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Abstract

Nanoporous carbons play an important role in different electrochemical applications
such as being utilized as electrodes in supercapacitors. Application of electric potential
to a porous electrode in electrolyte solution stimulates adsorption or desorption of ions
on the electrode surface. Electrosorption causes appearance of solvation pressure in
the pores and results in electrode deformation. In this work, using molecular dynamics
simulations and the continuum theory based on the modified Poisson-Boltzmann equa-

tion, we studied the structure of the electrical double layer in slit graphitic micropores
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filled with a NaCl aqueous solution, and solvation pressure in these pores. We fo-
cused on the behavior of the solvation pressure as a function of pore width and surface
charge density. Within molecular dynamics simulations, two different water models
were used — an explicit model based on SPC/E water molecules and an implicit model,
i.e., structureless background with fixed dielectric permittivity. The latter allows us
to relate molecular dynamics simulation to the continuum theory. Simulations with
explicit water show a qualitatively different behavior of the solvation pressure in the
1 and 2nm pores as a function of the surface charge density. We demonstrated that
the value of the solvation pressure is defined by a delicate balance between Van der
Waals and electrostatic contributions. We demonstrated that the theory predicts the
dependence of the solvation pressure on the pore width, which matches the results of
simulations using the implicit water model. Finally, we adapted the continuum theory,
developed for adsorption-induced deformation to estimate the deformation of a carbon
electrode due to electrosorption. Our results can be used in the further development

of nanoporous actuators working based on electrosorption-induced deformation.
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Introduction

Application of electric potential to a porous electrode in electrolyte solution, stimulates ad-
sorption or desorption of ions on the electrode surface. This electrosorption process is behind
the mechanism of energy storage in supercapacitors. Since the early works on electrosorption
in porous carbons, electrosorption showed to be accompanied with deformation. On the
one hand, for energy storage devices, these deformations are obviously undesired.”* On the
other hand, electrosorption-induced deformation offers the potential to build new types of
actuators,” which operate at exceptionally low operating voltages,® a fraction of a volt com-
pared to classical piezoelectric materials, which typically require several hundred volts. This
is particularly interesting for biological applications. Mechanical forces play a crucial role
in shaping biological systems, influencing the growth, structure and functionality of various
living tissues.” " Research has shown that mechanical stimuli can induce significant changes
in cellular morphology, signalling pathways and gene expression through the activation of
specialised mechanoreceptors such as piezo channels. The unique combination of mechanical
force generation and low operating voltages offered by nanoporous electrodes opens up excit-
ing possibilities in the field of biomedical engineering. These materials could be integrated
into medical surfaces and implants, allowing precise electrically controlled manipulation of
tissues™ and even interfacing with brain function, i.e. neuronal activity.*!

The first actuators based on electrosorption-induced deformation utilized carbon nan-
otubes,” followed by those made of nanoporous metals.*#"# Advancements in sol-gel synthesis
of templated monolithic carbons helped further advancing such actuators.™® These materials
can be prepared with precise control of the pore sizes, as well as, surface and mechanical
properties. Further development of such materials to use them as actuators can benefit from
a model capable of predicting the dependence of electrosorption-induced strains on these
materials properties. This work aims to take steps towards building such a model.

Electrosorption-induced deformation is driven mainly by solvation pressure in the pores,*?

which has been studied theoretically in a number of works, e.g.#%18 The simplest, contin-
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uum approach based on the Poisson-Boltzmann equation®™ predicts the quadratic depen-
dence of the solvation pressure on the surface charge density. This is indeed consistent with

ATAP0RT

multiple experimental studies, and with more sophisticated theoretical approaches.

122 was used to explain the complex

Recently, a modified Poisson-Boltzmann (mPB) mode
electrosorption-induced deformation of CMK-3.1% In addition to continuum models, a num-
ber of molecular simulation studies focused on solvation pressure resulting from electrosorp-

