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ABSTRACT: Many attempts have been made to improve the
energy density of supercapacitors toward their large-scale
applications in storing renewable energy. Herein, the surface
wettability effect is unraveled with the combination of static and
dynamic density functional theories through which the energy
densities and power densities of electrochemical supercapacitors
are analyzed with different sets of pore sizes, surface voltages, and
bulk ion concentrations. We demonstrate that tuning the surface
wettability of electrodes may improve the energy density but
simultaneously reduce the power density, and an optimal energy
density with a relatively small cost of power density can be
achieved by adopting highly confined pores. In addition, increasing ion bulk concentration and/or surface voltage can enhance both
the energy density and power density. This work provides a complementary dynamic insight into the surface wettability effect on the
performance of supercapacitors.

1. INTRODUCTION
Due to the urgent demands for environmental protection and
CO2 emission reduction, renewable energy plays a significant
role in the future global energy portfolio.1−3 The extraction
and energy storage of unstable green energy (i.e., solar energy,
wind energy, and ocean energy) should be supported with
energy storage systems for stabilizing the energy supply.4−6

The electric energy storage devices, including batteries,
supercapacitors, and dielectric capacitors, have shown a
growing potential,7,8 among which supercapacitors have
attracted much attention for their merits of exceedingly high
power density, long cycle life, safety, and environmentally
friendly properties.9,10 However, supercapacitors generally
have low energy density as they essentially rely on the physical
adsorption of ions on the oppositely charged electrode surface,
and this feature severely limits their large-scale applications.11

Many experimental and theoretical attempts have been
devoted to promoting the energy storage performance of
supercapacitors by designing proper electrode materials and
electrolyte solutions.12−14 The underlying idea lies in
enhancing ion adsorption in microporous electrodes, which,
in principle, can be achieved by increasing the specific surface
area of the electrode and/or regulating the charge accumu-
lation in the hierarchical pores of electrodes. For example,
Zhang et al.15 demonstrated that a higher surface area and a
smaller average pore diameter could significantly improve the
capacitance of the supercapacitor. Using a template chemical
vapor deposition (CVD) approach, Ning et al.16 prepared
nanomesh graphene, and this new electrode material exhibited
an excellent energy storage performance due to a high surface

area. Chmiola et al.17 found that the capacitance anomalously
increases when reducing the average pore size of the
microporous electrodes down to 1 nm. It should be noted
that the pore size effect is coupled with the sizes of charged
molecules, and therefore, the ion desolvation in nanoscale
pores can also significantly influence the supercapacitor
performances.18,19

The charge accumulation can also be regulated by
manipulating the surface wettability (i.e., hydrophilicity or
hydrophobicity) of the electrode material. Indeed, surface
wettability can dramatically influence the distribution of the
dielectric constant,20,21 which in turn affects the ion
distribution near the electrode. Therefore, both theoretical
and experimental attempts in past years have been made
toward improving the capacitance of supercapacitors by tuning
the surface wettability.20,22,23 Unfortunately, most of these
studies focus solely on energy density, and the effect of surface
wettability on power density is rarely explored. In other words,
although the surface wettability not only affects the adsorption
account of ions but also has great influence on the adsorption
speed, the latter is associated with the adsorption dynamics on
which the surface wettability effect is largely unknown. As a
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matter of fact, most devices are operated under dynamic mode
in practical applications, and the power density represents a
key evaluator in the design of supercapacitors,24−26 and its
variation against surface wettability should be carefully
addressed.
In this work, both the static classical density functional

theory (cDFT)27 and dynamic density functional theory
(DDFT) are employed to explore the surface wettability effect
on the thermodynamic and dynamic properties of ion
adsorption. cDFT represents an efficient tool to study the
charge accumulation in electric double layer capacitors
(EDLCs), which can well describe the molecular size effect
and the interion electrostatic correlation.19,28,29 Derived from
cDFT, DDFT is developed to study molecular diffusion
including the ion adsorption dynamics during the charging/
discharging process of EDLCs.30−32

The remainder of this work is organized as follows. In
Section 2, the model system is constructed, and the essential
equations of DDFT and cDFT are introduced. In Section 3,
the theoretical methods are validated by comparing the
predictions with relevant simulation studies. Thereafter, the
effects of surface wettability on both the energy density and
power density are extensively analyzed and discussed. In
addition, their coupling effects with pore size, surface voltage,
and bulk ion concentration are addressed. Finally, a brief
conclusion is given in Section 4.

