epzc of the electrode via

Eq. [3].
¢ = k1 (pHpzc — pH) = k,(E — Epzc) [3]

Eq. [3] shows the relationship between the zeta potential ({), potential of zero
charge (Epzc), and point of zero charge (pHpzc), where E represents the potential at an

47,78 79 Following from Eq. [3], at

electrode, and k; and k;, are both positive constants.
fixed E and pH values, a decrease in the { and pHpzc values leads to an increase in the
Epzc value. Results validating this relationship (i.e., pHpzc vs. Epzc) have been shown
using commercially available SC materials in the literature.* For example, by
electrochemical oxidation of the SC material, the pHp;c value decreases from 7.40 for the
untreated sample to 3.21 for the oxidized sample whereas the Epyc value increases

correspondingly from 164 mV to 355 mV.* As a consequence, it is assumed that the

Epzc value for the Si-CX electrode should be greater than that for the CX electrode.

17
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The Epzc of an electrode can be measured in a dilute salt solution by various

80, 81

. . . 139 .
electrochemical methods, e.g., immersion™” , chronoamperometry’”, cyclic

voltammetry (at low scan rate)54» 82-84

, and electrochemical impedance spectroscopy (at
low frequency)®. As shown in Fig. 3(d), a distinct ‘V-shape’ region (highlighted by a
dashed rectangle) is formed in the voltammograms. Bard and Faulkner concluded that the
Epzc exists at the potential of the ‘V-shape’ region.” (Based upon the Gouy-Chapman-
Stern model for the electrochemical double layer, the effect of a salt solution on the ‘V-
shape’ region was experimentally studied, and the corresponding plots are shown in Fig.
S3.) In this study, the Epzc is estimated by averaging the electrode’s potential at the
minimal capacitance value in the ‘V-shape’ region at the both cathodic and anodic
branches in the voltammograms. For instance, the Ep;c for the pristine CX in Fig. 3(d) is
approximate -0.13 V vs. SCE. By looking at the location of the ‘V-shape’ region in Fig.
3(d), it can be understood that the Epzc value for the Si-CX electrode is greater than that
for the CX electrode, which is consistent with the prediction from Eq. [3]. Together with
the earlier surface chemistry characterization (Fig. 3(c)), it is understood that this shift of
the Epyc in the positive direction is attributed to an increase in the net negative charges at
the CX surface. Overall, the relocation of the Epyc for an electrode reflects changes in the
surface charges of carbon electrodes. (Fig. S5 demonstrates that an increase in net
negative charges at HNOs-treated CX and SC surfaces leads to the ‘V-shape’ region

being positively shifted and Epzc value being greater. This study was characterized

through FTIR spectroscopy, pH titration, and cyclic voltammetry.)

It is also found that the ‘V-shape’ regions associated with the anodic and cathodic

branches deviate slightly, especially for the CX electrode. This deviation is due to the

18
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relatively high resistance at the interface between the electrodes and the solution, and the
dependence of the Epzc measurement on transient conditions, leading to the need for
lower voltage scan rates to obtain better resolution.*® The effect of voltage scan rate on
the ‘V-shape’ region in the voltammogram was also exanimated in Fig. S4 in the

supplementary information.

The Epzc of a carbon electrode can be recognized as a transition potential region

where the electrode has a least capability for ion adsorption®”, which depends on the

52, 55

material’s surface tension,” the total salt concentration , the porosity of carbon

8386 and the solution’s pH*. Furthermore, a representation by Levi et al.

electrodes
indicates that when an applied potential positively (or negatively) exceeds the Epyc,
anion-adsorption (or cation-adsorption) correspondingly becomes signiﬁcant.sz’ 38 As a
consequence, knowledge of the Epyc of a carbon electrode becomes fundamentally

144

important to the operation of a CDI cell.™ Unlike other electrochemical technologies that

1,88'90 the lack of substantial

use a flow cell such as a redox flow battery or a fuel cel
electrochemically active redox species restricts the thermodynamic prediction (i.e., the
Nernst equation) of the working voltage window in a CDI cell. Nevertheless, in order to
improve the desalination performance of a CDI cell, the location of the Epzc for both the
cathode and anode has to be managed with respect to their working voltage window.**

(The working voltage window means the voltage difference between the distributed

potential at each electrode and the short-circuit potential.)

