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ABSTRACT: Capacitive deionization (CDI) is an emerging
water treatment technology often applied to brackish water
desalination and water softening. Typical CDI cells consist of
two microporous carbon electrodes sandwiching a dielectric
separator, and desalt feedwater flowing through the cell by
storing ions in electric double layers (EDLs) within charged
micropores. CDI cells have demonstrated size-based ion
selectivity wherein smaller hydrated ions are preferentially
electrosorbed over larger hydrated ions. We demonstrate that
such size-based selectivity can be substantially enhanced
through the addition of chemical charge to micropores via
surface functionalization. We develop a micropore EDL
theory that includes both finite ion size effects and micropore
chemical charge, which predicts such enhancements and elucidates that they result from denser counterion packing in
micropores. With our experimental CDI cell, we desalted an electrolyte consisting of equimolar potassium (K+) and lithium
(Li+) ions. We show that use of a surface-functionalized (oxidized) cathode significantly increased the electrosorption ratio of
smaller K+ to larger Li+ compared to a cell with a pristine cathode, for example, from ∼1 to 1.84 for a charging voltage of 0.4 V.
Our model predicts yet-higher electrosorption ratios are attainable, but our experimental cell suffered from significant cathode
chemical charge degradation at applied voltages of ∼1 V.

■ INTRODUCTION

Capacitive deionization (CDI) is an emerging water treatment
technology investigated mainly toward brackish water desali-
nation, but also for various alternate applications such as
wastewater treatment, water softening, carbon dioxide capture,
and organic solution deionization.1−4 In CDI, desalination is
performed by applying a voltage or current between a pair of
electrodes, which are often microporous activated carbons,
while feedwater flows through or between the electrodes.1 Ions
initially in the feedwater migrate to and are subsequently
stored in electric double layers (EDLs) which form throughout
the volume of charged micropores, a process known as
electrosorption. Once the charging process is complete, the cell
must be discharged and ions released into a brine stream,
which is often accomplished by shorting the electrodes. In
contrast to reverse osmosis (RO), CDI does not require high-
pressure pumps or membranes, potentially enabling reduced
infrastructure requirements and more readily downscalable
systems for brackish water feeds. Typically, the feedwater flow
is through a channel or spacer placed between the two static
electrodes,5−7 although a number of alternative cell architec-
tures are currently under investigation, such as flow-through
electrodes (Figure 1a),5,8−10 membrane CDI,11,12 and flowable
electrode systems.13−15 Other types of electrodes have
emerged in recent years in addition to porous carbons, such

as intercalation electrodes used in desalination batteries and
hybrid CDI systems.16−18

In addition to quantifying performance metrics such as salt
adsorption capacity (SAC) and cell energy efficiency,1,19

experiments in CDI with microporous carbon electrodes
have investigated selectively storing one or more ions over
other competing (like-charged) ions. Valence-based selectivity
has been shown, wherein CDI electrodes preferentially store
ions with higher valence, such as Ca2+, relative to competing
ions with lower valence, like K+.20−22 Time-dependent
selectivity has also been documented, occurring when one
competing ion is initially preferred upon application of the cell
voltage, but is gradually replaced by another ion when
approaching cell equilibrium.6,23 For example, when desalinat-
ing mixtures of Cl− and NO3

−, Chen et al. observed that Cl−

was stored at early charging times and desorbed slightly at later
times, while NO3

− was stored throughout charging.23 Affinity-
based selectivity, leveraging the affinity of electrode functional
groups for particular ions, has been observed by several
groups.24−27 Dong et al. reported selective removal of Pb2+
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over Ca2+ and Mg2+, which they attributed to possible stronger
bonding between the Pb2+ and the functional groups in the
carbon electrode.27 Furthermore, size-based selectivity has
been reported between competing ions with the same valence,
where generally the ion with the smaller hydrated size is
preferentially stored.21,28−33 While consistently observed, size-
based selectivity generally results in modest electrosorption
ratios, such as between 1.2 and 1.3 in favor of K+ when
competing with larger Na+ ions at a cell voltage of 1−1.2
V.21,31 Furthermore, CDI with microporous carbon electrodes
has shown promise toward the selective removal of heavy
metals27,34 and excess nitrate.23−25

