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ABSTRACT

We use atomistic simulations to study the electrical double layer (EDL) at an electrode—-electrolyte interface at different temperatures. For
a constrained electrode charge, the potential drop over the EDL increases with temperature, a phenomenon known as the thermal voltage
rise (TVR). Prior continuum models attributed TVR to expansion of the EDL with increasing temperature; conversely, our simulations with
aqueous, organic, and ionic liquids show that the EDL does not expand but that the TVR is caused by a decrease in interfacial permittivity

with increasing temperatures.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0318194

I. INTRODUCTION

The performance of supercapacitors, batteries, and other elec-
trochemical energy storage and generation devices relies heavily
on the behavior of electrolytes near charged electrode surfaces.
There, electric double layers (EDLs) form, which comprise elec-
tronic surface charge and ionic charges in the electrolyte. For a
given electrode surface charge, the structure of the EDL dictates
the potential drop at the electrode surface and, hence, its capac-
itance. Upon varying an electrochemical device’s temperature, its
EDL structure changes, and so will the device’s capacitance. Such
temperature dependence in an electrochemical device’s capacitance
might be used to convert waste heat into electricity via a thermal
capacitive electrochemical cycle (TCEC). In a TCEC, a capaci-
tor is charged and discharged at different temperatures, analogous
to heat-engine cycles with compression and expansion at differ-
ent temperatures.1 o Experiments on aqueous and organic elec-
trolytes have shown that, for a fixed surface charge, the electrode
potential rises with increasing temperature: this effect is known as
thermal voltage rise (TVR) (or equivalently, a decrease in capac-
itance with increasing temperature).” >>’~° Conversely, in exper-
iments on ionic liquids, both increasing'’"'" and decreasing'”™"’

capacitance with increasing temperature were observed. The
increase in capacitance for ionic liquids is related to weaker ion
association at higher temperatures, which allows structural changes
at the interface to improve the screening of the potential by the
ions.'"'® A recent study’ pointed out that the increased self-
discharge at high temperatures limits the feasibility of the TCEC. To
make TCEC technologically feasible, electrode-electrolyte combina-
tions must be found whose EDL capacitance responds the strongest
to variations in temperature. Accordingly, a better understanding
of the temperature dependence of electric double layers (EDLs) is
crucial.

The structure and formation of the EDL have been studied con-
tinuously since the pioneering work by Helmholtz, who treated the
EDL as a parallel-plate capacitor with its surface charge screened
by a compact layer of ions of opposite charge at an atomic dis-
tance from the electrode. Instead, Gouy and Chapman realized that
thermal motion at a finite temperature will drive ions somewhat
from the electrode, resulting in a diffuse EDL (GC model)."” Solving
the Poisson-Boltzmann equation for a flat electrode and a semi-
infinite electrolyte, Gouy and Chapman found that the potential
drops across the diffuse layer by”"”'
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Yoc =

Tsinh_l(é), (1)
\/ 8808rk3 Tps

where kg is the Boltzmann constant, T is the temperature, e is the
elementary charge, o is the surface charge density, & is the vacuum
permittivity, &, is the relative permittivity, and p, is the ion concen-
tration. ¥gc in Eq. (1) depends on the temperature explicitly in two
places, and implicitly through the temperature dependence of the
relative permittivity. For a fixed charge and ignoring the temperature
dependence of ¢, Yg¢ rises with increasing temperature, the TVR,
in qualitative agreement with several experiments of both aqueous'”’
and organic electrolytes.””
To interpret the origin of the TVR, we can write the GC model’s
capacitance as
oA _ oA

Cec=yg— = )
Yoc  Ler

2

where A is the electrode surface area, L is an effective EDL width,”’
and

2kg T _
M?&ﬁngLi) 3)
eo

\/8eoerkp Tps ’

which reduces to the Debye length for o << \/8eoe ks Tps. Wlth an

increase in salt concentration, Leg decreases and Cgc increases.”
The concentration dependence of Cgc can be utilized to harvest
“blue energy” in thermodynamic charging-discharging cycles at dif-
ferent salinities, for instance, between sea and river water.””” ** In
the same way, one can consider how L varies with temperature. For
a temperature-independent permittivity, Eq. (2) shows that capaci-
tance decreases as the effective diffuse layer thickness increases with
rising temperature. This led different studies™” to link thermal
energy harvesting to thermal EDL expansion. However, using exper-
imental data for &(T), the diffuse EDL shrinks even though the
voltage rises.”” Ahualli et al.' explained the temperature dependence
of the capacitance by a change in the solvent’s permittivity, naming
the phenomenon “Double Layer Permittivity Exchange.”

