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ABSTRACT

Electrode-electrolyte interfacial properties characterize the functioning of electrochemical devices, and reactive molecular dynamics simula-
tions, using reactive force fields (ReaxFF) and charge equilibration (QEq) techniques, are classical atomistic methods for investigating the
processes that govern the device properties. However, the numerical implementation of ReaxFF and QEq treats Coulomb interaction with a
short-distance cutoff for computational speed, thereby limiting interactions among atoms to a domain containing only their neighbor lists.
Excluding long-distance Coulomb interactions makes the description of electrostatics in large-scale systems intractable. We apply Ewald
sum in the extension of ReaxFF to include long-range Coulomb (LRC) interactions and investigate the effect of the inclusion on the electro-
static and capacitive properties of graphene-water interfaces at different applied potentials in comparison with the original ReaxFF. The
study shows that with the inclusion of long-range Coulomb, the capacitance amounts to 4.9 + 0.2 uF cm™ compared with 4.4 + 0.2 uF cm™>
predicted by the original ReaxFF [with short-range Coulomb (SRC)]; thus, indicating that SRC underestimates the capacitance of water
between graphene walls by 12% when compared with the 5.0 uF cm™ predicted with the extended simple point charge (SPC/E) water
model. Thus, the results indicate that LRC ReaxFF/QEq have the ability and advantage to model electrochemical processes at a more realistic
Coulomb interaction description and foster the processing of the details about the operation of electrochemical devices than the SRC.
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I. INTRODUCTION interfacial boundaries between liquid electrolyte/electrode is the
experimental and voltammetry'' difficulty in taking measurements
about interfacial changes at the atomic level. This problem was
improved with the advent of atomic molecular dynamics (MD)
simulation method. However, the challenge of accounting for a
uniform external potential difference across the electrodes in an
electrochemical system persisted. That forced researchers to main-

Graphene-water systems have received tremendous attention
in recent years owing to the tunable electrical properties’ of gra-
phene coupled with its sensitivity to the surrounding environment,
dynamical wettability,” and the relevance of water to everyday
natural life, including cases in ionic media and protein cavities,’

4 . D
finel-cell r.nem.b.ranes, etc. The umque.properne.s of graphene and tain the old approach of enforcing constant charge densities of
the polarizability of water under applied electrical stress rendered opposite polarities on the electrodes. A practice that failed due to
these electrochemical systems important for scientific, industrial, nonphysical surges in temperature'> and efforts toward resolving
and technological applications. Example of applications in_clude the problem led to the introduction of fluctuating charge
seawater desalination,’ electric double-layer devices (EDL),” and methods, "™ which researchers applied in studying graphene/

supercapacitors.” water,'” copper/water,”’ and platinum/water’' systems among

Interfacial water/electrode studies started in a drastically unre- others. Toward improving the approach, Siepmann and Sprik™
alistic form that models electrodes as smooth-hard walls with fixed proposed using a Gaussian charge function to determine the
uniform charge distributions and water as hard-sphere fluid.”"’ charge values that will fix the potential difference to a desired
Some other setbacks witnessed in modeling bulk electrolyte and value. A more recent practice’””*>** in MD simulation involves
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perturbing the atomic electronegativity y, by changing the elec-
trode potential of the atoms in one of the electrodes from y, to
Xo + Po/2 and the other from y, to y, — ®/2. This would lead to
a net electrochemical potential difference of @, volt across the elec-
trodes and makes it easier to fix the external potential to desired
values.

The functioning of electrochemical devices (especially capaci-
tors, EDLs, and supercapacitors) is rooted in anions and cations
adsorption in solvated media during the interfacial chemical
interaction between electrodes/electrolyte and controlled by the
nano-porosity/pore-size”” of the electrode and the local interfacial
structure of the liquid electrolyte.'>*® In addition to the positive
influence of fixing the potential based on the electrodes’ nano-
porosity/pore size, Li and co-workers’’ attributed structural
changes at the application of an external potential to originate from
the substantial difference in interfacial charge distribution leading
to differential capacitance. Two independent authors, namely,
Limmer”® and Le Ma and co-workers,” respectively, linked differ-
ential capacitance in EDL capacitors to charge density ordering and
charge-driven lateral structural evolution. These suggest that charge
evaluation and the methods employed for the charge computation
may affect/influence the characteristics of these devices under MD
simulation. Among several molecular dynamics studies reported on
metal/graphene and water interface reactions, the foci were on
capacitance measurement,'”’’ interfacial structure organization
and orientation of the electrolyte near the electrodes,”'™* and
capacitive behavior of the device.”” However, the charge computa-
tion method and the effect it would have, if any, on the properties
and behaviors of these devices received little/no attention. Here, we
deployed the original QEq and ReaxFF that used short-distance
cutoff to describe Coulomb interactions among atoms and com-
pared the results with those of the combination of new ReaxFF
described in this paper and the reformulated QEq that used the
Ewald method to describe Coulomb interactions between atoms.

