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Electricity storage is a key problem nowadays 
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Supercapacitors store energy through reversible adsorption of ions
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les chimistes ont synthétisé des maté-
riaux d’électrode à surface spécifique de 
plus en plus élevée. Très vite, ils se sont 
tournés vers des matériaux poreux en 
carbone, comme le charbon actif.

Ceux-ci  agissent comme des 
«  éponges » électriques : plus leurs 
pores sont petits, plus la surface spé-
cifique est grande, permettant ainsi 
de stocker une plus grande quantité 
d’énergie. Celle-ci est actuellement 
de 5 wattheures par kilogramme pour 
des supercondensateurs commerciaux, 
c’est-à-dire 100  fois plus élevée que 
dans les condensateurs classiques, 
mais 3 à 30 fois plus faible que celle des 

batteries utilisées dans les téléphones 
portables ou les voitures électriques.

Taille des pores. Une différence qui 
s’explique. Chercheurs et ingénieurs 
avaient estimé que le diamètre effectif 
des ions utilisés était de 2 nanomètres. 
L’idée admise était donc que les micro-
pores de diamètre inférieur à 2 nanomè-
tres ne participaient pas au stockage de 
l’électricité : pour que les ions rentrent 
dans l’électrode poreuse, ils ne doivent 
pas être plus gros que les trous.

En solution, les ions sont entourés 
de molécules de solvant, dont ils ne se 
séparent que difficilement. Par consé-

quent, les efforts de toutes les équipes 
ont visé à obtenir des carbones méso-
poreux, avec des pores de diamètre 
compris entre 2 et 5 nanomètres, pour 
permettre aux ions entourés de solvant 
d’accéder à ceux-ci.

Cette idée n’a été contredite qu’en 
2006. Des chercheurs des universités 
de Toulouse et de Drexel, aux États-
Unis, ont alors montré que la capacité 
de stockage était maximale dans les 
carbones microporeux exclusivement 
composés de pores de taille inférieure 
ou égale au nanomètre [1] !

Plusieurs techniques capables de 
sonder les matériaux à l’échelle >>>

Électrode ÉlectrodeCations (positifs) Anions (négatifs)

Électrode positive Électrode négative

La charge d’un supercondensateur

UN SUPERCONDENSATEUR  se compose de deux électrodes dont la structure est en carbone nanoporeux (en gris), et d’un électro-
lyte, où se mélangent des cations, de charge positive (en rouge), et des anions, de charge négative (en bleu) dans un solvant (non 
représenté). Pour une différence de potentiel nulle (en haut), autant de cations que d’anions se fixent à la surface des pores, à l’intérieur 
des électrodes. Mais lorsque l’on polarise le dispositif (en bas), un mécanisme d’échange se met en place : à l’électrode négative, les 
anions sont progressivement remplacés par des cations, et vice versa à l’électrode positive. © INFOGRAPHIE BRUNO BOURGEOIS

Fig.1 
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Factors that affect the capacitance of the interface
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• Electrode surface area  

• Pore size vs. ionic dimensions 

• Ion concentration in the electrolyte 

• Structure of the porous network?

(Very) large parameter 
space
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Concentrated electrolytes are a challenge for theories
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(Helmholtz layer) and  C  D  (diffuse layer), and 
the total capacitance of the electrode ( C  DL ) is 
given by Equation  ( 2)  :

 C C C
1 1 1

DL H D

= +
 
 (2)

 
 An electrical double-layer capacitor (EDLC) 

consists of two porous carbon, generally acti-
vated carbon (AC), electrodes in direct contact 
with the current collector and separated by a 
porous fi lm impregnated with an electrolyte 
solution ( Figure    2  ). When an electric potential 
difference is applied between the electrodes, 
the negative charge carriers, electrons, in the 
negatively polarized electrode are balanced 
by an equal number of positive cations at the 
electrode/electrolyte interface, while the holes 
stored at the positively polarized electrode 
are electrically balanced by anions. Hence, a 
supercapacitor consisting of two electrodes 
is equivalent to two capacitors in series and 
the resulting capacitance (C) can then be 
expressed according to Equation  ( 3)  :

 

1 1 1
C C C

= +
+ −  

 (3)
 

 where  C +  ,  C –  , and  C  are the capacitance 
(Farad = Coulomb/Volt) of the positive elec-
trode, the negative electrode, and of the 

resulting device, respectively.  
 To provide a basis for comparison between different elec-

trode materials, it has become common practice to provide 
a specifi c (gravimetric) capacitance, which is related to the 
capacitance of one single electrode,  C  SP  (F/g). In case of a sym-
metric system, where both electrodes are equal in mass, thick-
ness, size, and material, the Equation  ( 4)   can be used:

 
C

C
m

4SP
AM

= ⋅
 
 (4)

 
 where  m  AM  is the total mass of active material. While some 
authors subtract the amount of binder or other additives, it is 
more accurate to use the total mass of both dry electrodes. The 
factor 4 is related to normalization to the mass of one electrode 
for the two identical capacitors in series. 

 The stored specifi c energy  E  (Wh/kg), also called energy den-
sity, in a supercapacitor is given by Equation  ( 5)  :

 
E

C U
m2 3600

2
max= ⋅

⋅ ⋅  
 (5)

 
 where M (kg) is the mass of the supercapacitor and  U max   (V) the 
maximum region of electrochemical stability. The normaliza-
tion to the supercapacitor mass provides a basis for comparison 
with other devices, especially from an application point of view. 

