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A. Review of the models for ionic adsorption. Activated car-
bons (typically activated with high concentration of KOH
or steamed water at high temperature) is a special class of
amorphous nanoporous carbons that have been intensively
used as supercapacitor electrode materials by controlling the
resulting nanoporosity, pore size distribution and surface chem-
istry (functional oxygen-containing groups, (1)). Hence, the
texture parameters at the nanoscale can be tuned to optimize
the electrochemical performance of supercapacitors. Nanos-
tructured electrodes have gained increasing popularity as the
manipulation of nanoporosity and surface functional groups
leads to an enhancement in the gravimetric capacitance in
supercapacitors, hence increasing the energy and power den-
sities of carbon materials. The crucial relationship between
the electrode structure and the applied potentials would grant
the application of wider potential limits in aqueous systems
and therefore achieving better supercapacitor electrochemical
performance in terms of energy and power delivery.

The activation process of nanoporous carbons originally
derived from the pyrolysis of some organic precussors such
as saccharose, cellulose, etc) induces an increase in the over-
all porosity of the material by the removal of molecular size
fragments weakly attached to the main carbon backbone that
is essentially made of a percolative backbone of sp2 carbons
(these sp2 carbon ensure electronic conductivity of the material
due to weakly localized electrons). As a consequence, the acti-
vation process is known to lower electronic conductivity as it
populates pore surface with oxygen-containing groups (that lo-
calize electrons) but also improves sub-nanopores connectivity.
This latter characteristic was shown from Hybrid-Reverse-
Monte-Carlo simulations of the 3D texture of non-activated
(with a density of around 1.5 g/cc) and activated porous car-
bons (with a density of 1 g/cc) (1). This was recently further
confirmed from out-of-equilibrium MD simulations of the flow
of hydrocarbons (2).

Abouelamaiem et al. (3) studied cellulose-derived/KOH
activated nanoporous carbons with different surface chem-
istry and porous textures using polarized in-situ Raman spec-
troscopy to obtain information on the structural changes of
the activated carbons under strong electrochemical oxidation
and reduction conditions. Raman data were shown to be corre-
lated to the cyclic voltammograms obtained in high anodic and
cathodic potentialsm conditions. The influence of the specific
surface area, nanoporosity and oxygen-containing functional
groups in the carbon substrate in supercapacitor applications
was revealed: the conductivity, hence electrochemical per-
formances of the KOH-activated carboneous electrodes was
shown to be directly related to the oxygen content (docked in
oxygen-containing functional groups at the pores surface, the
largest the oxygen content, the lower the conductivity) but
also to the total pore volume and the pore size distribution.
Electrochemical Impedance Spectroscopy (EIS) allows the eval-
uation of the electronic charge transfer resistance in the carbon

solid texture and electrolyte movement resistance under an ap-
plied ac potential. EIS is a non-destructive technique that has
been applied to study porous electrode/electrolyte interfaces
(4). EIS is one of the very few techniques that is sensitive to
material porosity in particular it allows addressing the role sub-
nanopores in porous carbons in polarized anodic or cathodic
conditions when docking ions (5). Beguin et al. (6), Chmiola
et al. (7) and Segalini et al. (8) previously demonstrated that
electrodes with sub-nanopores can exhibit high specific capac-
itance, and attributed this phenomenon to distortion/removal
of the ion’s solvation sheath as it enters the charging pore;
access to these sub-nanopores was strongly voltage dependent.
That is, at low electrode voltages ions can be excluded from
subnanopores, but at higher voltages, the ion solvation sheath
can distort and rupture making naked ion docking possible.
Thus, for a porous carbon having a given pore-size distribu-
tion starting from the subnano-range, one can expect that the
strong potential-dependence reflects on its impedance. More
specifically, we might expect an increase in measured storage
pore capacitance and a decrease in resistance associated with
ion storage in subnanopores. Suss et al. (5) indicated that
high-frequency semi-circle type features have been observed for
metal/electrolyte interfaces in the impedance Nquist plot (i.e.
imaginary part of measured impedance plotted as a function
of its real part) can be attributed to electrochemical redox
reactions at the metallic/electrolyte interface although porous
carbon electrodes are typically not associated with such so-
called Faradaic pseudocapacitive-type ion storage mechanisms.
This correlates well with the findings of Abouelamaiem et
al who showed porous carbons do not reveal a clear Nquist
semicircular plot, indicating insignificant charge transfer re-
sistances due to redox reactions on functional pores surface
groups above a certain potential threshold.