Despite the abundance of experimental studies that have
reported selective ion removal in CDI, only a few theories have
been proposed which capture data and explain selectivity
mechanisms. Hou et al. presented Monte Carlo simulations
capturing competitive ion electrosorption into charged nano-
pores, showing that ion valence governs selectivity at low
surface charge densities while ion size plays an important role
at high densities,35 a result also obtained with mean-field
theory by Biesheuvel et al. for planar EDLs.36 For competing
ions with different valences and bulk concentrations, Zhao et
al. described the mechanisms underlying time-dependent
selectivity, where at short charging times the electrosorption
of each species is proportional to its relative concentration in
the bulk, but at long charging times the species with higher
valence is preferentially stored.6 Suss developed theory
describing a size-based selectivity mechanism, extending CDI
theory with competing ions to account for ion volume
exclusion interactions.31 Oyarzun et al. modeled the inherent
selectivity of NO3

− relative to Cl− in electrodes treated with
cetyltrimethylammonium bromide (CTAB) by accounting for
the equilibrium affinity between ionic species and surface
groups.25

In parallel to studies on selectivity in CDI, surface
functionalization of microporous carbons (adding chemical
charge to micropores) has been explored toward improving

SAC and cycle life. An early attempt by Cohen et al. reported a
significant increase in charge efficiency by using a cathode
oxidized in nitric acid because of a shifting of the electrode’s
point of zero charge (PZC) favorably for counterion
electrosorption, although similar attempts to reduce the
anode were not stable and an auxiliary electrode was required
to control the anode potential.37 Yang et al. later utilized
carbon nanotubes functionalized with either negative sulfonic
or positive amine groups to reduce co-ion expulsion, thereby
increasing total salt removal, desalination rate, and charge
efficiency.38 Andelman reported similar findings with an anode
functionalized with sodium dodecyl sulfate (SDS) and a
cathode functionalized with hexadecyltrimethylammonium
(HDTMA) bromide,39 while Wu et al. reported enhanced
performance with a cathode functionalized with nitric acid.40

Subsequently, Gao et al. functionalized the anode with
negatively charged groups and demonstrated inverted CDI,
wherein desalination occurring during cell discharge resulted in
improved CDI cell cycle life but also in reduced cell SAC.41 In
2015, Biesheuvel et al. developed the theory of CDI including
the effects of micropore chemical charge, which was able to
predict features such as “inversion peaks” and “inverted CDI”
and described a novel operational regime known as “extended
voltage CDI”,42 which was subsequently confirmed exper-
imentally by Gao et al.43 In the latter work, the authors used a
cathode functionalized with negatively charged carboxyl groups
and an anode containing positive amine groups to achieved a
nearly 2-fold increase in salt electrosorption and a significant
boost in charge efficiency.43 Hemmatifar et al. later extended
CDI theory to include the pH dependence of chemical charge
concentration on equilibrium salt storage.44 Recently, Oyarzun
et al. used a cell containing a quaternary amine-functionalized
cathode and a benzenesulfonate-functionalized anode to
preferentially remove NO3

− over Cl−, leveraging the inherent
affinity of quarternary amine functional groups toward
NO3

−.24,25

In this work, we show that judicious use of chemical charge
in CDI electrodes can lead to enhanced size-based selectivity.
The mechanism we propose as underpinning this result is that
chemical charging can increase the micropore counterion
concentration for a given electric charge (illustrated schemati-
cally in Figure 1c,d), and counterion crowding results in
stronger ion volume exclusion interactions and enhanced size-
based selectivity. To demonstrate this concept, we develop the
theory of ion electrosorption accounting for both ion size and
electrode chemical charge, to the best of our knowledge for the
first time in CDI. We present experimental results showing a
significant increase in size-based selectivity when using a
chemically charged (oxidized) cathode relative to the same cell
with pristine (as-received) electrodes. Furthermore, we show
that key trends seen in the measured electrosorption ratio are
captured by theory, namely, the nonmonotonic dependence of
electrosorption ratio on cell voltage. We report titration
measurements indicating that the cathode chemical charge
magnitude significantly decreased upon repeated cell cycling
with charging voltages of around 1 V. Our theory predictions
suggest yet-higher electrosorption ratios can be attained in the
future if cathode chemical charge can be stabilized.

