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Capacitive mixing (CapMix) and capacitive deionization (CDI) are currently developed as alternatives to
membrane-based processes to harvest blue energy—from salinity gradients between river and sea water—
and to desalinate water—using charge-discharge cycles of capacitors. Nanoporous electrodes increase the
contact area with the electrolyte and hence, in principle, also the performance of the process. However,
models to design and optimize devices should be used with caution when the size of the pores becomes
comparable to that of ions and water molecules. Here, we address this issue by simulating realistic
capacitors based on aqueous electrolytes and nanoporous carbide-derived carbon (CDC) electrodes,
accounting for both their complex structure and their polarization by the electrolyte under applied voltage.
We compute the capacitance for two salt concentrations and validate our simulations by comparison with
cyclic voltammetry experiments. We discuss the predictions of Debye-Hückel and Poisson-Boltzmann
theories, as well as modified Donnan models, and we show that the latter can be parametrized using the
molecular simulation results at high concentration. This then allows us to extrapolate the capacitance and
salt adsorption capacity at lower concentrations, which cannot be simulated, finding a reasonable
agreement with the experimental capacitance. We analyze the solvation of ions and their confinement
within the electrodes—microscopic properties that are much more difficult to obtain experimentally than
the electrochemical response but very important to understand the mechanisms at play. We finally discuss
the implications of our findings for CapMix and CDI, both from the modeling point of view and from the
use of CDCs in these contexts.

DOI: 10.1103/PhysRevX.8.021024 Subject Areas: Computational Physics,
Energy Research,
Physical Chemistry

I. INTRODUCTION

Electric power production from salinity gradients—by
harvesting the free energy lost during the mixing of river
with sea water in estuaries—in principle, has the potential

of becoming a significant source of electricity on the global

scale [1–5]. The main technologies developed for that
purpose to date, namely, pressure-retarded osmosis and
reverse electrodialysis, exploit the osmotic pressure differ-
ence using hydrostatic pressure or electric potential
differences applied across membranes [6]. Despite the
promises of these approaches—in particular, thanks to
the control of flow through single nanotubes for the design
of improved membranes [7]—a completely different strat-
egy is also under consideration, to avoid the efficiency loss
induced by membrane fouling. In 2009, Brogioli demon-
strated the feasibility of capacitive mixing (CapMix) from
cycling charge-discharge of a capacitor at high-low salinity
[8]. Since then, both the fundamental understanding and
practical improvement of this idea have been remark-
able [9–11]. In the reverse process, capacitive deionization
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(CDI) offers an alternative to membrane-based desalination
techniques [12,13].
For both CapMix and CDI, the use of porous carbon

electrodes allows for the increase of surface area with the
electrolyte, thereby increasing the specific capacitance. As
in the context of energy storage in supercapacitors, also
known as electric double layer capacitors (EDLC), this has
naturally turned the attention of the community to nano-
porous carbons. In particular, an unexpected increase in the
capacitance of EDLCs using ionic liquids and organic
electrolytes with carbide-derived carbon (CDC) electrodes
was observed as the pore size decreased down to the size of
electrolyte ions [14–17]. Such materials have already been
considered for CDI [18,19], as “the pore volume associated
with micropores is particularly attractive for CDI” [12].
A fundamental understanding of the cation and anion

adsorption inside the electrodes is essential to predict the
capacitance and salt retention and its dependence on salt
concentration in the electrolyte, which are the key factors
governing the efficiency of both CapMix and CDI proc-
esses. While in situ x-ray and neutron experiments now
provide information at various scales on the localization of
ions inside the electrodes [20,21], quantitative predictions
of the ionic concentrations, or equivalently the capacitance
and salt adsorption, essentially rely on models of the
electric double layer (EDL). The most commonly used
models in these contexts are Debye-Hückel (DH) and
Poisson-Boltzmann (PB)—possibly including excluded
volume effects—theories [22–29], as well as modified
Donnan (mD) models [30]. Recently, a better description
of steric effects and electrostatic correlations has also been
introduced in this context using classical density functional
theory (DFT) [31–33].
However, these continuum-based models may fail under

extreme confinement down to the nanometer scale, where
the discreteness of ions and water and interactions with the
carbon surface on the molecular scale play an important
role. Previous work on CDC electrodes with ionic liquids
and organic electrolytes for EDLC applications has dem-
onstrated that molecular simulation is a powerful tool
to investigate charge storage and transport in this limit
[34–36] and that it can be used as a starting point for a
multiscale description of these systems [37]. Such simu-
lations have also emphasized the role of ion solvation at the
interface and under confinement [38–41].
Aqueous electrolytes and model carbon-based materials

have already been investigated by molecular simulation in
the context of desalination by reverse osmosis [42–44] or
for nanofluidic osmotic diodes [45]. Molecular simula-
tion provided insights into the structure and dynamics of
water and aqueous electrolytes in carbon nanotubes and
nanopores [46–48]. Striolo and co-workers also simulated
such electrolytes confined between charged carbon walls as
model electrochemical cells for desalination [49,50] and
reviewed the modeling challenges and opportunities of

carbon-water interfaces for the water-energy nexus [51].
Michaelides also emphasized the challenges associated
with the description of the interactions between water
and carbon surfaces [52], as well as the peculiar properties
of water on graphene [53] and metals in general [54].
However, our previous work demonstrated the importance
of accounting for the polarization of carbon electrodes in
contact with ionic liquids by using a method in which the
potential between the electrode is held fixed (i.e., constant
potential molecular dynamics, MD) [55]. In the case of
aqueous systems, this approach has been applied to pure
water or ion pairs in order to understand the water-platinum
interface [56–59].
We report here a constant-potential molecular dynamics

study of realistic electrochemical cells based on an aqueous
electrolyte and nanoporous carbon electrodes. In addition
to polarization, under applied voltage, by the electrolyte,
the complex structure of the CDC (pore-size distribution,
relatively disordered structure) is also taken into account.
We compute the capacitance for two salt concentrations and
validate our simulations by comparison with cyclic vol-
tammetry experiments. We then discuss the predictions of
Debye-Hückel and Poisson-Boltzmann theories, as well as
modified Donnan models, which are commonly used to
predict the capacitance and salt adsorption for blue energy
harvesting by capacitive mixing and for desalination by
capacitive deionization. We show that it is possible to use
the molecular simulation results to parametrize a modified
Donnan model, which we then use to extrapolate the
capacitance and salt adsorption capacity at lower concen-
trations relevant for CapMix and CDI, for which molecular
simulations are not possible. A reasonable agreement is
obtained with the experimental capacitance. We analyze the
solvation of ions and their confinement within the electro-
des—microscopic properties that are much more difficult to
obtain experimentally than the electrochemical response
but are very important to understand the mechanisms at
play. We finally discuss the implications of our findings for
CapMix and CDI. Methods are described in Sec. II, while
results are presented and discussed in Sec. III.