However, the non-ideality of nanoporous carbon surfaces,
makes fundamental understanding of the electrochemical pro-
cesses occurring very challenging as because of topological
defects (compared to graphene plane hexagonal atomic ar-
rangement) combined with chemical defects (functional oxygen-
containing group non-sp2 carbon atoms (that are nevertheless
forming a percolative backbone of the porous carbon matrix
allowing for electronic conductivity. Very recently, Evlashin et
al. (9) have shown that the including heteroatoms (O and N
defects) into a graphene does lead to a substantial increase of
the capacitance. In particular, they identified carbon lacunes
as favorable sites for these chemical defects through partial
oxidation of the carbon lattice. Hartmann and Hwang (10)
applied computational methods to evaluate the energetics of
the reduction (hydrogenation) and oxidation (hydroxylation)
reactions on pristine graphene and showed local distortion
of the carbon arrangement upon chemisorption of H and O
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impurities upon polarization. Along the same line, Hussain et
al (11) showed using quantum DFT that nanoporous defective
graphene (NPG) can be used as an anode material for Li+,
Na+, K+, Mg2+, and Ca2+-ion docking. They calculated
structural properties, defect formation energies, metal binding
energies, charge analysis, and electronic structures proper-
ties. In particular, they showed that upon substitution with
oxygen-rich functional groups (e.g., O, OH, and COOH) and
doping with heteroatoms (B, N, P, and S), the ion binding
ability of NPG is significantly enhanced. Using nonequilibrium
Green’s function theory in Tight Binding (TB) and Density
Functional Theory (DFT) schemes, G. Lee et al calculated
the density of state of defective oxidized graphene and showed
electron localization that upon substantial amounts of defects,
is responsible for the inferior electronic transport quality than
pristine graphene. Focusing on atomic partial charge distri-
bution in graphene flakes, Maslechko et al. (12) showed that
only pure sp2 carbons (i.e carbons connected to 3 other carbon
atoms with an angle of 120 degree between them have a zero
atomic partial charge while all others (carbon atoms connected
to other elements such as H, O, N, B) do localize charge excess
or deficit (depending on the polarization achieved by injecting
or removing one electron). The unified picture that emerges
from the above listed theoretical works on graphene is that
defects of whatever form (chemical heterogeneity, H, O, N
etc...) or topological (carbon atoms departing from the pure
6 C members ring in the sp2 state of wave function hybridiza-
tion) are the locations of charge accumulation or deficit upon
charge injection/removal mimicking voltage polarization and
drive ion adsorption.

Based on the lessons from defective graphene and moving
more specifically to nanoporous ordered carbons (replica from
zeolites casting with pores size of 1 nm(13) and disordered
activated carbons (1), Delfour (14) (in French) (15) calcu-
lated the electronic structure of these carboneous substrates
using a TB (with a 2nd moment approximation) approach
allowing to get the electron density of state, eDoS, and the
atomic partial charges upon supplementary electron injection
or upon the removal of some pristine electrons. It was found
that the electron conductivity of ordered carbon nanoporous
materials (calculated from the eDoS at the Fermi level in a
free electron approximation) is actually lower than that of
disordered nanoporous carbons and does not relate to the
actual material density but rather correlates with the actual
atomic arrangement in terms of percolative path of sp2 carbons
atoms through out the nanotexture that is always present in
disordered nanoporous (activated) carbons ; non sp2 carbons
populate more the texture of carbon obtained from zeolite
casting. This result holds true in a zero-charge situation as
well as in charged (polarized) conditions (]0.3|e/C-atom).