tion in carbon nanopores. In Refs. %23

molecular dynamics (MD) was applied to study the
behavior of room-temperature ionic liquids in micro- and mesopores, showing the parabolic-
like behavior of pressure in 1.2nm and 7 nm pore as a function of charge density.“ In paper®®
the focus was shifted toward pore size dependence of the solvation pressure at fixed surface
charge densities. Several publications investigated the solvation pressure of confined aqueous
electrolytes as a function of surface charge density and pore size.*** In Ref.** a “primi-
tive” model was used to calculate contour maps demonstrating attracto-repulsive regimes
of wall interactions. In Ref.*” the authors applied the Monte Carlo method to study in-
teractions between charged surfaces. They demonstrated that the additivity of hydration
and electrostatic solvation pressure contributions breaks down even at moderate surface
charges. This was partially attributed to the possible modification of the hydration force
due to surface-charge-induced water reorientation. In Ref.?” the water-mediated interactions
between calcium carbonate surfaces were studied as a function of the surface separations. In
paper?? the authors studied dense electrolytes using a combination of molecular dynamics,
Monte Carlo simulation and classical density functional theory (¢cDFT). One of the findings
was that ion-surface and ion-ion excluded-volume correlations are important for a correct de-
scription of the solvation pressure and ion density profiles of highly concentrated electrolytes
(> 1M).

To summarize, these papers mainly consider the dependence of the solvation pressure
on the distance between charged surfaces using the surface charge density as a parame-

ter. While focusing on the solvation pressure, they lack the transition to the description of
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electrosorption-induced deformation. Therefore, study of the surface charge dependence of
the solvation pressure and its generalization to the macroscale is still needed. In the current
paper, we study the behavior of the solvation pressure in slit carbon micropores immersed
in NaCl aqueous solution as a function of surface charge density. We used three different
theoretical approaches: (1) molecular dynamics (MD) simulations with explicit water, (2)
MD simulations with implicit water, (3) continuum model based on the modified Poisson-
Boltzmann model. These models help clarify the role of individual force contributions to
the calculated solvation pressure. We used implicit solvent molecular dynamics to verify our
mPB model, which was further used to predict the electrosorption-induced deformation on

the macroscopic scale with account of the possible pore size distribution.

Methods

In this work, we describe an electrosorption process on one-pore scale using three different
theoretical approaches: classical molecular dynamics with implicit and explicit water and the
modified Poisson-Boltzmann equation. The main goal of our study is to calculate solvation
pressure as a function of pore width and surface charge density. Two types of water models
are used in our simulations: SPC/E“Y and water as an implicit solvent, i.e., a structureless
background with constant dielectric permittivity. The latter allows us to perform an almost
direct comparison of the MD results with the results obtained within the framework of the
modified Poisson-Boltzmann equation. In this section, we describe the model and simulation
procedure in detail. The model will be further extended and used in the Discussion section
to apply calculations on the pore scale to predict the macroscopic deformation of microporous

carbons caused by electrosorption.

https://doi.org/10.26434/chemrxiv-2025-bgh6n ORCID: https://orcid.org/0000-0003-3429-1478 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2025-bgh6n
https://orcid.org/0000-0003-3429-1478
https://creativecommons.org/licenses/by-nc-nd/4.0/

Molecular Dynamics Simulations

We studied the electrosorption of NaCl solution using classical molecular dynamics in the
canonical (NVT) ensemble with a constant number of particles (), volume (V') and temper-
ature (7). The temperature was fixed at 298.15 K by applying the Nose-Hoover thermostat.
We represent the pores by two carbon walls consisting of five graphene sheets each (see Fig.
[1). We considered two pore widths (denoted by H), namely 1nm and 2nm. The rectangular
simulation box with 9.5 nm side lengths along the x and z axes and 4.181 18 nm side length
along the y axis was used. The pores were immersed in an aqueous sodium chloride solution.
During the charging process, additional partial charges of the same sign were assigned to the
inner graphene sheets of both pore walls. We introduced additional salt ions to compensate

for the pore charge and make the simulation box electrically neutral.
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Figure 1: Empty simulation box used in the NVT molecular dynamics to estimate the
solvation pressure. We denoted regions where we calculated the corresponding bulk density
and the II;, in the pore by colors.

In the current work, we used implicit and explicit water models. The implicit water

was simulated as a structureless medium with relative dielectric permittivity ¢ = 78.5I The
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ion-ion short-range interactions were described via (WCA)®4 potential:

upy(r) +e r<2Y5g
ury=4{ 1)

0 r> 2164

where ur;(r), € and o are the Lennard-Jones potential and its parameters from MD simu-
lations with explicit water. In the following, we will denote implicit water simulations as
MD/WCA and the simulations with explicit water as MD/SPCE for the sake of shortening.
There are no further differences in the simulation procedure between two types of solvents,
so we will continue with the description of the explicit water, stating that the same is true for
the MD/WCA. We used the SPC/E water model,*" as an explicit solvent model with param-
eters for ion-ion interactions taken from Ref.®¥ The interaction parameters are summarized
in Table [l We used the Lorentz-Berthelot combining rule and cutoff equal to 0.9nm. No
shifting or tail corrections were applied. The SHAKE algorithm was used to constrain the
water molecule bond and bend degrees of freedom. The integration time step was chosen
as 1fs. The total simulation length was separated into equilibration and production parts
— the former was 8ns, the latter was 40ns. The example input files are included as the

Supplementary Materials.