In this MD simulation, we extend reactive force field
(ReaxFF)* potential to include long-range Coulomb interaction
and used it to describe the interaction between atoms. ReaxFF is a
classical interaction potential, which describes the total energy of a
system of atoms as a sum of partial energy contributions from
bonded (covalent) and non-bonded (van der Waals and Coulomb)
interaction terms. The non-bond interactions are distance-corrected
using a potential function called shielding interaction function®*
and seventh-order taper correction function.”® The covalent coun-
terpart, which is bond-order-dependent, determines the chemical
environment of the atoms and controls the bond strength of the
materials. The bond order is a function of the bond distance
between two particles, and it changes as the local environment sur-
rounding atoms is continually updated at each MD step but
smoothly decays to zero as the separations between atoms increased
beyond a user-specified cutoff. Details on ReaxFF are in Ref. 38. In
most development and application of ReaxFF, the changing local
atomic environment also requires an environment-dependent
partial charge. The evaluation of the environment-dependent atom
charges is attainable by coupling ReaxFF with the charge equilibra-
tion (QEq) technique developed by Rappé and Goddard."” These
models (ReaxFF and QEq) enable the simulation of devices com-
posed of dissimilar materials,”” and they allow the description of
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interfaces and chemical reactions. However, numerical implementa-
tion of QEq and ReaxFF models includes Coulomb interaction only
up to a short-distance cutoff for computational speed, a problem
inherent to ReaxFF and limiting their description of Coulomb
interactions only up to the cut-off region. We understand that
Coulomb interaction is naturally long-range for non-covalent inter-
actions (NCIs).""" Such interactions exist in ionic and polarized
systems where the motion of charged particles characterizes the
electrical and electronic properties and behaviors of devices such as
capacitors, electrochemical metallization (ECM) cells, EDLs, and
batteries. Neglecting long-range Coulomb interaction affects the
ability to describe charge distributions, polarization effects, the
structure, and energy of a system. This is evident in solvated biolog-
ical and biomolecular systems. For example, the cut-off sizes used
in the Coulomb interactions strongly influence MD results on sol-
vated polypeptides in which the stability of the o-helix configura-
tion of peptide conformation is a function of cut-off size.
Contrarily, the application of the Ewald technique in describing
Coulomb interactions conserved the helical character of the peptide
conformation.””

Based on the above background, we attempted to gain insights
into the charge evolution on the electrodes, liquid water, and interfa-
cial boundaries between the electrodes and liquid water as a function
of applied potential using an environment-dependent charge and
ReaxFF models that include long-range Coulomb (LRC) interaction.
The implementation of our method in ReaxFF also serves as an
example of the application of the Ewald technique. We discussed the
effects of long-range inclusion has on the electrostatic and capacitive
properties of the graphene/water capacitors by comparing results
with the original method. We noticed some differences in the struc-
tural ordering and arrangements at the interfacial and bulk regions,
as well as charge accumulations compared with the results obtained
using the combination of original ReaxFF and QEq. The computed
capacitances show that the short-range Coulomb (SRC) method
underestimates the capacitance of the graphene-water capacitor.

Section II introduced and briefly discussed the models and
computation methods applied in the simulations. Also, the system
configuration is described in Sec. II. In Sec. III, we present and
discuss the results and conclude in Sec. IV.

Il. MODELS AND COMPUTATIONAL METHODS

A. Shielded long-range Coulomb interaction potential
function

The interesting idea about the Ewald technique is that it
allows the decomposition of a slowly decaying Coulomb potential
function into a short-range component, which is rapidly conver-
gent (rapidly goes to zero at large distances) in real-space and a
long-range component, which decays quickly in reciprocal
space."”"" Assuming unit point charges, the kernels of the
Coulomb interaction potential are decomposed as given by Eq. (1).
The second term on the right side of Eq. (1) is a smooth varying
long-range function conveniently solvable in Fourier space. The
function f must result in two fast decaying parts. In real space, f is
often chosen to be an error function erf(x). However, in the recip-
rocal space, it is commonly retained as the Gaussian distribution
function, because it is smooth, periodic, and representable by a
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rapidly convergent Fourier series,

Iy = ko = ko LTEND Ly SER)

ij Tij Tij

1

The parameter { > 0 is the Ewald splitting parameter. It
determines the spread or width of the representative functions. We
focus on the real-space short-range component, i.e., the first term
on the right side of Eq. (1), which is a complementary error func-
tion erfc(x) = 1 — erf(x). Then, the total short-range real-space
contribution (Vggg) to the Ewald-modified Coulomb potential
energy of a N particle system and L periodic boxes is written as
follows:

1 N N
Vsre(r) = ke D

I;RE(H;)

erfe(¢ |7 + R|)
—= = )
|7 + R
where R =3 A—xyz Mada is the position of each periodic unit
box. d, is the box vector in each direction with |d,| = I implying a
cubic box, ma=(m,, m,, m;) € [-L, L] C (—00, ) are integer
values, and 7j; equals the displacement vector between particles i
and j in the central box. The prime on the summation over peri-
odic boxes is to indicate summation over all particle images
(including self-images) in all periodic boxes with the exclusion of
i = j for m,=0.

