Journal of Energy Storage 154 (2026) 121121

Contents lists available at ScienceDirect

Energy
Storage
Journal of Energy Storage =

g

-

journal homepage: www.elsevier.com/locate/est

Research papers ' N

Check for

Irida-Silicene as promising electrode material for supercapacitors. A
comparative study by means of molecular dynamics

Hugo X. Rodrigues »*® Isabel A. Silva®, Luiz A. Ribeiro Jr. »>4, Marcelo L. Pereira Jr. *¢,
Leonardo J.A. Siqueira “4©-*

a University of Brasilia, Institute of Physics, Physics Postgraduate Program, 70910900, Brasilia, Federal District, Brazil

Y Computational Materials Laboratory, University of Brasilia, 70910900, Brasilia, Federal District, Brazil

¢ Hybrid Materials Laboratory, Chemistry Department, Institute of Environmental Science, Chemical, and Pharmaceutical, Federal University of Sdo
Paulo, 09913-030, Diadema, Sdo Paulo, Brazil

d University of Brasilia, Institute of Physics, 70910900, Brasilia, Federal District, Brazil

¢ University of Brasilia, College of Technology, Department of Electrical Engineering, 70910900, Brasilia, Federal District, Brazil

ARTICLE INFO ABSTRACT

Keywords: Two-dimensional (2D) materials based on carbon and silicon have received considerable attention as potential
Two-dimensional allotropes electrode candidates for supercapacitors due to their structural and electrochemical properties. In this study,
Irida-graphene fully atomistic molecular dynamics simulations were performed for four symmetric supercapacitors constructed

Irida-silicene
Supercapacitors
Classical molecular dynamics

with Graphene, Irida-Graphene, Silicene, and Irida-Silicene as electrodes. The constant potential model was
employed to simulate the electrode polarization under an applied voltage. The silicon-based supercapacitors
showed improved performance in terms of power density and energy density when compared with the carbon-
based systems. The specific capacitance (F/g) obtained for the former is approximately 50 % higher than that of
the latter, even though Si atoms are twice as heavy as C atoms. This result is related to the intrinsic roughness
of the silicon-based 2D materials, which enhances charge polarization at the electrodes. As a consequence,
in addition to the increase in capacitance, a reduction in cell resistance is also observed due to the stronger
interaction between the electrolyte counter-ions and the electrode surface. The work further presents a detailed
analysis of the electrolyte structuring, providing insights into why silicon-based materials can be considered
suitable alternatives for the development of high-performance supercapacitors.

1. Introduction such as silicene, have emerged as attractive alternatives, offering com-
patibility with existing silicon-based microelectronics while displaying
Two-dimensional (2D) materials have attracted substantial atten- electronic properties distinct from those of their carbon analogues
tion over the past two decades owing to their physical, chemical, [15-17].
and electronic properties, enabling a wide range of applications in Among the carbon allotropes proposed in recent years, Irida-
nanoelectronics, optoelectronics, sensing, catalysis, and energy stor- Graphene (Irida-Gr) stands out as a 2D material composed of a 3-6-8
age and conversion [1-4]. Their reduced dimensionality, high specific ring network [18], which has recently become the focus of several stud-
surface area, and tunable band structures allow the design of devices ies. In addition to previously reported structural, electronic, optical,

and mechanical characterizations [18], reactive molecular dynamics
simulations have shown that Irida-Gr exhibits an intrinsic thermal con-
ductivity at room temperature of approximately 215 W m~! K1, with
transport regimes ranging from ballistic to diffusive [19]. On the other
hand, Li and co-workers also used molecular dynamics simulations
to investigate the mechanical response of monolayer and multilayer
Irida-Gr under tensile loading, including the effects of pre-existing
cracks [20].

with superior performance compared to their three-dimensional (3D)
counterparts [5,6].

Within this class, carbon-based 2D materials occupy a central role,
with graphene being the most prominent example due to its electrical,
thermal, and mechanical properties [7-9]. Beyond graphene, several
carbon allotropes have been theoretically predicted and subsequently
synthesized [10-14], many of which exhibit promising features for
next-generation technologies. In parallel, silicon-based 2D materials,
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Beyond its physicochemical characterization, the porous nature of
Irida-Gr favors atomic and molecular adsorption and storage processes
for diverse applications. In this regard, density functional theory (DFT)
calculations have indicated that decoration with transition metals such
as Sc, Ti, V, and Nb enables reversible H, adsorption with suitable
binding energies [21,22]. Laranjeira et al. [23] demonstrated that
functionalization with the superalkali OLi; allows hydrogen storage ca-
pacities of up to 10.0 wt% under ambient conditions. Other works have
reported that Irida-Gr exhibits high storage capacity when decorated
with alkali metals, as well as with Li [24,25], Na [24,26,27], Ca [28],
and K [24], achieving high reversible capacities.