II. METHODS

A. Molecular dynamics simulations

The simulated system consists of two nanoporous carbon
electrodes and an aqueous NaCl solution as an electrolyte
(see Fig. 1). The carbon structure for the porous electrodes
was obtained by quenched molecular dynamics [60], and it
corresponds to the structure of a CDC synthesized at
800 °C. The geometrical analysis of the porous structure,
which has a mass density ρsolid ¼ 0.939 g cm−3, is per-
formed with the ZEO++ software [61] using a probe radius
rprobe ¼ 1.3 Å, which corresponds approximately to the
radius of a water molecule, resulting in a porosity of
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Φ ¼ 23.3% and a specific surface area of S ¼ 1934�
2 m2 g−1 (for a probe size of 1.7 Å corresponding to an
argon probe, the values are 18% and 1553� 2 m2 g−1,
respectively). Two systems are simulated, corresponding
approximately to average salt concentrations of 0.5 and
1.0 M, respectively.
The force field consists of pairwise additive Coulomb

and Lennard-Jones interactions, with Lorentz-Berthelot
mixing rules for the Lennard-Jones parameters. We use
the SPC/E model of water [62], whereas the parameters for
carbon and for the ions are taken from Refs. [63,64]. MD
simulations are performed in the NVT ensemble using a
time step of 1 fs. The temperature of the fluid is maintained
at T ¼ 298 K using the Nosé-Hoover thermostat with a
time constant of 1 ps, while the electrode atoms are kept
fixed. Two-dimensional periodic boundary conditions are
used (there is no periodicity in the direction z perpendicular
to the electrodes), and Ewald summation to compute
electrostatic interactions is adapted to this geometry

[65,66]. The water molecules are kept rigid with the
SHAKE algorithm [67,68].
A voltage of Δψ ¼ 1 V is maintained between the

electrodes by treating them as perfect conductors using
the method of Refs. [65,69], in which the charge of each
electrode atom is recomputed at each step of the simulation
in order to satisfy the constraint of a fixed potential. As a
result, the total charge of the electrode fluctuates in
response to the instantaneous microscopic configuration
of the electrolyte (see Fig. 1, where the central panels
illustrate the heterogeneous charge distribution within the
electrodes for a given configuration of the electrolyte, as
shown in the bottom panels). This is necessary for a
realistic description of the electrode-electrolyte interface
[55], and it provides quantitative information on the
capacitance and on the interfacial properties [70]. We have
shown previously that this method is suitable for the
simulation of ionic liquids and organic electrolytes in
nanoporous carbon electrodes [34–36,38].
Each electrode contains 3821 carbon atoms, and repulsive

walls are placed on each side of the nonperiodic dimension of
the simulation cell in order to prevent the molecules from
exiting. The system corresponding to an average concen-
tration of0.5 M(resp. 1 M)contains 7700 (resp. 7615)water
molecules and 70 (resp. 139) NaCl pairs. The box dimen-
sions are 43.3 × 43.3 × 183.0 Å3. Together with the above
number of atoms, this results in the correct density in the bulk
region (see the definition of the regions in Fig. 1 and the
density in Sec. III). Despite being the state of the art of
molecular simulations of such systems, the relatively small
size does not allow the simulation of dilute electrolytes
because of the small number of ions involved, which would
require simulations that are too computationally expensive to
sample the equilibrium properties. The systems are first
preequilibrated by fixing the electrode atom charges to zero
for about 600 ps. Then, a voltageΔψ ¼ 1.0 V is applied, and
the system is allowed to evolve until a steady state is reached
(several nanoseconds). Finally, the charge of the electrode
and the positions of the species at a steady state are averaged
over about 3.2 ns to compute the capacitance, the density
profiles, and the solvation and confinement properties.

B. Electrochemistry experiments

CDC powder (Carbon-Ukrain) is prepared by chlorina-
tion of TiC powder at 800 °C as reported elsewhere [14,15].
The material is annealed for 2 h at 600 °C under H2 to
remove traces of chlorine and other surface groups [71].
Electrochemical tests are performed using a two-electrode
Swagelok cell. Active films are made by mixing 95 wt %
CDC with 5 wt % polytetrafluoroethylene (PTFE from
Dupont TM) binder. Once calendered, 11-mm-diameter
electrodes are cut. The active film thickness is around
300 μm, with a weight loading of 15 mg cm−2. Platinum
disks are used as current collectors, and two layers of
25-μm-thick porous cellulose (from Nippon Kodoschi

FIG. 1. The simulated system (top panel) consists of two nano-
porous carbon electrodes, with a structure corresponding to
carbide-derived carbons synthesized at 800 °C (cyan lines) and
an aqueous NaCl solution as an electrolyte (here at 1 M; sodium is
shown in blue, chloride in orange, oxygen in red, and hydrogen in
white). A potential difference of 1 V is applied between the
electrodes, and the charge q of each electrode atom fluctuates in
response to the instantaneous configuration of the electrolyte (see
the color scale in the central panels, wherewater is not shown). The
bottom parts illustrate the electrolyte confined in the electrodes.
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Corporation, NKK) are used as a separator. Cyclic voltam-
metry experiments are carried out with a multichannel
potentiostat (VMP3, Biologic) for several NaCl concen-
trations (0.05, 0.1, 0.5 and 1 M) at a scan rate of 1 mVs−1.
Two series of measurements per system for two ranges,
between 0.0 and 0.6 V and between 0.0 and 0.7 V, are
performed, leading to four estimates of the capacitance for
each of them. The values and uncertainties reported here are
the corresponding averages and standard deviations. Such
voltages are sufficiently low to avoid faradic (redox)
processes linked with water decomposition on the high-
surface-area carbon electrodes.

III. RESULTS AND DISCUSSION

A. Capacitance

Figure 2 shows the cyclic voltammograms (CV) for
different salt concentrations for potentials varying between
0.0 and 0.6 V. The electrochemical response is indeed
capacitive in the considered range of concentrations and
voltages. The experimental capacitance is then calculated
from the derivative with respect to the potential of the
electrode charge, which is obtained by integrating the
electric current during the discharge of the electrochemical
cell. In molecular simulations, we compute the integral cell
capacitance from the average charge hQi of the electrodes
as Ccell ¼ hQi=Δψ , which is related to the capacitance
of both electrodes as ð1=CcellÞ ¼ ð1=CþÞ þ ð1=C−Þ. The
corresponding electrode capacitance is then obtained by
assuming that the electrodes behave symmetrically
(Cþ ¼ C−). Experiments performed using a three-electrode
cell confirm that this is a reasonable assumption, with C−
being only slightly larger than Cþ (less than 10%).
The capacitances frommolecular simulations and experi-

ments are summarized in Table I. We first note that the

results are in remarkable agreement for both salt concen-
trations. Such a quantitative agreement is in fact better than
that previously obtained in similar simulations of CDCwith
ionic liquids and organic electrolytes (e.g., about 20% in
Ref. [72]). In the latter cases, discrepancies are mainly due
to the Ohmic drop in the experiments with no or little
solvent. We now compare these results with the predictions
of three theories that are commonly used in the contexts of
CapMix and CDI, namely, DH and PB theories, and the
mD model.
The simplest description of the EDL capacitance follows

from DH theory, which treats the electrolyte as point ions in
a continuous medium of relative permittivity ϵr, which
interact only via mean-field electrostatics (as in Poisson-
Boltzmann theory) in the limit where these interactions are
weak, i.e., ½ðeψÞ=ðkBTÞ� ≪ 1, with e the elementary
charge, ψ the potential (with respect to the bulk value),
kB Boltzmann’s constant, and T the temperature. The
corresponding capacitance per unit area is