Table 1: Parameters for intermolecular potentials. The value in brackets correspond to the
MD/WCA simulations.

Atom type o /nm € /kcal/mol q /e References

O 0.3165  0.15539 —0.8476  [30]
H - - 04238  [30]
Na® 0235 0.13(0.1) 1 33, 34]
Cl- 044 0.1 —1 33, 34]
C 034  0.0557 0 35]

The solvation pressure was calculated as a difference between the pressures on the inner
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and the outer graphene sheets (see Fig. :

All = Hin - Hout7 (2)

where II;, is the inner pressure and Il is the outer pressure. We calculated the pressures
by adding the forces on the individual carbon atoms and dividing the total force by the area
occupied by the atoms. To do it, we used only the middle part of the pore excluding the
atoms that were less than 1 nm from the pore edge along the z-axis (see Fig. . The same
region width was used to calculate the outer pressure.

In addition to the simulations in the NVT ensemble, we also performed the simulations
in the isothermal-isobaric (NPT) ensemble to estimate the bulk pressure dependence on
the density and ion concentration. Using the SPC/E water model, we calculated the bulk
densities of the aqueous NaCl solution at a fixed number of particles, pressure (P), and
temperature. The pressure was fixed at 1atm using a Nose-Hoover barostat. We used 800
water molecules and different numbers of ion pairs (from 0 to 25). The simulations were
25ns long and the density was calculated using the last 20 ns. For the MD/WCA model we
used 200 ion pairs to estimate the bulk pressures at different molarities. The total simulation

length was 25 ns and the last 15 ns were used as a production run.

Modified Poisson-Boltzmann equation

To compare our simulation results with theoretical predictions, we consider a slit pore of
width H immersed in the electrolyte solution. We assume that the pore is sufficiently long
that we can use a one-dimensional problem formulation. The pore walls carry the homoge-
neous surface charge with density £&. The solvent is treated as a structureless background
with relative dielectric permittivity . The classical Poisson-Boltzmann equation describes
the distribution of electric potential and point charges in the solution. The framework of

a modified Poisson-Boltzmann equation allows us to include additional interactions to the
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model.##3%57 Iy this work, we include the steric interaction between ions, considering them as
charged hard spheres, and short-range interactions with the pore walls. The resulting equa-

tions describing the distribution of electrostatic potential () = 1/(z)) and ion concentrations

(cx = cx(2)) are:

d2
oy = —dler —c) (3)
po(cor) = phales) + pns(er) £ g0 + Ve (2) + Vs (H — 2), (4)

with the external ion-wall short range potential having the form:=3%

2 o \Y /o 4
N T HE I C ] 5)

Eq. p| represents the interaction of the molecule with a surface having the areal density pg
of the interaction sites. Here, o and €, are the Lennard-Jones parameters of interactions
between the guest molecule and the surface particle; gq is the vacuum dielectric permittivity;
¢, and c_ are cation and anion concentrations; p;q(c+) and pps(c+) are the ideal and steric
contribution to the chemical potential; ug(co +) is the bulk chemical potential of the ions.
The excess chemical potentials were obtained in the bulk limit of the fundamental measure

404 which corresponds to the Perkus-Yevick approximation in the one-component

theory,
case. We refer the reader to the existing literature that provides formulations for the chemical
potentials and pressure. ™37 Solving this system of equations (3[and [4]) one can obtain the

profile of electrostatic potential and ion concentrations. The effective diameters of the hard

spheres were determined by hybrid Barker-Henderson rule:*%42
21/645.,
oo [ [ on( ) ’
0

where u(r), is the WCA potential of interactions Eq. [1]
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The pressure inside the pore in this system can be written in the following form:=?