In the field of electrochemical energy storage, Irida-Gr has also
shown significant potential as an electrode material. Xiong and co-
workers predicted that monolayer Irida-Gr can function as an efficient
anode for lithium-ion batteries (LIBs) [29], offering high stability,
excellent conductivity, and low diffusion barriers for Li*. Compara-
ble performance has been reported for sodium-ion batteries (SIBs) by
Kaur et al. [30] and Martins et al. [31]. While Wei and colleagues
investigated the material for multi-alkali systems (Li/Na/K) [32], con-
firming high theoretical capacities and rapid ion transport. Rusho and
collaborators extended these investigations to magnesium-ion batteries
(MIBs) [33] and potassium-ion batteries (PIBs) [34], the latter studied
in a boron nitride analogue of Irida-Gr. For Li-S batteries, Martins
et al. [35] demonstrated that Irida-Gr strongly adsorbs polysulfides,
mitigating the shuttle effect and further evidencing the versatility of
this material in energy-related applications.

Structural variations of Irida-Gr have also been proposed, includ-
ing Irida-Graphyne [36], Twin-Irida [37], boron-nitride Irida (Irida-
BN) [38], and Irida-Silicene (Irida-Si) [39], the latter being a silicon-
based analogue with larger pores and higher surface roughness, char-
acteristics that may enhance adsorption processes.

Although the literature on Irida-Gr has grown rapidly, previous
computational investigations have predominantly focused on battery-
related applications or static adsorption phenomena, neglecting the
dynamic response of electrified interfaces. Consequently, its potential
as an electrode material for supercapacitors remains unexplored, with
no systematic link established between atomistic dynamics and macro-
scopic performance metrics. This gap is even more pronounced for
Irida-Si, which, despite its larger pores and higher intrinsic surface
roughness, features that could enhance ion adsorption and charge
storage, has not been considered in this context. Unlike earlier MD
studies that predominantly address hexagonal graphene [40] or sil-
icene [41], this study presents a direct and systematic comparison
of hexagonal and Irida-like 2D architectures for carbon- and silicon-
based electrodes. By evaluating all four structures, graphene, Irida-
graphene, silicene, and Irida-silicene, under identical simulation proto-
cols and using a single electrolyte and constant-potential methodology,
we clarify the distinct influences of chemical composition and atomic-
scale geometry on capacitive properties. This methodology uncovers
a morphology-dependent mechanism absent from earlier MD reports:
the non-hexagonal ring arrangement and inherent corrugation in Irida-
type lattices intensify charge localization, bolster electrode—electrolyte
coupling, and decrease interfacial resistance.

In this work, we systematically evaluating the capacitive perfor-
mance of Irida-Gr and Irida-Si using a fully atomistic simulation frame-
work. The methodology integrates classical molecular dynamics simu-
lations with explicit electrode-electrolyte interfaces, where both mate-
rials are modeled as fully periodic porous electrodes in contact with
an organic electrolyte. The simulations capture ion adsorption dynam-
ics, charge accumulation processes, and potential-dependent behavior,
enabling the direct estimation of key performance metrics such as
differential capacitance, energy and power density, and ion transport
characteristics. This approach provides a rigorous and quantitative
comparison between Irida-Gr and Irida-Si, elucidating the influence of
pore size and surface roughness on electrochemical performance and
identifying their specific advantages relative to more established 2D
materials such as graphene and silicene.
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Table 1
Details of the simulation cells. Number of ion pairs, solvent molecules, and
electrode atoms. L is the electrode separation in A.