CDH ¼ ϵ0ϵr
λD

; ð1Þ

with ϵ0 the vacuum permittivity and λD the Debye screen-
ing length in the bulk electrolyte:

λD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ϵ0ϵrkBT
e2
P

iciz
2
i
;

s
ð2Þ

where the sum runs over concentrations of ions, ci, with
valencies zi (in the present case of a 1-1 electrolyte with salt
concentration csalt, this sum is simply 2csalt).
In order to improve the predictions, it is not sufficient to

simply numerically solve the nonlinear PB equation with-
out introducing other physical effects. Indeed, in that case,
the predicted capacitance would be even larger than within
DH. This is because the nonlinearity of the PB equation
increases the potential drop across the EDL and results
in concentrations so large that interactions between
ions beyond mean-field electrostatics—in particular, the
effect of excluded volume due to the finite size of the ions
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FIG. 2. Cyclic voltammograms of electrochemical cells based
on CDC and aqueous solutions of sodium chloride at concen-
trations ranging from 0.05 to 1.0 M as electrolytes. The potential
scan rate is 1 mV s−1.

TABLE I. Electrode capacitance (in F g−1) from molecular
simulations and experiments. Note that the simulations cannot
be performed for the lower concentrations.

Capacitance (F g−1)

Salt concentration Simulation Experiments

0.05 M � � � 80� 3
0.1 M � � � 96� 4
0.5 M 108� 3 113� 2
1.0 M 117� 2 121� 3
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—cannot be neglected. Therefore, we only discuss the
extension of PB, which captures packing effects (if not
electrostatic correlations) [73,74]. Following Freise’s
approach for electrolytes [75], which was also successfully
applied by Kornyshev in the context of ionic liquids [76],
we introduce a maximum salt concentration cmax, which
captures the saturation of the EDL due to the finite volume
of the ions. The differential capacitance per unit area is then
given by

CPB ¼ CDH

cosh eφ
2kBT

1þ 2γsinh2 eφ
2kBT

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2γsinh2 eφ

2kBT

ln ½1þ 2γsinh2 eφ
2kBT

�

vuut ; ð3Þ

with γ ¼ 2csalt=cmax the lattice saturation parameter and φ
the potential drop across the EDL (φ ¼ Δψ=2 for a
symmetric capacitor). In macroporous or mesoporous
materials, the next natural step to improve these models
of the EDL is to include a Stern layer of condensed
ions [22], with an associated capacitance per unit surface
CSt ¼ ϵ0ϵSt=λSt (with ϵSt and λSt the effective permittivity
and width of the Stern layer, respectively), in series
with that for the diffuse layer CDL ¼ CDH or CPB. The
total capacitance of the interface is then obtained as
ð1=CtotÞ ¼ ð1=CStÞ þ ð1=CDLÞ. However, in the present
case (CDC material) where the pore size is comparable
to that of the ions and solvent molecules, the distinction
between Stern and diffuse layers is certainly ambiguous—
and the quantification of ϵSt and λSt is somewhat arbitrary.
Therefore, while it would be possible to use CSt as a fitting
parameter, we will not follow this approach here.
When the screening length in the electrolyte becomes

comparable to the electrode pore size, the overlap between
EDLs within an electrode renders the description more
difficult. However, in the limit where the EDL is larger
than the pore size, it is possible to obtain a simplified
description where the potential inside the micropore is
uniform, with a potential difference called the Donnan
potential ΔψD between the micropore and the bulk
electrolyte. The ionic concentrations inside the micro-
pores are then related to that in the bulk as follows:
cmi;i ¼ cbulk;i exp½ð−zieΔψD þ μattÞ=kBT�, where μatt is an
attractive excess chemical potential that results in a larger
salt concentration inside the micropores even in the
absence of the Donnan potential. This parameter is usually
kept at a fixed value (typically 2–3kBT), but a self-
consistent determination has also been suggested by
introducing another relation: μatt ¼ E=cmi;ions, with
cmi;ions¼cmi;þþcmi;−¼2cbulkeμatt=kBT cosh½ðeΔψDÞ=ðkBTÞ�
the salt concentration in the micropores and E a parameter
arising from the polarizability of the electrode [77]. The
charge density per unit volume of micropore, σmiF ¼
ðcmi;þ − cmi;−ÞF ¼ −2Fcbulkeμatt=kBT sinh½ðeΔψDÞ=ðkBTÞ�,
with F Faraday’s constant, is then written as

σmiF ¼ −CSt;volΔψSt, with ΔψSt the Stern potential differ-
ence and CSt;vol a capacitance per unit volume of micro-
pore, which is usually parametrized as CSt;vol ¼
CSt;vol;0 þ ασ2mi. For the symmetric electrochemical cell
considered here, with identical electrodes, the cell voltage
under equilibrium conditions, i.e., vanishing electric
current, is related to the Donnan and Stern potentials
as Δψ ¼ 2jΔψD þ ΔψStj.
For comparison with molecular simulations and experi-

ments, we finally compute the specific capacitance (per unit
mass of the electrode) from the capacitance per unit area of
the DH and PB models by multiplying by the specific
surface area S and from the electrode capacitance per unit
volume of micropore of the modified Donnan model
(−σmiF=ðΔψ=2Þ, the factor of 2 arising from converting
the cell capacitance to electrode capacitance) by multiply-
ing by the porosityΦ and dividing by the mass density ρsolid
of the electrode.
The predictions of these three models, using reasonable

assumptions for the corresponding parameters, are sum-
marized in Table II. In particular, for the DH and PB
models, we consider, for the dielectric constant of the
solvent, both the bulk value for water and a value
(arbitrarily) reduced by an order of magnitude. This allows
us to account for, in a simple manner, the change in
the dielectric response of water at an electrified interface
and under confinement, even though such a response is
more complex because of, in particular, the symmetry
breaking induced by the walls [78–82] and may result in
an unexpected enhancement of permittivity in specific
geometries [83].
We first observe that DH overestimates the capacitance,

compared to the molecular simulations and experiments of
Table I, by more than 1 order of magnitude, even when a
reduced permittivity is introduced. The increase in capaci-
tance with salt concentration observed in Table I is captured
by DH theory, even though the scaling as the square root
of concentration overestimates this increase. The order of
magnitude of the capacitance predicted by PB theory can be
made comparable to the experiments if one uses the
reduced permittivity and a maximum salt concentration
inside the EDL of cmax ¼ 1 M, even though such a value is
small (see, in particular, the discussion of salt concen-
trations inside the micropores below). A larger value,
cmax ¼ 5 M (still below the solubility of NaCl in water
at room temperature), results in an overestimate of the
capacitance. In addition, the PB theory predicts that the
considered conditions fall in the saturation regime, where
the capacitance decreases slightly when the salt concen-
tration increases, in contradiction with the experimental and
molecular simulation results.
Finally, the modified Donnan model, using typical