■ THEORY
We consider a two-electrode system in which each electrode is
denoted by the subscript j, where j = A for the anode and j = C
for the cathode. We consider an electrolyte with two cations

Figure 1. (a) Schematic of a flow-through electrode (FTE) CDI cell
during cell charging, consisting of two electrically charged porous
carbon electrodes and a dielectric separator. (b) Feedwater flows
through the electrode, which consists of microporous woven carbon
fibers. (c) A schematic of a micropore in a pristine cathode, with
stored, competing, hydrated K+ ions and larger hydrated Li+ ions. (d)
The cathode micropore functionalized with negatively charged surface
groups. Relative to (c), in (d) the total counterion concentration is
increased, resulting in enhanced size-based selectivity toward the K+

ion.
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and one anion, where the cationic species are denoted by the
subscript i = 1 or 2 and the anion by subscript i = co. To focus
on size effects, we restrict the theory to monovalent ions with
equal valence magnitude so that z1 = z2 = −zco = 1. We further
scale all potentials to the thermal voltage, VT = RT/F, where R
is the ideal gas constant, T is temperature, and F is the Faraday
constant. To describe salt electrosorption in micropores with
strongly overlapped EDLs, we employ the widely used Donnan
approximation of spatially constant micropore poten-
tial.6,30,31,42 Thus, for a given ion, equilibrium between the
micropores and macropores yields

μ ϕ+ Δ + Δ =c c zln( / ) 0i j i j i j i jmi, , ma, , ,
ex

D, (1)

where cmi,i,j is the micropore concentration, cma,i,j is the
macropore concentration, Δμi,jex = μi,j

ex,mi − μi,j
ex,ma is the excess

potential difference between micropores and macropores, and
ΔϕD,j is the nondimensional Donnan potential drop between
the adjacent micropores and macropores.
The excess potential term in eq 1 can account for the

departure of the solution from ideality due to finite ion size.
We account here for ion size and ion volume exclusion
interactions in the micropores and macropores by employing
the Boublı ḱ−Mansoori−Carnahan−Starling−Leland
(BMCSL) equation of state,45,46 which treats ions as hard
spheres. The BMCSL equation is for mixtures of spheres with
differing diameters and reduces to the Carnahan−Starling
equation for the case of uniform spheres and to the Bikerman
equation for a point-size test particle in the presence of other
ions with nonzero size.36 It has been applied successfully to
describe integrated properties of planar EDLs with ion
mixtures,36,47,48 and also has been applied to study size-based
ion selectivity in confined micropore EDLs.31

In the micropores, the electric charge concentration is
balanced by the ionic and chemical charge concentrations,

σ σ σ+ + = 0j j jelec, ionic, chem, (2)

where the ionic charge concentration is given by

σ = + −c c cj j j jionic, mi,1, mi,2, mi,co, (3)

In eq 2, σchem,j accounts for the net charge concentration
associated with charged groups in the micropores. As-received
and surface-functionalized CDI electrodes generally possess
both acidic and basic surface groups, and the net micropore
chemical charge is obtained by summing together the
contributions of positively and negatively charged groups.44,49

Thus, σchem,j is a function of the local micropore electrolyte pH
as well as the local Donnan potential drop between micropores
and macropores, and therefore σchem,j can change dynamically
during CDI cell charging.44 However, we here restrict the
model to a constant value of σchem,j, obtained for example at
cell equilibrium, to simplify the model and focus on the effect
of chemical charge on ion-size-based selectivity. The pH
dependence of σchem,j is included in a separate model used to
interpret our titration data (see Supporting Information,
Section 3). While ion size and chemical charge effects have
been described in CDI in separate models,31,42−44,50 to our
knowledge this model is the first to include both effects
concurrently, and their interplay toward enhanced size-based
ion selectivity is elucidated.
The difference between the electrode potential ϕj and the

macropore (bulk) potential ϕma,j is related to Donnan and
Stern potential drops via

ϕ ϕ ϕ ϕ− = Δ + Δj j j jma, D, S, (4)

From the definition of the Stern layer capacitance CS, the
potential drop across the Stern layer is

ϕ σ σΔ = − +F
V C

( )j j jS,
T S

ionic, chem,
(5)

where F is the Faraday constant. The total system charge is
balanced according to

ν σ ν σ+ =m m 0A mi,A elec,A c mi,C elec,C (6)

where νmi,A and νmi,C are the anode- and cathode-specific
micropore volumes and mA and mC are the anode and cathode
masses. For simplicity, for the rest of this work we will assume
mA = mC ≡ m/2 and νmi,A = νmi,C ≡ νmi, so that eq 6 reduces to
σelec,A + σelec,C = 0.51 In a two-electrode system, the applied
voltage ϕ is distributed between the two electrodes via