In numerical implementation, ¢ is chosen so that Vggg is
restricted to particles in the box (i.e., m,=0). This reduces the cal-
culation of the real-space part of the potential to a normal
minimum image convention (MIC) problem, which entails specify-
ing a real-space short-distance cutoff r, < /2. This approach is
widely adopted and implemented across MD simulators such as
large-scale  atomic/molecular massively parallel  simulator
(LAMMPS),*” Groningen machine for chemical simulations
(GROMACS),* and nanoscale molecular dynamics (NAMD).*
However, for sharp distribution of charges, the approach requires a
large value of { and the inclusion of a sufficient number of recipro-
cal vectors (k-vectors) in the Fourier space summation part of the
potential energy. The optimum ¢ is chosen by balancing the error
in (or the time needed to evaluate) the real and reciprocal space
parts of the potential. Detailed expressions for the choice of ¢, k-
vectors, and r, are derived in Refs. 43 and 48-50. Therefore, letting
7| = r;; be the separation between two atoms in the central box,
the short-range energy terms can be written as the followings:
erfc(?rg) . 3)

1 N
Vere(rij < 1) = Ekc Z .
ij

=1, j#i

The origin of the high repulsive behavior of the Coulomb
interaction potential at close separations between atoms is probed
under the Ewald summation technique. The system configuration
consists of a NaCl dimer in a large simulation box of 100 A, which
is periodic in all directions. Figure 1 shows that the Fourier space
component of the Ewald sum depicts the trend of the results
obtained with empirical shielded Coulomb potential energy
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FIG. 1. Decomposition of the Ewald-modified Coulomb potential energy for
NaCl. The energy value is inverted by —1 factor. The K-space contribution
depicts the behavior of the Slater-type orbital evaluation of the Coulomb energy
while the real-space component needs to be shielded.

functions’®”” and the exact solution based on Slater-type orbitals.””

However, the overall repulsive behavior of the Coulomb interaction
potential is observed to originate from the inverse distance in Vggg,
which results in an unphysical energy contribution to the potential,
especially at close atomic separations. Therefore, we modified the
real-space contribution by introducing a shielding correction (func-
tion) proposed by Louwen and Vogt’’ to account for orbital
overlap interactions at short distances between particles and
expressed Vgrg as given in Eq. (4) for N particles. The force ﬁi on
any ith particle is calculated following Egs. (5) and (6). The erfc
denotes complementary error function,

1 Lerfe({rs) A\1B
Ske) ——= = (fﬁ + 7,-;3) . @
W ij

Vsre(rij < 1) =

o V. OVige 017 OVsre ~
F= - = - = A, 5)
or; Brij or; 8rij
- rij
F=—"__
(r?j+y;3)4/3

1/3 2 /3 —323\
X (erfc(C(r?j_g_y?) )"’7%(";‘3]'"'753) e ) >r,j,

(6)

where the superscript sc indicates r;; is subject to shielding correc-
tion, kc and § are the Coulomb constant and the Ewald splitting
parameter determined in LAMMPS once the accuracy of the Ewald
calculation is set, respectively. y; is the shielding coefficient
(parameter) in A7,

The shielded correction is implemented in LAMMPS as a
standalone pair interaction style called “coul/long/shielded.” The
effect of including the correction is tested on a NaCl crystal, having
0.40 and 0.35 A" shielding (gamma) parameters for Na and Cl,
respectively.”' Figure 2 shows the plot of the energy against the
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FIG. 2. Effect of shielding inclusion to long-range Coulomb on NaCl crystal (a) energy per atom, (c) force on an atom against atomic separation, and (b) energy per unit

cell volume as a function of replicated unit cell with (without) shielded correction.

interatomic separation and the energy per unit cell volume against
supercell size with/without the shielded function. The results depict
the expected effect when compared with Refs. 36 and 37. In addi-
tion, the energy per unit volume as a function of the increased size
of the supercell is constant as expected. The interaction energy as
well as the forces [Fig. 2(c)] are consistently shielded at short inter-
atomic distances, which is an improvement to the unphysically
repulsive energy and forces recorded when atoms are at a small
separation of the order of the vdW diameter or less.

B. ReaxFF model with long-range Coulomb interaction
potential

ReaxFF with LRC inclusion is an improved model which mod-
ifies the non-bonded Coulomb interaction function [Eq. (7)] in the
original ReaxFF non-bonded potential files in LAMMPS.*> The
modification is an application of the Ewald summation to the
Coulomb energy and force functions. It replaced the shielded
Coulomb interaction potentials with a shielded short-range real-
space part [Eq. (4)] of the Ewald summation while calculating the
long-range reciprocal space contribution in Fourier space without
changes,

N

1 9id;
Vet (ry) = = ke Tap(ry) . ————5 |- (7
Cor i 2 ; ) (73 + 753)1/3

There are no long-range interactions in ReaxFF as imple-
mented in LAMMPS. However, an opportunity to calculate atomic
interactions at long-range Coulomb in reactive MD simulations is
possible in LAMMPS through the hybridization of two or more
pair potentials. Therefore, the “hybrid” styles commands alongside
“reaxff” and “coul/long” pair interaction potentials in LAMMPS
were used to compute Coulomb forces on atom i at various separa-
tions from atom j. The calculations show the inability of ReaxFF
with/without (blue/purple curves of Fig. 3) long-range Coulomb to

reproduce Ewald results (green curve in Fig. 3). The purple curve
in Fig. 3 shows that the shielded Coulomb potential function
[Eq. (8)] is incompatible and does not agree with the long-range
part of Ewald sum. Therefore, the inability of the shielded direct

200 7 reax 108 ——
coullong —
reax+coul/long
72 1507 reax+coul/long/shd ——
g
S
H R
é 100
S
8 50 -
0 -
0 S 10 15 20

Atomic separation, r (A)

FIG. 3. Comparison of ReaxFF Coulomb forces on one of the Cl atoms in
MgCl, molecule with and without long-range effect and shielded correction
against coulflong (green curve) force.
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Coulomb potential [Eq. (8)] to account for the real-space short-
range part of the Ewald sum creates discrepancies in the Coulomb
forces. We corrected this anomaly by implementing a shielded
long-range Coulomb function within the ReaxFF non-bonded
potential file in LAMMPS. The long-range Coulomb implementa-
tion [Eqs. (4)-(6)] is triggered whenever ReaxFF is hybridized with
any “coul/long” pair interaction potential, which must require
Ewald or particle-particle particle-mesh (pppm) reciprocal or
k-space modified value in LAMMPS input run file. The orange
curve in Fig. 3 shows an improvement accounting for the real-space
short-distance part of long-range Coulomb.