 The maximum specifi c power (W/kg) also depends on the 
maximal applicable voltage and is given by Equation  ( 6)  :

 
P

U
ESR m4

2
max=

⋅ ⋅   
(6)

 

   Figure 1.    (a) Helmholtz, (b) Gouy-Chapman, and (c) Stern model of the electrical double-layer 
formed at a positively charged electrode in an aqueous electrolyte. The electrical potential, φ, 
decreases when transitioning from the electrode, φ e , to the bulk electrolyte infi nite away from 
the electrode surface, φ s . The Stern plane marks the distance of closest approach of the ions 
to the charged surface. Note the absence of charges/ions in the Stern layer. The diffuse layer 
starts in the range of 10 – 100 nm from the electrode surface. 

and in 1924, Stern [ 3 ]  suggested a model combining the Helm-
holtz and Gouy-Chapman models by accounting for the hydro-
dynamic motion of the ionic species in the diffuse layer and the 
accumulation of ions close to the electrode surface (Figure  1 c). 
These two layers are equivalent to two capacitors in series,  C  H  

   Figure 2.    Representation of the charged state of a symmetric electrical 
double-layer capacitor using porous electrodes and of the corresponding 
equivalent circuit. R denotes resistors, C denotes capacitors. 

Adv. Mater. 2014, 
DOI: 10.1002/adma.201304137

Gouy-Chapman-Stern 
 (~1920)

Kornyshev (JPCB, 2007) high concentration —> account for finite-size of ions

where Fq(z′) is the average charge density in a slice of liquid at
position z′ along the axis perpendicular to the walls, and -b is
the position of the left wall (b ) 20 Å in the present case).
This integral represents the potential due to the fluid and does
not include the external potential due to the walls because the
integral does not include the charge on the walls. The charge
density Fq(z) (calculated from the atomic charges) is shown in
the inset of Figure 4b. Figure 4a shows the potential due to the
liquid, Φl(z), that is, the solution of eq 4. The dashed straight
line in Figure 4a is (minus) the bare potential of the external
field - Φe(z), showing that the response of the liquid is to
establish a compensating potential so as to screen the external
field. The extent of the screening is shown in Figure 4b, which
shows the total electrostatic potential in the confinement region,
Φt(z) ) Φl(z) + Φe(z) with and without the external field.
Clearly, there is a total potential drop across the cell of ∼0.35
V, resulting in an overall capacitance of 35 times that of the
empty system, Cvac. If the separation between the walls were

sufficiently large, a constant potential would be reached at the
center of the region, and the capacitance would be written as
the sum of the capacitances of the double layers at the cathode
and anode.

In the present case, relevant for dye-sensitized solar cells, the
separation between walls is not large enough for bulk behavior
to be reached at the center of the cell, and it is not possible to
separate the capacitance of the two interfaces.
It is also interesting to look for possible changes in the

molecular orientations induced by the external field, bearing in
mind that such structural details may play a role in charge-
transfer processes at the interface.10,11 The orientational structure
through the liquid slab can be analyzed in terms of order
parameters P2(cos θ) ) 〈(3 cos2 θ - 1)/2〉, where θ is the angle
between a vector fixed to the cation frame and a vector

Figure 2. Schematic representation of the simulation cell with the z direction horizontal. The liquid is confined between the two electrified walls
separated by 44.9 Å, and periodic boundaries are applied in the x and y directions (at the top and bottom of the figure). The region outside is
vacuum. The system is periodically repeated every 110 Å in the z direction. The arrow in the cations represents a vector perpendicular to the
imidazolium ring, forming an average angle of 70° with respect to the surface normal, as is found on average near the walls.

Figure 3. Ion number density profiles for [dmim]+ (black line) and Cl- (red line) confined between two parallel walls separated by 44.9 Å. Plots
a and b correspond respectively to the system without and with an external electric field generated by a uniform surface charge density, σ, of 2.0
µC/cm2. The left wall has a positive charge.

C-1 ) Can
-1 + Ccat

-1 (5)

Polarization Relaxation in IL J. Phys. Chem. B, Vol. 111, No. 18, 2007 4879

Pinilla & Lynden-Bell (JPCB, 2007) 
Ion-ion interactions dominate
even close to a charged surface



Increase of the capacitance in nanoporous carbons: experiments

 Carbide-derived carbons:

trochemical characterization on two- and three-
electrode cells was performed with galvanostatic
techniques for measuring capacitance and im-
pedance spectroscopy to measure frequency
response. No attempt was made to separate con-
tributions from the positive and negative elec-
trode to detect possible ion sieving because most
of the pores were larger than the diameter of the
largest unsolvated ion.

TiC-CDC microstructural and porosity de-
velopment has previously been very well char-
acterized (18, 20), making it an ideal candidate
for this study. To determine microstructural de-
velopment, previous x-ray diffraction (XRD)
results have shown that TiC is completely con-
verted to CDC at synthesis temperatures
9 400-C, and no Bragg peak corresponding to
graphite is visible even at a synthesis temper-
ature of 1000-C (21). Similar to previous
studies, Raman spectroscopy (Fig. 1A) showed
a decreasing R 0 ID/IG ratio, the ratio of graph-
ite band (1582 cmj1) intensity to disorder-
induced band (È1350 cmj1) intensity, with
increasing synthesis temperature, indicating

increasing ordering, but as seen previously in
XRD, no large-scale graphitization. TEM micro-
graphs (fig. S1, A to C) also showed gradual
short-range ordering with rising synthesis tem-
perature. The conductivity increased with syn-
thesis temperature because of a reduction in the
concentration of electron scattering defects (Fig.
1A). CDC had a higher conductivity compared
to activated carbons from organic precursors
with a similar porosity or surface area because
it lacked oxygen or hydrogen in its carbon
network (13).