ϕ ϕ ϕ− + = 0A C (7)

There are two typical modes for conducting CDI experiments,
single-pass mode and batch mode.52 For single-pass mode, eqs
1−7 can be solved simultaneously for equilibrium ion
concentrations in the micropores of the anode and cathode
at a given ϕ, assuming cma,i,j = cfeed,i, where cfeed,i is the
concentration of ion i in the feedwater. For single-pass
charging, the electrosorption of ion i, Γi, is given by51

Γ = − + −v m c c c c
1
2

( )i i i i imi mi, ,C
f 0

mi, ,C mi, ,A
f 0

mi, ,A (8)

Here, cmi,i,j
0 is the micropore concentration of species i at the

onset of charging and cmi,i,j
f is the micropore concentration at

the end of charging. While single pass is a common mode of
operation, to study ion selectivity at equilibrium, it is often
convenient to perform batch mode experiments. Here, a fixed
volume of feedwater, V̵batch, is recirculated through the cell
during a charging or discharging half-cycle until equilibrium is
reached. The batch’s equilibrium ionic composition can then
be analyzed off-line to study the achieved ion selectivity. For
batch mode, the total number of moles of ion i is conserved
between an initial state with cbatch,i = cfeed,i and micropore
concentrations cmi,i,j

0 , and a final state at the end of the half cycle
with cbatch,i = ci and micropore concentrations cmi,i,j

f , via51,53

− + −

+ − =

v m c c c c

V c c

1
2

( )

( ) 0

i i i i

i i

mi mi, ,C
0

mi, ,C
f

mi, ,A
0

mi, ,A
f

batch feed, (9)

We can also study a system charged in single-pass mode, and
then discharged in batch mode. For this combined operation,
eqs 1−7 must be solved simultaneously for cmi,i,j

0 , and then eqs
1−7 and eq 9 must be solved for cmi,i,j

f and ci. Then Γi can be
calculated conveniently from the discharge half-cycle via

Γ = | − |
V

m
c ci i i

batch
feed, (10)

Figure 2 shows example predictions of the ion electro-
sorption ratio over single-pass charging, ΓK

+/Γ2, calculated
using eq 8. The feedwater contains both K+ (hydrated
diameter 6.62 Å) and either Na+ or Li+ (hydrated diameter
7.16 or 7.64 Å, respectively).54 Furthermore, ϕ = 40 (1.03 V at
25 °C) for charging and ϕ = 0 for discharging. For these
calculations, we set σchem,A = 0 and vary σchem,C to observe the
predicted effect of negative chemical charge in the cathode
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micropores on selectivity. At σchem,C = 0, the predicted ion
electrosorption ratios ΓK

+/ΓNa
+ and ΓK

+/ΓLi
+ are 1.09 and 1.19,

respectively, indicating a modest preference toward the smaller
K+ ion. As can be seen in Figure 2, the model predicts that K+

is more strongly preferred as we increase the magnitude of the
cathode chemical charge, reaching a factor of 2.43 for K+/Na+

and 9.91 for K+/Li+ for σchem,C = −1.5 M. This strong
enhancement in size-based separation is due largely to
increased counterion concentrations and ion volume exclusion
interactions in the cathode micropores upon adding chemical
charge (see Figure 1 and Figure S1, Supporting Information).
The difference in predicted electrosorption ratios of K+/Na+

and K+/Li+ for a given chemical charge concentration is due to
the larger size disparity between K+ and Li+ relative to that
between K+ and Na+.

■ MATERIALS AND METHODS
The electrodes used in this work were activated carbon cloth
(ACC-5092-15, Kynol Europa GmbH, Germany) (Figure S2a)
and were ∼500 μm thickness each, with ∼1500 m2/g surface
area as measured via N2 adsorption (see Supporting
Information, Section 2). This material was characterized in
several previous CDI works.19,37,55 The specific micropore
volume was approximately 0.58 mL/g as determined from the
N2 adsorption data (see Figure S2b). Electrode material used
without surface functionalization (as-received) is referred to as
“pristine”, while material that was subjected to an oxidation
treatment is referred to as “oxidized”. All electrodes were first
cut to a size of 1.75 cm × 1.75 cm. The pristine electrodes
were then rinsed with deionized (DI) water (18.2 MΩ,
Synergy Water Purification System, Merck Millipore KGaA),
dried in air at 80 °C overnight, and then weighed. The
electrodes to be oxidized were immersed in 70% nitric acid for
24 h to affix negatively charged carboxyl groups into the
micropores,43 followed by a washing in 0.1 M sodium
bicarbonate until the surface pH reached approximately 9, as
measured with pH strips (Merck). The electrodes were then
washed in DI water until the surface pH reached ∼7, dried in
air at 80 °C overnight, and then weighed. Electrodes were
imaged using a high-resolution scanning electron microscope
(SEM, Ultra Plus, Carl Zeiss NTS GmbH, Germany) and
atomic composition was determined by energy-dispersive X-
ray spectroscopy (EDS) in the same system (Tables S1 and
S2).

