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Abstract

Metallic 1T-MoS; is a promising electrode material for supercapacitors applications. Its layered structure
allows the efficient intercalation of ions, leading to experimental volumetric capacitance as high as
140 F/cm®. Molecular dynamics could in principle be used to characterize its charging mechanism, however,
unlike conventional nanoporous carbon, 1T-MoS; is a multi-component electrode. The Mo and S atoms
have very different electronegativities, so that 1T-MoS, cannot be simulated accurately using the
conventional constant potential method. In this work, we show that controlling the electrochemical potential
of the atoms allows to recover average partial charges for the elements in agreement with electronic
structure calculations for the material at rest, without compromising the ability to simulate systems under
an applied voltage. The simulations yield volumetric capacitances in agreement with experiments. We
show that due to the large electronegativity of S, the co-ion desorption is the main charging mechanism at
play during the charging process. This contrast drastically with carbon materials for which ion exchange
and counter-ion adsorption usually dominate. In the future, our method can be extended to the study of a

wide range family of 2D layered materials such as MXenes.
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Introduction

Two-dimensional transition metal dichalcogenides are an emerging class of layered materials with versatile
physical and chemical properties."? Among them, 2D molybdenum disulfide (MoS,) has attracted

considerable attention because of its potential and promising application in a variety of fields,>” such as

7 9 10,11

nanophotonics,*® sensor, 12,13

14,15

nanoelectronics,® catalysis, water desalination, etc. In particular,

although the crystalline 2H-MoS; phase is semi-conducting,'® it can be exfoliated to form a conductive 1T-
MoS; phase'” that can be used as an electrode for energy storage applications.'®

Supercapacitors are electrochemical energy devices in which electrons are stored through the
adsorption of ions on metallic electrodes upon application of a voltage. Nanoporous materials are
particularly attractive since they can accommodate large amounts of ions in a limited volume, thus
increasing the energy density of the devices.?' Exfoliated 2D materials, such as graphene and MXenes, have
thus been extensively studied in recent years for this application.”*** Due to its excellent metallic properties,
1T-MoS; is one of the best candidates, and its capacitive properties were demonstrated by Acerce et al.
both in aqueous and organic electrolytes.'’

Over the past decade, molecular dynamics simulations have been used extensively to study the
microscopic mechanisms at play in supercapacitors.’*® Good predictions of the capacitive,** as well as of
the dynamic properties’’ of nanoporous carbon electrodes were allowed by the use of the so-called
constant-potential method (CPM). In this method, the charges located on electrode atoms are allowed to
fluctuate in order to keep the electrode potential (or rather the potential difference between the two
capacitive electrodes) at a fixed value.”! More recently, it was used to study a large range of supercapacitors
electrode materials, ranging from zeolite-templated carbons®® to metal-organic frameworks (MOFs)* and
MoS,.** However, a limitation of the CPM in the case of multi-component materials is the use of similar
parameters for all the atom types, which thus respond in the same way to electrolyte fluctuations. Although
this simplification may not have a large impact in the case of conductive MOFs, for which most of the

chemical elements (C, N and O) will display similar partial charges, in the case of MoS; electronic structure



calculations yield very different charges for the two elements, which is attributed to their respective
electronegativities.?’

In this work we build on the extension of CPM by Onofrio and Strachan,*! who proposed to control the
electrochemical potential of the elements instead of the potential, leading to the CPM_y method. We show
that the simulated capacitance of 1T-MoS, nanosheets agrees with previous experimental work'’ using 1-
ethyl-3-methylimidazolium tetrafluoroborate ([Emim][BF4]) as the electrolyte ions. The simulations show
that the charging mechanism is dominated by strong co-ion desorption effects, in contrast with previous
simulations on 1T-MoS, using the CPM method and with other systems such as nanoporous carbons or
MOFs. By studying the energetics of single ions adsorption, we show that this mechanism arises from the
large electronegativity of surface sulfur atoms that drastically decreases the affinity of BF4 anions. However,
this effect only emerges under nanoconfinement conditions and not in the case of simple planar MoS;

electrodes.

Results and Discussion

Capacitive performances of 1T-MoS; nanosheets
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Fig. 1. MD simulations setup. a, Graphical representations of Mo and S atoms, and coarse-grained model

of [EMIM][BF4]. b, ¢, Snapshots of the simulated system with slab-shape MoS, electrodes (b) and with



1T-MoS; nanosheet electrodes (¢). In the former, the blue regions represent the central part of the

nanosheets, on which structural analyzes are performed.