19
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Figure 4. A plot of electrosorption capacity (I'), charge passed (Q), and charge efficiency

(A) as a function of time (t) for a CDI cell operated at (a) 1.2/0 V and (b) 0.8/0 Vin 31 L

of 4.3 mM deaerated NaCl solution at 75 mL min™. In each study, 16 pairs of pristine CX

electrodes were used as both the cathode and anode. Time taken for each half cycle for

the tests at 1.2/0 and 0.8/0 V was 4000 and 2000 s, respectively, with the total operational

hours being similar. The conductivity and current profiles can be found in Fig. S6 and S9.

20
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3.2. Performance Degradation without Epzc or Oxidation Management

Knowledge of the Epyzc location with respect to the electrode’s working voltage window
is critical to improving the electrosorption performance of a CDI cell.*! 33 ** 45 Thjg
earlier conclusion, drawn through long-term CDI operation, will be experimentally

verified using CX electrodes in the following section and using commercially available

ZX and SC electrodes in Fig. S7.

Cycling tests were performed using a CDI cell assembled with 16 pairs of pristine
CX electrodes in 31 L of 4.3 mM deaerated NaCl solution at 75 mL min™. Based upon
the full plot of conductivity and current profiles (Fig. S6 and S9), Fig. 4 shows the
electrosorption capacity (I'), charge passed (Q), and charge efficiency (A) for a CDI cell
operated at (a) 1.2/0 V and (b) 0.8/0 V. Although these two tests were performed at
different charging voltages for different charging periods during the adsorption step, a
distinct similarity in performance exists. It is observed that in both cycling tests, the I
values degrade with cycling but the corresponding Q values remain almost constant,
resulting in the reduced A values. This observation is mainly attributed to changes in
surface chemistry at the anode by electrochemical oxidation in an aqueous solution,
resulting in the Epzc being positively shifted. Evidence of anode oxidation can be found

: . 11,33
in earlier publications. -

The Epyzc relocation is detailed in the following results on
potential distribution measurements and cyclic voltammetry using a four-electrode setup.

In addition, similar degradation performance is also observed in Fig. S7 when the

commercially available ZX and SC electrodes were used in cycling tests.
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Figure 5. CX electrode characterizations from a four-electrode setup in 4.3 mM deaerated

NaCl. (a) The potential distribution was measured at cell potentials between 0.8-1.6 V

when a pair of pristine electrodes was used. Subsequently, 0.8 V was constantly applied

to a pair of fresh electrodes for about 24 hours in the same solution to examine the Epyc

shift at a cell potential of 0.8 V. In turn, the resulting electrodes were examined by cyclic

voltammetry at 1 mV st (b) In comparison to the Epzc of the pristine CX electrode, the

voltammograms show the Epyzc of the anode is relocated, while the Epyc of the cathode is

nearly maintained. In the plot, E;, E., and E, represent the potentials at the anode,

cathode, and short-circuit, respectively.
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3.3. Interpretation of Performance Degradation by Epzc and Potential Distribution

The two working electrodes in the four-electrode setup were configured (similar to the
CDI cell used in the cycling tests) to study potential distribution and Epyc relocation in a
simulated cell. Fig. 5(a) shows the potential distribution measured in 4.3 mM deaerated
NaCl solution when a pair of pristine CX electrodes was used. Despite the unbalanced
potential drops across the cathode and anode (the interpretation in detail can be found in
our earlier publication®'), even at 0.8 V applied from a power source, the distributed
potential at the anode is greater than the thermodynamic potential for carbon oxidation in

33,36, 91 o . . g0
77" Therefore, under these conditions, the anode surface is oxidized,

aqueous solution.
which was confirmed by FTIR and XPS spectroscopy.'” ** Correspondingly, negative

surface charges are created on the carbon surface.