We could see a striking agreement between the green and
orange curves at distances below 10 A cutoff. Without the shielded
correction, the green and orange (reformulated ReaxFF) curves
overlap, which are equivalent to analytically calculated force. We
expect that with the long-range effect inclusion and shielding cor-
rection, a proper description of the slowly decaying Coulomb inter-
actions between atoms in reactive MD simulation of large charged
systems and electrochemical processes of atoms within a dielectric
layer.

C. System configuration and simulation details

Structural configurations consisting of two parallel graphene
layers (electrodes), each containing 28 fixed carbon atoms, were
modeled in orthogonal supercells, which are periodic in x and y
but fixed in z-directions with dimensions given as
7.77 x 8.04 x (17 4 dsep) A, The gaps between the electrodes
dsep = 25.00 A were intercalated with water molecules to match the
experimental density of a homogenous water fluid in the channel.
We run two similar MD simulations on each system at 0.0 V with
the large-scale atomic/molecular massively parallel simulator
(LAMMPS)* at a time step of 0.5fs. Constant NVT conditions
were maintained using a Nose-Hoover thermostat with a damping
factor of 100 fs and a temperature of 300 K for a total of 250 ps of
accumulating statistics. The reactive force field (ReaxFF) model*”
was used to describe the interactions among atoms in the system
configurations in which QEq evaluates the atomic charges. Our
modified ReaxFF was hybridized with Ewald sum and applied to
describe interactions among atoms in the systems in which QEqLR
(charge equilibration method with long-range Coulomb)’” was
used to compute atomic charges. QEqLR is a reformulation of
QEq'” that replaced the Coulomb interaction term with a long-
range electrostatic Coulomb interaction energy function defined
through the Ewald summation. The details about QEqLR approach
and its implementation are given extensively in Ref. 52. While the
original model combination, ReaxFF and QEq, was denoted as the
SRC interaction method, the later model combination, reformu-
lated ReaxFF and QEqLR, was designated as the LRC interaction
method. A 17.0 A vacuum region was added along the z-directions
of the supercells to suppress periodicity and to apply slab correc-
tion™ equivalent to mimicking a 2D periodic boundary condition
for the SRC calculations. The LCR interactions were described with
the Ewald approach, adapted to the slab correction as described in
LAMMPS. The simulations were repeated for various applied
potential differences: @y = 1.0, 1.6, 2.0, 2.2, and 3.0V following
the earlier description.
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Ill. RESULTS AND DISCUSSIONS
A. Electrostatic and capacitive properties
1. Electrodes response to applied voltage

To investigate the performance of the capacitor with and
without long-range Coulomb interactions, first, we check how the
electrodes with zero water intercalated between them and respond
to applied potential in respect to charge accumulations.
Emphatically before the simulation ran, the charge on each atom
was zero. Table I shows the surface charge densities on the elec-
trodes and they vary linearly with the applied potential difference.
The results are consistent with those reported in Ref. 52 that shows
SRC methods predict more charge at zero electrolyte/liquid water
in between the electrodes. Subsequently, we intercalate the inter-
electrode space with water and observe the surface charge density
evolution at various applied potentials. The charge values or
surface charge densities are due to the (i) differences in the electro-
negativity of the electrodes” atoms and the atoms of the water mole-
cules and the interactions existing thereof and (ii) dipolar nature of
water molecules. Note that the electrode charge values vary a little
as expected since water has different orientations™ at the liquid
water/electrode interfaces. Additional source of variations is attrib-
uted to the electrode charges’ adjustment in response to the local
field changes and charge fluctuation due to the water atoms
described by a reactive field function other than the SPC/
E-modeled water with fixed oxygen and hydrogen charges.

2. Time evolution of surface charge at the electrode

The water atom charges fluctuate a little over time. The
average partial charges on the water atoms are predicted at
qu = 0.367 + 0.020 e (g0 = 0.743 + 0.021 e) for the SRC models
and those of the LRC models are gy = 0.353 + 0.021
e(go = 0.715 + 0.021 e). These values are between the experimen-
tally obtained charges'” gy = 0.325 ¢ and the SPC/E water charges
qu = 0.4238 e (available in the supplementary material of Ref. 19),
where go = 2gp. Note that the SRC and LRC predicted charges for
water atoms may differ sparingly in different calculations and from
the results obtained experimentally or through the SPC/E water
model; the difference would result from the variations in parame-
ters of the force field used in the calculations. Observe that go does
not strictly equal 2qy; that is, the consequence of the fluctuating

TABLE . Total surface charge density (uCcm™) on the electrodes at various
applied potential and with no water intercalated between the electrodes. LE
(RE) =left electrode (right electrode).