In her TB simulations of an ordered porous carbon-based
supercapacitor (of a 1:1 electrolyte with no explicit solvent,
Cs+Cl- referred to here as the ionic fluid), Delfour proceeded in
several steps: (i) the TB partial atomic charged calculated for
the polarized system with no electrolyte were frozen and used
in a NVT Monte-Carlo simulation of the ionic fluid adsorb-
ing and (partially) invading the pore space from the outside
external space in-between the two zeolite-replicated carbon
electrodes (ii) the eDoS and the partial charges were then
recalculated. Having the ions invading the pore systems did
locally change the carbon atoms partial charges, typically at

the vicinity of the external surface. A self-consistency scheme
was used to periodically update the atomic partial charges and
obtain a charge distribution consistent with the modification
of the potential achieved through the modification of atomic
levels. The method used to achieve self-consistence calculates
the electronic structure eDoS of the whole system (carbon
and ions) after MC equilibration. This involves performing a
complete TB calculation, which is computationally extremely
heavy and also requires the introduction of new Slater pa-
rameters to characterize the atomic levels and jump integrals
associated with all species. The proximity of the ions will mod-
ify the charge distribution of the carbon atoms, and in return
their own charge, requiring the above outlined self-coherent
treatment. Such procedure allows the conservation of the
charge of the ions and the update of the charge on the carbon
atoms. (iii) a new MC simulation was then be restarted with
the updated charges, and so on... until the distribution at
the start and at the end of the simulation are identical (hence
achieving self-consistence). Delfour’s work showed that the
amount of docked ions in electrodes nanopores did not change
much upon this self-consistent scheme i.e the amount on ions
docked in both electrodes at the first step remains almost
constant. It was also shown that the eDoS remains essentially
the same when comparing that of the system with its pores
loaded with ions to the one calculated for the polarized system
with no ionic liquid. However, the electronic conductivity
(in the free electron approximation) did show a noticeable
increase with a larger number of states at the Fermi level due
to presence of ions. Applying the same computational scheme
to disordered porous carbons (with smaller pores compared
to zeolite templated carbons), Delfour did show that only the
nanopores in close connection with the external surface were
actually occupied by ions with a penetration depth of typically
1 nm.

The present work builds upon these theoretical results ob-
tained from quantum methods that take electrons explicitly
and uses the departure from the perfect sp2 carbon state to
locate (topological and chemical) defects and attribute them
a charge excess or deficit of charge depending on the polar-
ization. Therefore, we modified the constant charge method:
the electrostatic field generated by the matrix defects (here
non sp2-carbon atoms and edge hydrogen species) will drive
ion adsorption on the electrode external surface as well as in
its nanopore. This is a key improvement with regard to the
standard constant charge (CC) approach that gives all sub-
strate atoms the same charge. It is also an improvement with
respect to the constant voltage (CV) approach that assumes a
perfectly conducting substrate hence accumulating/depleting
charges only on the atoms at the pore and external surfaces
with no regards to the intrinsically defective nature of porous
carbons as electrode material. As carbon atoms at the ex-
ternal or pore surface are necessary defective according to
our approach, they will localize charge excess/deficit. In this
sense our approach is consistent with the CV approach. The
neglect of substrate charge adjustment upon ion docking some-
what inclines our method to predicting to be more accurate
toward the first instant of ions docking although Delfour’s TB
calculation show rather insignificant change in ions docking
through the charge regulation process. Our approach also
allows locating charges excess/deficit in the electrode core that
is makes it also consistent with the standard CC method. In
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sum, our computational scheme to describe a supercapacitor in
functioning conditions implements the advantages of both CC
and CV traditional scheme while enabling (i) the ion docking
in sub nanopores (as shown by experimental evidence) and
(ii) without excess adsorption of ions leading to unphysical
situations where all ions of giving sign localize at the middle
of the oppositely polarized electrode (see Fig. S 2).

1. Methods

The simulations has been done in a box of 52x52x105 A3 using
periodic boundary conditions has been used. The temperature
has been controlled using a Nose-Hoover thermostat set at
300K with a temperature damping parameter of 100fs.