H
dVexs ego (A’
i = — i dz — — | — | »
2/6 = 2 (dz> (7)
i=+ )

where the first term quantifies the short-range interactions between pore walls and the second

term the long-range (electrostatic) interactions. Thus, the pressure (Eq. @ can be calculated

from the solution of Eqs. [3] and []

Results

We performed calculations of the density of the aqueous solution of sodium chloride as a
function of molarity. The results are shown in Fig. . We estimate that the density at 1 mol/1
is 1.026 g/cm?® using the linear fit of the MD results obtained in the NPT ensemble. This

value is used as a reference in our calculations of the solvation pressure.

1.1 T
= MD
105k Linear fit
;1.026 g/cm
] |
s Ir
<
0.95¢
09 1 L 1 L | L 1

0.5 1 15
c,(NaCl) [mol/]

Figure 2: Density of the aqueous electrolyte solution as a function of NaCl molarity. The
points are the results of our MD calculations in NPT ensemble and the line is the linear fit
used to interpolate the MD results.

To setup the simulation of the pore, we first estimate the number of water molecules and

10
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ion pairs we need to obtain similarly to the bulk values of density and molarity in the NVT
box far from the pore. This region is denoted as “bulk region” in Fig.[l] These preliminary
estimations were performed in the same NVT box with a 3nm pore. The simulation boxes
with 1 and 2nm pores can be considered as a result of the process of reducing the distance
between the pore walls from 3nm occurring in the same environment, i.e. volume, number
of water molecules and temperature are fixed. We adjusted the number of ions to maintain
overall electroneutrality, relating the surface pore charge density and the number of added
ions to the system. So, the total number of water molecules was fixed at 10100, the amount
of sodium chloride ions in the simulations is summarized in Table Pl The chosen surface

charge densities are given in Table , and cover a range similar to that used in.*"

Table 2: Number of ions in the simulations with different surface charge densities (§).

Surface charge () / uC/cm? Nat ClI~

—23.7 221 170
—15.8 204 170
-7.9 170 187
0 170 170
7.9 170 187
15.8 170 204
23.7 170 221

Fig. |3| shows the concentration profiles at three different surface charges (—23.7 uC/cm?,
0 and 23.7 uC/cm?) for both the 1 and 2nm pores. The ions and water concentrations cor-
responding to positive and negative surface charges are different from those in the vicinity
of the neutral surface. When the surface is negatively charged, water molecules are partially
oriented and directed by hydrogens to the surface, also the first oxygen peak becomes nar-
rower compared to those at £ = 0. Additionally, cations repel hydrogens, and anions are
almost absent in the pore. We observe different concentration profiles for positively charged
surfaces — hydrogens are turned away from the surface and attracted to the anions. At both
surface charges, electric double layer formation also leads to narrowing of the first oxygen

peak, which should inevitably impact the solvation pressure.

11
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Figure 3: Concentration profiles in 1 nm (left column) and 2 nm (right column) pores; (a) and
(b) correspond to surface charge density of —23.7 uC/cm?; (c) and (d) correspond to surface
charge density of 0 uC/cm?; (e) and (f) correspond to surface charge density of 23.7 uC/cm?.
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Figure 4: Solvation pressure calculated from MD simulations with explicit water model. (a)
Solvation pressure in 1 nm pore; (b) Solvation pressure in 2nm pore; (II) denote an average
over 5 independent runs; (¢) VAW and electrostatic contributions for solvation pressure in
Inm pore; (d) VAW and electrostatic contributions for solvation pressure in 2nm pore.

Fig. [ presents the solvation pressure calculated in 1 nm and 2nm pores as a function of
the surface charge density, showing qualitatively different behavior. AIl in the 1nm pore is
a concave down roughly parabolic function with some non-monotonic behavior at low £. On
the other hand AII in 2nm is a concave up and slightly asymmetric parabolic function. The
solvation pressure in the 1nm pore is also different in magnitude being approximately 10
times greater than in the 2nm pore. For both 1 nm and 2nm pores, the solvation pressure as

a function of £ can be split into two contributions, one originating from short-range (VAW)
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interactions and the other from long-range (electrostatic) interactions. Both contributions
have a parabolic shape as a function of £, and the resulting behavior of the solvation pressure
depends on the fine balance between them, as shown in Figs. [dd and [4d]

The balance between short-range and long-range contributions to the electrosorption-
induced solvation pressure can be further investigated by means of MD/WCA simulations
and the mPB approach. In the MD/WCA simulations, we used the same number of ions
as was determined for SPC/E water, and summarized in Table 2] In MD/WCA simulations
we obtained a molarity approximately equal to 0.8 M. The same value was used in our the-
oretical calculations using the mPB model as well as the same LJ interaction parameters.
Fig. presents II;, as a function of pore width demonstrating good agreement between
the theoretical predictions and the results of MD/WCA simulations. The calculations were
performed in the system with zero surface charge density. Both MD and the model demon-
strate the same oscillatory behavior with one pronounced maximum at H =~ 0.7 nm and the

minimum at H ~ 1nm.