We used direct titrations of our carbon electrodes to
quantify their micropore chemical charge concentration.43,44

The electrodes were ground in a mortar and pestle and then
added to a vessel containing 19.35 mL of 0.05 M NaOH.
Deionized (DI) water (62 mL) was added to raise the liquid
level to cover the pH electrode. A small volume of 0.05 M HCl
(7.6 mL for pristine electrodes, 0.5 mL for oxidized electrodes)
was added to the vessel to bring the initial solution pH closer
to 10, the upper limit of the range of interest. A smaller HCl
volume was added to the oxidized electrodes because the
negative surface groups deprotonate in the presence of the
NaOH, thus reducing the initial pH. The solution was sparged
with nitrogen until the measured dissolved oxygen content
decreased to ∼5% of saturation (Orion Star A213, Thermo
Fisher Scientific, USA), then sealed, and left undisturbed for 5
days under stirring. The solution was then transferred to a 150
mL vessel in a titration system (Titrando 904 and iAquatrode
Plus Pt1000, Metrohm AG, Switzerland) and sparged with
nitrogen for an additional 20 min. The nitrogen flow was then
reduced to one bubble every several seconds to maintain
positive pressure in the vessel and prevent air intrusion. The
resulting solution was automatically titrated with 60 mL of 0.05
M HCl with a potential drift criterion of 0.05 mV/min. A
control titration without the electrode material was executed
with the same protocol (and an initial HCl volume of 7.6 mL
as with the pristine electrode). Measured equilibrium pH
versus added titrant volume curves are given in Figure S3 in
the Supporting Information, and we determined the total
chemical charge concentration in the micropores via fitting the
experimental data to a suitable model (see Supporting
Information, Section 3).44

A description and schematic of our custom-built flow-
through electrodes (FTE) CDI cell are given in a previous
publication,9 and further details are given in Supporting
Information, Section 4. Feedwater comprised of 2 mM KCl
(KCl salt, >99.5% purity, Merck Millipore KGaA, Germany)
and 2 mM LiCl (LiCl salt, >99% purity, Acros Organics,
Belgium) was prepared with DI water. The solution was
sparged with nitrogen gas in a 0.5 L glass reservoir until the
dissolved oxygen level decreased to ∼5% of saturation. A
peristaltic pump (Masterflex 07551-30, Cole Parmer, USA)
supplied the feedwater at a rate of 1 mL/min to the CDI cell.
To condition the cell and reach the limit cycle, we performed
five 1-h-long cycles in single-pass configuration, with a charging
voltage matching that of the subsequent experiment and
discharging at 0 V. Effluent conductivity was measured via a
flow-through conductivity sensor (Tracedec 390-50, Innova-
tive Sensor Technologies GmbH, Austria).
After conditioning, single-pass cell charging was carried out

at a constant voltage of either 0.4, 0.6, 0.8, 1.0, or 1.2 V until
equilibrium was reached (∼2−2.5 h). After reaching
equilibrium and with the charging voltage still applied, the
system was switched to a batch configuration containing 9 mL
of feedwater. The cell was then discharged at 0 V until the
batch solution conductivity reached a steady value and the
current magnitude was less than 0.1 mA, whereupon the batch
solution was extracted for measurement of the electrosorption
ratio (see Figure S4). Note that, typically, ion electrosorption
is calculated after the CDI cell charges to equilibrium.5,32

However, it is well-characterized that during cell charging the
macropore and effluent solution pH can deviate strongly from
that of the feedwater, even at equilibrium, and especially at
high cell voltages of ∼1 V.56 Thus, during charging the

Figure 2. Predicted electrosorption ratio, ΓK
+/Γ2, versus cathode

chemical charge concentration, −σchem,C, for a cell charged in single-
pass mode. Calculations are for electrolytes with competing K+/Na+