Electrode # lon pairs # Solvent molecules # Electrode atoms LA
Graphene 200 2000 512 276
Irida-Gr 200 2000 576 214
Silicene 200 2000 448 118
Irida-Si 200 2000 432 112

2. Methodology

This study investigates supercapacitors with 2D electrodes in hon-
eycomb and Irida networks of carbon and silicon by means of fully
atomistic molecular dynamics simulations. The electrolyte adopted was
ImolL~! NaPFg in a (1:1) mixture of ethylene carbonate (EC) and
diethyl carbonate (DEC) [42], a standard formulation for high-voltage
sodium- and lithium-ion devices [43]. This electrolyte provides a broad
electrochemical stability window up to 3 V, enabling realistic evalua-
tion of the modeled supercapacitors’ energy and power densities [44]. It
is worth noting that aqueous electrolytes are limited to approximately 1
V [45]. Furthermore, reliable non-polarizable force-field parameters are
available in the literature for Na*, PF¢~, EC, and DEC [46-48], ensur-
ing accurate description of ion-solvent and ion-electrode interactions.
The electrolyte was confined between two conducting sheets, which
enabled the observation of the electrode/electrolyte interface and the
formation of the electrical double layer, supporting the estimation of
capacitance, power, and stored energy.

The overall configuration is illustrated in Fig. 1. The top panel
shows a snapshot of a polarized symmetric supercapacitor with
electrode atoms colored by partial charge. The gray, semitransparent
surface is a solvent-density isosurface constructed from the EC and
DEC atomic positions, delineating the liquid region. The Na* and PFg~
species are shown explicitly as spheres immersed in this phase. The
inserts on the right report the lateral dimensions of the electrode
sheets and highlight the buckled character of the silicon-based mate-
rials, which is not observed for the carbon-based sheets. The bottom
schematic depicts the periodic cell with 100A vacuum regions placed
beyond the electrodes along z to suppress interactions between periodic
images.

Initial geometries were generated with PACKMOL [49] and pre-
pared with FFTOOL [50]. The lateral dimensions of each electrode
were defined based on the rectangular unit cell of the corresponding
material, which produced supercells with comparable extents in both
the x and y directions. The separation between the conducting sheets,
denoted L, ranged from 112 to 276 A to reproduce within the cell the
density of the neat electrolyte at 350 K. Two 100 A vacuum regions were
placed beyond the electrodes along z to remove coupling between peri-
odic images. Table 1 lists the numbers of ion pairs, solvent molecules,
and electrode atoms together with the values of L.

The choice of salt followed previous results indicating favorable
performance of electrolytes with small ions in electrochemical energy-
storage devices [51-55]. Lithium bis(trifluoromethanesulfonyl)imide in
propylene carbonate delivers higher stored energy than conventional
electrolytes, such as TEABF, [56]. Its high cost motivates the evaluation
of more accessible alternatives. Sodium is more abundant in the Earth’s
crust, and NaPFy has been widely examined in sodium-ion batteries,
which supports its use in supercapacitors as well.

Interaction parameters for the ions were taken from the CL&P force
field for ionic liquids [46] and atomic charges were rescaled to 0.8 e.
This strategy accounts for the electronic polarizability of the ions, es-
pecially for anions [47], and improves agreement with experiments for
dynamical properties such as viscosity and ionic conductivity [42,57].
Parameters for the organic solvents were adapted from the AMBER,
parm94, and OPLS force fields following the initial parameters of
Takeuchi et al. for propylene carbonate [48]. Interactions with the
electrode sheets were modeled with Lennard-Jones (LJ) parameters of
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Fig. 1. Overview of the modeled system. Snapshot of a polarized symmetric supercapacitor with electrode atoms colored by partial charge. The gray,
semitransparent surface is the solvent-density isosurface obtained from EC and DEC positions, marking the liquid region. Na* and PF,~ are shown explicitly
as spheres immersed in this phase. Inserts report the lateral dimensions of the electrode sheets and a detail of the buckled morphology in silicon-based materials.
The periodic cell includes 100 A vacuum regions beyond the electrodes along z. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

e = 0.0699kcalmol™! and & = 3.5500 A for carbon [58] and ¢ =
0.4023 kcal mol™! and & = 3.8264 A for silicon [59]. The Gaussian charge
parameter was 1.015 A_]. Long-range electrostatics were treated using
the particle—particle-particle-mesh (PPPM) method [60,61] in conjunc-
tion with the Yeh-Berkowitz slab correction [62] for 2D periodic
boundary conditions.

Simulations were carried out in the canonical ensemble at 350 K
with a time step of 2 fs and a Nosé-Hoover thermostat with a coupling
time of 100fs [63,64]. A cutoff of 12.0A was applied to Lennard-
Jones interactions and to the real-space part of electrostatics. Bonds
involving hydrogen were constrained with the SHAKE algorithm [65].
Each system was equilibrated for 10ns at zero constant charge and
then subjected to applied voltages using the constant potential method
implemented in the ELECTRODE module of LAMMPS [66-68]. The
charges of the atoms belonging to the electrodes were allowed to
fluctuate for at least 4 ns, this time was sufficient to achieve complete
charging, as shown in the next section, since a previous simulation
of 10ns guaranteed full equilibration of the electrolyte at zero charge,
as cited above. For each voltage, two independent replicas were gen-
erated with different seeds. Structural analyses used the last half of
the trajectories, and final values were obtained as averages over the
replicas.