The voltammograms of Fig. 5(b) display that as compared to the pristine CX
electrode, the ‘V-shape’ region for the used anode is apparently shifted in the positive
direction while the ‘V-shape’ region for the used cathode is nearly maintained after using
a cell potential of 0.8 V for 24 hours. Therefore, it can be understood that the Epy¢ for the
used anode has been positively shifted, which is due to an increase in net negative surface
charges at the anode surface. This result is consistent with the positive shifting of the

Epyzc for the Si-CX electrode depicted in Fig. 3(d).
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Figure 6. Based upon the measured potential distribution combined with the Epzc
relocation at the anode (Fig. 5), this schematic illustrates the mechanism for the
performance degradation (Fig. 4). In this schematic, E;, E, and E, represent the
potentials at the anode, cathode, and short-circuit, respectively. Epzc+ and Epzc. denote
the Epzc at the anode and cathode, respectively. It should be emphasized that when a
potential at an electrode reaches the Epyc, this electrode will have a least capability for
ion adsorption. Furthermore, another representation of the effect of Epzc location on the

electrosorption performance can be found in publications by Cohen et al. and Avraham et

33,44
al.””
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When a CDI system is charged for ion adsorption, an applied voltage is naturally
distributed to the cathode (E.) and anode (E;). When a CDI system is discharged at the
short-circuit potential (E,) for ion desorption, the distributed potentials at the cathode and
anode are equivalent. Results for these variations in the potentials have been shown in
Fig. 5(a) when a four-electrode setup was used. Based upon the measurements using a
four-electrode setup, together with the mechanism developed by Avraham e al.,>"*** a
schematic in Fig. 6 summarizes the effect of Epyc relocation on CDI performance during
long-term operation using CX materials (representative of the studied carbon electrodes).
It can be seen in Fig. 6(a) that at the beginning, both Epycs for the pristine electrodes are
located in the cathodic working window (i.e., |E, — E.|), which means that a part of the
working voltage (i.e., |Epzc. - Eo|) at the cathode is consumed by parasitic anion
adsorption-desorption. For example, according to Fig. 5(a), when 1.2 V is applied to the
cell from a power source, the Epzc~-0.13 V falls between E, ~ 0.24 V and E. = -0.49 V.
Therefore, only 0.36 V (i.e., |Epzc. - E|) is used to adsorb cations at the cathode rather
than 0.73 V (i.e, |[E, — E.|). This loss in the effective working voltage for cation
adsorption is interpreted by the presence of native net positive charges at the surface of
the pristine electrode, correspondingly resulting in the location of the Epzc in the cathodic
working voltage window. Under such anion adsorption-desorption conditions, H,O
molecules are dissociated to maintain electroneutrality in the cell. Therefore, as reported
in another study, pH of the NaCl solution at the outlet of the CDI cell is functionally

changed but without a dramatic impact on conductivity.’" 3> 3% %%

With continued operation shown in Fig. 6(b), the Epyzc for the cathode (Epyc.) is

almost stationary. However, the Epzc for the anode (Epzcy) is shifted into the anodic
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working window with the addition of an oxide layer at the anode.’' Consequently, the
working voltage created (i.e., |[Epzc+ - Eo|) for cation adsorption-desorption paired with
the present working voltage (i.e., |[Epzc. - Eo|) for anion adsorption-desorption contributes
to a reduction in the net salt removal capacity, which can be observed (in Fig. 9(a), S6-7,
and S9) by looking at the ion repulsion peaks at the beginning of each adsorption step in
the CDI cells. In Fig. S8, we also depict the degradation mechanism when the electrode’s

polarity is reversed.