(black curve) or K+/Li+ (red curve). Parameters include ϕ = 0 initially
and ϕ = 40 (1.03 V at 25 °C) after cell charging, CS = 200 F/mL, and
cfeed,i = cma,i = 2 mM for each counterion.
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potentially significant contribution of H+ to the effluent ionic
conductivity and the effect of pH gradients on the effective
electrode surface charge can complicate the analysis. In
contrast, for discharging at a cell voltage of 0 V, the effluent
pH at equilibrium is typically about equal to the feedwater
pH,57 which is why we here calculate ion electrosorption from
cell discharge. Experiments were performed for either
pristine−pristine or oxidized−pristine cathode−anode pairs,
and electrodes were replaced with a fresh pair after completing
experiments for one charging voltage. The pH of the batch
solutions was checked post-experiment by extracting a droplet
from each solution with a pipet and dropping it onto a pH
strip. The batch pH was found to be near-neutral in each case,
showing that the influence of H+ and OH− on the ionic
conductivity was negligible.
The batch solutions collected after cell discharge were

diluted with deionized water to obtain a sufficiently large
volume (50 mL) for selectivity measurements, and an ionic
strength adjuster (ISA) consisting of concentrated NaCl
(Thermo Fisher) was added in a ratio of 1 mL of ISA to 50
mL of sample to fix the activity coefficient between different
solutions. A reference solution containing fresh feedwater was
prepared similarly. A K+ ion selective electrode (6.0510.110,
Metrohm) was calibrated as described in the Supporting
Information, Section 5. The K+ concentrations of the reference
and sample solutions were then measured with the ion
selective electrode and corrected for temperature variations,
and the electrode was rinsed in DI for 20−30 s between each
measurement. After the K+ concentration was measured, the
Li+ concentration was calculated from the measured ionic
conductivity, κ, of the batch solution after cell discharge. For
this, we used equivalent molar conductivities ΛKCI = 0.143
mS/cm/mM and ΛLiCl = 0.109 mS/cm/mM58 and calculated
the Li+ concentrations via

κ= − Λ Λ+ +c c( )/Li K KCl LiCl (11)

■ RESULTS AND DISCUSSION
Figure 3a shows the micropore chemical charge concentration
for an unused pristine electrode and an unused oxidized
electrode versus solution pH, obtained from fitting a model to
titration data (Supporting Information, Section 3). As can be
seen, at pH 3, the chemical charge concentrations of the
pristine and oxidized electrodes are calculated to be +0.27 and
+0.07 M, respectively. As pH increases, the pristine electrode
chemical charge decreases slowly, reaching −0.46 M at pH 10.
In contrast, the oxidized electrode chemical charge decreases
much more sharply with increasing pH, reaching −1 M at pH
6.55 and −2.73 M at pH 10. The latter indicates that oxidation
raised significantly the micropore concentration of surface
groups that behave as weak acids, such as carboxyl groups.10,43

We also note that, for pH > 6, the chemical charge
concentration profiles in Figure 3a are qualitatively similar to
results obtained by Gao et al. for activated carbon cloth
oxidized in nitric acid.43 In Figure 3b−d, we show results from
single-pass charging/batch-mode discharging characterization
experiments of our CDI cell, when using a 2 mM LiCl and 2
mM KCl mixture as the feedwater. In Figure 3b we plot
electric charge stored at the limit cycle, q, for charging voltages,
Vcell, ranging from 0.4 to 1.2 V, and with a discharge voltage of
0 V. We show results for a cell with two pristine electrodes
(black diamonds) and with a pristine anode and an oxidized
cathode (red circles). We calculate q from our CDI

experiments by integrating the measured current in time over
the discharge half-cycle. As can be seen, the capacitance of the
cell with an oxidized cathode is larger at all cell voltages tested
here. Gao et al. similarly reported increased cell capacitance
when using an oxidized cathode relative to an untreated
cathode,43 though Wu et al. showed a slightly lower
capacitance for their cell with an oxidized cathode.40

Solid lines in Figure 3b represent model predictions (see
Theory section) for the case of pristine electrodes (black line)
and a cell with a pristine anode and an oxidized cathode (red
line). These are calculated via q = (1/2)Fνmi|σelec,j − σelec,j