A voltage has been applied to the system in order to sim-
ulate the adsorption of ions inside the electrodes. Several
methods has been used to apply the charge differential on the
two electrodes. First, we have used the constant voltage (CV)
method developed for metallic surfaces(16-18), which has been
recently recommended for studying EDL supercapacitors(19).
In this method, the charges are attributed to electrode atoms
and are recalculated along the dynamics. This method has
been widely used to study EDL with electrolytic solution(19)
and metallic systems(20). Secondly, we have used the con-
stant charge (CC) method which consists in adding a small
positive or a negative charge AF to all atoms of each elec-
trode. This method is cheaper but is generally considered less
reliable. However, it has been shown that it can be useful
for sub-nanometer space(21) Amongst the main drawbacks
of the constant charge method is that it does not adapt the
charges locally when the electrolytes are adsorbed. Finally,
we have used a new method that we have developed that is
called chemically driven charge localization (CDCL) in which
we distribute the charges according to the presence of defects
in the system.

Recently, it has been shown that when imposing a voltage
by imposing constant charges in the electrodes could lead to
unrealistic increase in the temperature(19). To our eyes, this
is a major issue that has to be tested. We have simulated
a trajectory in the NVE ensemble in order to sample the
evolution of the temperature over time using the constant
charge method. After an equilibration of the model 1 during
50 ps at 300K in the NVT ensemble, the temperature has
been recorded during a run in the NVE ensemble. In a recent
work, Merlet et al. (19) observed an abnormal temperature
increase using the CC scheme. Note that after analysing the
trajectory, we did not observe any significant increase in the
temperature (see Figure). The main differences between our
systems and the system studied in Merlet et al. (19) is that we
have simulated a water-based solution and that we have not
placed the electrodes at the edge of the box. The increase in
temperature that was observed in the literature is most likely
due to a macroscopic field that has not been cancelled out.

We would like to draw the attention on the fact that the
constant potential method, in our simulations, the charge
density was high at the edges of the electrodes (see Fig. 4(a)),
a result that did not depend on the Gaussian width parameter.
In comparison to the constant charge method, there is an
important difference in term of charge distribution. We have
found that due to these different schemes, the ions are not
adsorbed on the same sites. In the case of constant potential
method, we only have ions adsorbed on the surface or in the
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Fig. S 1. Evolution of the temperature over time showing no drift using the CC
scheme and the CDCL scheme using delta, = 0.02

skin of the electrodes, where the charges are large, whereas
in the other method ions are adsorbed all along the profile
of the electrodes (including inside pores). In the literature,
the constant potential method has been shown to be able to
adsorb ions inside carbon electrodes(22). However, the pore
size distribution being different than ours, this is most likely
adsorption in large pores(23). In pores of about 1-2 nm, the
pore walls will be densely charged in the constant potential
method as it is for the surface of the electrodes that will attract
ions inside the electrodes (24).

In our carbon-based systems, the charge should not be
delocalized as it is in metals. Recently, Deschamps et al. (25)
has shown experimentally that ions are being adsorbed inside
the nanopores in nanoporous materials. A result that could
not be reproduced by the constant voltage method, because
of the charge distribution favoring adsorption on at the skin
of the electrodes. Thus, the charge distribution given by the
constant potential method is not realistic. The drop in the
charge excess is about 0.2 e/atom if we compare the charges of
carbon atoms at the surface of the electrode and in the middle.
Also, in a large centered region, the charges are almost null,
which leads to a majority of carbon atoms not interacting
with the ions of the system. The same results were obtained
applying the constant charge method only on the carbon atoms
belonging to the skin of the electrode.

As observed in the literature(19), we have noted that in
the constant charge method the dynamics of ions was quicker
than the constant potential method. The former method does
not add any computation time since the charges are fixed.
Thus, the computational cost of the constant charge method is
significantly reduced compared to constant potential method.
However, in the constant charge simulations, the ions are being
adsorbed to the center of the electrodes Fig. 4(b), and no ions
remain at the surface.