2. MOLECULAR MODEL AND THEORY

2.1. Theoretical Model. The basic elements to a
supercapacitor, in addition to the separator, are the two
electrodes and the electrolyte between both electrodes as well
as inside the hierarchical pores of porous electrodes, as
illustrated in Figure 1a. Comparing with the area of the outer
surface, the inner specific surface area of an electrode (usually
the anode) caused by interconnected nanoscale pores is a few
orders of magnitude larger. For example, a carbon-based anode
possesses amazingly thousands of square meters per gram.33

For ions adsorbed inside the numerous pores of an anode, the
total adsorption amount can be determined by integrating the
pore size distribution with the adsorption amount in each
pore.29 Therefore, the ion adsorption behavior in a single
nanopore with a fixed pore size constitutes the cornerstone
that needs to be comprehensively understood.
Toward this end, a structureless slit pore with pore width H

is considered, and both walls of the slit pore are negatively

charged, which closely mimics a nanopore in the anode. Since
the cation and anion have the same parameters and the same
dielectric constant distribution, the density profile of the cation
or anion near the cathode should be identical with the
counterpart near the anode. In other words, the same
conclusion holds if a positively charged wall is considered.
We assume the pore length is much larger than the pore width
so that the pore end effect can be neglected. As shown in
Figure 1b, the electrolyte solution composed of explicit ions is
confined inside the slit. The ions are described with the
restricted primitive model (RPM) in which the cations and
anions are described with hard spheres with identical diameter
σ+ = σ− = σ, and they carry opposite charges Zie, where e is the
elementary charge and Zi is the valence of ion species (i =+,−).
The walls of the slit are assumed to be hard walls with perfect
conductivity, so that the electrostatic potential within each wall
is constant. Hence, the wall−ion long-range interaction is
solely composed of electrostatic interaction, and no dispersed
interaction is included. In this work, we set Z+ = 1.0 and Z− =
−1.0, and σ = 0.425 nm unless otherwise specified. The ion
bulk density is ρi

b, corresponding to the bulk chemical potential
μi
b. Due to the neutrality condition in the bulk system, we have

ρ+
b = ρ−

b .
The electrolyte medium is assumed as a dielectric

continuum. Since the surface wettability (hydrophobicity or
hydrophilicity) changes the interfacial dielectric surround-
ings,34,35 and thus, the dielectric constant near a hydrophilic
surface is generally higher than that near a hydrophobic one.
For this reason, interfacial dielectric distribution has been
utilized to characterize surface wettability.36−38 In the slit pore,
the interfacial dielectric distribution varies along with the
normal distance to the surface and can be designated as ε(z),
where z is the distance to the left charged surface (see Figure
1b). Following Podgornik et al.,39 a simple yet efficient model
is adopted

ε
ε

ε ε
ε

ε ε

=
+ −

+
+ −

λ

λ

−

− −

z
e

e

2 ( )
1 ( / 1)

1 ( / 1)

z

H z

b

b s
/

b

b s
( )/

(1)

where εs is the dielectric constant at the electrode surface and
εb denotes the bulk dielectric constant. And λ is the
microscopic parameter to scale the surface wettability. In this
work, we set εs = 10 and εb = 78.5. In addition, as in a previous
work,20 we set λ = 0.3 nm for a hydrophilic surface, λ = 0.9 nm

Figure 1. Schematic diagrams of the (a) supercapacitor with two electrodes and (b) representative slit pore from the porous anode.
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for a neutrally wettable surface, and λ = 1.5 nm for a
hydrophobic surface. The discussion between the microscopic
parameter and the macroscopic contact angle is detailed below.
2.2. Dynamic Density Functional Theory. Physically,

ion adsorption and diffusion are driven by the gradient of its
local chemical potential μi(r,t), and the latter quantity can be
determined by the derivative of the Helmholtz free energy with

respect to the local density of ions, viz., μ = δ ρ
δρ
[{ }]

tr( , )i
F t

t

r

r

( , )

( , )
i

i
.