0 |,51

where νmi = 0.58 mL/g (see Supporting Information, Section
SI-2), and σelec,j

0 is the micropore electric charge concentration
present in the electrode at 0 V, which is not necessarily zero
because of the presence of chemical charge in the cathode. The
total cell electrode mass m used in the model was 0.5 g for all
curves. The Stern layer capacitance, CS, was used as a fitting
parameter to fit the model to the data in Figure 3b. The fitted
Stern capacitances for the pristine and oxidized cathode cells
are 135 and 200 F/mL, respectively, comparable to our
previous work with pristine Kynol electrodes in 5 and 20 mM
NaCl that yielded a value of 145 F/mL.9 The experimental
data generally follow the trends predicted by the fitted model,
though deviating somewhat for Vcell = 1.2 V.
Figure 3c displays measured values of Γi for K

+ (red circles)
and Li+ (blue diamonds) for the cell with pristine electrodes at
charging voltages of 0.4−1.2 V. After cell discharge, we
measured cK+ from the batch volume using an ion-selective
electrode, while cLi+ was determined with eq 11 and then Γi
values were calculated via eq 10. In Figure 3c we observe that
the measured ΓK

+ is about equal to or slightly higher than ΓLi
+

at all cell voltages tested. The latter observations are consistent
with a size-based selectivity mechanism, as K+ has a smaller

Figure 3. (a) Micropore chemical charge concentration, σchem, for
pristine and oxidized electrodes versus feed pH, obtained from
titration model-to-data fitting. (b) Theory (lines) and measurements
(markers) of charge stored, q, versus Vcell for a cell with either a
pristine cathode or an oxidized cathode. (c) Theory (lines) and
measurements (markers) of electrosorption, Γi, of the pristine cathode
cell toward K+ (red circles) and Li+ (blue diamonds) versus Vcell. (d)
Theory (lines) and measurements (markers) of Γi for Li+ and K+

versus Vcell for the cell with an oxidized cathode. Theory lines are for
σchem,C = −0.75 M and σchem,A = −0.05 M. Error bars represent 95%
confidence intervals determined from at least three realizations.
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hydrated radius than Li+.31 Solid lines in Figure 3c represent
model predictions and were obtained using σchem,A = σchem,C =
−0.05 M as fitting parameters to the data. The value used is
consistent with the independent measurements of chemical
charge concentration shown in Figure 3a for a feedwater pH of
6.2.
The measured ion electrosorption for the cell with an

oxidized cathode is shown in Figure 3d, for K+ (red circles)
and Li+ (blue diamonds) and for charging voltages of 0.4−1.2
V. The electrosorption of each species is higher than that of the
pristine cathode cell shown in Figure 3c for the same cell
voltage, which is consistent with previous studies comparing
the performance of cells with either oxidized or pristine
cathodes.40,43 This increase in electrosorption is attributed to
the shifting of the electric charge compensation mechanism
more strongly toward counterion electrosorption in the
oxidized cathode.37,42 Additionally, we observe a much larger
separation between measured ΓK

+ and ΓLi
+ at all cell voltages

relative to the results shown in Figure 3c, indicating a greater
electrosorption ratio when using the oxidized cathode. Lines
represent an example model result with σchem,A = −0.05 M as
used in Figure 3c, and for σchem,C = −0.75 M. We observe that
K+ electrosorption by the experimental cell is significantly
larger than the model predictions at 0.4 and 0.6 V, but about
equal to model predictions at 1 V.
In Figure 4, we show the electrosorption ratio, ΓK

+/ΓLi
+,

where black diamonds denote the measured ratio for the cell

with a pristine cathode and red circles for the cell with an
oxidized cathode. For the cell with the pristine cathode, ΓK

+/
ΓLi

+ is 0.94 at Vcell = 0.4 V and rises with increasing voltage,
reaching 1.19 at 1 V and 1.25 at 1.2 V. This is consistent with
the trends previously reported in similar systems with
unmodified carbon electrodes. For example, when desalting a
feed solution of 5 mM NaCl and 5 mM KCl, Dykstra et al.
observed a factor of ∼1.3 for K+ relative to Na+ for a charge
voltage of 1 V.29 For a feed solution of 2 mM NaCl and 2 mM
KCl and charging at 1.2 V, Hou and Huang reported a factor of
∼1.22 in favor of K+ relative to Na+.21 As can be seen in Figure
4, the measured ΓK

+/ΓLi
+ for the cell with an oxidized cathode

is larger than that for the pristine cathode case at all cell
voltages tested, demonstrating an enhanced size-based ion
separation. Furthermore, the trend in ΓK