LRC SRC

D, LE RE LE RE

0.0 0.000 0.000 0.000 0.000
1.0 1.103 -1.103 2.082 —2.082
1.6 1.764 —1.764 3.331 —3.331
2.0 2.206 —2.206 4.164 —4.164
2.2 2.426 —2.426 4.580 —4.580
3.0 3.308 —3.308 6.246 —6.246
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FIG. 4. Time evolution of total qir and average total (qit) electrode surface
charge as a function of applied voltage ®y; fluctuating dashed and solid lines
represent SRC and LRC, respectively, while dotted and solid horizontal lines are
the corresponding average total surface charges.

charge technique where the atom charges depend on their local
environment; however, while the electrodes offset the deficit in the
water atom charges, the overall charge of the system is to the order
of 107 zero. Figure 4 describes the total surface charge on the neg-
ative (positive) electrode, which is the sum of individual atomic
charges as a function of simulation time evaluated at various
applied voltages. Except for the zero potential, LRC predicts more
surface charges on the negative electrode than the SRC, thereby elu-
cidating the influence of allowing long-range Coulomb in the pres-
ence of applied potential. Combining this result with Fig. S2 in the
supplementary material suggests that LRC orders more structure
near the surface of one of the electrodes than the SRC. The atom

1.6

1.449 SRC

0.4 1

0.2 4

0.0
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charges, including those of the solvent, fluctuate with time; there-
fore, the total (qso) fluctuates. However, the averages gy of these
fluctuations indicated on the plots by dotted and solid horizontal
lines for SRC and LRC, respectively, after a long equilibration, are
the actual quantity needed for quantifying the capacitance of the
capacitor.

3. Electrode surface charge distribution

Figure 5 is a distribution (histogram) of the partial charge on
carbon atoms of the positive (solid lines) and negative (dashed
lines) electrodes, averaging over the entire statistic production time.
The distribution is non-Gaussian but a bimodal,” and it exhibits
similar behaviors as the non-Gaussian charge distribution recorded
in a simulation by Demir and Searles;”” however, the systems
contain jonic-liquid electrolytes different from only liquid water
reported in this article. The non-Gaussian charge distribution,
perhaps, delineates some differences between dynamic and fixed
charge models,”® such as charge adjustments in the former to
respond to local charge density fluctuations between water atoms
or an electrolyte and the electrode atoms. Evidence in the plots is a
drift of the mean of the histograms away from zero at increasing
the potential difference between the electrodes. That shift is more
pronounced during electrode polarization with LRC than the SRC,
which indicates that the LRC could be encouraging charge over-
screening”’ that delivers more counter charge than the absolute
value of the electrode charges at the interfacial layer more than the
SRC, especially when ionic liquids become the electrolyte. We ana-

lyzed the bimodality observed on the electrode’s surface charge dis-
tributions on the electrode’ atoms, which are due to the interfacial
water molecules or atoms’ interaction with the electrode atoms.
The figure shows varying amplitudes, which explains the
1.8
1.6 1 LRC
= 0.0V
1.4 1 =10V
=220V
1.2 = 3.0V
1.0 1
£
3 0.8 1
(v]
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FIG. 5. Distribution of graphene atom charges for positive (solid lines) and negative (dashed lines) electrodes at various applied potential difference.
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fluctuation in the number of electrode atoms possessing certain
partial charges due to interfacial water molecules/atoms interaction.
The bimodal distribution is a consequence of the ordering/orienta-
tion”>*® of the water molecules seen on the OH bonds” responses
to the applied field, which could be tilting toward the graphene
surface or away from it.

4. Integral capacitance of the device

Figure 6 shows the interfacial average surface charge density
(o) on the positive electrode as a function of the applied potential.
As expected, the predicted average surface charges or surface
charge densities are in linear correspondence with the applied
potential, which results in a constant value for the integral capaci-
tance. The capacitance is defined here according to Refs. 59-61.
And for easy calculation, it is simplified as a ratio of average
surface charge density (o) to potential difference across the elec-
trodes (in this case, the applied voltage values and not the potential
drop of the electrode relative to the bulk region of the system),

o (qmt> - @
Cint = AD, Dy (8)

@) = @ —@; is the potential difference applied across the
electrodes, which equals the overall (sum of the) potential drops
between the bulk of the liquid water and the individual electrode
surface. From the plot (Fig. 6) and linear regression of the data, the
capacitance recorded is 4.4 + 0.2 and 4.9 + 0.2 uF cm™? with
QEq and QEQLR, respectively. These results point to the accuracy
of the method employed for the description of Coulomb interaction
between atoms of the electrodes and the water molecules and show
that more charges are accumulated at the graphene electrode with
LRC than with SRC. The error bars represent the standard error
associated with each method. The overlap of the standard error
bars shows the extent of uncertainty or variation in the data, and it
suggests that the difference between the two methods is within the
range of expected variability. The results are comparable with