The various simulated systems are displayed on Fig. 1. For each of them, MD simulations were performed
at applied potentials of 0 V, 1 V, 2 V and 4 V using both CPM_y and CPM for comparison purposes as
discussed in the Methods section. We first focus on the capacitive properties of 1T-MoS, nanosheets, for

which the spacing between the sheets was set accordingly to the experimental study of Acerce et al."”
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Fig. 2. Charging of 1T-MoS; nanosheets. Time evolutions of the total electrode charge, after voltages of
1V,2Vand4V were applied between two electrodes. The resulting specific capacitance (40.8 F/g at 4 V)

is in good agreement with experiments (49.4 F/g)."”

Fig. 2 shows the total charge on the positive electrode for applied potentials of 2 V and 4 V. The
charging dynamics has a similar shape as in previous studies on nanoporous materials. From the equilibrium
value, we can extract a specific capacitance of 40.8 F/g for each electrode at the largest applied potential of
4 V. This number is in good agreement with the experimental result, which is 49.4 F/g at the lowest scan
rate measured.'” The obtained difference (20%) is similar to what we observed in previous works on

nanoporous carbons.*? It is worth noting that in experiments, the [Emim][BF4] was dissolved in acetonitrile



while in our case the neat ionic liquid is used. However, Acerce et al. reported that the adsorbed ions were
desolvated, so that this should not affect much the final capacitance.'’

Comparing the capacitances with other materials simulated under similar conditions, we observe that
the specific capacitances are smaller than the ones typically obtained in nanoporous carbons (60 to 100 F/g
in nanoporous graphene, 130 F/g in carbide-derived carbons™) or in MOFs (40 to 130 F/g).** However, the
comparison is not very fair since the density of MoS,, even exfoliated, is much larger than the one of these
systems due to the presence of heavy Mo atoms. For practical applications, of equal importance is the
volumetric capacitance. In contrast with Acerce et al., who used the restacked material density to extract
this quantity, we use the one obtained taking into account the larger spacing in the presence of adsorbed
ions. This yields a volumetric capacitance of 113 F/cm® at 4 V. This number is as high as the one obtained
in carbide-derived carbons (112 F/cm®),*® and larger than the one obtained in MOFs (which is below 110

35,36

F/cm®)* confirming 1T-MoS,, and more generally of layered sulfides, as very strong candidates in

future supercapacitor applications.
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Fig. 3. Individual charges of the Mo and S atoms on electrified electrode. a, b, ¢, Histograms of charge
per Mo and S atom on the positive electrode (a), on the electrode under 0 V (b), and on the negative

electrode (c). For the polarized cases, the electric potential between the two electrodes is set to 2 V.

However, we note that the CPM simulations reported by Liang et al. reported a very similar specific

capacitance (42 F/g).* It is therefore useful to compare the individual charges of the Mo and S atoms to



examine the reliability of the approaches. Two different scenarios can be observed in the CPM_y and CPM
cases (Fig. 3). When the electric potential is at 0 V (Fig. 3b), the average charge per Mo and per S atom in
the CPM_y case are +0.62 e and -0.31 e, respectively, which are very close to the DFT-obtained partial
charge values (see Table 1 in the methods section);*” whereas in the CPM case, the charges are both around
zero. When the electrode is under positive polarization (Fig. 3a), in the original CPM simulation, the charge
per S atom increases from zero to +0.052 e meanwhile the charge per Mo atom decreases from zero to -
0.04 e during the charging; however, in the CPM_y simulation, the charge per S atom rises from -0.31 e to
-0.263 e whilst the charge per Mo atom decreases from +0.62 e to +0.583 e. This shows that despite a
positive total charge on the electrode, the charge on the S atom of the positive electrode remains negative.
Similarly, for the negative electrode (Fig. 3¢), both methods give negative charges on S atoms and positive
charges on Mo atoms but with quite different magnitudes: the final charge per S atom and per Mo atom in
the CPM_y simulation are -0.361 e and +0.664 ¢, respectively, whereas in the CPM simulation, these two
values are -0.055 e and +0.046 e for S and Mo atoms, respectively.