3. ™ MD/MWCA
—— mPB model, ¢ = 38K L mPB model, g = 38K
= MD/WCA 25 mPB model, g = 19K "
2 _ mPB model, §=3.8K
& 15} e
s |
ERRE
0.5 .
of S
1 " 1 " 1 " 1 " 1 " _05 I 1 " 1 " 1 " 1 " 1 L 1 " 1 )
0.5 1 1.5 2 2.5 3 -30 -20 -10 0 10 20 30
H [nm] & [uClent]
(a) (b)

Figure 5: (a) Electrosorption pressure in the pores at £ = 0 as a function of pore size; (b)
Electrosorption-induced solvation pressure in 2nm pore. The symbols represent MD/WCA
results with implicit water and lines are the results of the model. From MD/WCA simulations
we obtained molality ~ 0.8 M and used this value in theoretical calculations. The value of
esf = 38 K corresponds to the one used in molecular dynamics.
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Fig. [5b| shows the solvation pressure calculated for 2nm pore as a function of the surface
charge density. The solvation pressure predicted by MD/WCA has a minimum at £ = 0
and demonstrate asymmetry, due to the difference in the size of the ions. Fig. shows
an appreciable deviation of the predictions of the mPB model from the MD/WCA results
when e = 38K are used in both. However, if ¢y is treated as an adjustable parameter
within the mPB model, the agreement with MD/WCA results can be made satisfactory.
This suggests that the mPB model overestimated the effect of the external field on the
eletrosorption process. Also, an increase of the energetic parameter leads to a shift of the
minimum solvation pressure on the mPB model results. Further, we can compare the Van
der Waals and electrostatic contributions obtained from the mPB model and molecular
dynamics. The results are presented in Fig. |§| for ey = 38 K. Here, the MD/WCA and mPB
approaches demonstrate similar parabolic shapes for both contributions. Also, as was in the
MD/SPCE, the short-range part is positive and the electrostatic one is negative. So, the
same conclusion can be made, that is, All is defined by the balance between them, and can

take both positive and negative values.

100

® MD/WCA, I1.

in,Coul

e MDMWCA, I, .,

50 —— mPB model, I1 cou
_ —— mPB model, ri;'VdW
g
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g or

_50 L

| s 1 s 1 s 1 s 1 s 1 s 1

-30 -20 -10 0 10 20 30
& [uClen]

Figure 6: VAW and electrostatic contributions for solvation pressure, calculated using
MD/WCA and mPB model for 2nm pore. The theoretical results are obtained with ey
= 38K in in 2nm pore.

Figure |7 shows the ion concentration profiles calculated in the 2nm pore at £ = —23.7

and 23.7 uC/cm? for various € using MD/WCA and mPB model. The theoretical con-
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centration profiles calculated for the negatively charged pore match the MD/WCA results

quantitatively, while for the positively charged pore, only qualitative agreement is observed.

15 15
= MD/WCA, Na
=  MD/WCA, Na* e MD/WCA, CI
+ °
« MD/WCA, CI e mPB model, ¢ = 3.8K, N&®
Y | R mPB model, &= 3.8K, Nd 10k P mPB model, €= 3.8K, Clee
. -
& mPB model, g = 3.8K, Cl - o mPB model, g = 38K, Née
E‘ | —— mPB model, &= 38K, N& E‘ « —— mPB model, &= 38K, Cle o
o — mPB model, g = 38K, Ct o
5 -
0
0 2
3
& F
E2r
Sl
% ; ;
0 2 0 0.5 1 15 2
z [nm]
(a) (b)

Figure 7: Ion concentration profiles in 2nm pore predicted by MD/WCA and mPB model:
(a) corresponds to surface charge density of —23.7 uC/cm?; (b) corresponds to surface charge
density of 23.7 uC/cm?. The markers correspond to the MD/WCA simulation results; the
solid lines correspond to the model results with e = 38 K; the dotted lines correspond to
the model results with ¢ = 3.8 K.