The schematic in Fig. 6 also suggests that in order to maintain desalination
performance in CDI systems, the Epzc associated with the anode has to be managed or
fixed in one place with respect to its working voltage window. Since we have
demonstrated that Epyc shifting is caused by carbon oxidation in aqueous solution, the
development of anode materials with good oxidation resistance for CDI applications
should be a paramount research direction.”® However, without such materials, an
alternative route would be to make use of the native surface charges created in the CDI
cell to aid in the separation process. Thus, together with the degradation mechanism (Fig.
6(b)), the repulsion peaks observed during the adsorption step (Fig. 9(a), S6-7, and S9)
prompted us to exploit carbon electrodes with dissimilar surface charge states for CDI

applications.

3.4. Inverted Capacitive Deionization (i-CDI)

Recent studies have shown that the desalination performance of a CDI cell degraded

during cycling tests, which is due to the relocation of the Epyc at the anode, in turn

31-34

disrupting the potential distribution. In order to enhance the stability of CDI
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operation, the degree of Epyc shifting at the anode has to be minimized. As shown earlier
in Fig. 4, one method could be the use of a smaller applied voltage to charge a CDI cell,
resulting in slower degradation at 0.8/0 V compared to that at 1.2/0 V. This slower
degradation is attributed to the smaller potential distributed at the anode, which reduces
oxidation of the anode in an aqueous solution. Another alternative would be the use of a
constant-current charging method, which limits the charging time spent at substantial
oxidizing potentials.™ * However, in order to improve the electrosorption capacity and
charge efficiency of a CDI cell, the applied voltage should be as high as possible based
upon the GCS model for CDI applications.”® In order to overcome these difficulties, a
novel system, called inverted capacitive deionization (i-CDI), has been developed to

achieve both stable and efficient desalination performance.

The i-CDI working principle in Fig. 7(a) and 1(b) shows that by using a CDI cell
with asymmetric electrodes, the voltage window between the two Epzcs can be used for
the adsorption-desorption process. This is opposed to the potential window outside of
these Epzcs, which has been classically used. In this new i-CDI case, unlike the CDI
system, further oxidation of the anode would not have a detrimental effect on the salt
separation performance. In fact, the oxygen-containing functional groups from oxidation
would increase the net negative surface charges, further expanding the internal working
voltage window for desalination for the i-CDI systems, where the Epzcs at the cathode
(Epzc.) and anode (Epyzc+) are diametrically opposed with respect to the short-circuit

voltage (E,).

Under such an electrode configuration, when an applied voltage is smaller than

the difference between the two Epzcs (i.e., |[Epzc+ - Epzcl), the adsorption-desorption
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performance is completely inverted. In detail, when the potential at the cathode (E.) and
anode (E.:) approach the Epzc. and Epzc+ under a charging condition, anions and cations
are desorbed as ion adsorption at the Epzc for an electrode has a minimum capacitance
value.” > When the cathode and anode are shorted under a discharging condition, anions
53,54

and cations are adsorbed as ion adsorption becomes significant far beyond the Epyc.

The feasibility and merits of the i-CDI operation will be demonstrated in the following

paragraphs.
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Figure 7. (a) A novel CDI system is proposed, named inverted capacitive deionization (i-
CDI). When the Epyzcs for both electrodes are dissimilarly located with respect to the
short-circuit voltage (E,), the potential window between the Epzcs at the anode and
cathode can be used for the desalination process, but the adsorption-desorption behavior
will be totally inverted. (b) Potentials distributed at the anode (E;) and cathode (E.) at a
total cell potential of 0.8 and 1 V in 4.3 mM deaerated NaCl solution when a Si-CX

anode and pristine CX cathode were used in a four-electrode cell.
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In order to create the voltage window depicted in Fig. 7(a), electrodes with
opposing Epzcs needed to be introduced. According to the effect of oxides at the
electrode surface on Epyc shifting, for i-CDI applications, the surface of the anode needs
to contain a native net negative charge (i.e., Si-CX material in this example) and the
opposing cathode needs to have a native net positive charge (i.e., pristine CX material in

this example).