3. Results and discussions
3.1. Electrical properties

The electrode materials used in this study exhibit metallic proper-
ties, as evidenced by the absence of a band gap in the density of states
calculated via DFT [15,69,70]. Therefore, the constant potential model
can be employed to study the performance of supercapacitors contain-
ing these materials as electrodes. Fig. 2 shows the specific charge (C/g)
accumulated on the electrodes (sum of each charge on the electrode
atoms normalized by the electrode mass) at several applied voltages
for the different supercapacitors. The higher the applied voltage, the
higher the charge stored on the electrodes. After approximately 2 ns,
a plateau appears in the charge curves, indicating that the superca-
pacitors are fully charged after this simulation time. The Irida-Gr and
Irida-Si devices exhibit higher charge storage capacities than Graphene
and Silicene, respectively, owing to their lower areal density. Among
all the devices, the Irida-Si supercapacitor presents a superior charge
storage performance, which can be attributed to its buckling, as this
structural feature introduces surface roughness and enables greater
ionic charge storage. The effect of buckling can be better understood



H.X. Rodrigues et al.

150 [(a) T 150 F(b)
IV e fit IV—

120 % . gr %— 120
N / o fit 3V =— -
S S
% % .
= 60 = 60
= =
© 30 © 30

0 & 0

0 1 2 3 4 0 1 2 3 4
Time (ns) Time (ns)

150 [ (o) 150 [(d)
o0 120 0 120
2 90 S *
) )
= 60 = 60
© 30 © 30

0 0

0 1 2 3 4 0 1 2 3 4

Time (ns) Time (ns)

Fig. 2. Accumulated specific charge curves (dots) on the electrodes at different
applied potentials for (a) Graphene, (b) Irida-Gr, (c) Silicene, and (d) Irida-Si
devices. The lines are best-fit curves of a monoexponential function, Eq. (1).
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Fig. 3. Normalized absolute frequency of charge in (a) the positive and (b)
the negative electrode for each supercapacitor at 3 V.

by the charge distribution on the electrodes upon the application of
voltage, Fig. 3. Atoms in silicon-based electrodes can be more polarized
and show higher partial charges than those in carbon-based ones.
These findings support the idea that electrodes with rough surfaces
can yield devices with enhanced charge storage capacity, consistent
with previous molecular simulations of supercapacitors addressing this
phenomenon [71-73].

Molecular dynamics simulations of supercapacitors aimed at study-
ing charging dynamics often employ an equivalent circuit based on
the transmission line model (TLM) to fit the charge stored in porous
electrode [42,54,55,74-77]. In many of these studies, the electrodes
are divided into two slices, leading to a biexponential function as the
solution to the differential equation for two RC circuits connected in
series [74,75]. In this study, however, we employed a monoexponential
function (Eq. (1)), which corresponds to the solution of a simpler model
involving a single RC circuit. This choice was motivated by our goal
of comparing different devices with electrodes that are less complex
than porous ones. Table 2 shows the best-fit parameters obtained for
the monoexponential function, Eq. (1), the charge accumulated on the
electrodes along the simulation time,

0) = Oy [1 = ex (—%)] , ey

where Q,,,, is the charge in the limit of 7 —» oo, and 7 is the relaxation
charging time. For the carbon-based supercapacitors (Graphene and
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Table 2

Charge accumulated on the electrodes normalized by their weight (in Cg™!)
and charging time (7 in ps) calculated for different supercapacitors at several
applied voltages.

Supercapacitor v 2V 3v
Qprax 4 Qo 4 Qurax 4
Graphene 31.42 695.82 59.17 489.71 92.38 540.97
Irida-Gr 35.17 595.87 70.06 501.76 104.12 505.05
Silicene 33.52 348.44 64.26 374.53 99.46 339.61
Irida-Si 39.94 344.27 80.95 427.52 119.36 382.60
Table 3

Differential capacitance on the positive and negative electrodes in pF/cm?
calculated for different supercapacitors.