In order to estimate the energy variation due to the ad-
sorption of ions in the pore network, we have calculated the
differential of energy between the initial configuration (with
no adsorption) and the same configuration having one ion
adsorbed in the electrode. The energy of the adsorption is
about 0.083 eV, which is small compared to the bond energy

PNAS | May 30,2022 | vol. XXX | no. XX | 3

286

287

288

289

290

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325



326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

Constant voltage

Fig. S 2. Snapshots of adsorption sites at the highest polarization. Carbon atom of
around the ions are colored in orange and the aromatic rings are colored depending
on their number of members. In the constant voltage method, ions are adsorbed
only at the surface of the electrodes (top). In the constant charge method, ions are
adsorbed both inside only deeply inside the electrode (center). In the CDCL method,
the ions are adsorbed inside and on the external surface of the electrodes.

of the bonds of the system. Therefore, the presence of ions
in the electrodes should have a weak influence on the charge
localisation. Moreover, if the ions are adsorbed with the hy-
dration shell the ion charge should be screened by the water
molecules.

We have found that in the constant potential method,
which adapts the charges locally as the ions are adsorbed, the
charge variation of a carbon atom is negligible compared to
a system in which no ions are adsorbed. In fact, in these
supercapacitors, we do not have chemical reactions during
the charge. Therefore, the presence of nearby ions should
not completely change the charge distribution of atoms in the
electrode.

In the chemistry driven charge localisation scheme (CDCL),
the charges are attributed depending on the number of mem-
bers in the aromatic ring and depending on the angle made
with a carbon atom and its nearest neighbors Fig. 3. More
explicitly, we attribute an additional charge (positive for the
anode and negative for the cathode) to atoms making an an-
gle far from the ideal angle for sp2 carbon (about 120°). A
smoothing has been used to attribute a smaller charge the

closer we are to the ideal angle.

charge scale
0 Aemax

Angular distribution (a.u.)
|

! | ./"\
0 100
C-C-C angle

Fig. S 3. Angular distribution function of the C-C-C angles.

!
200

A. Charge distribution in the constant voltage method. The
charge distribution in the constant voltage method shows that
only the carbon atoms at the edge of the electrodes are charged
(Fig. 4(a)). This explains why in the trajectories, we observe
that the ions are adsorbed only at the external surface of the
electrodes (Fig. S 2). Moreover, we have observed that the
presence of ions at the surface (Fig. 4(b)) does not significantly
modify the attributed charge to the carbon atom.

B. Radial distribution function. The radial distribution func-
tions for C-O, C-Cl and C-Na show that ions and water
molecules can be adsorbed in small pores of a minimum size
of about 5nm. Before applying the electric field, we have
observed that water molecules have entered the pore network
but ions remains on the outside of the electrodes. The carbon
material has a hydrophobic nature, which is reflected by the
first C-water peak being localised at about 3.1A . Ions in this
system are adsorbed at a closer distance to the edges of the
pores (about 2.1 A ). Therefore, ions will tend to lose their
hydration shell before entering into smaller pores.

C. Capacitance. The specific capacitance has been calculated
as following: Cs = Q/(m x U) where Q(C) is the total charge
adsorbed in the electrodes, U(V) is the voltage and m(g) is
the mass of the electrodes.

D. Number of ions adsorbed in the constant charge method.
Unexpectedly, we have noticed that in the constant charge
method if the charges are uniformly distributed, it is necessary
to apply a larger charge to the carbon atoms than in the case
of a heterogeneous distribution. This result is certainly linked
to how the ions are escaping their hydration shell. This is
in agreement with the results discussed in the main text, in
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Fig. S 4. (a) Charge attributed to carbon atoms for a constant voltage of 10V
depending on their position relative to the center of the electrode. The electrode is 30
A wide, in 2/3 of the electrodes the attributed charge is close to zero. The average
value is -0.01 e. (b) Evolution of charge attributed to a carbon atom on the surface
of the anode during the simulation (with adsorption in black and without adsorption
in red). The adsorption of ions does not modify the average value of the charge but
induces small fluctuations around it.

particular with the fact that we do not observe adsorption of
ions inside the electrodes when we use the constant potential
method, in which all the surface of the electrodes is charged
and does not force the ions to leave their hydration shell.