Several techniques were used to determine
the pore size and SSA of CDC. Nonlinear den-
sity functional theory (NLDFT) analysis of ar-
gon adsorption isotherms (fig. S2A) showed
that the width of the pore-size distribution in-
creased with synthesis temperature (fig. S2, B
and C), and the average pore size shifted to
larger values (Fig. 1B). The pore-size values
obtained are in agreement with those obtained
via CO2 sorption at 300 K (fig. S3B) and SAXS
analysis (22). The BET (Brunauer, Emmet,
Teller) SSA showed a similar increase (Fig.
1B). SSA was also calculated by using NLDFT
analysis, assuming slit pores, and was later used
to corroborate trends revealed with the BET
method (fig. S3A). Because the smallest pore
size measured by Ar sorption was equal to the
unsolvated BF4

j electrolyte ion size, all the
surface area available to the electrolyte ions for
charge storage was accessible to Ar. Two ad-
vanced activated carbons used commercially in
supercapacitors, referred to as NMAC (natural
material precursor activated carbon) and SMAC
(synthetic material precursor activated carbon),
were also studied and served as a reference.
They had average pore sizes of 1.45 and 1.2 nm
and SSAs of 2015 and 2175 m2/g, respectively.
CDCs synthesized from B4C and Ti2AlC (17),
which have pore sizes of 1.25 and 2.25 nm,

respectively, and SSAs of 1850 and 1150 m2/g,
respectively, were also studied because their
pore sizes are close to those of typical activated
carbons. The results showed that CDC synthe-
sized in the temperature range studied had a pore
structure representative of a wide range of
activated carbons, making it a good model sys-
tem to study the effect of pore size on energy
storage.

The electrochemical behavior of TiC-CDC
is shown in Fig. 2. These results were repeated
in experiments at both Drexel University and
the University of Paul Sabatier with minimal
deviation. The traditional understanding of how
porosity affects specific capacitance and fre-
quency response holds that pores larger than the
size of the electrolyte ion plus its solvation shell
are required for both minimizing the character-
istic relaxation time constant, t0 (23) (the mini-
mum time needed to discharge all the energy
from the supercapacitor cell with an efficiency
9 50%), and maximizing its specific capacitance
(24). Therefore, because conductivity, surface
area, and average pore size all scaled with syn-
thesis temperature, it was expected that CDC
synthesized at 1000-C would exhibit the
shortest t0 and the highest capacitance. Indeed,
increasing the average pore size from 0.68 to
1.1 nm caused a slight decrease in t0 (Fig. 2A,
inset), as expected. Even for the sample with
the smallest pore size (500-C TiC-CDC), there
was only a minimal decrease in specific capac-
itance when the current density was increased
from 5 to 100 mA/cm2 (Fig. 2B), which il-
lustrates the minimal change in frequency-
response behavior. NMAC and SMAC, which
have pore sizes similar to those of TiC-CDC at
1000-C, had time constants similar to those of
800-C TiC-CDC, owing to the higher bulk
conductivity of CDC. The opposite trend was
found in the behavior of capacitance, however:

Fig. 2. Electrochemical
behavior of TiC-CDC syn-
thesized in the range of
500- to 1000-C. (A) Spe-
cific capacitance and vol-
umetric capacitance both
decreased with synthesis
temperature. The maxi-
mum error reported in
specific and volumetric
capacitance was 2.5 and
6%, respectively. Maxi-
mum capacitance was at
600-C synthesis tempera-
ture. NAMAC and SMAC
characteristics are 100 F/g,
35 F/cm3 and 95 F/g,
45 F/cm3, respectively, un-
der the same conditions. The plot of characteristic time constant, to, versus synthesis temperature (inset),
showed slightly increasing frequency response with temperature. Comparison of TiC-CDC charge-discharge
behavior with commercially available carbons (B) shows that by using rational design, a 50% improvement
can be achieved. There was also very little capacitance fading at current densities up to 100 mA/cm2, even
for the 500-C sample.
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Fig. 1. Effect of synthesis temperature on
structure and properties of CDC. The carbon
structure (A) resolved by Raman spectroscopy
showed a decreasing ID/IG ratio with increasing
synthesis temperature, indicating increasing or-
der. This increasing order was reflected in
increasing conductivity with synthesis tem-
perature. Porosity information resolved from gas
sorption data shows (B) that both the SSA and
average pore size increased with synthesis
temperature. The calculated error between suc-
cessive measurements of both pore size and SSA
values are within only a few percent.
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Classical molecular dynamics of the electrode/electrolyte interface

Electrons Ions and solvent

Quantum mechanics Classical mechanics

Siepmann & Sprik (JCP, 1995) Simulation of metals at constant applied potential

Reed & Madden (JCP, 2007)  
Application to electrochemical systems

https://gitlab.com/ampere2/metalwalls



Simulated systems

Carbide-derived carbon Nanoporous graphene

(ACN)28 mixtures bounded by electrodes modeled as three
parallel ideal conductor honeycomb lattices of carbon atoms on
both sides,29 as depicted in Figure 1a. Despite its relative
simplicity, this model has been shown to yield good agreement
between simulation and experiment for a variety of bulk and
interfacial properties.19,30−32 Figure 1b shows characteristic
snapshots of the electrode−electrolyte interface for different
ion−solvent compositions. Details on the molecular models are
given in the Supporting Information.
The algorithm we use to maintain a constant potential across

the capacitor follows from Reed et al.33 based on the work of
Siepmann and Sprik.34 During the simulation, the charge on
each electrode atom fluctuates in response to the thermal
motion of the electrolyte with fixed potential difference ΔΨ,
temperature T and system volume V. The number of electrolyte
molecules N = Ni + Ns, where Ni is the number of ions and Ns
is the number of solvent molecules, is also kept fixed during the
simulation. The electrode charges are determined at each time
step by minimizing the potential energy subject to a constraint
of constant voltage, which can be solved efficiently by matrix
inversion.35 Within this ensemble, the differential capacitance,
C(ΔΨ), is calculated from the variance of electrode charge
fluctuations using the fluctuation−dissipation theorem,36,37