Within the framework of DDFT, the dynamical governing
equation for the ion local density in the slit system follows40

ρ
β ρ

δ ρ
δρ

∂
∂

= ∇· ∇
[{ }]

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑ
z t

t
D z t

F z t

z t

( , )
( , )

( , )

( , )
i

i
i

i (2)

where D is the diffusion coefficient, which is assumed as a
constant. And β = 1/(kBT) is defined by the Boltzmann
constant kB and system temperature T. The Helmholtz free
energy functional within the DDFT framework is identical to
that within cDFT40 and it contains three contributions

∫

∑ρ ρ ρ

ρ

[{ }] = [{ }] + [{ }] +F t F z t F z t

z t V z

r

r

( , ) ( , ) ( , )

( , ) ( )d

i i i
i

i i

id ex

ext
(3)

The first term on the right-hand side accounts for the ideal gas
contribution, and the second one accounts for the interactions
among ions, which include the hard-sphere interaction and
electrostatic interaction, and the calculation details are listed in
the Supporting Information (SI). Vi

ext(z) in the last term
represents the external potential of the ith ion component
originating from the wall−ion interaction.
Under the condition of thermodynamic equilibrium, the ion

local density is irrelevant with time, viz., ∂ρi/∂t = 0, and then
the dynamical governing equation can be reduced to

ρ
δβ ρ

δρ
∇· ∇

[{ }]
=

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑ
z t
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( , )

( , )
0i

i

i (4)

As the confined system is connected with the electrolyte
solution outside the anode (considered as a bulk reservoir), the
ion local chemical potential inside the slit is constant
everywhere at thermodynamic equilibrium and equals its
counterpart in the bulk system, μi

b, and thus the above
equation recovers to cDFT

δ ρ
δρ

μ
[ ]

=
F z

z

( )

( )
i

i
i
b

(5)

We note that the bulk chemical potential is conjugated with
the ion bulk density, ρi

b. In other words, the bulk chemical
potential μi

b (or the ion bulk density ρi
b) can be determined by

the corresponding ion bulk density (or the bulk chemical
potential) through the equation of state. As the same
functional is applied in both DDFT and cDFT, the final
equilibrium density profile predicted by DDFT should be
identical to that from cDFT.40

To describe the charging process, the surface charge density,
Qs, can be obtained by applying the charge neutrality condition
when41

∫ ∑ ρ= −Q t eZ z t z( ) ( , )d
H

i
i is 0

/2

(6)

At thermodynamic equilibrium, the surface charge density
reaches a constant value, designated as Qs

e, and then the
integral capacitance can be determined by

=C Q V/s
e

s (7)

where Vs is the applied surface voltage. Thereafter, the energy
density, E, and the power density, P, can be determined by

=

=

l

m

ooooooo

n

ooooooo

E CV

P
E

t

1
2 s

2

eq (8)

where teq is the charging duration time, and it can be
determined through time evolution of surface charge density.
Practically, when Qs(t) reaches 98% of Qs

e, the time elapsed
refers to the charging duration time.
At the initial state (i.e., charging time t = 0), the density

profiles of cations and anions are computed using cDFT with a
zero surface voltage and a uniform dielectric constant, ε = εb.
Owing to the symmetry of the nonelectrostatic interaction
from both pore walls, the density distributions of cations and
anions confined in the slit pore are identical, i.e., ρ+(z,t = 0) =
ρ−(z,t = 0).