Tons that are being adsorbed in the constant charge method
(with a uniform distribution) are diffusing to the center of the
electrodes Fig. 4(b) and have a fast dynamics compared to
the two other methods presented in the manuscript.

To compute this energy we compared the total energy, after
a minimization, between the initial system and the system
after adsorption. This corresponds to the energy of adsorption
for a system at constant mass. In the case of adsorbing a
single ion in the constant charge method using a non-uniform
distribution of additional charges, we have calculated that the
energy of adsorption is only 8kJ/mol (0.083 eV).

Moreover, we have calculated the energy of adsorption in the
constant charge method (with a uniform charge distribution).
Fig. S 8 illustrates this energy for each simulation at different
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Fig. S 5. Radial distribution function for the C-O,, after absorption.
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Fig. S 6. Number of ions adsorbed in the constant charge method (homogeneous
distribution).

voltage. We notice that the second system with ionic fluid has
a linear energy storage function of the number of adsorbed
ions. Note that, we also performed simulations with different
distances between the electrodes and did not notice evolution
for both, capacitance and stored energy. This corresponds
to a uniform and constant charge method. In this method,
the adsorption energy is much higher than in the non-uniform
distribution case. This is due to the fact that the constant
charge method can lead to unrealistic results in which all ions
are adsorbed close the the center of the electrode and therefore
in more constrained pores, as mentioned previously.

E. Adsorption video (attached separately). The video shows
the adsorption of chloride and sodium ions (orange and blue
spheres respectively) in the electrodes. In the beginning, the
full simulation box is shown, composed by the two carbon
electrodes, water, chloride and sodium ions. The electrodes
are colored based on the local carbon charges based on the
CDCL method. For visualization reason, we depict the high
charge (0.02 e) in red, low charge (between 0 and 0.02 €) in
green and no charge in gray. The first part of the video zooms
into the positive electrode and shows the dynamics of chloride
desolvation and adsorption. The water molecules are blurred
out for easier visualization of the ions and carbon network.
The second part zooms into the negative electrode and shows
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Fig. S 8. Relative energy due to the adsorption of ions for different voltage. These
energies are computed after an energy minimization of the final configuration of MD
runs. Squares represent simulations with only the sodium ions compensating the fiber
charge. Circles represent simulations with 20 sodium and 20 chloride additional ions.

the dynamics of sodium desolvation and adsorption. The video
correspond to a maximum charge Ay = 0.02 e.

F. Lammps input file (attached separately). Input files con-
taining the atomic structure (with different charges) and the
LAMMPS script files for the adsorption simulation can be
downloaded. The required files for the run are Dataset S1.txt
(lammps control file), Dataset S2.txt (atomic structure file),
Dataset S3.txt (lammps parameters file) and Dataset S4.txt
(COMPASS parameters file). Dataset S5.txt (0V), Dataset
S6.txt (0.5V), Dataset S7.txt (1V) can be used as replacement
of the file Dataset S2.txt to modify the applied voltage.

G. Charge distribution in defective carbon structures.
Charge distribution has been calculated on a defective ac-
tivated carbon at the HF /6-31G* level using Gaussian09 and
the charge analysis has been performed using the restrained
electrostatic potentials scheme using Multiwfn(26). The charge

distribution indicates that the charges are localised on defects
and sp2 carbon atoms have a very low charge (< 0.05 q).
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H. Desorption. After 1 ns of unloading (starting from a config-
uration obtained after loading the electrodes with A;=0.01e
(0.5V), ions are kept inside the electrode. We observe that the
number of Cl™ ions trapped in the system is bigger than the
number of Na*t.

Fig. S 9. Snapshot showing Nat and CI~ ions that are being trapped in the porous
structure after 1 ns of unloading. For clarity, only ions at a distance less than 3 A to
the carbon atoms are shown.
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