values from the literature for the various parameters,
underestimates the capacitance by a factor of about 2–3
when a fixed value of μatt is used, but it roughly captures the
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slight increase in capacitance with salt concentration. Since
the effect of the self-consistent scheme to determine μatt is
to reduce the capacitance [77], it does not improve the
agreement with the experimental and molecular simulation
results in the present case. Overall, none of these models is
able to correctly capture the order of magnitude of the
capacitance and its increase with the salt concentration.
Nevertheless, one should distinguish between the DH and
PB models, which apply a priori better for planar walls or
large pores [84], and the modified Donnan model, which
applies in the full double-layer overlap regime, even though
it describes the interactions of the ions with the surrounding
fluid and electrode in a simplified mean-field way, which
does not properly account for interactions on the molecular
scale. We have therefore attempted to parametrize such a
modified Donnan model from our molecular simulation
results for the capacitance, changing as few parameters as
possible. As shown in Table II (case c), this can be achieved
by increasing the value of CSt;vol;0 by a factor of about 2.25.
Since the parameters of the modified Donnan model are
sensitive to many factors such as surface area or porosity
and therefore depend on the preparation process, it is not
unexpected that the values from the literature (even though
for similar materials) are not straightforwardly transferable
to the present experimental results. However, this under-
lines the need for experimental data to fit the modified
Donnan model, whereas the present molecular simulation

approach only uses the experimental capacitances for
validation purposes.

B. Water density and ionic concentration

Molecular simulations further provide information on
the fluid confined inside the electrodes. Figure 3 shows the
density profiles of water and ions across the simulation cell
in the two simulated systems (the local carbon density is
also indicated), while Table III summarizes the correspond-
ing average ion concentrations in the bulk and inside both
electrodes (per unit pore volume) as well as the associated
water density. The water density profile in the region far
from the electrodes is flat, and the corresponding density is
equal to that of bulk water. Some layering over 2–3 water
layers is observed at the interface between the electrode and
the bulk region due to the discreteness of the fluid. The
water density per unit length of simulation box is smaller
inside the electrodes than in the bulk because of the
presence of the carbon matrix. However, the water density
inside the pores (see Table III) is in fact larger than in the
bulk. Such an increase may be due to several factors,
including confinement, which perturbs the structure of the
fluid, in particular, the ability to form hydrogen bonds, or
electrostriction in the presence of the local electric fields
inside the electrode [85]. We also note that there is an
asymmetry between the electrodes, with a slightly larger
water density in the positive electrode correlated with a

TABLE II. Single-electrode capacitance in F g−1 from DH, PB, and mD theories. Here, cmax is the maximum
concentration allowed in the PB theory, accounting for volume saturation in Ref. [76] For the modified Donnan
model, with fixed or self-consistent attraction parameter μatt, we use values from the literature for similar materials
for the Stern capacitance parameters CSt;vol;0 and α (see text), and the electrode capacitance is computed from the
charge of a symmetric electrochemical cell under a voltage of 1.0 V. Uncertainties are based on that for the specific
surface area.

Capacitance (F g−1)

Model Parameter(s) ϵr ¼ 78.3 ϵr ¼ 8

0.5 M
DH 3117� 4 997� 1
PB cmax ¼ 1M 509� 1 163� 1

cmax ¼ 5M 1191� 2 381� 1
mD Fixed μatt

a 43
Self-consistent μatt

b 36
Fitted to MD simulation c 107

1.0 M
DH 4409� 6 1409� 2
PB cmax ¼ 1M 500� 1 160� 1

cmax ¼ 5M 1168� 2 373� 1
mD Fixed μatt

a 45
Self-consistent μatt

b 38
Fitted to MD simulation c 118

aFrom Ref. [18]: μatt ¼ 3kBT, CSt;vol;0 ¼ 200 MFm−3, and α ¼ 30 Fm3 mol−2.
bSame CSt;vol;0 and α as above but with μatt ¼ E=cion;mi, with cions;mi the salt concentration in the pores

and E ¼ 300kBT molm−3; see Ref. [77].
cFrom present molecular simulation results: μatt ¼ 3kBT, CSt;vol;0 ¼ 449 MFm−3, and α ¼ 30 Fm3 mol−2.
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slightly smaller ion concentration. Such an asymmetry is
likely due to the different ionic radii and solvation proper-
ties or to the effect of the surface charge distribution on the
orientation of the water molecules [40,70,86], which are
not simple dipoles—features that are not included in any
of the DH, PB, or modified Donnan models—and it is
consistent with the above-mentioned slight asymmetry
observed on the experimental capacitances. An asymmetry
could be introduced using additional parameters, e.g.,
different cmax or γ (resp. μatt) for different ions in the
PB (resp. modified Donnan) model, which would have to
be parametrized accordingly.

The average cation and anion concentrations in the bulk
are equal and slightly lower than the ones anticipated when
designing the simulations with the average target concen-
tration; correspondingly, the ionic concentration inside the
pores is larger than in the bulk. This observation is
consistent with the experimental observations that moti-
vated the introduction of the attractive excess chemical
potential in the modified Donnan model. The magnitude of
this increase corresponds to μatt ∼ 1–2kBT, i.e., slightly
smaller than but comparable to the values used in the
literature. The increase in ion concentration inside the
electrodes may also contribute to the smaller permittivity
inside the pores, even though in the bulk the decrease for
such concentrations does not go beyond a factor of 2 [87].
The ionic concentration inside the electrodes obtained

from MD simulations is compared to the predictions of the
modified Donnan model in Table IV. The mass of adsorbed
ions is computed as the total mass of ions inside the
electrodes, divided by the mass of both electrodes [12],

Γsalt ¼ ½ðcþþ þ c−þÞMNa þ ðcþ− þ c−−ÞMCl�
Φ

2ρsolid
; ð4Þ

where the subscripts refer to the ions and the superscripts to
the electrodes, and MNa and MCl are the molar masses of
the ions. The mD model underestimates the ionic concen-
tration by a factor of about 3–4 if values from the literature
are used for the parameters μatt and CSt;vol;0. As for the
capacitance, using the self-consistent μatt scheme of
Ref. [77] results in a slight decrease of the ionic concen-
tration inside the electrodes; i.e., it does not improve the
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Å
3

10 3
Na+

Cl
O
C

FIG. 3. Density profiles along the simulation cell, for an
average salt concentration of 0.5 and 1.0M (top and bottom,
respectively). The negative (resp. positive) electrode is on the left
(resp. right) side of the cell.

TABLE III. Cation and anion concentrations, as well as water
density, in the bulk and in the electrode pores, from molecular
simulation under a voltage of 1 V. The uncertainties are of order
0.1 M for the ion concentrations and 0.01 g cm−3 for the water
densities.

System Species
Negative
electrode Bulk

Positive
electrode

0.5 M Naþ (M) 2.3 0.4 0.1
Cl− (M) 0.5 0.4 2.0

Water (g cm−3) 1.25 1.04 1.47
1.0 M Naþ (M) 2.9 0.9 0.7

Cl− (M) 1.0 0.9 3.0
Water (g cm−3) 1.32 1.02 1.41

TABLE IV. Ionic concentration inside the electrode micropores
for a symmetric electrochemical cell under a voltage of 1.0 V,
from molecular dynamics simulations and from the modified
Donnan model with various assumptions. Results are given as the
total mass of ions inside both electrodes, per unit mass of both
electrodes [see Eq. (4)].