Despite its popularity and successes, the GC model has sev-
eral well-documented limitations. It ignores the electrode’s atomic
structure and treats the solvent as a homogeneous dielectric contin-
uum.”” Moreover, the GC model treats ions as point charges with
mean-field Coulomb ion-ion interactions and, accordingly, cannot
describe electrolytes in nanoconfinement, subject to large potentials,
or multivalent or concentrated electrolytes.'” In this work, we find
again that GC predictions are far from molecular dynamics (MD)
simulations, especially for concentrated electrolytes and near highly
charged electrodes, where ionic steric interactions are important
and violate GC’s point ion assumption. As a first step to incorpo-
rate finite ionic size, Stern combined the compact and diffuse layers
into the Gouy-Chapman-Stern (GCS) model, as shown in Fig. 1.7
By using different permittivities in the compact and diffuse layers,
one can account for solvent structure and ion adsorption in the
compact layer.”” However, using bulk values of ¢, in the mean-field
GCS theory is an oversimplification because the permittivity of sol-
vents can vary drastically at interfaces and in nanoconfinement.”’
Like the GC model, for a temperature-independent permittivity,
the GCS qualitatively predicts the electrode potential to increase
monotonously with increasing temperature.
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FIG. 1. Schematic of the Stern model, which describes the EDL with a compact
and a diffuse layer of ions.

More recent theoretical studies model the electrical double
layer using size-modified mean field theory,”** continuum simu-
lations with implicit solvents,” " and classical density functional
theory.”"’ Some of these works attributed the TVR to increased ther-
mal motion of ions and associated changed in entropy, rather than
to changes in the permittivity or double-layer width.”””"" Consistent
with experimental results, these studies predicted the capacitance
to decrease with increasing temperatures. However, we note that
all EDL models described above treated the solvent implicitly, as
a dielectric background. The solvent is known to play an essential
role in EDL structure and, therefore, presumably, also in its tem-
perature dependence. Yet, insight into the effect of the EDL’s atom-
istic structure on the temperature dependence of its capacitance is
lacking."?

Here, we use all-atom molecular simulations to study the struc-
ture of the EDL at different temperatures. As will be demonstrated,
our MD predictions for the TVR are in qualitative agreement with
experimental data; this is to be contrasted with GC-type models
that typically reveal larger discrepancies. We analyze our simulations
in terms of spatially varying permittivity and associated interfacial
permittivity, epr, which accounts for solvent and ion effects at the
electrode-electrolyte interface.

Il. METHODS
A. Simulation details

The June 2022 version of LAMMPS*® was used to perform
molecular dynamics (MD) simulations of a model supercapacitor
containing different electrolytes between two flat electrodes, con-
sisting of three graphite layers each. We use a Cartesian coordinate
system where the electrodes are parallel to the xy plane. Para-
meters for carbon atoms in graphite were taken from Cheng and
Steele.** The surface charge density o was controlled using the con-
strained charge method of the electrode package.”” The distance
between the electrodes determines the density of the liquids and is
adjusted depending on the temperature by applying constant atmo-
spheric pressure to one electrode during an equilibration run. In the
production runs, the electrode positions are fixed.
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Three different electrolytes were investigated: one aqueous, one
organic, and one ionic liquid. The aqueous electrolyte was com-
posed of 3240 SPC/E*® water molecules and 58 ion pairs of KCl,
giving a concentration of 1M. Parameters for KCl were taken from
Deublein, Vrabec, and Hasse.”” The water molecule’s bonds and
angles were held rigid using the shake algorithm.** The organic elec-
trolyte consisted of 1608 acetonitrile (ACN) molecules and 84 ion
pairs of TEA-BF,, giving a concentration of 1M. The parameters
for ACN were taken from Price, Ostrovsky, and Jorgensen,*” and
the CL&P force field”” was used for the ions. Simulations with a
pure ionic liquid contained 1720 ion pairs of BMIM-PFs, which
were described using a coarse-grained force field.”! Arithmetic mix-
ing rules were used to determine the mixing of Lennard-Jones
parameters. Electrostatic interactions were computed with a PPPM
solver optimized for constant charge simulations®” with a (relative)
accuracy setting of 107, The systems were periodic in the electrode
plane and non-periodic in the direction normal to the electrodes;
therefore, the commonly employed Yeh-Berkowitz correction for
slab geometries was used.”® The temperature of the electrolyte was
set by global velocity rescaling with Hamiltonian dynamics.” Several
replicas with random starting positions were run for each temper-
ature. Additional simulation parameters (including surface charge
density, temperature, and simulation time) are presented in Sec. S2
in the supplementary material.