5.0 uF cm™2 recorded for liquid water with an extended simple
25
y=4.8876x +7.3474
¥ —— 4
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FIG. 6. Surface charge density on the positive electrode as a function of the
applied potential difference with standard deviation expressed as error bars.
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point charge (SPC/E) model, intercalated between graphene elec-
trodes, and studied using MD simulations.'” The substantial differ-
ence between the short-distance and long-range Coulomb models
is not surprising since the latter includes a more realistic descrip-
tion of the interaction field between atoms in a system. The inter-
cept on the vertical axis corresponds to the interfacial surface
charge density due to the interaction between the atoms of the elec-
trode and the water molecules at a zero applied field for the system.
The integral capacitance is a measurable quantity for quantifying
the energy density of supercapacitors, which carries the perfor-
mance index of the capacitor. By the results obtained and compari-
sons made, SRC under-predicts this quantity by 12%. This is a
suggestion that with the addition of the long-range effect through
Ewald summation, ReaxFF within LAMMPS can accurately model
the capacitance of the graphene-water system than the original
ReaxFF with truncated Coulomb interaction in comparison with
the SPC/E water model. It is also an indication that the new model
has a better learning and representation of the electrostatic proper-
ties and behavior of the simulated system. Practically and in appli-
cation, 12% improvement suggests that the new method within the
framework of ReaxFF application is more reliable and closer to pre-
viously predicted value by other generally accepted method (such
as SPC/E) and could be more useful for design optimization, analy-
sis, and other application where accurate capacitance modeling and
use of ReaxFF is important or employed. Though the reformulated
method is not developed and tested specifically for water confined
with graphene-walled electrodes, meaning it can be applied to any
system, extrapolating the 12% improvement to devices of different
materials could introduce uncertainty knowing very well that the
underlying mechanisms governing capacitance might differ for
diverse systems. The gain could be influenced by some factors such
as the charge estimation method used for charge computation since

no two-charge scheme give the same result; the presence of a solute °

in the liquid water, which can influence the charge density at the
interfacial region; and the parameters in the ReaxFF potential and
Ewald summation function such as the Ewald splitting parameter,
which differs for every system and is computed in LAMMPS based
on the tolerance or accuracy one sets. Another limitation is the
computation cost, particularly when the new method is combined
with QEqLR (Ref. 52 and its supplementary material for the simu-
lation time with QEQLR against QEq).

What would one expect if the gap size and lateral dimensions
were varied? Varying the electrodes’ lateral dimension and gap size
between them may not bring new knowledge into understanding
the capacitor’s capacity because that would mean varying the
surface area and the distance between the electrodes, which are
among the factors known to be affecting the capacity of a capacitor.
However, examining the capacity for the gap size variation for SRC
and LRC has been done on Cu-Cu parallel plate capacitor, though
with no dielectric material intercalated between the electrodes and
analyzed with a focus on an electrode’s total surface charge.”” The
capacitance is in direct relation with the surface charge density;
therefore, examining the surface charge is as good as investigating
the capacitance since the applied potential difference as well the
electrodes’ surface areas are the same for SRC and LRC. In the
study, the exponentially decaying trend of the total surface charge
as a function of gap between the electrodes was qualitatively
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compared with those given in Refs. 62-64. The net surface charge
on the electrodes for the QEqLR (LRC) exhibits the long-range
Coulomb effects as the gap increases; that is, the electrode’s total
surface charge as a function of the gap followed the order as those
observed on an electrode in a triboelectric nanogenerator,”” near
the cathode surface in surface flashover model,”” and on the elec-
trodes in an integral equation theory of an electric double-layer
device.”* On the contrary, with the QEq (SRC) model, the total
surface charge drops sharply around the cutoff and beyond the
cutoff, the charge distribution remains a constant, suggesting that
the electrodes even when they are well separated will feel a force
from each other due to the charges they possess. A plot ratio of
these surface charges to applied potential difference against separa-
tion would give a similar exponentially decaying curve as that
recorded experimentally for a capacitor in Ref. 65. These results
delineate the deviation from SRC and shows that long-range
Coulomb via the Ewald summation is a better way to describe the
Coulomb electrostatic interaction and could mean that some imbal-
ances (such as an atom not seeing compensating charge) and
surface artifacts imposed by a cutoff in charge distribution on the
layers of the electrodes are eliminated.

5. Charge density distribution

Atomistic simulation uses the fine structures and local
arrangements of atoms and molecules to calculate the electrode/
electrolyte interface properties. The local charge density p, of the
electrolyte as a function of the coordinate z in the direction normal
to the electrode surface follows Eq. (9) as is given by

zo+(j+1)h,

N
Py = |pue)dz = % [; q,} , )

z9+jh,

Here, the density of the fluid is inhomogeneous especially at the
interfacial regions and, therefore, generates inhomogeneous partial
charge distribution for the atom species in the systems. Consequently,
the charge density distribution p;(z) = > qi6(z — z;)/V (5 denotes
the Dirac delta function) of a water moleéule between the electrodes
arises from a set of point charges g; and is calculated by binning
the position of the atoms with their associated partial charges into
small rectangular bins along the z-direction. V equals the area A, of
the xy-plane multiplied by the bin size h;, and it equals the bin
volume. The lower and upper limit of each bin is zy + jh, and z,
+(j+ 1)h, with 0 <j < nbins (number of bins). g; are the charge
of ith atoms bounded by the bin walls, within which the charge
density p, relating to bin j is computed. A case where the atom
species possess equal partial charges, the charge density is simply
Pq=2_Pa 9a (P, and g, are the number density and the partial
charge of species o).