System Method
Ion adsorption

(mg g−1)
0.5 M MD simulation 18

Donnan with fixed μatt
a 6

Donnan with self-consistent μatt
b 5

Donnan fitted to MD simulation c 16
1.0 M MD simulation 27

Donnan with fixed μatt
a 7

Donnan with self-consistent μatt
b 5

Donnan fitted to MD simulation c 18
aFrom Ref. [18]: μatt ¼ 3kBT, CSt;vol;0 ¼ 200 MFm−3,

and α ¼ 30 Fm3 mol−2.
bSame CSt;vol;0 and α as above but with μatt ¼ E=cion;mi,

with cions;mi the ionic concentration in the pores and
E ¼ 300kBT molm−3; see Ref. [77].

cFrom present molecular simulation results, μatt ¼ 3kBT,
CSt;vol;0 ¼ 449 MFm−3, and α ¼ 30 Fm3 mol−2.
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prediction. Using the values of μatt and CSt;vol;0 fitted to the
MD simulation results for the capacitance at high concen-
tration, which reasonably reproduce the experimental
capacitance at lower concentrations, also improves the
prediction for the adsorbed salt, even though the agreement
with simulations is not quantitative.
In addition, the ionic concentration is larger in the

negative electrode, where cations are in excess compared
to anions. Such an asymmetry, which cannot be predicted at
the level of DH, PB, or modified Donnan models, likely
arises from the difference in size between the cations, even
though the asymmetry of the water molecule may also play
a role (as it does in the solvation of ions in the bulk). This
difference in volume occupied by the ions is also anti-
correlated with the difference in water density inside the
electrodes. This is consistent with previous simulations of
ionic liquids and organic electrolytes inside CDC electro-
des, which indicated that the overall volume of the liquid
inside the pores is more or less unchanged [34,38]. The
asymmetric ion concentrations also seem to suggest that the
electrodes do not carry the same charge. However, this is
not the case because the interfacial regions (where water is
layered; see Fig. 1) also carry an excess ionic charge, which
is larger on the negative electrode size. We finally note that
this asymmetry also suggests that the capacitance of the
positive and negative electrodes may differ slightly.
However, going beyond this assumption to determine the
electrode capacitances from the cell capacitance would
require dedicated approaches that go beyond the scope of
the present work [88].

C. Solvation and confinement inside the electrodes

Before examining the consequences of the above con-
siderations for CapMix and CDI on the macroscopic scale,
as will be done in the next section, here we provide some
additional microscopic information on the solvation of ions
and their confinement within the electrodes. Such infor-
mation is indeed much more difficult to obtain experimen-
tally than the electrochemical response, while it is very
important to understand the mechanisms at play. The
solvation number of each ion is the number of water
molecules in its solvation shell, defined by a cutoff radius
determined from the position of the first minimum of the
radial distribution functions (3.3 and 3.9 Å for Naþ and
Cl−, respectively). In addition, the degree of confinement
(d.o.c.) of each ion can be computed as the fraction of the
solid angle occupied by electrode atoms within the first
coordination shell of the ions [38].
Figure 4 illustrates the solvation number distribution for

Naþ and Cl−, in the bulk and inside the positive and
negative electrodes for the 1.0 M system (similar results,
not shown, are obtained for the 0.5 M system). While in the
bulk the distribution for Naþ is narrow around 6 water
molecules, under confinement the average solvation num-
ber decreases (to 5.4 and 5.7 in the positive and negative

electrodes, respectively) and the distribution becomes
broader. Similar behavior is observed forCl−, with a decrease
from 7.4 in the bulk to about 7 in both the positive and
negative electrodes and a broadening of the distribution.
While the decrease in solvation number under extreme

confinement may seem rather limited compared to our
previous studies on ionic liquids and organic electrolytes
[34,38], it is worth noting that Naþ ions are “traditionally
thought to have an almost unbreakable solvation shell,” as
discussed by Sayer et al. [89]. We have therefore further
examined the link between the coordination number and
the confinement of the ions. The broadening of the
distribution points to the existence of several microscopic
environments experienced by both ions inside the electro-
des. We further investigate this issue by computing the joint
distribution of solvation number and degree of confine-
ment, illustrated for the 1.0 M system in Fig. 5. Despite the

FIG. 4. Distribution of solvation number for Naþ (left panel)
and Cl− (right panel) ions in the bulk, negative and positive
electrodes, for the 1.0 M system.

(a) (b)

FIG. 5. Joint distribution of solvation number and d.o.c. of Naþ
(left panel) and Cl− (right panel) ions in positive (dark blue, red)
and negative (light blue, orange) electrodes, for the 1.0 M system.
The histograms correspond to the discrete values of the solvation
number and to finite intervals of the continuous d.o.c. (of width
2% and 10% for Naþ and Cl−, respectively).
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decrease in its average solvation number, most of the Naþ
cations do not experience direct contact with the electrode:
In the negative (resp. positive) electrode, more than 91%
(resp. 96%) have a d.o.c. smaller than 2%, and no cations
with a d.o.c. larger than 8% were observed, resulting in an
average d.o.c. of only 0.4% (resp. 0.2%) in the negative
(resp. positive) electrode. While the majority of Cl− anions
in the negative electrode (about 92%) have a d.o.c. smaller
than 10%, about 20% of the anions in the positive electrode
have a d.o.c. larger than 10% and a corresponding larger
decrease in the solvation number (6.5 or less). Highly
confined Cl− anions are also observed inside the positive
electrode (about 3%), with a d.o.c. larger than 30% and a
solvation number as small as 3. However, the average d.o.c.
of Cl− remains moderate: about 3% (resp. 7%) in the
negative (resp. positive) electrode. The larger ability of Cl−

to desolvate compared to Naþ is consistent with their
different hydration free energies.
More generally, these results show that charging the

capacitor not only unbalances the ionic concentrations
inside the electrode micropores but also depends on more
complex molecular features. While a detailed study of such
specific effects is clearly out of the scope of the present
work, they are likely to play a role in the charge and
discharge and are therefore important in practice for the
applications. Molecular simulation provides an appropriate
tool to investigate such effects without introducing them
a priori in a model.