The importance of representing accurately the electronic structure of MoS; surface was illustrated in
the recent work of Tocci ef al., in which they compared its friction properties to the ones of graphene and
hexagonal boron nitride using density functional theory-based molecular dynamics. From their calculations,
they showed that the friction coefficient of water molecules on the three materials differ a lot, an effect

which was attributed to the changing electrostatic interactions with the liquids.*®



Impact of electronegativity effects on the adsorption mechanisms
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Fig. 4. Variation of in-pore ion population as a function of electrode potential. a, The number of ions
inside the nanosheets for the CPM_y simulations (left) and the CPM simulations (right). b, Charging
mechanism parameter (X) obtained by the two methods. In both cases the electrode potential is defined as
the potential between the electrode and the bulk-region electrolyte relative to its value at zero charge of the

electrode.

It is therefore worthy studying the storage mechanism in the case where the simulations involve realistic
atomic charges on the electrode atoms. To do so, we further analyze the ion populations inside the
nanosheets as a function of electrode potential (Fig. 4a). Note that here the electrode potential is defined as
the potential between the electrode and the bulk-region electrolyte relative to its value at zero charge of the
electrode. One could see that despite resulting in similar capacitances, the CPM and CPM_y methods give

very different results for the in-pore cations and anions populations depending on the electrode polarization.



In particular, the number of adsorbed ions remains limited when using the CPM_y, which shows that the
high negative charge density on the S atoms confers them an ionophobic character.

In nanoporous supercapacitors, three different mechanisms are usually considered: counter-ion
adsorption, co-ion desorption and ion exchange. Yet there is generally not a clear separation between the

three, so that Forse e al. have introduced a charging parameter,’’ defined as:

N_NO

X =
(Ncounter _ Nco) _ (Ngounter _ NSO)

where N and N, are the total numbers of ions inside the electrode, respectively, at a working voltage and
zero electrode potential (N¢gunter and N§°U™ T for counterions and N, and N§° for co-ions). Note that the
charging mechanism parameter would be +1 (or —1) for pure permselective counterion adsorption (or co-
ion desorption) and 0 for an exact one-to-one cation—anion exchange.

In the systems studied so far using MD or experimental techniques such as NMR,***° the reported X
values ranged between -0.36 and 0.7, indicating that ion exchange and counter-ion adsorption were the
main charging mechanisms.***' Similarly, electrochemical quartz crystal microbalance experiments show
that these two mechanisms are at play in carbon materials with varying electrolytes.*” As shown on Fig. 4b,
here we observe a very different scenario for the 1T-MoS; nanoporous material. Firstly, in the case of the
negative electrode, the two simulation methods point towards a charging mechanism mixing ion exchange
and co-ion desorption. The co-ion desorption is more pronounced for the CPM (X=-0.6 to -0.7) than for the
CPM_y (which displays a non-monotonic variation of X between -0.3 and -0.6). This shows that 1T-MoS,
is a peculiar material, with a more complex affinity towards the ions than carbonaceous systems. Secondly,
the charging mechanism is radically different in the positive electrode depending on whether or not the
electronegativity of atoms is taken into account. In the conventional CPM model, we recover X-values
around 0.3, indicating a usual ion exchange-dominated mechanism. On the contrary, using the CPM_y
model we obtain values of -0.75 and -1.0 at positive potentials which shows that the charging is then almost

entirely due to the desorption of co-ions. This difference between the two models shows that reproducing



the experimental capacitance is not enough to validate MD simulations, since similar values can arise from

very different mechanisms.
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Fig. 5. Internal energies variations for adsorbing an external charge inside the electrode. a,
Schematics of the slit test systems. b, Energetic profiles for moving a +0.1e charge (left) and a -0.1e charge
(right) into the center of the left electrode in the slit system. The two charges are of the same magnitude
(0.1 e) and opposite sign. The fixed charge is anchored in the center of the right electrode. The gray-shaped

areas in panel b represent the regions of the electrode.