B. Calculation of the interfacial capacitance

The potential along the z direction is calculated from the
electrolyte charge density p(z) as

’

w(z):—% f fpel(z")dz"dz'. (4)

“1/2 -L)2

The latter was averaged and binned with a resolution of 0.01 A
within LAMMPS during the simulation. The potential difference ¥
between the electrodes at the positions z = +L/2 is obtained from
Ay =y(L/2) - y(-L/2).

For a pure dielectric—meaning there are no free charges
(ions)—the corresponding response function simply is the solvent’s
(inverse) dielectric permittivity.”> Unlike charge-free solvents, elec-
trolytes have a dielectric contribution from molecular rotations
of the solvent (and possibly ions) and an additional contribution
from ion transport. Thus, in the case of electrolytes, one defines
a “generalized dielectric constant” that describes the electrostatic
screening of the entire electrolyte, i.e., solvent and ions.”® The gen-
eralized inverse dielectric response function €1 .(2) in the presence
of ions is defined through

ext

AE, (z) = A[:)l e (2), (5)

&

where AE, (z) is the difference in electric field between uncharged
and charged electrodes and ADS" is the corresponding difference
in the external displacement field, accounting only for the electrode
charges. In our flat-plate geometry, ADT" = g.

ARTICLE pubs.aip.org/aipl/jcp

The electrical field response can be calculated using the consti-
tutive equation for electric fields and the polarization response of the
electrolyte,

AE, (2) = &' [ADS" - AP(2)], (6)

where AP(z) = m,(z) — m (%) is the polarization density differ-
ence of the electrolyte. Here,

m,(z) = —/pel(z')dz' (7)
0

is the local polarization density with an applied external field
(i.e., charged electrodes), m, (z) is the local polarization density
without an external field (i.e., uncharged electrodes), and Py is
the charge density of the electrolyte. Combining Eqgs. (5) and (6)
yields the inverse permittivity profile from simulations with applied
fields,””””

ADT" - AP(z) . AP(z)

-1
&1 (Z) = ADext ADext .
L L

(8)

The profile can be integrated over a defined interface width, d. Ide-
ally, d is chosen such that the complete potential is screened (see
Fig. 1). The interfacial permittivity is then obtained from

4
fod e (2) dz’

From this, the interfacial capacitance follows directly by assuming
that the EDL resembles a plate capacitor,

&)

&pL =

Cor = 505DLé> (10)
d

where A is the electrode surface area. Equation (10) is similar to
Eq. (2) and can also be found in Pandolfo and Hollenkamp.”® An
equivalent circuit that reproduces the capacitance of the complete
cell can be found in Fig. S1 of the supplementary material. circuit
includes a that can be Equation (10) deviates from the usual mean-
field assumption of constant permittivity throughout the cell and
takes into account the local electrolyte structure at the interface.
Here, d is chosen for each electrolyte individually and is the point
at which approximately no layering is observed anymore [for KCI
shown in Fig. 3(a) with a black dashed line].

Illl. RESULTS
A. Thermal voltage rise

TCEC performance depends on the thermal voltage rise,
AY = Yot — Yeold, where Whor and Weoq are the potential differ-
ences between electrodes at different temperatures but with the
same surface charge density 0. Throughout this article, we use Tcolq
=293 K and Thot = 373 K. The ratio of ¥po and ¥coi4, denoted by
ay, is equivalent to the ratio of the capacitance of the hot and cold
systems,