β δΔΨ = ∂
∂ΔΨ = ⟨ ⟩C Q Q( ) 2

(1)

where Q is the total charge of one electrode, β = 1/kBT, with kB
being Boltzmann’s constant, ⟨...⟩ indicates the ensemble average
with constant N, ΔΨ and T = 400 K, and δQ = Q − ⟨Q⟩.
Figure 2a shows C, the capacitance at zero applied potential,

as a function of ion fraction ρ = Ni/N. While C increases with
increasing ion concentration near ρ = 0, in the concentrated
regime it decreases with ion concentration and exhibits a peak
near ρ = 0.63. The increase in capacitance with increasing ion
concentration in the dilute regime is expected from Gouy−
Chapman-Stern theory, where near the potential of zero charge,
the capacitance is proportional to the square root of ion
concentration.38 The peak in capacitance is consistent with
experimental results of a different ionic liquid in contact with a

molecularly rough electrode,1 suggesting an origin for this
behavior within the electrolyte.
Figure 2b shows the capacitance as a function of potential

calculated using histogram reweighting techniques.26 Details on
the methods are in the Supporting Information. Capacitance
profiles as a function of electrode potential for the three
systems in Figure 2b exhibit a broadening near the potential of
zero charge with increasing concentration, consistent with
experiment.1 The nonmonotonic concentration dependence of
capacitance at ΔΨ = 0 V is observed throughout the 2 V
potential window. For pure ionic liquids, previous studies
foreshadowed an unbounded capacitance at ΔΨ = ± 0.9 V due
to a surface phase transition.19 In that regime, finite size effects
not studied here are likely important. The capacitance
calculated from electrode charge fluctuations should be
symmetric around ΔΨ = 0 V, and any deviation is due to
statistical uncertainty.

Figure 1. Simulated capacitor. (a) Each capacitor consists of an electrolyte between two electrodes maintained at constant potential difference. The
color code on the electrode atoms indicates the instantaneous charge on each carbon atom. (b) Close-ups of the graphene/electrolyte interface for ρ
= 0.12, 0.31, 0.68, and 0.89 electrolyte systems are shown. (c) Illustration of the coarse-grained models used in the simulations for ACN (blue),
[BMIM+] (red), and [PF6−] (green). The electrode is composed of three layers of carbon atoms with its basal plane exposed.

Figure 2. Capacitance as a function of ion fraction and potential. (a)
Capacitance at zero applied potential as a function of ion
concentration, normalized by the area of the electrode. The line is a
guide to the eye. Error estimates are smaller than the circle size. (b)
Capacitance as a function of applied potential for three ionic liquid
mole fractions, 0.23, 0.63, and 1 (left to right).

The Journal of Physical Chemistry Letters Letter

DOI: 10.1021/acs.jpclett.6b00859
J. Phys. Chem. Lett. 2016, 7, 2333−2338
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Coarse-grained models for the electrolyte molecules
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keeping in mind that some structural features are averaged out
as a result of the coarse-grained process.

IV. BULK DYNAMIC PROPERTIES
We now turn to the calculation of some dynamic bulk pro-
perties of the ionic liquids and their confrontation with results
from experiments and previous models. Diffusion coefficients
were calculated using the Einstein relation

= ⟨|δ | ⟩α →∞
D

t
r tlim 1

6
( )

t
i

2
(2)

where δri(t) is the displacement of a given ion of species α in
time t and the brackets denote an ensemble average. The diffu-
sion coefficients obtained for different temperatures between
298 and 500 K are given in Figure 4. The coarse-grained

models tend to underestimate the diffusion at low temperatures
at which the ionic liquids are highly viscous. For EMI-BF4, the
increasing gap between values at high temperatures could be
explained by the fact that the experimental values are extra-
polated from data gathered between 250 and 380 K. Never-
theless, the agreement is good over the range of temperatures
studied.
The viscosity of the systems was determined following the

Green−Kubo relation

∫η = ⟨σ σ τ ⟩ τ
∞

αβ αβ
V

k T
(0) ( ) d

B 0 (3)

where σαβ is one of the components of the stress tensor and V
is the simulation cell volume. As this property is a collective
one, its precise evaluation is more difficult compared to diffusion
coefficients.
The correlation function of the stress tensor was taken to be

the mean of its five different anisotropic components. The viscos-
ities resulting from our simulations are summarized in Table II

along with experimental37,39,41 and all-atom simulation5 data.
The models are able to predict viscosities in agree-
ment with experimental data within the range of experimental
errors except at 348 K where this property is overestimated.
At this point, we can say that our coarse-grained models are

sufficiently accurate to predict static and dynamic properties of
the bulk systems for the range of temperatures studied.

V. SURFACE TENSION OF THE LIQUID−VACUUM
INTERFACE

The estimation of the surface tension is a good test of the per-
formance of a model for the prediction of interfacial properties.
The surface tension is determined following a standard
methodology,42−44 i.e., using simulations of a slab of ionic
liquid sandwiched between two vacuum regions. The system is
simulated using 3D periodic boundary conditions and Ewald
summations to compute the electrostatic interactions. We de-
monstrated that for [BMI][PF6] a length of 50 nm (including
the liquid slab) in the direction perpendicular to the interface
was sufficient to avoid interactions between the slabs.18 As the
ionic liquids studied here present similar characteristics, we
assume that this length is appropriate for our present study.
The surface tensions are derived from the stress tensor

components42,43

γ = ⟨σ ⟩ −
⟨σ + σ ⟩⎛

⎝
⎜⎜

⎞
⎠
⎟⎟L

2 2
z

zz
xx yy

(4)

We obtain a value of 33.8 mN·m−1 at 400 K for [BMI][BF4]
which compares well with the experimental value of 38.2 mN·m−1

at 393 K.45 The surface tension for [EMI][BF4], 44.3 mN·m−1 at
400 K, is also in agreement with the experiments giving 41.9
mN·m−1 at 400 K.46

VI. STRUCTURAL AND CAPACITIVE PROPERTIES OF
THE LIQUID−GRAPHITE SYSTEM

The coarse-grained models built here have proven their
accuracy for a number of bulk and interfacial properties, but
because the goal of this work is to develop models which can be

Figure 4. Diffusion coefficients obtained for our new models and
comparison with experiments37,39,41 and all-atom simulations.5 Results
for anions and cations are given in green (full line) and red (dashed
line), respectively.