Discussion

In Figure m we compared the MC/WCA ion concentrations and the model predictions and
demonstrated that the profiles calculated using e = 38 K better match the simulation results
at a negative surface charge density. Most probably, it is due to the difference in ion sizes, Na™
(approx. 0.235nm) is almost twice smaller than Cl~. Tt is not surprising that our local model
can adequately describe cation distributions since our equations should be more and more
precise with the decrease of ion diameters and concentrations. In turn, positively charged
carbon walls will increase the attraction of anions, whose diameters are approximately equal

to 0.4nm. At high concentrations near to the solid walls, our local model fails to predict the
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distribution of the bulky ions and a the model accounting for nonlocal ion-ion interactions

is required to obtain quantitative agreement with the simulation results.

.
I HS EOS
6 m MD/WCANPT
MD/WCA NVT
5 .
E L
S4r > =
o L
3 .
2 .
1 n 1 n 1 n 1 n 1 n 1
0.2 0.4 0.6 0.8 1.2
c,(NaCly [mol/l]

Figure 8: Pressure at different electrolyte molarities calculated using MD /WCA within NPT
and NVT ensembles. The line is the results of the Percus-Yevick equation of state which
arise within our model; the dots are the results from molecular dynamics.

The change in solvation pressure with the increase of the surface charge density is mainly
due to the change in II;,, however, the bulk pressure Il,, appears to also increase. To
investigate this effect in more detail, we compared it with a bulk pressure calculated in the
NPT simulation (see Model section) in MD/WCA case. Additionally, in Fig. |8 we also
add the result of the equation of state corresponding to the chemical potential in Eq. [4]
The results from NVT simulations follow a similar trend compared with those from NPT
ones. It suggests that the pressure may vary due to the change in the number of ions in the
simulation box (see Table [2). Another possible reason is the interactions between surface
charges and the ions in the bulk region leading to a slight change in the ion concentration
profiles.

Knowing the concentration profiles also allows us to estimate the forces acting on the
pore walls. We can do this using several simplifying assumptions: water and ion interact
with the walls of the pores through the 10-4 potential;***? the charge is evenly distributed

over the surface of the pores. It allows us to calculate the VAW part of the electrosorption
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pressure using the following equation:*3

i dV
1n vdw — /de eXt (8)
0

with the derivative

d ex S 1 S b
V. t_ QWPSAUstSf |:—4 (2> +4 (2) :| . (9)
dz z z

Here pg is the volume density of carbon atoms; A is the interlayer distance; oy and ey are
the parameters of the solid-fluid interactions determined by the Lorentz-Berthelot combining
rules. Additionally, the use of Eq. [§ implies that we estimate the force in an infinitely long
pore (in the z and y directions).

The electrostatic part of II;, can be estimated using the pressure between two semi-
infinite (infinite in the y axis but finite in the x axis) parallel planes with different widths in
the x axis direction. The wider plane is located at z = 0 and the narrower at z = H, both
of which are oriented perpendicular to the z axis. Using the classical results of electrostatics

the final equations take the following form:

Mo — Z/ 22z, (10)

where i is an index running through different charge distributions, i.e. {Na*, Cl1=, O, H, &}

and

P(h) = —27%;0<%ln(%)+§[arctan(L;a>—arctan(LZa>] (11)

— L L
+ arctan(ah )—arctan(a—; )), (12)

here by &, and &, we denoted the surface charge densities of the narrow and wide planes,
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respectively; a and L are the widths of narrow and wide planes, respectively; h is the distance
between the two planes; P(H — z)c¢;(z)dz is the pressure contribution from the ions located
at the distances between H — z and H — (z + dz) in the pore.

Figure [9] shows the estimations by Egs. [§| and [10] for 1 nm and 2nm pores, respectively.
Furthermore, we added the same contributions calculated directly in MD using the last 10 ns
of the production run. These calculations were performed using rerun LAMMPS command.
As can be seen, both the electrostatic and van der Waals contributions follow a linear trend
if plotted as a function of £2. The estimations from the concentration profiles demonstrate
qualitative agreement with the direct MD results. The only case where we also achieved
quantitative agreement is the electrostatic contribution in the 2nm pore in Fig. [9b] It
suggests that the periodicity, which may affect our results, does not play a significant role in

the force calculations. However, it may still affect the results through the atomic trajectories.