To understand deeper the origin of the peculiar charging mechanism, which is dominated by co-ion
desorption unlike other materials, we study the energetics of single ion adsorption inside the 1T-MoS;
nanosheets as illustrated in Fig. 5a. We simulate a system consisting in a pair of charges (+0.1 e and -0.1
e); one of them is anchored near or inside the right electrode, the other is initially placed in the vacuum
region of the system. The electrodes and the two charges were frozen in the simulation to eliminate the
kinetic component of the total energy, and the two charges have no other interactions with the electrodes
except for the electrostatic interaction. The electrode potential of the two electrodes was set to 0 V using

both CPM_y and CPM. For comparison purposes, a contrast case of constant-charge-method (CCM)



simulation with zero charge on the electrode atoms and with no constant-potential constraint was also
performed. The latter therefore allows us to unravel the ion-ion interaction due to the presence of two
charges. We then dragged the charge progressively from the vacuum region toward or into the left electrode,
and at each step computed the internal energy of system (Fig. 5b). In the conventional CPM simulation, it
can be seen that there is a small stabilization of the charge upon entrance into the nanosheet: the internal
energy decreases by a few kJ/mol, then it becomes stable as the charge is displaced into the nanosheets and
moves to the center of the electrode (regardless of its sign). This means both positive and negative charges
have an identical attractive interaction with the electrode. The small stabilization is consistent with the low
values of partial charges on the MoS; electrode atoms in the CPM case, as was already evidenced on Fig.
3. In contrast, in the CPM_y case, the slit electrode does not energetically favor the entrance of the negative
charge as the internal energy increases by more than 10 kJ/mol when moving it from the vacuum region to
the interior of the slit. On the contrary, the slit electrode displays a stronger attractive interaction with the
positive charge compared to what we see in the CPM case, as it is stabilized by approximately 20 kJ/mol.
This difference can be attributed to the large difference of electronegativity of the Mo and S atoms in the
MoS; electrode. The resulting negative charge on the S atoms has a strong influence on the ability of cations
and anions to enter into the nanosheets. We note however that the effect is not strong enough to render them
truly ionophobic, since at 0 V the ions remain adsorbed at almost the same concentration as in the CPM
case. This is due to the importance of ion-ion interactions, that remain stronger than the ion-electrode
interactions as discussed in several other works.*' The cations being attracted by the S atoms, they drag
some anions with them inside the nanosheets despite the energy penalty associated to the adsorption of the

latter.
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Structure of the adsorbed liquid within the nanosheet
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Fig. 6. In-slit ion density distribution inside 1T-MoS; nanosheets using the CPM_y method. In-plane,
2D maps of cations [EMIM]" (a,b,¢) and anion [BF4] (d,e,f) inside the 1T-MoS; nanosheets, at various
electrode potentials (left: +2.38 V; middle: 0 V; right: -1.62 V). The analysis was performed on the central

part of the electrodes (see its definition on Fig. 1).

We now focus on the structure of the adsorbed liquid in the case of the CPM_y method. As electrolyte
ions are confined between two 1T-MoS, layers with interlayer spacing of 0.8 nm, the charge distribution
on electrode atoms may play a role in the structural properties of the intercalated electrolyte ions. But how
significant can this effect be? Fig. 6 shows the in-slit ion density distributions obtained with the CPM_y
under various applied electric potentials. Note that to minimize effects due to the finite size of the MoS;
nanosheets in the simulations, only ions that are located in the central part of the slit-shape electrodes are
sampled in our analysis (see Fig. 1 for details). The densities are averaged over a time range of 100 ps;
taking a larger range would lead to blurred profiles in which it would not be possible to distinguish specific

structural arrangements.
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If we first focus on the null potential case, the adsorbed ionic liquid displays a rather ordered structure,
reminiscent of the one which was observed in the case of graphene-based slit pores.*™* This is due to the
dual constraint imposed by the nanoporosity and by the Coulomb ordering: On the one hand, all the ions
are forced to lie in the same plane while on the other hand every cation will tend to be surrounded by anions
and vice-versa. Once a potential is applied, due to the charging mechanism dominated by co-ion desorption,
the density of cations in the positive electrode (Fig. 6a) and of anions in the negative electrode (Fig. 6f)
become much sparser, with some regions with area larger than 1 nm? left unoccupied. As expected from
the previous analysis, the effect is much more pronounced in the negative electrode due to the low affinity
of anions for the S-based surface. Now focusing on the structure adopted by counter-ions (Fig. 6¢, 6d), we
observe that it is much more disordered than the one obtained at 0 V (Fig. 6b, 6e). This occurs despite the
fact that their number does not increase significantly, and can be attributed to the presence of a larger
accessible volume due to the leave of co-ions.