Table II. Shear Viscosities Calculated in This Work
Compared to Experimental Data37,41,39 and All-Atom
Molecular Dynamics Simulations5

η (mPa·s) 348 K 373 K 400 K 500 K

BMI-BF4
this work 25.4 9.7 5.1 1.7
experimental39 15.1 8.6 5.4 1.9
all-atom MD5 13.0 8.0 5.0 −

EMI-BF4
this work − 7.5 5.3 1.8
experimental37 8.8 5.8 4.0 1.7
experimental41 12.4 8.0 5.4 2.1
all-atom MD5 10.0 6.0 4.0 −
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Simulations are performed at 400 K (enhanced diffusion)
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Figure 3 |Density profiles normal to the electrode surface for graphite and CDCmaterials. a, Ionic density profiles (⇢ion) for the two types of ions and
 = 0 V; the distances are given with respect to the surface accessible to an argon atom probe, with the origin set to the position of the carbon atoms.
Further density profiles for different conditions are given in Supplementary Fig. S4. b, Integral over the distance to the surface (z) of the charge density (⇢q)
of the ionic layer normalized by the electrode surface charge (� ) for = 0.5 or �0.5 V. The function reaches a value of unity when the two quantities are
equal. No overscreening effect is observed for the CDC-1200, in contrast to the graphite electrode.

(only three on average for1 = 1.0V). The minor species become
more highly coordinated (five on average) inside the pore. The
situation envisioned by Shim and Kim9 using ideal 1D carbon
nanotube structures is recovered here as we observe, on charging,
the entrance of an isolated anion in an initially empty nanotube-like
pore (Fig. 2b). The volume occupied by the liquid in the electrode
remains almost constant, but the ratio of numbers of ions of
different charge deviates substantially from unity (Supplementary
Tables S4 and S5). The charging mechanism involves the exchange
of ions between the electrodes and the bulk electrolyte, and not the
filling of the pores by the liquid. These results are qualitatively in
accord with the model for a superionic state proposed by Kondrat
and Kornyshev19,20, with the carbon surface compensating the
charge of the ions. For a slit-like pore, an exponential screening of
the interionic correlations by the surface is expected19. To go beyond
this analysis, we now contrast the local structure inside the pores
with that at a planar graphite electrode.

When studying the local structure inside the pores, special
care must be taken in correctly defining the electrode surface.
Following the experimental procedure, we define it as the surface
accessible to an argon atom probe; the ionic density profiles are
then calculated with respect to the normal to the local surface27.
The first point we need to address is whether the ions adsorb on
the surface of porous carbon in the same manner as on planar
graphite electrodes. From Fig. 3a, which reports the density profiles
in both cases, it is immediately seen that the situation is very
different: in the porous electrodes, both cations and anions are
allowed to approach the surface more closely—by ⇡ 0.07 nm. In
a parallel-plate capacitor, the capacitance varies as the inverse of
the distance between the two charged planes, suggesting that this
shorter carbon atom–ion distance is partly at the origin of the
capacitance increase in porous CDCs.

The integration of the ionic density profiles shown in Fig. 3a
gives access to the number of atoms adsorbed at the surface of the
electrode. For both types of ions this number is smaller for the
porous carbon than for the graphite electrodes. This result may
seem rather counterintuitive given that the capacitance behaves in
the opposite way, and suggests that a different charging mechanism
is at play. As the liquid structure at the interface with a planar
electrode is characterized by important overscreening effects, we
calculate the total surface charge accumulated across the liquid-
side of the interface. This quantity, normalized by the surface
charge of the electrode, is reported in Fig. 3b. For an applied
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carbon atoms. The distributions of capacitances per atom are given for
positively charged electrodes. The average value is indicated by an arrow.
The distributions are much broader and more skewed in CDCs than for a
planar graphite electrode. In particular, CDC-1200 seems to be an
intermediate between graphite and CDC-950, owing to the presence of
small graphitic domains in the sample.

potential difference of 1 V between the electrodes, the charge in
the first adsorbed layer on a graphite electrode reaches a value
which is three times higher than the charge of the electrode itself.
This overscreening behaviour, observed for both the negative and
positive graphite electrodes, arises from ionic correlations: the
polarization of the first layer is coupled to that of the next layers. As a
result, only a fraction of the adsorbed ions are effectively used in the
electricity storage process. On the contrary, for porous electrodes,
there is only one adsorbed layer, and the charging mechanism
involves the exchange of ions with the bulk liquid. The total charge
in this first layer balances exactly that of the electrode, resulting
in a much better efficiency. Because the attraction of the ions in
the first layer to the carbon surface is not balanced by that of a
well-organized second layer, these ions approach the surface more
closely than in the planar case. This unexpected new mechanism
accounts for the larger charge stored inside microporous electrodes
and reveals its microscopic origins.
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Simulations give access to 
microscopic informations
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Formation of a « superionic state » 

Kondrat, J. Phys.: Condens. Matter 2011; Merlet, Nat. Mater. 2012; Futamura, Nat. Mater. 2017

Electrostatic screening by the pore walls —> Packing of ions of similar charges

J. Phys.: Condens. Matter 23 (2011) 022201 Fast Track Communication

in a pore, compensating the opposing trend due to the loss of
the solvation shell by the ions moving into the pore.