3. RESULTS AND DISCUSSION
3.1. Validation of Theoretical Calculation. The ion

density distribution near the charged interface represents the
primary quantity for evaluating the electrochemical properties.
To verify the reliability of the theoretical calculation, we
compare the equilibrium ion density distribution in a slit pore
predicted by DDFT with relevant grand canonical Monte
Carlo (GCMC) simulations.42,43 Figure 2 shows the

Figure 2. Comparison of normalized concentration distribution of ions ρi(z/σ)/ρb from the DDFT calculation and GCMC simulation. The surface
charge density at equilibrium state is (a) Qs = −0.05 C·m−2 and (b) Qs = −0.10 C·m−2.
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normalized concentration distributions of co-ions and counter-
ions from DDFT at the final equilibrium state and GCMC
simulation at different surface charge densities. In this
comparison, the RMP model of ion and wall−ion interaction
is employed as described above. The system temperature, T, is
298 K, the width of the slit pore, H, is 20 Å, the ion size is set
as σ+ = σ− = σ = 0.425 nm, and the bulk ion concentration, cb,
is equal to 1.0 M, corresponding to the reduced bulk density,
ρbσ

3 = (ρ+
b + ρ−

b )σ3 = 2ρ+
bσ3 = 0.0462. It should be mentioned

that in both the simulation and DDFT calculations, the
uniform dielectric constant εb = 78.5 is adopted for the
electrolyte solution in the whole space.
At equilibrium state, the counterions compactly accumulate

near the charged wall of the slit pore, subsequently distributing
in the outer diffusion layer. Due to the electrostatic repulsion
from both the charged walls and accumulated counterions, the
co-ions are repelled away from the surfaces and mainly
accumulate at the center of the slit pore. Additionally, the local
density of the co-ion in whole space is overall lower than that
of the counterion, and this is because both pore walls are
negatively charged, and thus the adsorption amount of the
cation is larger than the anion. The predicted ion local density
distributions are in excellent agreement with the parallel
simulation results, validating the accuracy of our DDFT
calculation.
3.2. Surface Wettability Effect. We first discuss the

relationship between the surface wetting parameter, λ, and the
interfacial dielectric distribution, ε(z). Figure 3 shows the
interfacial dielectric distribution, ε(z), in the slit pores with five
typical surface wetting parameters, i.e., λ = 0.3, 0.6, 0.9, 1.2,
and 1.5 nm. Two typical pore sizes are considered including
H* = H/σ = 20 and 5.
For the system with a large pore size, as depicted in Figure

3a, the dielectric constant is small near both the surfaces, and
gradually increases when enlarging the distance to the surface
of the electrodes, and it approaches the bulk value when the
interfacial effect vanishes. It is to be noted that a small
dielectric constant distribution near the wall can decrease the
ion density at the adsorption layer, which means that the small
dielectric constant in the interfacial zone can mimic a
hydrophilic wall, as mentioned in the previous work.20 In
addition, we note that a larger surface wetting parameter (thus,
a more hydrophobic surface) leads to a stronger interfacial
effect. When the surface wetting parameter is sufficiently large
(i.e., λ ≥ 0.9 nm), the dielectric constant at the center of the
slit pore is still below the bulk value. This trend becomes even
more prominent as λ = 1.5 nm. For the system with a small
pore size as shown in Figure 3b, the wettability effects from

both walls may be overlapped at the center of the slit pore, and
due to this overlapping, the dielectric constant is even smaller
than the bulk value under the condition λ ≥ 0.9 nm.
To further demonstrate the quantitative description of

surface wettability, we explore the correlation between the
wetting parameter and the surface contact angle, θ, in
electrostatic fields. Virtually, several monotonous correspond-
ence relations have been proposed for correlating both
quantities. For instance, to investigate the influence of the
applied electrostatic field on the contact angle, Verheijen et
al.36 proposed an electrowetting equation in which the relation
between the dielectric constant and the contact angle is
derived from the Lippmann equation by employing the
parallel-capacitor approximation for the droplet−dielectric
interface. The same relation is also reported by Kang37 after
considering the thermodynamic equilibrium condition as
follows