Assessing the impact of the nanoconfinement
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Fig. 7. Charging dynamics in slab simulations. Time evolutions of the electrode total charge, after a

voltage of 0 V (a), 2 V (b) and 4 V (c) were applied between two electrodes.

Now that we have established the effect of the atoms electronegativity on the charging mechanism of slit-
shaped 1T-MoS, it is of interest to determine the impact of nanoconfinement on the results. Indeed, as
shown on Fig. 5b, the different stabilization energies for cations and anions occur upon their entrance into

the nanosheets. We have therefore performed further simulations of electrified slab-like MoS; in contact
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with the same ionic liquid electrolyte (simulation setup, see Fig. 1b). Albeit this system is not very
important technologically, it provides an interesting comparison with the 1T-MoS; case. Indeed, for the slab
geometry, both the CPM and CPM_ y methods yield almost similar results, not only for the capacitance but
also for the adsorbed ionic liquid structure at various potentials. The capacitive behavior can be analyzed
from Fig. 7, that respectively compare the CPM_ y with the original CPM with respect to the time evolutions
of the total electrode charges at equilibrium under 0 V applied potential and upon application of finite
voltages of 2 V and 4 V. The results obtained by the two methods show minor difference when compared
to each other. These findings indicate that for systems with planar MoS; electrodes, the chemical potential
difference between the electrode elements does not manifest and barely affects the charging dynamic

behaviors of the systems.
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However, such a result was expected since we did not observe quantitative differences in the total
charges of 1T-MoS; either. We further compare the structures of the electrolyte ions near the MoS; surface
on Fig. 8. Under zero polarization, it can be seen that the 1D ion distributions obtained by the two
approaches are almost similar (Fig. 8a, b, upper panels), both for cations and anions. When focusing on the
‘interfacial cations’ that are within the 1% adsorption layer and analyzing their orientations (Fig. 8¢, upper
panels), still the two methods give the same characteristic angles despite minor discrepancies in the
distributions. Such comparisons are also made under a 2 V applied electrode voltages (Fig. 8, lower panels),

and the two methods give quite even more similar structural results.
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Fig. 9. Internal energies for moving an external charge towards the slab electrode. a, Schematics of
the slab test systems. b, Energy profiles for moving a +0.1e charge (left) and a -0.1e charge (right) towards
the left electrode surface in the slab system. The two charges are of the same magnitude (0.1 e) and opposite

sign. The fixed charge is anchored 2 A away from the right electrode.

In order to understand why in the case of this slab system there is no difference on the structure of the
adsorbed fluid, we have therefore performed a similar energy analysis as for the nanosheets, by approaching

a charge progressively towards the electrode. As shown on Fig. 9b, despite deviations when the charge is

14



extremely close to the electrode surface (less than 4 A), the internal energy curves do not see obvious
difference in the CPM_y and CPM cases. Also, both methods give almost identical internal energy profiles
regardless of the sign of the moving charge. The results reveal that the CPM_y method does not make the
electrodes more energetically favorable or unfavorable to the external charges in the slab-configuration
simulations. Therefore, we do not see obvious distinctions in the structural and charging dynamic properties
obtained by the CPM_y and the original CPM simulations. This effect may not be generic since we consider
species with relatively large ionic dimensions (~5 A).* Due to this structural feature, the ions of the ionic
liquid cannot approach very close to the electrode; in our cases, the first adsorbed layer of cations and
anions are, respectively, 3.9 A and 3.7 A, away from the electrode surface. For this reason, the structural
results obtained in the CPM simulation do not deviate much from those obtained in the simulation with
zero charge on the electrode atoms and without constant-potential constraint (Fig. 8, upper panels),
evidencing that the image charge effects are not strong if the ions are that far away from the electrode.
Therefore, it is not surprising that the IL ions may not be able to perceive the potential difference at different

electrode atoms in systems with slab configuration.

Conclusion

We have investigated the capacitance and charging mechanism of supercapacitors consisting of metallic
1T-MoS; nanosheets and ionic liquid electrolyte via MD simulations at fixed electrochemical potentials. In
agreement with experiments, the simulations yield a high volumetric capacitance (113 F/cm?®) for 1T-MoS,,
confirming its great potential as an electrode material in supercapacitors. Moreover, our simulations reveal
that it has a peculiar charging mechanism: the desorption of co-ion is much more pronounced than the
adsorption of counterions during the charging process; in particular, it dominates over counterion
adsorption under positive polarization. This mechanism differs to the one observed when neglecting the
electronegativity of the Mo and S atoms, for which the usual ion exchange mechanism is obtained at positive

electrode polarizations. This difference originates from the large gap in the electronegativity of the two
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elements in MoS;, which leads to a significant negative charge on the S atoms thus imposing an
asymmetrical impact on the entering of cations and anions.