Figure 7 shows the charge density distribution along the elec-
trodes’ normal surface (z-direction) at different potential differ-
ences. It portrays charge oscillations near the surfaces of the
electrodes with alternating negative and positive peaks, which
extend to about 5A into the system the electrolyte in zero and
non-zero applied voltages. For all @, the plots compare the short-
and long-range Coulomb (SRC and LRC) results. The two models
gave an identical pattern of charge distributions except for a minor

ARTICLE pubs.aip.org/aip/jap

difference where LRC seems to project more negative charge to the
left electrode surface than the SRC at the non-zero potentials. As
an external potential difference is applied, the system becomes
polarized. At 0.0V, the charge distributions exhibit symmetry
between the negative and positive peaks co-existing at both elec-
trode surfaces, which were the consequence of the interactions
between the graphene electrodes and the atoms of the water mole-
cules. On switching the voltage to various values, the systems
became polarized, and an excess positive charge developed near the
right electrode leading to negative atom charges near the left elec-
trode in compliance with the applied field. These charge distribu-
tions at interfacial regions generate additional electric fields, which
add to those of the applied voltage and influence the orientation of
the water molecules toward and away from the positive electrode
breaking the symmetry (Fig. S2 in the supplementary material) of
the density profile.

6. Poisson potential and differential capacitances

Proceeding further to characterizing the device leads to a
more complex electrostatic potential file, which could be solved by
evaluating the Poisson equation along the surface normal to the
electrodes. Solving the Poison equation allowed the computation of
the evolution of the potential across the device. The electrostatic
potential and the ionic distribution relate through the Poisson-
Boltzmann equation, which in the anisotropic z axis that is normal
to the electrode surface is presented in Eq. (10). The ¢, and c_
are positive and negative ion concentrations,”’ respectively, and

Z =|Z*| = |Z7| is the valency of the ions,
dfe z 2)
4O Loy ey D (10)
dz? £ £
This second-order non-homogeneous differential equation is

solved while recognizing two boundary conditions depending on
the method®® employed for calculating the potential. Here, the sol-
ution and potential across the electrodes are sorted analytically
with the one-sided Green’s function method, which seems to be a
method favorable for researchers”®™* to obtain the complementary
homogeneous and the particular integral solutions that yield the
following general solution:

1 "z 74
D(z) = ——J J dz”pq(z/)dz’ +Cz+ G
E0Jo Jz

Z

_ _ij (e — Dy + Ciz+ G (1)

€0 Jo

The final Poisson potential is evaluated numerically through
the numerical integration method (specifically the trapezoidal rule),
which allows the binning of the atomic positions and the charge
density distribution as employed in Ref. 66. p, is the average charge
density across the cell, including contribution from the electrodes.
C; and G, are integration constants for the electrodes located at z,
and zg,,, usually at zy = 0 and z4,, = d, relating to F®p/2 volt
perturbation applied alternately to both electrodes, respectively.

Figure 8 gives the electrostatic potential calculated with the
Poisson equation illustrated above. Note that the potential fluctu-
ates in the two models and oscillates heavily near the surfaces of
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FIG. 7. Charge density profile of system at various ®, applied across the graphene electrodes for the SRC and LRC description of interaction among atoms.

the electrodes on which it drops. The oscillations extend to about
7.5 A measuring from the electrodes before exhibiting constant
potential in the interior around the bulk region of the system.
Although little ripples exist in the bulk portion of the system, not
only with the potential but also on the water and charge density
profiles. These are due to the prevailing slow relaxation of the
water, which would require long simulation times and the accumu-
lation of more statistics to generate smooth distribution profiles.
The profound near-electrode surface oscillations are due to the
ordering of the water molecules in these regions, as depicted in the
water density and charge profiles. The SRC and LRC approach
behave alike in oscillation patterns; however, some significant dif-
ferences abound in the responses to applied voltages. The differ-
ences are related to the average partial charges on the surfaces of
the electrodes since LRC tends to stabilize charge separation in the
interfacial layers to a much greater extent than the SRC. Notice that
the potential shows constant steepness typical of a bulk dielectric
system under an applied electric field; with LRC predicting higher
numerical values at the positive left electrode and lower values at
the negative right, the SRC yields the reverse results. It seems like
LRC tends to stabilize charge separation (screening) at the interfa-
cial layers to a much greater extent than the SRC when judged by
the potential drops and the differential capacitance at the
electrodes.

The differential capacitance Cj is a single-electrode capaci-
tance calculated as the ratio of the average surface charge density
(o) on one of the electrodes to the potential drop A®* across the
same electrode relative to the center (bulk region) of the capacitor.
It gives details of the solvation, ion or charge absorption, and
general physiochemical processes happening at the interfacial
region more than the integral capacitance that informs about the
energy storage density. This quantity is always written in a compact
form as follows; @y, is the Poisson potential at the center of the
capacitor,

0(0)
Cair = pan®”

where

_ . 12
O — Dy, (12)