θ θ
ε

γ
= +

V
d

cos cos
20
d s

2

(9)

where θ0 is the contact angle without imposing an external
electrostatic field, Vs is the applied surface voltage, γ is the
surface tension, and d is the thickness of the dielectric layer.
The dielectric constant εd is a position-independent constant.
The above model can be extended by replacing the dielectric
constant εd with the averaged value ε ̅ within the Stern layer. In
other words, we assume εd = ε,̅ and the averaged dielectric
constant, ε,̅ can be calculated through the interfacial dielectric
distribution as

∫ε
σ

ε̅ =
σ

z z
1

( )d
0 (10)

Here, the thickness of the Stern layer has been assumed to be
σ. To illustrate the response of the contact angle to the
dielectric constant (hence the surface wetting parameter), we
take the ionic fluid confined in a slit pore as a reference system.
The thickness of the dielectric layer is 0.34 nm, and the initial
contact angle for zero applied voltage, θ0, is assumed to be 75°,
the surface tension, γ, is 59.1 mJ m−2, and the surface voltage,
Vs, is equal to 0.3 V. In this circumstance, the dependence of
the contact angle on the surface wetting parameter is shown in
Figure 4. It clearly indicates that the contact angle
monotonously increases with the increase in surface wett-
ability, and this confirms that increasing the wetting parameter
can faithfully mimic the change of surface wettability from
hydrophilicity to hydrophobicity. In addition, this change is
more evident when the pore size is smaller.

Figure 3. Normalized interfacial dielectric constant distributions ε(z/σ)/εb in the two representative slit pores for five surface wetting parameters
(λ = 0.3, 0.6, 0.9, 1.2, and 1.5 nm): (a) H/σ = 20, Vs = 0.3 V, and ρbσ

3 = 0.29 and (b) H/σ = 5, Vs = 0.03 V, and ρbσ
3 = 0.0462.
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Incorporated with the interfacial dielectric constant
distribution, we thereafter study the effect of surface wettability
on the dynamic charging process. Figure 5 shows the time
evolution of the surface charge density with two typical surface
wetting parameters, λ = 0.3 and 1.5 nm. The surface charge
density is calculated through eq 6, and the time-dependent
ionic density in the like-charged slit pore are calculated with
DDFT. To explore the influences of the applied surface
voltage, pore size, and ion bulk concentration, we attempt two
applied surface voltages (i.e., Vs = 0.03 and 0.05 V), two pore
sizes (i.e., H/σ = 5 and 10), and two ion bulk concentrations
(i.e., cb = 1.0 and 1.3 M). We observe a typical behavior during
the charging process in that the surface charge density
generally increases over time and reaches a final plateau. The
plateau is higher when the surface voltage is larger or the ion
bulk concentration is higher. The pore size has little effect on
the plateau when the surface wetting parameter is small.
However, when the surface wetting parameter is large (for
example, λ = 1.5 nm), the surface wettability effects from both
pore walls are overlapped in the slit pores with pore size H/σ =
5 and 10, as discussed in Figure 3, and then the pore size has a
prominent effect on the plateau. Indeed, when the pore is
smaller, the surface wettability effects from both pore walls on
the confined ionic fluid become relatively stronger, and hence
the surface charge density plateau is suppressed. This trend is
consistent with the analysis on the variation of wetting
parameters.
By comparing the curves of same color in Figure 5a,b, we

find that increasing the wetting parameter can suppress the
plateau value of the surface charge density. In addition, we

note that there is a peak in the blue or pink curve in Figure 5b,
indicating that there is a “turn-over” point in the surface charge
density. This turn-over phenomenon has been reported by
many works,31 and it is mainly attributed to the inhomoge-
neous distribution of dielectric constant.44