D. Implications for CapMix and CDI

Finally, we now discuss the implications of our findings
for the harvest of blue energy by capacitive mixing and
CDI. The CapMix cycle is illustrated in the charge-voltage
plane in Fig. 6. Using a symmetric electrochemical cell
with a voltage supply of Δφ and two electrolytes with
different concentrations (leading to cell capacitances C1 >
C2 for sea and river water, respectively), the energy
extracted per cycle is given by the area of the shaded
trapezoidal region as

ΔEcycle ¼
1

2
ðQ1 −Q2Þ

�
C1

C2

Δφ −
C2

C1

Δφ
�

¼ 1

2

ðC1 − C2Þ2
Ceff

Δφ2; ð5Þ

where

1

Ceff
¼ 1

C1

þ 1

C2

ð6Þ

is an effective capacitance corresponding to the two
capacitors in series (note that here C1 and C2 refer to full
electrochemical cell and not electrode capacitances).
We now estimateΔEcycle for the CDC considered here by

considering typical concentrations of river and sea water
(20 and 500 mM, respectively) and a typical voltage supply

Δφ ¼ 300 mV, as done in previous studies [8–10]. Table V
reports the capacitance and ion adsorption predicted by the
mD model with parameters fitted to the simulation data at
0.5 and 1.0M, as a function of salt concentration. While not
perfect, the agreement with the available experimental
capacitance (see Table I) seems sufficient to estimate the
capacitance at an even lower concentration of 20 mM, with
the result 74 F g−1. In turn, Eq. (5) predicts a theoretical
energy per cycle of ΔEcycle ∼ 0.6 J g−1. Such a value is
smaller than the value anticipated for CDCs by Brogioli
when introducing the idea of CapMix [8], namely, 1.6 J g−1

with comparable salt concentrations (24 and 600 mM).
However, this estimate was based on the assumption of a
capacitance of 300 F g−1, which is too large compared to

B
C

D
A

FIG. 6. Capacitive mixing thermodynamic cycle, using two
electrolytes with different salt concentrations. Segment A: the
electrochemical cell is charged under a supply voltage Δφ in the
presence of the more concentrated electrolyte (sea water),
corresponding to a large cell capacitance C1. Segment B: the
voltage between the electrodes rises when the electrolyte is
replaced by the more dilute one (river water, small cell capaci-
tance C2) under open circuit conditions. Segment C: the electro-
chemical cell is then discharged down to the supply voltage Δφ,
before being flushed with a concentrated electrolyte under open
circuit conditions (segment D). The energy extracted per cycle,
ΔEcycle, is equal to the area of the shaded region.

TABLE V. Electrode capacitance (in F g−1) and ion adsorption
for a symmetric electrochemical cell under a voltage of 1.0 V,
using the modified Donnan model with parameters fitted to
reproduce our MD simulation results for the capacitance at high
concentration (see Table II). Results for ion adsorption are given
as the total mass of ions inside both electrodes, per unit mass of
both electrodes [see Eq. (4)].

Concentration (M) Capacitance (F g−1) Ion adsorption (mg g−1)

0.005 64 10
0.02 74 11
0.05 82 12
0.1 89 13
0.5 107 16
1.0 118 18
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the actual one (see Table I). The order of magnitude,
however, remains comparable. In addition, this lower value
remains about 3–4 times larger than the experimental data
reported for the same voltage with a porous carbon with
larger pores (density 0.58 g cm−3, porosity of 65%, SSA
1330 m2 g−1) [9]. This confirms the potential interest of
CDCs for CapMix.
Previous studies of CDC electrodes focused on their

application to CDI rather than CapMix, so a direct
comparison of the capacitance and adsorbed salt content
is difficult. Indeed, in such cases, the experiments are
performed at low salt concentration because at high
concentrations, CDI consumes more energy than other
desalination processes such as reverse osmosis [12]. For
example, Porada et al. reported capacitances of about
10–15 F g−1 and salt adsorption capacities of
10–15 mgg−1 for concentrations of 5 mM and various
CDCs when working with voltages of about 1 V [18,19].
From the mDmodel with parameters fitted to reproduce our
MD simulation results for the capacitance (at high con-
centration), we extrapolate the salt adsorption capacity to
10 mgg−1. Keeping in mind that this model even under-
estimates the simulation results at high concentration, this
confirms the potential of CDCs, in general, for CDI
compared to other materials (with typical values mainly
in the range 1–10 mgg−1; see, e.g., Table 1 in Ref. [12])
and simultaneously suggests that there is room for improve-
ment to optimize CDCs for this application.

IV. CONCLUSION AND PERSPECTIVES

We have shown that molecular simulation provides a
reliable tool to investigate aqueous electrolytes in realistic
nanoporous carbon electrodes, for sufficiently large salt
concentrations for which such simulations can be done in
practice. The predicted capacitances are in excellent agree-
ment with experiments. In contrast, Debye-Hückel and
Poisson-Boltzmann theories cannot be applied under such
extreme confinement, even by taking into account the
decrease in permittivity induced by the latter or by
introducing excluded volume following the approach that
was successful with ionic liquids. These models should be
used with caution for nanoporous carbons such as CDCs
to estimate the capacitance or the extracted energy. In
contrast, we have shown that the molecular simulation
results at high concentrations can be used to parametrize
a modified Donnan model, which then allows one to
extrapolate the predictions to lower concentrations relevant
for river water in CapMix and for CDI, finding reasonable
agreement with the experimental capacitance. This
approach is therefore fundamentally different from fitting
the experimental data to a modified Donnan model, which
is standard practice in CDI (such models are used much less
in the CapMix community, where Poisson-Boltzmann
theory is usually preferred).

While here we have not considered classical DFT, recent
work capturing excluded volume and electrostatic corre-
lations between ions suggests that these effects may
increase the energy produced per unit area [31], therefore
further overestimating this quantity. Nevertheless, it would
be necessary to investigate the predictions of classical DFT
under comparable conditions and, ideally, also in more
realistic geometries. Molecular simulations could then
provide reference data to validate DFT or even help build
better functionals for that case [47]. Explicitly including the
structure of the solvent [90–92] may also significantly
improve the accuracy of the description of the confined
fluid. In turn, classical DFTwould also provide predictions
at low salt concentrations, which are out of reach for
molecular simulations. Meanwhile, we have shown that the
modified Donnan model may be a reasonable alternative to
make simple predictions, provided that the corresponding
parameters are correctly adjusted.
Overall, the present results underline the potential of

CDCs for both CapMix and CDI, thanks to their pore size
comparable to that of the ions. Even though the associated
computational cost, which, in particular, prevents us from
reaching the low concentration regime, does not position
molecular simulation as an alternative for the daily pre-
diction of material properties for applications, the present
work clearly demonstrates its interest to investigate in
future work the factors governing charge storage and salt
adsorption in these materials, by quantifying, e.g., solvation
numbers and degrees of confinement, as shown here, or
diffusion coefficients of ions and water inside the pores.
More generally, it will also help to understand, on the
molecular scale, the effects of physiochemical factors such
as the geometry of the electrodes (considering not only
CDCs but also other nanoporous carbon materials), hydro-
philicity [93], ion specific effects, or the possible presence
of chemical moieties such as carboxylic groups, and hence
to guide the design of improved materials. Future work
should also investigate the dynamics and the energy loss
during charging and discharging, which may be larger than
with more porous materials, even though previous work
with ionic liquids and organic electrolytes demonstrated
that the dynamics was not slowed down to a point pre-
venting their use in supercapacitors (see, e.g., Ref. [36]). As
in previous work in this latter context, molecular simulation
can serve as the starting point for a multiscale description
[37], which captures possible heterogeneities on larger
scales, such as the finite size of carbon grains, on the scale
of tens or hundreds of micrometers [35].
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[55] C. Merlet, C. Péan, B. Rotenberg, P. A. Madden, P. Simon,
and M. Salanne, Simulating Supercapacitors: Can We
Model Electrodes as Constant Charge Surfaces?, J. Phys.
Chem. Lett. 4, 264 (2013).

[56] A. P. Willard, S. K. Reed, P. A. Madden, and D. Chandler,
Water at an Electrochemical Interface—A Simulation Study,
Faraday Discuss. 141, 423 (2009).