+/ΓLi
+ with cell voltage

is distinctly nonmonotonic, with the highest measured value of
1.84 at Vcell = 0.4 V, followed by a decrease to a minimum of
1.37 at 0.8 V, and then followed by a slight increase to 1.52 at 1

V. To our knowledge, these latter measurements are the first
reports of electrosorption ratio for equal-valence, competing
cations in a CDI cell with an oxidized cathode.
Model calculations of ΓK

+/ΓLi
+ for a cell with pristine

electrodes (black line, σchem,A = σchem,C = −0.05 M) follow the
trend in the experimental data of increasing electrosorption
ratio with voltage. For the cell with an oxidized cathode, we
plot several theory curves with varying values of σchem,C and a
fixed value of σchem,A = −0.05 M (red lines), and all theory
curves show a distinctly nonmonotonic trend also seen in the
data. The predicted ΓK

+/ΓLi
+ curves all decrease with increasing

Vcell to a minimum around 0.4−0.5 V, after which they increase
with increasing Vcell. The theoretical prediction and exper-
imental observation of the largest ΓK

+/ΓLi
+ at low Vcell is a

counterintuitive result, given that ion volume exclusion
interactions in the cathode increase monotonically with
electrode voltage. However, this observation is likely due to
the relative importance of cation expulsion from the anode at
low cell voltages, which results in very low ΓLi

+ and so high
ΓK

+/ΓLi
+ (see Supporting Information, Section 6). We further

observe that the data at the lowest Vcell best fit the theory curve
with highest chemical charge concentration, σchem,C = −1.5 M,
but at higher Vcell the fit is better for σchem,C = −0.5 M. From
titration results plotted in Figure 3a, we obtain σchem,C = −1.4
M at pH 7, a value roughly equal to that which provides best fit
to data in Figure 4 at 0.4 V.
We return to the discrepancy between model and data for

the cell with an oxidized cathode in Figures 3d and 4. In these
plots, a single value of σchem,C does not adequately capture all of
the experimental points, and generally lower values of σchem,C
than those measured independently (Figure 3a) are needed to
capture data at high Vcell of 0.8−1.2 V. One possible
explanation is the presence of acidified electrolyte in the
cathode micropores at higher voltages, which would render
much of the carboxylic acid groups in the cathode micropores
neutrally charged. However, this cause is unlikely as pH in the
cathode macropores at the end of batch-mode discharging is
about equal to the feedwater pH (see Materials and Methods).
Another explanation is the possible degradation of the net
chemical charge in the cathode during the CDI experiments, as
no stability tests of CDI cells with oxidized cathodes have been
reported to our knowledge. We tested this explanation by
performing ex situ direct titrations of the cathode electrode
after it had been used in the CDI experiments shown in
Figures 3b−d and 4. The net micropore chemical charge
concentration versus pH, obtained from titration model-to-
data fitting, is shown in Figure 5 (see Supporting Information,
Section 3, for fitting details). As can be seen, relative to the
σchem,C obtained for the oxidized electrode pre-experiment
(shown also in Figure 3a), all post-experiment electrodes show
significant reductions in negative chemical charge concen-
tration at all pH values tested. The magnitude of the reduction
is a strong function of the cell voltage applied in the preceding
CDI experiments, with a relatively slight reduction for 0.4 V,
and a much more dramatic reduction for 1.2 V. For example, at
pH 7, the measured chemical charge is reduced from −1.4 M
initially to −1.1 M after the 0.4 V experiments, and to −0.3 M
after the 1.2 V experiments. Gao et al. similarly noticed that
cells with oxidized cathodes do not perform as well as expected
given the measured negative chemical charge concentration,43

but did not propose or identify cathode surface charge
degradation during CDI cell cycling as a potential cause. Thus,
to our knowledge, our results are the first demonstration of the

Figure 4. Experimentally measured and theoretically predicted
electrosorption ratios, ΓK

+/ΓLi
+, for a CDI cell with a pristine cathode

(black diamond markers, black line) or an oxidized cathode (red circle
markers, broken red lines). Error bars represent 95% confidence
intervals calculated from at least three realizations.
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reduction of an oxidized cathode’s negative chemical charge
concentration upon CDI cell cycling. The mechanism
underpinning this reduction has not yet been elucidated, but
should be the subject of a future work. We suspect that
significantly higher values of ΓK

+/ΓLi
+ can be attained

experimentally if the cathode chemical charge is not degraded
at high cell voltage.
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