System ct Cc-

Graphene 4.930 3.601
Irida-Gr 5.312 3.775
Silicene 4.492 3.857
Irida-Si 5.475 4.591

Irida-Gr), the relaxation times do not follow a monotonic trend, as
t(2V) < t(3V) < =(1V). In the case of Silicon-based ones, there is
no clear trend, but z(2V) values are larger than those obtained at
AY equals to 1 and 3 V. Previous molecular dynamics simulations of
supercapacitors based on ionic liquids with graphite electrodes [42]
and fullerene-decorated graphene electrodes [53] also consider that
7 does not follow a monotonic relationship with the applied voltage,
which is related to the charging mechanism changing with voltage.
The differential capacitance on the negative and positive electrodes
is calculated by
. do';:le @
VTN
where 6% is the real mean surface charge on the electrode,

Ay = p* _whuk _p7c 3)

is the potential at the electrode—electrolyte interface, and the PZC
corresponds to the potential of zero charge, that is, the potential at
which the surface carries no net charge. Table 3 presents the differential
capacitances obtained from the slopes of the linear fits to the electrode
charge density as a function of the potential drop across the cell. The
differential capacitance of the positive electrodes is consistently higher
than that of the negative electrodes, reflecting the larger potential drop
on the negative side, as illustrated in Fig. 4. Fig. S1, S2, and S3 of the
Supplementary Materials also show the potential drop across the cells
containing Graphene, Irida-Gr, and Silicene electrodes. The potential
drop was calculated by integrating the Poisson equation, as we have
done in previous studies of our group [51,53,55,73]. Irida-based su-
percapacitors outperform those based on Graphene and Silicene, which
is a manifestation of their higher charge storage capacity shown in
Table 2. In particular, Irida-Si supercapacitors exhibit the best overall
performance among all systems studied. Furthermore, the differential
capacitances calculated here are consistent with those calculated for
ionic liquids confined to graphite [42,78-80], graphene oxide [73,81],
and planar MXenes electrodes [54].

Effective ion accumulation (EIA) is an interesting way of investi-
gating the overscreening of the electrodes proposed in the simulations
of ionic liquids as electrolytes for supercapacitors. The EIA of ionic
liquids is characterized by strong oscillations that fade away towards
the bulk region of the electrolyte [42,80,82]. Such oscillatory behavior
of EIA comes from the alternating layer of ions close to the electrode
surface upon the application of voltage. The charge of the first layer
of counter-ion (ions with opposite charge to the electrode) adsorbed
on the electrode is larger than that needed to screen the electrode
charge, giving rise to the so-called charge overscreening. Thus, a sec-
ond layer of co-ions (ions with the same charge as the electrode) is
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Fig. 4. Electrostatic potential profiles, ¢(z), calculated for the Irida-Si super-
capacitor as a function of the distance, z, at different applied voltages, near
(a) the positive and (b) the negative electrode.
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Fig. 5. Effective ion accumulation (EIA) calculated for Irida-Si at different
applied voltages near (a) the positive and (b) the negative electrode.

formed to compensate for the charge excess of the adlayer. In its turn,
the second layer of co-ion still has an excess charge. Therefore, a
third layer of counterions is formed, and so on, until the electrolyte
thoroughly screens the electrode charge. Beyond that, Merlet and co-
workers [83] have proposed that porous electrodes outperform planar
ones in terms of charge storage due to the confinement inside the pores,
which prevents the occurrence of overscreening effects. Therefore,
we calculate the effective ion accumulation for the supercapacitors
investigated here. Fig. 5 shows the EIA across the cell containing Irida-
Si as the electrode, indicating larger overscreening close to the negative
electrode (EIA > 1), and, consequently, smaller capacitance in this
electrode, as discussed before. Additionally, the EIA calculated here,
using 1.0molL~! NaPF, in EC:DEC shows that the electrode charge is
thoroughly screened up to 10A from the electrode (EIA =~ 0), that is, in
shorter distance than in ionic liquids as electrolytes, in which the EIA
tends to zero only after 30A far from the electrode. Figures S4 to S6
of the supplementary material show the EIA calculated for Graphene,
Irida-Gr, and Silicene supercapacitors.

The resistance R is an important property to evaluate the per-
formance of supercapacitors concerning the rate of energy delivery
(power). Considering that we used a model containing only one RC
circuit, the resistance, R, can be estimated by:

7 =RC, ()]

where 7 is the relaxation charging time obtained from the fitting of
the monoexponential function, and C is the capacitance, which is
calculated from [84]
— 2Qmax
AY -m’
where Q,,,. is the charge obtained from the fitting of charge curves, A¥
is the applied potential, and m is the mass of both electrodes. Table 4
presents the cell resistances and specific capacitances calculated for the
supercapacitors investigated here as a function of the applied voltage.
At all applied voltages, the specific capacitances of irida-based super-
capacitors are higher than those calculated for silicene and graphene.