2. Model

Let us consider a point charge at z = z1 confined between
two metal plates (cf figure 1 with V = 0). The electrostatic
potential created by this charge, which satisfies the Laplace
equation and Dirichlet boundary conditions at the plates, can
be easily found using the Fourier–Bessel transform to give

φ(z, R; z1) = 4
εL

∞!

n=1

sin(πnz1/L) sin(πnz/L)

× K0(πn R/L), (1)

where ε is the dielectric constant of a medium between the
plates, R is the lateral distance from the charge, L is the
plates separation (i.e., the pore size), and Kn(x) is the modified
Bessel function of the second kind of order n. Using the
asymptotic behaviour of K0(x) for x ≫ 1 [12] one finds for
R ≫ L/π

φ(z, R; z1) ≈ e−π R/L

ε
√

2L R
sin(πz1/L) sin(πz/L), (2)

which means that the electric potential exponentially decays
with the distance in the plane parallel to the plates, and
the Coulomb interaction between two charges is effectively
screened out. In the opposite limit of large L ≫ π R,
equation (1) recovers the Coulomb law.

We consider for simplicity a single, metallic3, slit-like4

pore, infinitely extended in the lateral directions (see figure 1),
and neglect the boundary effects at the ‘entrance’ and ‘exit’ or
closing of the pore (for supercapacitor electrodes the typical
pore length is usually much longer than its width). The
electrostatic potential at the pore walls is measured with respect
to the reference electrode in the ‘bulk’ of the capacitor. We
consider a small nanoscale pore, in which there is room only
for one ionic layer (as in the experiments and simulations).
Furthermore, we assume for simplicity that the ions are
situated on average in the middle of the pore (i.e., z = L/2,
cf equations (3) and (4)). Although not generally true, this
assumption should not qualitatively change our conclusions.

Now using equation (1), and taking the voltage into
consideration, one finds for the internal energy (per surface

3 In the experiments of [6, 7] carbide-derived carbon (CDC) materials have
been used for electrodes. The CDCs are characterized by properties close to
those of metals, in particular by a relatively high conductivity. In our work
we use the simplest approximation, assuming that the pore walls are perfect
conductors so that the electric field vanishes inside the walls. For semi-metals,
like graphite, the electric field penetrates the walls and decays exponentially
there [13]. In the present context it means that the wall separation will be,
loosely speaking, effectively shifted by some small δL > 0, which will slightly
weaken the effects discussed here; however, the screening of the electric field
by thin carbon walls deserves a special investigation.
4 Cylindrical pores have been used in the experiments and simulations [6–9].
In a cylindrical pore the effect of screening is even stronger than in a slit pore.
A slit pore, in turn, is a first approximation for connected-pore geometries
(such as the space between nanotubes), and can also be beneficial for fast
charging/discharging dynamics.

Figure 1. Schematic view of the cross-section of a single, laterally
infinite, slit-like narrow pore as a part of a porous electrode. The pore
width is L , V is the voltage with respect to the reference electrode (in
the ‘bulk’ outside the pore), and d is the diameter of ions.

area) due to electrostatic interactions of an ionic liquid in a
pore

βU(ρ, c) = βeV c + 4c2 Rc(ρ)LB

∞!

m=1

sin2(πm/2)

m

× K1(πm Rc(ρ)/L), (3)

where β = 1/kBT , with kB being the Boltzmann constant and
T the temperature, and where LB = βe2/ε is the Bjerrum
length5; c = Z+ρ+ − Z−ρ− and ρ = ρ+ + ρ− are the
two-dimensional charge density and total density of the ions
in the pore, respectively, where ρ± are the (two-dimensional)
densities of the ± ions and Z± the corresponding valencies.
In the derivation of equation (3) we have used the cut-out disk
approximation [14] with the cut-out radius Rc(ρ) = (πρ)−1/2.
The voltage, which appears linearly in equation (3), drives the
anions to and cations from the pore for V > 0, and vice versa
for V < 0.

We present the free energy of transfer of an ion from
the bulk into a pore as a sum of two contributions: (i) a
‘resolvation’ free energy δEα (α = {+,−}) due to the (partial)
loss of the solvation shell when an ion moves from the bulk
to the pore, which we assume to be L-independent, and (ii)
a change in the self-energy of an ion due to confinement,
which characterizes its interaction with the metal plates.
The latter can be approximated as the work of ‘charging’
of a point charge inside the pore minus the work needed
to charge it in the bulk with the same dielectric constant:
(q 2/2) limr→r1(φL(r, r1) −φL=∞(r, r1)). Using equation (1)

5 The Bjerrum length is the distance between two charges at which their
Coulomb interaction energy in a medium of a given dielectric constant ε is
equal to the thermal energy. The value of the Bjerrum length in the bulk is
of the order of 5 nm for a typical ionic liquid and 0.7 nm for an aqueous
electrolyte solution at room temperature. In nanopores the dielectric constant
is reduced, being determined by an effective polarizability of a quasi two-
dimensional layer of ions. Its value is not known, but we expect it to be in
the range between 2 and 5, which gives the Bjerrum length between 11 and
28 nm.
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ions of the same sign as the central ion and that the pore walls have no net charges since they are not polarized.

striking di�erence is the large decrease of the intensity of the
negative peak at 0.45 nm; this evidences the intrusion of anions
into the cationic coordination shell surrounding a central anion.
Snapshots from the HRMC simulation are shown in Fig. 2d–f
to visualize the structure adopted by the ions (green, EMI; red,
TFSI). The inter-ionic structure of the bulk liquid is disordered

(Fig. 2d), whereas a more evident orientation ordering of confined
EMI–TFSI is observed in the 0.7 nm slit-pore (Fig. 2f); co-ion chains
of cations and anions are formed and arrange alternately in a 0.7-nm
pore. Note that here co-ions designate ions of the same sign as
the central ion since the pore walls are not polarized. Figure 2g–i
reports the corresponding proportions of each ion type in the
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Is graphene a new eldorado for supercapacitors?