Since the same configuration (i.e., solution concentration and electrode spacing)
was used in both the four-electrode and flow-through cells, the Epzc and potential
distribution measurements are suited for the CX and Si-CX electrodes used in an i-CDI
system. As reported earlier in Fig. 3(d) of the voltammograms, the ‘V-shape’ region in
the voltammogram for the CX and Si-CX materials is approximately placed at -0.25 — 0
V and 0.51 — 0.66 V vs. SCE, respectively. By averaging the location of the ‘V-shape’
regions, the Epyzc for the CX and Si-CX electrodes is approximately -0.13 and 0.59 V vs.
SCE, respectively. Therefore, it can be estimated that an approximate potential of 0.72 V

under a charging condition could be used for salt desorption in the i-CDI system.

To screen the utilization of all of the estimated voltage, the potentials distributed
at the Si-CX anode (E;) and CX cathode (E.) need to be examined in 4.3 mM deaerated
NaCl solution. As shown in Fig. 7(b), with 0.8 V applied by a power source, the
potentials distributed at the Si-CX anode (E;) and CX cathode (E.) have values of ~0.62
and ~-0.17 V vs. SCE, respectively, where the short-circuit voltage (E,) is ~0.19 V vs.
SCE. By comparing the Epzc values to the potential distribution plot, we assume that the
maximum applied voltage for the i-CDI cell using these electrodes should be 0.8+0.1 V,

and a more precise applied voltage should be studied using a flow-through system. For
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this study, a suitable voltage for the i-CDI system is 0.8 V (see the counterproductive
effect at 0.9 V in Fig. S13), which is slightly greater than the estimated value by the Epzc

locations but within the range of the measured Epyc values.

3.5. Initial Desalination Performance Using i-CDI and CDI Systems

i-CDI cycling tests were performed at 0.8/0 V in 4.3 mM deaerated NaCl solution at 75
mL min™'. Under the same conditions, a parallel study was carried out using a CDI
system for comparison. Fig. 8 shows conductivity and current for 3 cycles during initial
testing. Clearly, the use of the i-CDI system results in the adsorption and desorption
performance being completely inverted compared to the use of the CDI system, where
salt desorption occurs during the charging step at 0.8 V, and salt adsorption occurs during
the discharging step at short-circuit voltage. Furthermore, the i-CDI method offers more
resolved salt separation and considerably less current at steady state during charging. As
a result, the charge efficiency calculated according to Eq. [1] and [2] is correspondingly
enhanced to ~50% for the charging step and ~80% for the discharging step which is
substantially higher than ~25% and ~55% associated with the CDI cell. This
improvement in the salt separation can be attributed to the use of a new working voltage
window, where performance is less affected by the location of the respective Epyc areas
of the electrodes by eliminating potentials in excess of the respective Epzcs.** ** The
reduction in current at steady state is partially attributed to the lack of substantial
oxidation of the Si-CX anode since an oxide layer has already been formed at this

electrode.
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[ [
o8V 0V

Figure 8. Selected profiles of the conductivity (c) and current density (j) during initial
cycling (3"-5™) for i-CDI and CDI systems at 0.8/0 V in 31 L of 4.3 mM deaerated NaCl

solution at 75 mL min™. The full plots can be found in Fig. S9 and S12.
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Figure 9. (a) Selected profiles of the conductivity (o) at the 50-57" cycles for i-CDI and
CDI systems at 0.8/0 V in 31 L of 4.3 mM deacrated NaCl solution at 75 mL min™".
Based on the data for (b) discharging at 0 V and (c) charging at 0.8 V, the electrosorption
capacity (I'), charge passed (Q), and charge efficiency (A) were evaluated. Due to
inverted salt adsorption-desorption behavior for the i-CDI system, the absolute values of
I' and Q were used to calculate the A value. In addition, data for the CDI system used at

1.2/0 V was added into the plots for comparison.
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3.6. Performance Stability using i-CDI and CDI Systems

Fig. 9(a) shows the salt separation performance for cells using the i-CDI and CDI
systems during long-term operation. Compared to the performance at the initial stage
shown in Fig. 8, salt separation using the i-CDI system has been remarkably well
maintained. In contrast, salt separation using the CDI system shows repulsion (or
desorption) peaks at the beginning of each adsorption step (i.e., after the voltage was
switched on), resulting in the salt separation being degraded. This repulsion spike can
thus be recognized as an indicator of performance degradation during CDI operation (also
observed in Fig. S7 for CDI cells formed with commercially available ZX and SC

materials as the electrodes.).