m MD/SPCE, .
3000 th.cou g 3000( s
L ® MD/SPCE, I}, 4 | .-
20000 Estimations, IT .| et &7 2000} e e
[ O Estimations, IJ g r B .-
! m,\_/gw— _____ N - B -
@ 1000} St @ 1o00- L. u ® MD/SPCE, T}, .o
2 ol g ¥ = ® MD/SPCE, I}, y
= I R = I L T o Estimations, I .,
~~~~~~~ a-.. o '
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~~~~~~~~~~~ 8-. -
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_3000 | ' | | | | | ' _3000 1 " 1 1 " 1 1 1 "
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& [uClent)? & [uClent]?
(a) (b)

Figure 9: Estimations of the VAW and electrostatic contributions for the solvation pressure
in (a) 1nm and (b) 2nm pores. The calculations were performed for MD/SPCE. Dotted
lines represent the linear fits.

The II;, vaw estimations may also be used to study the influence of water reorientation
and reorganization during pore charging. We can calculate the positive and negative contri-
butions to the oxygen-induced part of the electrosorption pressure. Using Eq. |8 the positive

contribution can be obtained only in the limited range of z coordinate from 0 to the value
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where Eq. [9] turns zero, namely z = 3.2643. It means that the shape of the first peak in the
oxygen density distribution profile defines the repulsive magnitude. So we can calculate the
repulsive and attractive contributions to the nonelectrostatic part of the solvation pressure.
It is instructive to compare the values at different surface charges: (509, —568) MPa and
(2739,—294) MPa correspond to & = 0 and —23.7 uC/cm?, respectively. The first value in
brackets corresponds to the repulsive part of the solvation pressure, while the second one
corresponds to the attractive part. The result allows us to conclude that the VAW part of
the water II;, is mainly affected by the narrowing of the first oxygen peak, since the positive
contribution changes much more pronounced than the negative one.

Fig. [10a]shows the results of the current mPB model obtained for three sets of parameters.
For ¢y = 0K we used a different equation defining solvation pressure®® without external

short-range potential:

2
Py = P(z) = = (%) ~P, (13)
where P(z) is the ions osmotic pressure; the second term is the Maxwell stress tensor; P, is
the ions osmotic pressure in the bulk. An asymmetry of ion sizes or solid-ion interactions
manifests itself in an asymmetry of AIl. Also, as already shown in Fig. [5b] strong ion-wall
short-range interactions lead to a shift in the position of the minimum solvation pressure and
may result in its negative values. In the absence of solid-ion interactions, the values of AIl
are significantly lower, as shown in Fig. [I0b] However, the change in pore size from 2nm to
1.5 nm significantly increases the magnitude of the solvation pressure. When the exact value
of the pore width is not important or unknown, one can also rely on the modified Poisson-

Boltzmann model without explicit account of additional short-range external potential, as

was done in Ref.?? for instance.
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Figure 10: Solvation pressure calculated within the current mPB model using the different
set of parameters given in the legend. The hard sphere diameters were calculated by Eq. [6]
using e = 50.35 K. The pore width was set to 2nm, unless otherwise stated.

The model developed in this work can also be used to study the deformation of microp-
orous carbon electrodes, assuming that the main driving force of the electrosorption-induced
deformation will be solvation pressure rather than surface stress.*® Additionally, we assume
that the pores have a slit geometry and that the carbon matrix itself is incompressible. The
effect of pore size distribution on electrosorption-induced deformation is taken into account

using the result of#* in the discrete form:*2

A‘/sample _ Z szH (14)

‘/sample

where f; is the pore volume distribution, i.e. the relative volume corresponding to the pores
with width H;; M is the effective elastic modulus of the sample; AII(H;) is the solvation
pressure in the pores with width H;. Our model accounts only for the pressure due to the ions;
thus, we need to add a contribution from the solvent, i.e. the hydration solvation pressure.
25

It should be noted that, in general, these two contributions are not necessary additive.

Also, as we showed in the Result section, the hydration contribution may depend on the
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surface charge density. We modify the common exponential form:

Athd = (HO + li§2)€_H/>\, (15)

where Il is an amplitude at zero surface charge; k is a coupling coefficient and X is the decay
length. However, in contrast to the hydration contribution in pure water, Eq. 15| should be

treated as an effective one, due to the ion-water correlations in the EDL.25

1
° e cDFT, Kolesnikov et al |~ -6, =0,= 0.4 nm; §11 = Sr2” 38K
'8‘1000 Exponentia| fit 0.8 __ 1 6, = 0.4 nm, g= 0.5 nm; gf,l = €va2: 3.8K
o = O s == L _