Wang, Nanoscale 2014

This journal is©The Royal Society of Chemistry 2016 Energy Environ. Sci.

material (Fig. 11a). After activation treatment at 800 1C, a highly
porous GO with SSA as large as 3100 m2 g!1 and electrical
conductivity up to 500 S m!1 was obtained. The KOH-treated
GO sheets were composed of a highly curved single-layer with
primary pore size in the range of 0.6 to 5 nm (Fig. 11b–d).
The existence of nanopores greatly facilitates ion kinetics
and improves the charge storage capability. A supercapacitor
assembled with the activated MEGO electrode displayed a
rectangular CV profile over a wide range of scan rates
(Fig. 11e) with specific capacitances of 165, 166 and 166 F g!1

at current densities of 1.4, 2.8 and 5.7 A g!1 in the BMIMBF4/AN
electrolyte, respectively (Fig. 11f), thus delivering a high energy
density of 70 W h kg!1 at a power density of 250 kW kg!1.
Following this activation method, Zhang et al.196 prepared a
highly conductive, free-standing and flexible graphene film
with a SSA of 2400 m2 g!1 and an in-plane electrical conducti-
vity of 5880 S m!1. It showed an excellent frequency response,
extremely low ESR and a dramatically high power density
(500 kW kg!1) in the TEABF4/AN electrolyte. Similarly, activa-
tion of crumpled graphene balls was also demonstrated to
introduce additional mesopores.111 The activated product had
a SSA of 3290 m2 g!1, and delivered gravimetric and volumetric
energy densities of 74 W h kg!1 and 44 W h L!1, and power
densities of 338 kW kg!1 and 199 kW L!1 in an IL electrolyte,
respectively.

In comparison with KOH, H3PO4 is an alternative activation
agent that has been demonstrated to be effective in creating
nanopores in graphene sheets.197–199 Different from the KOH
activation process, which predominately produces micropores,
H3PO4 activation usually generates mesopores with pore size in
the range of 2–8 nm.199 Owing to the existence of mesopores,
the electrode displayed a specific capacitance of 204 F g!1

with enhanced rate capability, reduced equivalent series resis-
tance and shortened time constant when compared with the

pristine graphene without H3PO4 activation. Apart from KOH
and H3PO4, ZnCl2 and CO2 have also been demonstrated to be
good activation agents.197

3.2.3 Electrochemical activation. Electrochemical activation
is another widely used method to create pores in AC. It was
envisioned that electrochemical activation can lead to a signi-
ficant improvement in capacitance.200,201 Electrochemical
activation of graphitized carbon or partially reduced GO can
lead to an irreversible increase in the interlayer distance
through ion intercalation into multilayer graphene sheets. In
other words, the electrochemical activation of graphitic carbon
occurs by overcoming van der Waals energy to expand the inter-
layer distance.202 As an example, expanded graphite having a
wider interlayer spacing (0.44 nm) with low SSA was electro-
chemically activated to generate ion-accessible sites for ion
intercalation into the interlayer space, leading to a specific
capacitance of 100 F cm!3.203,204 Recently, partially reduced GO
was electrochemically activated and the SSA was tremendously
increased from 5 to 2687 m2 g!1.205 As a result, the activated
sample delivered a specific capacitance of up to 220 F g!1.
The increased capacitance after activation can be related to the
ion/solvent interaction or to the pores created between the
graphitic units which are not accessible before activation.
Very recently, a high-power micro-supercapacitor based on
micrometer-thick graphitic petal electrodes was fabricated
using microwave plasma CVD and patterned using optical
lithography.206 The binder free electrode with large SSA was
then used as an active electrode material. Charge/discharge
rates of up to 100 V s!1 were achieved in 1 M H2SO4 aqueous
electrolyte. After electrochemical oxidation treatment in 1 M
H2SO4 solution at room temperature, a volumetric capacitance
of 270 F cm!3 was achieved at a scan rate of 20 mV s!1 while
high charge/discharge rates can still be maintained. The rela-
tively simple electrochemical treatment adopted to modify the

Fig. 10 (a) Schematic representation of the role of in-plane nanopores in promoting ion penetration across the 2D graphene plane. (b) Photograph of
the as-prepared GNM. (c) TEM and (d) FESEM images of GNM. Reprinted with permission.191
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Simulation of nanoporous graphene

Mendez-Morales, JCP 2018

> 40,000 electrode atoms; 5,000 ion pairs

Impact of the graphene interlayer (7 —> 10 Angstroms)



From monolayer to bilayer confinement
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Impact of the structure on the capacitance
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Comparison with the CDC: disorder wins
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Why are CDC so efficient: pore size distribution
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FIG. 5. In plane radial distribution functions between an ion within the third interlayer and the ions in the fourth one. The
distance r0 corresponds to the relative distance along the surface. Top: A constant potential is applied to the electrode,
allowing the surface charge to fluctuate in response to the electrolyte. Bottom: The partial charges on the carbon atoms are
held constant.

r0 =
p
x2 + y2 (3)

An example of such a function is provided in the tip
panel of 5 for an anion in the third interlayer and the
anions and cations inside the fourth one. The peak at r
= 0 Å shows that anions have a preference for adsorbing
in front of other anions. On the contrary, the cation
population is depleted in such sites. The structure of
each fluid layer is therefore clearly correlated with that
in the neighbouring ones across graphene sheets, with
fluctuations due to the temperature and the presence of
holes inside the graphene planes.

In order to check whether these correlations arise from
the image charges induced by the ions themselves on the
surface of the carbon, we performed an additional simu-
lation where the average charge of the plane was equally
shared between all the carbon atoms (a situation often
called ”constant charge” simulation, although it does not
correspond to a case relevant to electrochemical simula-
tions). As shown in the corresponding radial distribution
functions (bottom panel), the correlations are then lost.
On the contrary, Coulombic ordering is recovered and
cations have a slight tendency to lie in front of anions
from adjacent planes.