More evidence demonstrating the higher stability and efficiency of the i-CDI
system has been summarized in Fig. 9(b)-(c) using the electrosorption capacity (I'),
charge passed (Q), and charge efficiency (A) as metrics. It can be seen that under the
same experimental conditions, the I' values of ~1.7 mg g™ for the i-CDI system are nearly
constant over the entire testing period, whereas the I" values for the CDI system decayed
from its highest capacity of ~1 mg g'l, decreasing to ~0.5 mg g'l. Salt separation
performance of the i-CDI system is better than the initial performance for the CDI system
and much better during long-term examination. At 0.8 V under a charging condition, the
Q values for the i-CDI system are smaller than that for the CDI system, indicating that
less energy is required in the overall separation process using this inverted behavior.
During operation at the short-circuit voltage, the Q values for the i-CDI system are
slightly greater than those for the CDI system. By Eq. [1]-[2], the A values for the i-CDI

system are always greater than that for the CDI system in both the charging and
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discharging steps. In addition, by comparing the performance data for the CDI system
operated at 1.2/0 V vs. 0.8/0 V, it is evident that the use of higher voltage at the

adsorption step hastens performance degradation in standard CDI systems.

In contract to the conventional CDI system, improvement in the charge efficiency
of the i-CDI system is attributed to the use of a new working voltage window, avoiding

4. 45 Furthermore, the inverted behavior is

interference with the Epzcs of each electrode.
due to the use of dissimilarly surface charged electrodes. Therefore, ion adsorption is
mainly due to the native electrostatic force generated by a spontaneously formed EDL at

a chemically-modified surface of a carbon electrode. However, ion desorption requires an

external power source for the i-CDI system.

i-CDI system testing was subsequently repeated with the same electrode
configuration (i.e., CX cathode and Si-CX anode) for over 600 hours of operation. Fig.
10 shows the excellent stability compared to those by conventional CDI systems. For
example, the time taken for the 1.2/0 V operated CDI cell to completely lose salt
separation capability was ~100 hours, while stable salt separation for 0.8/0 V operation in
the i-CDI cell was maintained for the testing period of ~630 hours. As a result, an
increase of at least ~530% in lifetime was achieved in comparison to the 1.2/0 V operated
CDI cell with comparable initial performance. (The conductivity and current profiles are

shown in Fig. S14.)

34

Page 34 of 43



Page 35 of 43

Energy & Environmental Science

2.9

i-CDI 0.8/0 V

L ‘/4'.’/‘11' [
‘" '[1’1“ _
ll
05 [ 'l’! 1 1 1
0 25 50 150 300 450 600

t (h)

Figure 10. Enhanced stability by the i-CDI system employed with a CX cathode and a Si-
CX anode. This test was performed at 0.8/0 V in 31 L of 4.3 mM deaerated NaCl
solution. The full plots can be found in Fig. S14. Comparisons in performance to standard
CDI operation under similar conditions with pristine CX electrodes are shown. In this

plot, lines have been added to guide the eyes.

Overall, the i-CDI system shows no performance degradation over the time tested.
This increased stability during long-term operation is accounted for by the managed
surface chemistry and corresponding placement of the Epzcs for the electrodes. This is
exemplified in Fig. 11 by comparing the voltammograms for each electrode before and
after cycling. (The cell was disassembled, and the cycled electrodes were resized for

voltammetric characterization.) It is found that the ‘V-shape’ regions for the cycled
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electrodes are only slightly shifted compared to that for the initial electrodes, indicating

that the location of the Epyc of the anode and cathode has been maintained.
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Figure 11. After the cycling tests using the i-CDI system shown in Fig. 8-9, the cycled
electrodes were resized and electrochemically characterized at 1 mV s in 4.3 mM
deaerated NaCl solution. The voltammograms for the cycled (a) CX and (b) Si-CX
electrodes. The voltammograms for the pristine CX and Si-CX electrodes are

correspondingly overlaid.