(%)
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Table 4
Capacitances (C in Fg™') and resistances (R in 10° Q) calculated for the
supercapacitors at several applied voltages.

Supercapacitor 1v 2V 3V

R C R (e} R C
Graphene 21.7 31.42 16.2 29.59 17.2 30.59
Irida-Gr 14.8 35.17 12.5 35.03 12.7 34.70
Silicene 4.99 33.52 5.59 32.15 4.92 33.15
Irida-Si 4.29 39.94 5.26 40.47 4.79 39.78

Among the devices investigated, the Irida-Si supercapacitor exhibits
the highest capacitance. Although silicene is heavier, it outperforms
graphene in terms of capacitance, albeit with slightly higher resistance.

The differential capacitance obtained for the graphene electrode
(~4.9 pFcm™2) is in good agreement with molecular dynamics [85] and
DFT [86,87] simulations, as well as with experimental results [88] for
graphene/ionic-liquid interfaces (typically in the range of
4-10 uF cm™2). Moreover, the specific capacitance values calculated in
this study is close to previous molecular dynamics simulations of super-
capacitors with ionic liquids confined in graphite (30 Fg~!) [83]. Also,
the specific capacitance of graphene (x31Fg~! at 1V) falls within the
experimentally reported range of thermally reduced graphene-sheets
supercapacitors employing organic electrolytes (25-50 Fg~!) [89]. This
agreement validates the simulation model and supports the subsequent
analysis of Irida-type electrodes.

The enhanced capacitance observed for silicene and Irida-silicene
arises from their intrinsic out-of-plane buckling, which effectively rep-
resents surface roughness in our defect-free, frozen-lattice simulations.
Silicene and Irida-silicene exhibit buckling amplitudes of 0.44A and
0.78 A [69,90], respectively, whereas graphene and Irida-graphene re-
main atomically flat and therefore display zero surface roughness.
Furthermore, the quantum capacitances of silicon-based and carbon-
based materials are, respectively, 364 and 355Fg~! at 3V, as supported
by previous studies [72,91]. These values yield a negligible contri-
bution to the total capacitance of the devices. Therefore, quantum
capacitances were not considered in the present study.

This built-in corrugation enhances local polarization and promotes
more pronounced ion layering at the interface, in agreement with the
charge and density profiles obtained from constant-potential simula-
tions.

The performance of electrochemical cells in terms of energy and

power densities is often evaluated together by the Ragone plot, which
is calculated by using [92]
E(P)= %c [RPln<%>+U2—RP], (6)
where E(P) is the energy density, P is the power density, R is the cell
resistance, C is the capacitance and U is the constant voltage of the
reversible cell given by [92]:

v, |U?
U=—=+\ 7 —RP, )

where U, is the applied voltage.

The cell resistance can be calculated using Eq. (4), where 7,,,,,, is
the charging time for an electrode at the macroscopic scale, estimated
bY Tpaero = TLmacro/D1?> Where [ and 1,,,.,, represent the electrode
size in the system used in the simulation and its macroscopic size,
respectively. Here we have used / =10A for all the supercapacitors
to make a fair comparison, considering that carbon-based electrodes
are flat, whereas the silicon-based ones present buckling. This scaling
assumes that the charging mechanism remains diffusion-limited and
that the electrode morphology is uniform at larger scales. It should be
noted that our model does not account for macroscopic resistive losses
(e.g., contact resistance, binder effects, or electrolyte resistance outside
the pores), which would reduce power density in practical devices.
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Graphene, (b) Irida-Gr, (c) Silicene, and (d) Irida-Si supercapacitors at different
applied voltages.

Nevertheless, the relative trends among the four materials are robust
and provide valuable guidance for material selection.

The Ragone plots in Fig. 6 show energy and power densities nor-
malized by the total mass of the symmetric electrodes, as calculated
using Egs. (5) and (6). Energy and power densities increase with the
applied voltage. At high voltage, the energy stored in the supercapac-
itors is around 38.4 and 49.7Whkg™!, while power spans from 6410
to 11700 W kg™!. The maximum energy and power densities calculated
for the supercapacitors are presented in Table S1 of the supplementary
materials. Graphene cells present the worst performance, whereas Irida-
Si supercapacitors present the best performance in terms of energy and
power. The range of energy and power densities calculated for the
supercapacitors investigated here is comparable with the performance
of supercapacitors containing ionic liquids confined in electrodes of
graphene decorated with fullerene [53].