IV. CONCLUSIONS

In summary, BMIM-PF6 structure in nanoporous
graphene-based electrodes was analyzed by means of MD
simulations that take into account the polarizability of
the walls. Both anions and cations were significantly de-
solvated inside the nanopores regardless their width, but
the way they are accommodated varied from a single nar-
row layer to a bilayer configuration when increasing the

pore size from 7 Å to 10 Å. Additionally, the ions were
found to be more densely packed in the smaller pores,
which is possible due to the screening of the Coulombic
interactions between the ions by the image charges. This
’superionic state’ previously predicted by Kondrat and
Kornyshev was confirmed by a more marked formation
of counter-ion/counter-ion pairs under a strong confine-
ment. We also considered the relation between the inte-
gral capacitance and the size of the pores. However, our
results did not correspond with the experimental achieve-
ments and they did not show any dependence on the pore
width. This unexpected behaviour of the capacitance was
explained in terms of the correlation between ions of the
same sign belonging to di↵erent pores; that is, the dis-
tribution of the ions in one layer is strongly influenced
by the conformation that the ions adopt inside the other
layers due to the image forces. This correlation, which
showed to be much more remarkable in the thinner pores,
leads to a picture in which the adsorption of the ions and,
consequently, the performance of the supercapacitor, is
limited by the less e�cient pores.

From these evidences we can conclude that tuning the
pore size to fit the size of the ions of the electrolyte
with the aim of enhancing the capacitance of nanoporous
carbon-based supercapacitors is not enough. Our re-
sults point to the morphology of the electrodes having
a deep influence on the charge storage and show that
structural disorder, surface roughness and pore curva-
ture are key factors when it concerns the design of new
high-performance supercapacitors.
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Conclusions

Carbide-derived carbonNanoporous graphene

(ACN)28 mixtures bounded by electrodes modeled as three
parallel ideal conductor honeycomb lattices of carbon atoms on
both sides,29 as depicted in Figure 1a. Despite its relative
simplicity, this model has been shown to yield good agreement
between simulation and experiment for a variety of bulk and
interfacial properties.19,30−32 Figure 1b shows characteristic
snapshots of the electrode−electrolyte interface for different
ion−solvent compositions. Details on the molecular models are
given in the Supporting Information.
The algorithm we use to maintain a constant potential across

the capacitor follows from Reed et al.33 based on the work of
Siepmann and Sprik.34 During the simulation, the charge on
each electrode atom fluctuates in response to the thermal
motion of the electrolyte with fixed potential difference ΔΨ,
temperature T and system volume V. The number of electrolyte
molecules N = Ni + Ns, where Ni is the number of ions and Ns
is the number of solvent molecules, is also kept fixed during the
simulation. The electrode charges are determined at each time
step by minimizing the potential energy subject to a constraint
of constant voltage, which can be solved efficiently by matrix
inversion.35 Within this ensemble, the differential capacitance,
C(ΔΨ), is calculated from the variance of electrode charge
fluctuations using the fluctuation−dissipation theorem,36,37

β δΔΨ = ∂
∂ΔΨ = ⟨ ⟩C Q Q( ) 2

(1)

where Q is the total charge of one electrode, β = 1/kBT, with kB
being Boltzmann’s constant, ⟨...⟩ indicates the ensemble average
with constant N, ΔΨ and T = 400 K, and δQ = Q − ⟨Q⟩.
Figure 2a shows C, the capacitance at zero applied potential,

as a function of ion fraction ρ = Ni/N. While C increases with
increasing ion concentration near ρ = 0, in the concentrated
regime it decreases with ion concentration and exhibits a peak
near ρ = 0.63. The increase in capacitance with increasing ion
concentration in the dilute regime is expected from Gouy−
Chapman-Stern theory, where near the potential of zero charge,
the capacitance is proportional to the square root of ion
concentration.38 The peak in capacitance is consistent with
experimental results of a different ionic liquid in contact with a

molecularly rough electrode,1 suggesting an origin for this
behavior within the electrolyte.
Figure 2b shows the capacitance as a function of potential

calculated using histogram reweighting techniques.26 Details on
the methods are in the Supporting Information. Capacitance
profiles as a function of electrode potential for the three
systems in Figure 2b exhibit a broadening near the potential of
zero charge with increasing concentration, consistent with
experiment.1 The nonmonotonic concentration dependence of
capacitance at ΔΨ = 0 V is observed throughout the 2 V
potential window. For pure ionic liquids, previous studies
foreshadowed an unbounded capacitance at ΔΨ = ± 0.9 V due
to a surface phase transition.19 In that regime, finite size effects
not studied here are likely important. The capacitance
calculated from electrode charge fluctuations should be
symmetric around ΔΨ = 0 V, and any deviation is due to
statistical uncertainty.

Figure 1. Simulated capacitor. (a) Each capacitor consists of an electrolyte between two electrodes maintained at constant potential difference. The
color code on the electrode atoms indicates the instantaneous charge on each carbon atom. (b) Close-ups of the graphene/electrolyte interface for ρ
= 0.12, 0.31, 0.68, and 0.89 electrolyte systems are shown. (c) Illustration of the coarse-grained models used in the simulations for ACN (blue),
[BMIM+] (red), and [PF6−] (green). The electrode is composed of three layers of carbon atoms with its basal plane exposed.

Figure 2. Capacitance as a function of ion fraction and potential. (a)
Capacitance at zero applied potential as a function of ion
concentration, normalized by the area of the electrode. The line is a
guide to the eye. Error estimates are smaller than the circle size. (b)
Capacitance as a function of applied potential for three ionic liquid
mole fractions, 0.23, 0.63, and 1 (left to right).
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