[57] D. T. Limmer, A. P. Willard, P. Madden, and D. Chandler,
Hydration of Metal Surfaces Can Be Dynamically Hetero-
geneous and Hydrophobic, Proc. Natl. Acad. Sci. U.S.A.
110, 4200 (2013).

[58] D. T. Limmer, A. P. Willard, P. A. Madden, and D. Chandler,
Water Exchange at a Hydrated Platinum Electrode is Rare
and Collective, J. Phys. Chem. C 119, 24016 (2015).

[59] J. A. Kattirtzi, D. T. Limmer, and A. P. Willard,Microscopic
Dynamics of Charge Separation at the Aqueous Electro-
chemical Interface, Proc. Natl. Acad. Sci. U.S.A. 114,
13374 (2017).

[60] J. C. Palmer, A. Llobet, S.-H. Yeon, J. E. Fischer, Y. Shi, Y.
Gogotsi, and K. E. Gubbins, Modeling the Structural
Evolution of Carbide-Derived Carbons Using Quenched
Molecular Dynamics, Carbon 48, 1116 (2010).

[61] T. F. Willems, C. H. Rycroft, M. Kazi, J. C. Meza, and M.
Haranczyk, Algorithms and Tools for High-Throughput
Geometry-Based Analysis of Crystalline Porous Materials,
Microporous Mesoporous Mater. 149, 134 (2012).

MICHELE SIMONCELLI et al. PHYS. REV. X 8, 021024 (2018)

021024-12

https://doi.org/10.1016/j.jcis.2011.04.049
https://doi.org/10.1016/j.jcis.2011.04.049
https://doi.org/10.1088/0953-8984/27/19/194129
https://doi.org/10.1039/C5EE01192B
https://doi.org/10.1039/C5EE01192B
https://doi.org/10.1039/C5CP03514G
https://doi.org/10.1039/C5CP03514G
https://doi.org/10.1038/nmat3260
https://doi.org/10.1021/nn4058243
https://doi.org/10.1021/jacs.5b07416
https://doi.org/10.1021/jacs.5b07416
https://doi.org/10.1016/j.jpowsour.2016.03.095
https://doi.org/10.1016/j.jpowsour.2016.03.095
https://doi.org/10.1038/ncomms3701
https://doi.org/10.1038/ncomms3701
https://doi.org/10.1016/j.electacta.2012.12.107
https://doi.org/10.1016/j.electacta.2012.12.107
https://doi.org/10.1016/j.cplett.2014.11.013
https://doi.org/10.1016/j.cplett.2014.11.013
https://doi.org/10.1021/acs.jpclett.6b00859
https://doi.org/10.1021/acs.jpclett.6b00859
https://doi.org/10.1063/1.4892638
https://doi.org/10.1016/j.desal.2014.12.046
https://doi.org/10.1016/j.desal.2014.12.046
https://doi.org/10.1021/acs.nanolett.5b04089
https://doi.org/10.1103/PhysRevLett.111.244501
https://doi.org/10.1103/PhysRevLett.111.244501
https://doi.org/10.1021/nl1021046
https://doi.org/10.1063/1.3490666
https://doi.org/10.1021/jp4098638
https://doi.org/10.1021/jp4002127
https://doi.org/10.1021/jp4002127
https://doi.org/10.1021/jp5084899
https://doi.org/10.1021/jp5084899
https://doi.org/10.1146/annurev-chembioeng-080615-034455
https://doi.org/10.1146/annurev-chembioeng-080615-034455
https://doi.org/10.1063/1.4977180
https://doi.org/10.1038/nmat4449
https://doi.org/10.1038/nmat4449
https://doi.org/10.1038/nmat3354
https://doi.org/10.1038/nmat3354
https://doi.org/10.1021/jz3019226
https://doi.org/10.1021/jz3019226
https://doi.org/10.1039/B805544K
https://doi.org/10.1073/pnas.1301596110
https://doi.org/10.1073/pnas.1301596110
https://doi.org/10.1021/acs.jpcc.5b08137
https://doi.org/10.1073/pnas.1700093114
https://doi.org/10.1073/pnas.1700093114
https://doi.org/10.1016/j.carbon.2009.11.033
https://doi.org/10.1016/j.micromeso.2011.08.020


[62] H. J. C. Berendsen, J. R. Grigera, and T. P. Straatsma, The
Missing Term in Effective Pair Potentials, J. Phys. Chem.
91, 6269 (1987).

[63] T. Werder, J. H. Walther, R. L. Jaffe, T. Halicioglu, and P.
Koumoutsakos, On the Water–Carbon Interaction for Use
in Molecular Dynamics Simulations of Graphite and
Carbon Nanotubes, J. Phys. Chem. B 107, 1345 (2003).

[64] S. Koneshan, J. C. Rasaiah, R. M. Lynden-Bell, and S. H.
Lee, Solvent Structure, Dynamics, and Ion Mobility in
Aqueous Solutions at 25 C, J. Phys. Chem. B 102, 4193
(1998).

[65] S. K. Reed, O. J. Lanning, and P. A. Madden, Electrochemi-
cal Interface between an Ionic Liquid and a Model Metallic
Electrode, J. Chem. Phys. 126, 084704 (2007).

[66] T. R. Gingrich and M. Wilson, On the Ewald Summation of
Gaussian Charges for the Simulation of Metallic Surfaces,
Chem. Phys. Lett. 500, 178 (2010).

[67] J.-P. Ryckaert, G. Ciccotti, and H. JC Berendsen, Numerical
Integration of the Cartesian Equations of Motion of a System
with Constraints: Molecular Dynamics of N-Alkanes, J.
Comput. Phys. 23, 327 (1977).

[68] G. Ciccotti, M. Ferrario, and J.-P. Ryckaert, Molecular
Dynamics of Rigid Systems in Cartesian Coordinates: A
General Formulation, Mol. Phys. 47, 1253 (1982).

[69] J. I. Siepmann and M. Sprik, Influence of Surface Topology
and Electrostatic Potential on Water/Electrode Systems, J.
Chem. Phys. 102, 511 (1995).

[70] D. T. Limmer, C. Merlet, M. Salanne, D. Chandler, P. A.
Madden, R. van Roij, and B. Rotenberg, Charge Fluctua-
tions in Nanoscale Capacitors, Phys. Rev. Lett. 111,
106102 (2013).

[71] B. Dyatkin, O. Gogotsi, B. Malinovskiy, Y. Zozulya, P.
Simon, and Y. Gogotsi, High Capacitance of Coarse-
Grained Carbide Derived Carbon Electrodes, J. Power
Sources 306, 32 (2016).

[72] R. Burt, K. Breitsprecher, B. Daffos, P.-L. Taberna, P. Simon,
G. Birkett, X. S. Zhao, C. Holm, and M. Salanne, Capaci-
tance of Nanoporous Carbon-Based Supercapacitors Is a
Trade-Off between the Concentration and the Separability of
the Ions, J. Phys. Chem. Lett. 7, 4015 (2016).

[73] M. S. Kilic, M. Z. Bazant, and A. Ajdari, Steric Effects in the
Dynamics of Electrolytes at Large Applied Voltages. I.
Double-Layer Charging, Phys. Rev. E 75, 021502 (2007).