These findings fall close the range reported for state-of-the-art ex-
perimental carbon-based materials, where devices based on graphene,
porous carbon nanosheets, or heteroatom-engineered carbons typically
exhibit energy densities between 5 and 20 W hkg™! and power densities
ranging from 1 to 10kWkg™! [40,45,93]. They are also comparable
to Ragone plots obtained from electrochemical experiments employing
1.0mol L~! tetraethylammonium tetrafluoroboride in propylene carbon-
ate confined in activated carbon, which reported maximum power and
energy densities of 2570 Wkg™! and 7.52Whkg™!, respectively [56].
Therefore, the modeled systems are consistent with the upper end of
the experimental performance envelope, as expected for atomically flat,
defect-free 2D electrodes operating across the full stability window of
an organic electrolyte.

3.2. Structure and interaction energy at electrolyte—electrode interface

The way the electrolytes are structured in the vicinity of electrodes
determines the supercapacitors’ performance. Therefore, in order to
figure out the best performance of Irida-Si among the others, we
calculated number density profiles of ions and solvent molecules across
the z-axis of the cell at A¥ = 0 and 3V for this system, Fig. 7. At null
charge (4% = 0V), the surface of the electrodes is mainly covered by
carbonate solvent molecules, with a small amount of NaPFy. A second
layer arises around 7 A far from the electrodes that has a higher density
of the salt. At the end of the charging procedure (after 2ns), there is a
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Fig. 7. Number density profiles of ions and solvent molecules (Na*, PF,~,
DEC, and EC) across the z-axis of the simulation box at A% = 0 and 3V for
Irida-Si device near (a,c) the positive and (b,d) the negative electrode. The
dotted line indicates the position of the electrodes.

layer of PFg~ with a thickness of ~5A on the surface of the positive
electrode to screen the charge. Only from ~5 A towards the bulk region
of the electrolyte Na' can be found. Given the stronger interaction
between Na* and DEG (See Figure S14 of the Supplementary Materials),
the cations repelled from the positive electrode bring together DEC
molecules of its coordination shell towards the bulk, explaining the
richer layer of EC on the surface of the positive electrode. On the other
side of the cell, the negative electrode, there is a layer with a thickness
of ~6A of Na™, DEC, and EC. Note that the layer of solvent molecules
adsorbed on the negative electrode is richer in DEC. A second and rich
layer of Na* arises farther from the negatively charged surface (around
z-axis ~112A). Again, this feature is related to the strong Na-O DEC
interaction and the repulsion between the negative electrode and the
oxygen atoms (negatively charged) of DEC, prompting a rearrangement
of DEC molecules adsorbed on the electrode surface. The closest layer
of anions near the negative surface of the electrode only appears after
the first layer of Nat directly adsorbed onto the surface of the neg-
ative electrode due to the electrostatic repulsion. Similar features are
observed in Figures S7-S9, which present the number density profiles
calculated for graphene, silicene, and Irida-Gr at A¥ =3 V.

Further investigation of the density profiles within the adlayer en-
ables a detailed analysis of how its structure changes upon application
of voltage. Therefore, we calculate the difference between the number
of molecules within this layer at a given voltage and the number at 0V
(AN), where the layer thickness was chosen based on the high density of
these adsorbed molecules. In both electrodes, there is ion exchange at
the electrode-electrolyte interface; that is, the number of counter-ions
(ions with opposite charge to the electrode) increases, while the num-
ber of co-ions (ions with the same charge as the electrode) decreases.
In the positive electrode, the number of PFg~ increases more than the
number of co-ions decreases. It is interesting that in both electrodes,
the number of EC increases, while the number of DEC decreases in the
closest layer of electrolyte in direct contact with the electrodes. Similar
behavior has been found in the other investigated supercapacitors as
depicted in Figures S11 to S13 of the Supplementary Materials.

Fig. 9 shows the coordination number of Na* n(r), calculated for
fluorine and oxygen atoms from PF,~, DEC and EC within a radius of
3.5A around Na* in the bulk region and inside the 10—A—layer near the
negative electrode at A¥ = 3 V. Despite the enrichment of EC on the
electrode surfaces upon the applied voltage, shown in Fig. 8, the local
environment of Na™ near the negative electrode surfaces resembles the
one found in the bulk region of the simulation cell, where the effect of
the applied voltage is negligible.