Interestingly, the electronegativity effects are found to be negligible in the simulations of electrified
slab-like MoS,. The microstructures of electrolyte ions near the electrode, including ion distribution and
ion orientations, are similar to the case of conventional constant potential conditions, suggesting that
nanoconfinement is necessary for observing the consequences of the different affinities of the ions towards
the surface. The findings reported are not only helpful for the fundamental understanding of charge storage
of 1T-MoS; in ionic liquids, but the approach can easily be extended in future MD simulation studies

involving complex electrode materials, such as MXenes or other 2D layered materials.

Methods

Constant-potential method with tunable Gaussian width and electronegativity
In Siepmann and Sprik’s original CPM,*’ the charges on the electrode atoms are described by the Gaussian
charge distributions (Eq. 1).

3 _|r-nl?

pi(M) = q;(2mo?) 2ze  20° (1)

where o is the width of the distribution and r;j is the position of atom 1i. In the original CPM, the application

of an electrical potential ®; on each atom has been achieved by the following constraints (Eq. 2)

_au

Vchi_a_q-
1

(2)

where U is the total Coulombic energy of the system.

In our simulations, we first assign different values of Gaussian widths o to the two elements in MoS;
electrode (see Table. 1). These values are taken from the set of covalent atomic radii developed by Santiago
and their co-workers.*® Also, the original electrical potential constraints are modified to Eq. 3, in which the
derivative of U with respect to the charge of atom i is set to be equal to the sum of an applied electrical

potential and the electronegativity of this element, which is also often named electrochemical potential .
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The electronegativities for different elements (), vector of the electronegativity values for the electrode
atoms) are obtained by solving the following matrix equation (Eq. 4),
x=AQ 4)
where A is a pre-calculated Matrix which depends only on the geometry of the electrodes (also used in the
original CPM method),* and Q is the vector of electrode atom partial charges (qy, and qs, see Table 1)
which comes from the previous density functional theory calculation on MoS,.*” The computed
electronegativity values are also summarized in the Table. 1.

Table 1. Partial charge, Gaussian width of atom Mo and S.

Element Partial charge (e)* Gaussian width (A)° Electronegativity (V)
Mo 0.60 1.54 3.03
S 0.30 1.05 1.51

* values taken from ref *’

® values taken from ref **
Simulation setup and details
All simulations were performed using the molecular dynamics package MetalWalls.® As shown in Fig. 1,
two different types of systems were simulated. In one case, the system embeds two planar MoS; electrodes
with the electrolyte confined between them; in the other case, the system is composed of two slit-shape
MoS; electrodes emerged in the electrolyte. In the former system, the electrolyte ions are adsorbed on the
surface of MoS; whereas in the latter system, the ions are intercalated into the spacing of MoS; layers. The
Lennard-Jones parameters for the electrode atoms were taken from the Aluru’s work;’’ the coarse-grained
model, which provides accurate thermodynamic and dynamic propertiecs, was adopted for
[Emim][BF4].°>! For both configurations, the simulation cells were chosen large enough to reproduce the
bulk state in the central region of the electrolyte reservoir connected with two electrodes, and periodic

boundary conditions were applied in all directions. Specific system parameters are given in Fig. 1.
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The simulations were performed in the NVT ensemble with a time step of 2 fs; a Nosé—Hoover
thermostat chain was used with a time constant of 1 ps to maintain a temperature of 298 K. To guarantee
accuracy, the electrode charges were updated on-the-fly every simulation step. A cutoff length of 1.2 nm
was used in the direct summation of the non-electrostatic interactions and electrostatic interactions in real
space. All the MD simulations went through a 10-ns relaxation to reach equilibrium under null electrode
potential. To explore the charging dynamics, three independent runs were performed to smooth the charging
process data. To obtain microstructures, simulations were first performed for 20 ns to ensure reaching
equilibrium under the applied potential ranging from 0 to 4 V, and then 20-ns production runs in the
equilibrium state were carried out for analysis.
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