[74] M. Z. Bazant, M. S. Kilic, B. D. Storey, and A. Ajdari,
Towards an Understanding of Induced-Charge Electroki-
netics at Large Applied Voltages in Concentrated Solutions,
Adv. Colloid Interface Sci. 152, 48 (2009).

[75] V. Freise, Zur Theorie der Diffusen Doppelschicht, Z.
Elektrochem. 56, 822 (1952).

[76] A. A. Kornyshev, Double-Layer in Ionic Liquids: Paradigm
Change?, J. Phys. Chem. B 111, 5545 (2007).

[77] P. M. Biesheuvel, S. Porada, M. Levi, and M. Z. Bazant,
Attractive Forces in Microporous Carbon Electrodes for
Capacitive Deionization, J. Solid State Electrochem. 18,
1365 (2014).

[78] B. E. Conway, J.O’M. Bockris, and I. A. Ammar, The
Dielectric Constant of the Solution in the Diffuse and
Helmholtz Double Layers at a Charged Interface in
Aqueous Solution, Trans. Faraday Soc. 47, 756 (1951).

[79] J. Dzubiella and J.-P. Hansen, Electric-Field-Controlled
Water and Ion Permeation of a Hydrophobic Nanopore, J.
Chem. Phys. 122, 234706 (2005).

[80] D. J. Bonthuis, S. Gekle, and R. R. Netz, Dielectric Profile
of Interfacial Water and Its Effect on Double-Layer
Capacitance, Phys. Rev. Lett. 107, 166102 (2011).

[81] D. J. Bonthuis, S. Gekle, and R. R. Netz, Profile of the Static
Permittivity Tensor of Water at Interfaces: Consequences
for Capacitance, Hydration Interaction and Ion Adsorption,
Langmuir 28, 7679 (2012).

[82] A. Schlaich, E. W. Knapp, and R. R. Netz, Water Dielectric
Effects in Planar Confinement, Phys. Rev. Lett. 117, 048001
(2016).

[83] R. Renou, A. Szymczyk, G. Maurin, P. Malfreyt, and A.
Ghoufi, Superpermittivity of Nanoconfined Water, J. Chem.
Phys. 142, 184706 (2015).

[84] R. Kant and M. B. Singh, Generalization of the Gouy-
Chapman-Stern Model of an Electric Double Layer for a
Morphologically Complex Electrode: Deterministic and
Stochastic Morphologies, Phys. Rev. E 88, 052303 (2013).

[85] D. Vanzo, D. Bratko, and A. Luzar, Nanoconfined Water
under Electric Field at Constant Chemical Potential Under-
goes Electrostriction, J. Chem. Phys. 140, 074710 (2014).

[86] T. A. Ho and A. Striolo, Capacitance Enhancement via
Electrode Patterning, J. Chem. Phys. 139, 204708 (2013).

[87] I. Kalcher and J. Dzubiella, Structure-Thermodynamics
Relation of Electrolyte Solutions, J. Chem. Phys. 130,
134507 (2009).

[88] C. Pean, B. Daffos, C. Merlet, B. Rotenberg, P.-L. Taberna,
P. Simon, and M. Salanne, Single Electrode Capacitances of
Porous Carbons in Neat Ionic Liquid Electrolyte at 100C: A
Combined Experimental and Modeling Approach, J. Elec-
trochem. Soc. 162, A5091 (2015).

[89] T. Sayer, C. Zhang, and M. Sprik, Charge Compensation at
the Interface between the Polar NaCl(111) Surface and a
NaCl Aqueous Solution, J. Chem. Phys. 147, 104702 (2017).

[90] M. Levesque, V. Marry, B. Rotenberg, G. Jeanmairet, R.
Vuilleumier, and D. Borgis, Solvation of Complex Surfaces
via Molecular Density Functional Theory, J. Chem. Phys.
137, 224107 (2012).

[91] G. Jeanmairet, M. Levesque, R. Vuilleumier, and D. Borgis,
Molecular Density Functional Theory of Water, J. Phys.
Chem. Lett. 4, 619 (2013).

[92] G. Jeanmairet, V. Marry, M. Levesque, B. Rotenberg, and D.
Borgis, Hydration of Clays at the Molecular Scale: The
Promising Perspective of Classical Density Functional
Theory, Mol. Phys. 112, 1320 (2014).

[93] C. Lian, X. Kong, H. Liu, and J. Wu, On the Hydrophilicity
of Electrodes for Capacitive Energy Extraction, J. Phys.
Condens. Matter 28, 464008 (2016).

BLUE ENERGY AND DESALINATION WITH NANOPOROUS … PHYS. REV. X 8, 021024 (2018)

021024-13

https://doi.org/10.1021/j100308a038
https://doi.org/10.1021/j100308a038
https://doi.org/10.1021/jp0268112
https://doi.org/10.1021/jp980642x
https://doi.org/10.1021/jp980642x
https://doi.org/10.1063/1.2464084
https://doi.org/10.1016/j.cplett.2010.10.010
https://doi.org/10.1016/0021-9991(77)90098-5
https://doi.org/10.1016/0021-9991(77)90098-5
https://doi.org/10.1080/00268978200100942
https://doi.org/10.1063/1.469429
https://doi.org/10.1063/1.469429
https://doi.org/10.1103/PhysRevLett.111.106102
https://doi.org/10.1103/PhysRevLett.111.106102
https://doi.org/10.1016/j.jpowsour.2015.11.099
https://doi.org/10.1016/j.jpowsour.2015.11.099
https://doi.org/10.1021/acs.jpclett.6b01787
https://doi.org/10.1103/PhysRevE.75.021502
https://doi.org/10.1016/j.cis.2009.10.001
https://doi.org/10.1002/bbpc.19520560826
https://doi.org/10.1002/bbpc.19520560826
https://doi.org/10.1021/jp067857o
https://doi.org/10.1007/s10008-014-2383-5
https://doi.org/10.1007/s10008-014-2383-5
https://doi.org/10.1039/tf9514700756
https://doi.org/10.1063/1.1927514
https://doi.org/10.1063/1.1927514
https://doi.org/10.1103/PhysRevLett.107.166102
https://doi.org/10.1021/la2051564
https://doi.org/10.1103/PhysRevLett.117.048001
https://doi.org/10.1103/PhysRevLett.117.048001
https://doi.org/10.1063/1.4921043
https://doi.org/10.1063/1.4921043
https://doi.org/10.1103/PhysRevE.88.052303
https://doi.org/10.1063/1.4865126
https://doi.org/10.1063/1.4833316
https://doi.org/10.1063/1.3097530
https://doi.org/10.1063/1.3097530
https://doi.org/10.1149/2.0151505jes
https://doi.org/10.1149/2.0151505jes
https://doi.org/10.1063/1.4987019
https://doi.org/10.1063/1.4769729
https://doi.org/10.1063/1.4769729
https://doi.org/10.1021/jz301956b
https://doi.org/10.1021/jz301956b
https://doi.org/10.1080/00268976.2014.899647
https://doi.org/10.1088/0953-8984/28/46/464008
https://doi.org/10.1088/0953-8984/28/46/464008