Fig. 10 shows the short-range interaction energies (Lennard-Jones
and Coulomb terms) up to 12A as a function of the simulation times.
Upon applying voltage, the interaction energies between electrodes
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and counter-ions become more substantial, particularly between the
positive electrode and the anion. These interactions in Silicon-based
supercapacitors (Fig. 10c and d) are even stronger than in carbon-based
systems, which are related to stronger LJ interactions (eg5; > ¢.) and
the larger polarized charges on the Silicon-based electrodes, as illus-
trated in Fig. 3. The strong Na*-solvent interaction shields the negative
electrode and cation interactions, resulting in a minor contribution
from these interactions compared to the electrode’s positive and anion
interactions. It is interesting to note that the repulsion between co-ions
and electrodes is not as strong as the attraction between counter-ions
and electrodes. Therefore, the ion exchange observed on the electrode’s
surface, as shown in Fig. 8a and b, can be determined by the attraction
forces between the electrode and counter-ions.
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Considering that it was observed that there was a change in the
number of solvent molecules at the electrode—electrolyte interface, Fig.
8c and d, we also calculated the solvent—electrode interactions for the
supercapacitors investigated here. Fig. 11 shows that the interaction
between the solvent molecules and the negative electrodes is barely
affected upon the application of potential difference (4%¥). However, a
weakening of the interaction between DEC and the positive electrode
can be observed, which is particularly pronounced in silicon-based su-
percapacitors. Conversely, the interaction between EC and the positive
electrode becomes stronger, which is consistent with the enrichment of
EC on the surface of charged electrodes.
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Fig. 11. Interaction energy (Lennard-Jones plus Coulomb) up to 12 A between
solvent molecules (EC and DEC) and electrode under voltage of A¥Y = 3V
normalized by the number of electrode atoms. Data for (a) Graphene, (b) Irida-
Graphene, (c) Silicene, and (d) Irida-Silicene.



H.X. Rodrigues et al.
4. Summary and conclusions

This work assessed the capacitive response of 2D electrodes with
honeycomb and Irida lattices based on carbon and silicon using fully
atomistic molecular dynamics with a constant-potential treatment of
electrode polarization. Silicon-based devices exhibited higher specific
capacitance, along with reduced cell resistance, compared to their car-
bon counterparts under the same electrolyte and operating conditions.
The improvement is consistent with stronger counterion adsorption
and enhanced charge polarization at corrugated silicon surfaces, which
together facilitate charging and lessen resistive losses.

The analysis of charging transients, differential capacitance, and
effective ion accumulation indicates a coherent picture across struc-
tures. Irida-type electrodes exhibit larger charge storage than their
honeycomb analogues. Silicon variants further benefit from intrinsic
buckling in their distinct morphology that increases the local roughness
and accessible interfacial area without requiring pore engineering.

This increased surface roughness enhances charge polarization,
strengthens interactions with counterions, and promotes denser ion
packing within the electrical double layer. As a result, the electrode
can store more charge per unit mass and screen the applied potential
more efficiently, leading to higher specific capacitance and lower cell
resistance. Although the porous Irida network provides additional ad-
sorption sites, buckling-induced surface roughness emerges as the key
morphological feature distinguishing silicon-based materials from their
flat carbon analogues. This observation highlights that engineering
atomic-scale surface roughness, rather than merely increasing porosity,
represents a powerful strategy for improving capacitive performance.

Structural characterization of the electrolyte shows potential-
dependent layering near the electrodes and a selective enrichment of
EC at charged interfaces. At the same time, cation coordination in
the first nanometers remains comparable to the bulk environment.
These observations align with reports that interfacial morphology and
solvation govern screening and ultimately the capacitive response.

The results suggest two design guidelines. First, atomic-scale corru-
gation and controlled roughness can be effective levers for improving
capacitance without excessive mass penalty. Second, electrolyte formu-
lation should be considered in conjunction with surface morphology, as
solvent identity and ion-solvent interactions influence layering, screen-
ing length, and resistance. The present conclusions were obtained for
I mol L~! NaPFy in EC:DEC at 350K and planar monolayer electrodes,
which sets a clear scope for comparison.

Multiscale models connecting atomistic descriptors of roughness to
macroscopic performance are a natural extension. Continued explo-
ration of underexplored 2D allotropes such as Irida-like lattices and
related heterostructures is likely to advance supercapacitor research by
broadening the materials palette beyond the most established options.
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