Next, the effect of surface wettability on the capacitance is
examined. Figure 6a presents the capacitance of the charged
slit pore with pore width of H/σ = 2. The capacitance
decreases first and then flattens out with the increase of λ,
showing that the hydrophilic surface is beneficial to improving
the capacitance, being consistent with the experimental
results.16 When the ion bulk density remains constant, the
increase in the surface voltage promotes the capacitance
significantly. Specifically, when increasing the surface voltage
from 0.01 to 0.05 V, the capacitance increases almost 4-fold.
However, variation in the ion bulk density brings little effect on
the capacitance. In Figure 6b, the charged slit with a large pore
width of H/σ = 5 is considered. The capacitance decreases
linearly with increasing surface wetting parameter from 0.3 to
1.5 nm. Compared with Figure 6a, although the variation in
the applied voltage has less influence on the capacitance, the
effect of ion bulk density is more prominent, and in addition,
the surface wettability plays a more significant role in the
capacitance.
Next, the effects of surface wettability on the energy storage

capacity and charging rate are examined. The energy density
and power density are calculated through eq 8. As shown in
Figure 7a,b, with the increase of the surface wetting parameter
λ, the energy density decreases monotonically, while the power
density increases overall and gradually approaches a plateau. As
discussed above, the hydrophilic surface can adsorb more net
charge, thus bringing larger capacitance and energy storage.
The hydrophilic surface presents a strong attractive interaction
with water molecules, hence significantly promoting the water
density in the vicinity of the wall. The high density causes close
spatial packing of the water molecule, hindering the ions from
moving to the wall. Therefore, it takes a longer time to
accomplish the charging process as shown in Figure 5a, which
results in a smaller power density. In the slit pore with H/σ =
2, when increasing the surface wetting parameter from 0.3 to
1.5 nm, the energy density decreases by 60%, while the power
density increases by 14%. However, in the slit pore with H/σ =
5, the energy density decreases by 48%, while the power
density increases by 53%. Comparison between both the cases
shows that the hydrophilic material as electrode is more
beneficial for promoting energy storage, but inevitably results
in the descent of power density. In addition, the surface

Figure 4. Change of contact angle, θ, with the surface wetting
parameter, λ, for the ionic fluid confined in different slit pores.

Figure 5. Change of the surface charge density with time under different conditions: (a) λ = 0.3 nm represents a hydrophilic surface and (b) λ = 1.5
nm represents a hydrophobic surface.
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wettability effect is more significant in smaller pores on energy
density and in larger pores on power density.
3.3. Regulating Energy Density and Power Density.

As both the energy density and power density can be
influenced by the pore size, applied surface voltage, and ion
bulk density in the electrolyte solution, below, we evaluate the
wettability effects under different conditions.
Figure 8a,b shows the energy density and power density

varying with the pore size. Three surface wetting parameters, λ
= 0.3, 0.9, and 1.5 nm are studied, corresponding to the
hydrophilic surface, neutrally wettable surface, and hydro-
phobic surface. The energy density first increases with the
increase of H/σ at small H/σ, where the cations and anions can
be completely separated due to the strong overlapping effect of
the electrostatic potential. As the pore size H/σ further
increases, the energy density approaches a plateau due to the
saturation of the stored charges near the electrode surface.
Herein, we introduce a factor to quantify the effect of

wettability

α λ λ
λ λ

= | = − = |
{ = = }

X X
X X

( 1.5) ( 0.3)
max ( 1.5), ( 0.3) (11)

where X represents a physical quantity that depends on
wettability, i.e., energy density and power density. Based on
factor α, Figure 8a,b can be divided into two zones, the yellow
zones (α > 20%) and the blue zones (α ≤ 20%), which signify
the areas denoting the significant surface wettability effect and
negligible surface wettability effect, respectively. For energy
density, the wettability effect can be ignored with a pore size
H/σ > 10, as shown in Figure 8a. Figure 8b shows that the
wettability can considerably affect the power density with the
pore size H/σ varying between 3 and 14. Therefore, it can be
found that when the pore size H/σ = 10−14, the surface
wettability has little influence on energy density but significant
influence on power density. In contrast, when the pore size H/
σ = 1−3, the surface wettability has a significant influence on
energy density but little influence on power density.

Figure 6. Capacitance against the surface wetting parameter under different conditions: (a) H/σ = 2 and (b) H/σ = 5.