3.7. Future Works and Outlook

The developed i-CDI system is currently limited by the use of a relatively small voltage
window, approximately 0.8 V for this study, due to the extent of shift in the Epzcs
achieved (In the supplementary information, Fig. S13 shows that i-CDI performance was
reduced at 0.9/0 V operation.). Therefore, we suggest that future studies examine the

electrosorption capacity and charge efficiency of carbon electrodes with either more
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positive or negative Epzcs to further expand the internal working voltage window for i-
CDI applications. For instance, according to Eq. [3], the Epzc location can be further
positively shifted if the coated nanomaterials have a more negative C-potential.
Furthermore, the use of this method combined with the development of carbon materials
with much higher pore volume (e.g., carbon aerogel via supercritical drying or thermally
activated carbon electrodes®®) may aid in increasing stable and high-capacity salt
separation performance. In addition, since we have demonstrated the influence of surface
chemistry and the Epzc location on salt separation performance, if the Epyc of the
respective carbon electrodes could be measured in situ, CDI may be further optimized to

avoid degradation pathways.

Beyond the development of the i-CDI system, the use of a constant-current
charging method may be feasible in minimizing oxidation at the anode for a sustainable
conventional CDI process. This is because when a constant-current is applied to a CDI
cell, the measured cell voltage increases slowly up to a desired cutoff voltage,” °* which
minimizes the oxidation rate at the anode. In contrast, when a constant-voltage is applied
to a CDI cell, the measured cell voltage almost immediately jumps to the applied

29, 94

voltage, which accelerates the oxidation rate at the anode’s surface during the

charging cycle.

Finally, we consider that a plot of the Epzc with respect to the potential
distribution can be used for model development. For instance, in Fig. 7(b) and S15, it is
found that the applied voltage was almost equally distributed to each electrode when the

pristine and Si-CX materials were used as cathodes and anodes, respectively. This result

37



Energy & Environmental Science

suggests that in addition to the Epyc, a model developed by Zhao et al.* (and summarized

by Porada et al.”) could be used to predict desalination performance for an i-CDI system.

4. Conclusions

Through long-term operation of a CDI system operated at constant voltage, performance
degradation was observed with conventional symmetric pristine carbon electrodes. For
instance, a CDI system operated at 1.2/0 V completely lost salt separation capacity after
~100 hours of operation. This degradation in performance is mainly attributed to the
relocation of the Epyzc at the anode by electrochemical oxidation resulting in changes in
surface chemistry (e.g., carboxylic groups) at the anode surface. In order to improve the
performance stability, we developed a new system called inverted capacitive deionization
(i-CDI) where ion adsorption and desorption occurs in phases opposed to the
conventional concept of the CDI working principle where reducing the cell voltage leads

to ion desorption.

The i-CDI system was demonstrated via the use of CX with a negative Epyzc (or
net positive charges at the surface) and Si-CX with a positive Epzc (or net negative
charges at the surface) as the cathode and anode, respectively. Long-term cycling results
showed that i-CDI performance was maintained for over 600 hours, which is an increase
of ~530% in lifetime in comparison to a CDI cell operated at 1.2/0 V. This significant
enhancement in cycling stability is attributed to the use of a Si-CX anode with net
negative surface charges and a more positive Epzc value. In turn, further electrochemical
oxidation at this anode only increases the enhancement in net negative surface charges,

which correspondingly facilitates the Epzc being more positively shifted and expands the
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working voltage window for the i-CDI system. Overall salt capacity of the cell remained
somewhat limited due to the small working voltage window between the Epycs, but future

studies aim to further extend this voltage window.
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