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Figure 11: (a) Fit of the hydration pressure calculated within the framework of classical
density functional theory?d by Eq. . (b) Comparison of the predicted EID for the three
sets of e and o, and the effective elastic modulus 1 GPa. Inset shows the pore volume
distribution used for the averaging in Eq. [14]

To estimate the values of the parameters Iy and A in Eq. we used data from the
literature on the solvation pressure in pure water calculated by the classical density functional
theory.#8 Namely, the result corresponding to the 70° contact angle with the flat surface.
This value is close to the contact angle of water on highly ordered pyrolytic graphite at
303 K#7 - 82°. The parameters were obtained from the maxima fit using Eq. [15| with & = 0.
The result is shown in Fig. and the values are 5350.8 MPa and 0.3041 nm for [Ty and A,
respectively. The value of x was taken equal to 4.2 MPa/(;C/cm?)® from the fit of the VAW

part of the solvation pressure calculated via MD and shown in Fig. [0b]
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Fig. shows the theoretical prediction of electrosorption-induced deformation calcu-
lated for three sets of parameters g5 and o (the same as in Fig. , and the effective
elastic modulus of 1 GPa. In our calculations, we also shifted the strain reference point to
the point with zero surface charge density. The fully symmetric curve I overlaps with curve
IT at negative surface charges and with curve III at positive surface charges. However, the
origins of the overlaps are different. At positive charges, curve III is lower than curve I due
to the higher value of €4 ;. On the other hand, curve I is lower than curve II as a result of
the smaller size of the anions in that case.

Our models and molecular dynamic calculations have several limitations due to the as-
sumptions we made. First, we calculated the solvation pressure in a finite-sized pore; thus
the transition to an infinite pore may quantitatively change the MD results. Mostly, its
origin should be in the electrostatic part of the solvation pressure. We can try to estimate
the effect of the pore length (on the z-axis) using the concentration profiles from Fig. |3l and
Eq. [10] This estimation shows that for 2nm pore the finite-size effect is approximately
10%. Another possible source of uncertainty could be correlations due to the effect of pe-
riodic boundary conditions on the electrostatic part of the forces or the change of Il (see
Fig. [§). In the model and MD/WCA simulations we used a constant dielectric permittiv-
ity; however, this assumption could be violated in the vicinity of the interfaces.*® Finally,
as mentioned previously, our model is a local one, and its predictions gradually deteriorate

with increase of ion concentrations.

Conclusion

We present a simulation study of electrosorption-induced deformation of carbonaceous ma-
terials. We focused on calculations of the solvation pressure in the graphitic pores immersed
in the aqueous sodium chloride solution. Two types of simulations were performed — with

explicit and implicit water models. The first one uses the SPC/E model, and in the sec-
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ond one a structureless background with constant dielectric permittivity. The simulations
with an implicit solvent were further used to validate the mean-field model based on the
modified Poisson-Boltzmann equation, which is then utilized to predict the macroscopic
electrosorption-induced deformation.

Using molecular simulations, we demonstrated two distinct behavior of the solvation
pressure in 1nm and 2nm slit pores as a function of surface charge density. We associated
the difference with the pronounced effects of molecular layering in the smaller pore. The
solvation pressure behavior obtained by the continuum model in the 2nm pore is similar
to the results of the MD simulation. We demonstrated that the model can quantitatively
reproduce the dependence of the solvation pressure on the pore width given by the MD simu-
lation with implicit water. We split the solvation pressure into two contributions: short-range
(included all van der Waals forces) and long-range (electrostatic forces). Our calculations
showed the importance of the short-range part in compensating the attraction between the
pore walls caused by long-range interactions. Furthermore, we showed that the asymmetry
of electrosorption-induced deformation as a function of surface charges can have different
origins. That is, a difference in the ion sizes or in the magnitude of short-range ion-wall
interactions may cause the asymmetry. The current results can help to analyze the experi-
mental data of electrosorption-induced deformation of microporous carbons. The proposed
theoretical model based on the modified Poisson-Boltzmann equation can be used for pre-
dictions of electrosorption-induced deformation and may provide a basis for design carbon

actuators based on this principle.
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