Figure 7. Energy density and power density against the surface wetting parameter λ. The system parameters are (a) H/σ = 2, Vs = 0.03 V, and ρbσ
3

= 0.0462 and (b) H/σ = 5, Vs = 0.03 V, and ρbσ
3 = 0.0462.

Figure 8. (a) Energy density and (b) power density as a function of the pore size H/σ at three surface wetting parameters: λ = 0.3, 0.9, and 1.5 nm.
The surface voltage is Vs = 0.03 V and the ion bulk density is ρbσ

3 = 0.0462.
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Figure 9a,b shows the variations of energy density and power
density against the applied surface voltages at three types of
surface wettability, i.e., λ = 0.3, 0.9 and 1.5 nm. First, the
increase in the surface voltage leads to the rise of both the
energy density and power density. Second, the surface
wettability effect on both energy density and power density
becomes more and more significant when increasing the
surface voltage. Especially, when the applied voltage is 0.06 V,
the energy density is 2.0 × 103 J·m−2 for λ = 0.3 nm and 1.0 ×
103 J·m−2 for λ = 1.5 nm, and the power density is 2.0 × 102 J·
m−2·ns−1 for λ = 0.3 nm and 3.2 × 102 J·m−2·ns−1 for λ = 1.5
nm. This means the energy density can increase by 100%,
while the power density can decrease by 40% by increasing the
surface wettability at a high surface voltage.
Figure 10a,b shows the energy density and power density

varying with the ion bulk density at three surface wetting
parameters, λ = 0.3, 0.9, and 1.5 nm. Both the energy density
and power density increase with the augment of the ion bulk
density. In addition, this effect is more significant for the power
density. In particular, when the ion bulk density changes from
0.7 to 1.3 M, the energy density increases by about 20%, while
the power density increases by nearly 200%. This shows that
the power density is more sensitive to the variation of ion bulk
density. Indeed, when more ions are included, the ion diffusion
is greatly accelerated due to the strong electrostatic interaction,
and the time taken for the system to reach equilibrium is much
reduced.

4. CONCLUSIONS

In this work, the effects of surface wettability on both the
energy density and power density are evaluated by combining
cDFT and DDFT. These effects are systematically assessed in a
single like-charged slit pore system under different conditions

by varying the pore size, surface voltage, and ion bulk
concentration.
We find that increasing the surface wettability can generally

promote the energy density, but meanwhile suppress the power
density, and the surface wettability effect is more significant on
energy density in smaller pores and on power density in larger
pores. Increasing the surface voltage and/or ion bulk
concentration can simultaneously improve both the energy
density and power density, and in addition, the power density
is more sensitive to the variation in the surface voltage and ion
bulk density. Further, by quantifying the surface wettability
effect varying with pore width, we find that in highly confined
pores with pore size H/σ = 1−3, the surface wettability has
little influence on energy density but significant influence on
power density. Here, we should mention that the diffusion
coefficient of ions, in principle, depends on the ion local
density.45,46 The pore size47,48 and surface hydrophilicity49,50

can affect the ion’s density profile near the wall and further
influence the diffusion coefficient. However, in the present
study, the ion concentration is rather low, and thus we follow
previous works20,28,41,44 and simply assume that the diffusion
coefficient is a position-independent constant.
In short, these results suggest that the surface wettability

effects on both thermodynamical and dynamical properties
should be taken into account in the electrode material design,
and an optimal energy density with a relatively small cost of
power density can be achieved by adopting highly confined
hydrophilic pores with large surface voltages and high ion bulk
concentration.
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Figure 9. (a) Energy density and (b) power density in terms of surface voltage at three types of surface wettability, i.e., λ = 0.3, 0.9, or 1.5 nm. The
pore size is fixed at H/σ = 5 and the ion bulk density is ρbσ

3 = 0.0462.

Figure 10. (a) Energy density and (b) power density varying with ion bulk density at three types of surface wettability, λ = 0.3, 0.9, or 1.5 nm. The
pore size is H/σ = 5 and the surface voltage is Vs = 0.03 V.
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