ADE— { OF — Dy

The slopes of the linear fits in Fig. 9 give the differen-

tial capacitance as C;ff(C;ﬁc) =10.7(9.9) uF cm 2 and Caﬁ(C;ﬂ)
=7.0(16.2) uFcm ™2 for the LRC and SRC models, respectively.
The results show that the capacitance is higher on the positive elec-
trode than on the counterpart for the SRC. For LRC, the
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FIG. 8. Poisson potential profiles across the simulation cell calculated at various applied voltages @, and compared between the SRC and the LRC.
25 ¢ capacitances are close but slightly higher on the negative electrode
20 i3 - 5@ than on the opposing one. It also shows that the average surface
] charge density to electric potential drop ratio on the surfaces of the
15 ¢ 5 electrodes is distributed equitably with the LRC than is with SRC.
&~ 10 . Checked against the literature,”” the calculated C5, ;. of gra-
e 5 i g e phene super capacitors with an ionic-liquid electrolyte have slightly
9 g higher negative electrode capacitance than the positive electrode in
O 0 - Lo all systems studied. Reference 27 also computed the negative elec-
= _e e ® Ctgc=9.9 pF/cm? . . . . -
‘= @ e Cinc =10.7 pFfcm? trode to have higher differential capacitance than the positive one
< e ® Ctepc =16.2 pF/cm? for a graphene/ionic-liquid electrolyte system; the same trend was
~ <10 ¢ @ 4 ® Cearc = 7.0 pF/cm? observed in other works®”™”" done with graphene electrodes and
45 few o ; ; ; e ionic liquids. Against these checks, LRC seems to predict better
") 1 0 1 2 information about the electrodes than SRC.
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FIG. 9. Syrface charge deqsity as a function of intgrfacial elegtrostatic.potent!al This report is an application of Ewald sum in the ReaxFF algo-
drop relative to the bulk region. The slopes of the linear fits give the differential ith for 1 ff in the descripti £ th
capacitance. rithm, to account for long-range effects in the description of the
electrostatic Coulomb interactions among atoms. Its main objective
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is to explore the long-range Coulomb effects on electrochemical
device properties and also to mitigate the effects of truncated
Coulomb interactions in ReaxFF pair interaction potential as
implemented in the LAMMPS simulation code. The original
ReaxFF and QEq descriptions of Coulomb interaction are accurate
for systems whose atomic spreads are within the user-specified
cut-off distance (usually 1.0nm) allowable for atoms to interact.
Otherwise, the interaction of an atom with others in large systems is
only regional, and it only extends to the particles in the neighbor list
of the focused particle at any MD time step. It does not matter
whether the Coulomb force or energy has sufficiently decayed to
zero; energy contributions beyond the said cut-off radius are ignored.
To perform MD simulations, for which the separation between the
electrodes is more than 1.0 nm, we included a long-range effect (via
Ewald summation) in the Coulomb interaction among atoms in the
ReaxFF model and used it alongside QEqQLR method. The models
are applied to investigate the long-range Coulomb effect in the reac-
tive MD simulation of water between sheets of graphene electrodes,
for which results were compared against those of the original QEq
and ReaxFF. Simulations were carried out for the old and new
models at various applied potential differences. The simulations with
the new method were at a bit more computation time than the origi-
nal method. The simulation time difference originates from the
QEqLR method, which required more time to compute atom
charges; otherwise, the time difference between the original ReaxFF
and the reformulated ReaxFF within LAMMPS is insignificant.
Runtimes to obtain charges with the QEq and QEqLR are shown in
Fig. S5 in the supplementary material of Ref. 52.

At all inter-electrode spacing, water shows strongly stratified
lamellae of density modulations in the direction normal to the elec-
trode surfaces. We observed related results from both models;
however, a closer inspection unveils some differences. LRC predicts
a little more structured solvation around the interfacial graphene
walls than was seen with SRC, suggesting that the water molecules
tilt more to the electrode with LRC. On applying a non-zero poten-
tial across the device, LRC reveals a clear relative shift between the
oxygen and hydrogen density profiles in agreement with SPC/
E-modeled water between Pt walls than the SRC. On the charge
densities, we recorded a higher surface charge density and capaci-
tance with the LRC compared to those predicted with the SRC
model, which implies that SRC underestimated the capacitance of
water between graphene walls by 12% when compared with the
5.0 uF/cm? predicted with the SPC/E water model. The study gen-
erally shows improvement in the surface charge density and capaci-
tance of the graphene-water capacitor, which suggests that the
models have a future application in large MD systems (with peri-
odic boundaries) involving composite systems where Coulomb
interaction between atoms decays slower than and beyond the
imposed cutoff.

This research shows the ability of QEqLR and ReaxFF with
LRC to model electrochemical processes in graphene/water capaci-
tor at a more realistic Coulomb interaction description and fosters
the processing of the details about the surface charge properties of
the devices, indicating that Ewald summation is a more accurate
descriptor of Coulomb interactions in electrochemical systems.
This approach would describe electrochemical systems with practi-
cal electrolyte thickness while conserving the electrostatic effect of

ARTICLE pubs.aip.org/aip/jap

charged electrodes throughout the dielectric layer. The methods are
applicable to not only capacitors, electrochemical metallization
cells, electric double layers, batteries, and emerging memory
devices but also to large-scale systems consisting of metal-organic
frameworks and solid electrolyte materials that are of current tech-
nological interest.

SUPPLEMENTARY MATERIAL

Notes on water density and O and H number density profiles
are provided in the supplementary material (DOC). Source codes
for the implementation and usage of the method in LAMMPS and
example LAMMPS input files (with useful comments in the
LRC_CWaterC.in and SRC_CWaterC.in) are provided with a tag
LRC_ReaxFF.zip as part of the supplementary material. Included is
a README file on how to execute the code and use it in
LAMMPS.
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