_ Ceold _ Whot
y = = ,
Chot \chold

(1m
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which relates the relative increase in capacitance to the TVR. To
measure the TVR, simulations were performed using a constant
surface charge on the electrodes. Specifically, we made all three
graphitic layers of each electrode polarizable. The surface charge
density on the electrodes of ¢ = 0.21 e/nm? for KCl, ¢ = 0.32 e nm™>
for TEA-BFy, and ¢ = 0.45 e nm ™2 for BMIM-PF¢ were chosen such
that the potential between the electrodes lies within the electrolyte’s
electrochemical window. At the lowest temperature (T4 = 293 K),
the potential between the electrodes was around 1 V for KCl, 2 V
for TEA-BF4, and 3 V for BMIM-PFs. For comparison, we report
the GC model predictions [Eq. (1)] for that temperature and surface
charge densities. Since Eq. (1) describes only a single EDL, the values
reported in this section are doubled to enable direct comparison with
the cell potential. For p.=1 mol/l and ¢, = 72 (taken from bulk simu-
lations of SPC/E water”), we find Wgcxal = 29.5 mV; for p. = 1 mol/l
and ¢, = 35 (taken from Ref. 60), we find ¥YGcTEA-BE, = 62 mV; for
p, = 4.8 mol/l and €, = 14 (taken from Ref. 61), we find Wc smm-pFs
=74 mV. Hence, the GC model underestimates electrode potentials
by more than an order of magnitude.

(a) 207§ 1.0140.02 mV/K - KClI h
100 b 1.1740.06 mV/K - TEA-BF4 i
0.41£0.17 mV/K - BMIM-PFg

4
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FIG. 2. (a) Potential change AVY of a charged supercapacitor with different elec-
trolytes, when the temperature is increased by AT. ¢ = 0.21 € nm for KCl, ¢ = 0.32
e nm for TEA-BF4, and ¢ = 0.45 e nm for BMIM-PFg is used. The x axis is shifted
by 1 K between electrolytes for better visibility. (b) Simulated TCEC cycle with KCI,
where the cell is charged at low temperature and discharged at high temperature.
The running average over 0.2 ns is plotted for better visibility.
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The TVR is plotted against the temperature difference AT in
Fig. 2(a). For all electrolytes, the TVR increases linearly with the
temperature difference, indicating that temperature sensitivity is a
general EDL phenomenon. The temperature sensitivity of the poten-
tial, (A¥Y/AT),, was obtained for the different electrolytes via a
linear fit, whose slopes and their standard errors are reported in
Fig. 2(a). The standard error is calculated from the square root
of the diagonal element in the covariance matrix of the fit. The
value for TEA-BF, is reasonably close to the experimental value of
0.63 mV/K for a commercial supercapacitor.””*” For an aqueous
electrolyte with 1M KNOs;, Wang et al.’ found (AY/AT), = 0.44
and 0.66 mV/K, depending on the electrode material used, which is
in the same range as our estimate for 1M KCl. The results for both
electrolytes are reasonably consistent with previous results and sug-
gest that the temperature dependence of the EDL can be reproduced,
at least qualitatively, using MD simulations. Again, GC predictions
are far off. For the aqueous KCl electrolyte, inserting Thor and the
corresponding €, = 51 into Eq. (1) gives Ygc = 39.5 mV. In turn, we
find A¥gc/AT = (39.5-29.5 mV)/80 K = 0.12 mV/K, much lower
than observed in the experiments and simulations.

B. Thermal capacitive electrochemical cycle

Next, we replicate a TCEC in our MD simulations by (I) charg-
ing the supercapacitor with a constant current, (II) raising the cell’s
temperature at a constant charge, and (III) discharging the super-
capacitor with a constant current at the high temperature. The
resulting cycle is shown for IM KCl in Fig. 2(b). We observe that,
for the used parameters, the potential between the electrodes, ¥,
depends linearly on the surface charge density, o; hence, the capac-
itance is constant during charging and discharging. The electric
energy generated by the TCEC corresponds to the area enclosed
by the blue, red, and black lines in Fig. 2(b) and can be calculated
via the integral W/A = (1/A)([Phot()] dt — [Yeoa(£)I dt) = 8.4
meV/nm?, where I is the electric current.

Because the capacitance remains constant during charging and
discharging, the temperature sensitivity (AY/AT),, which is the dif-
ference in potential between phases I and III [see Fig. 2(b)], must
increase linearly with the surface charge. Thus, the system should be
charged as much as possible before raising the temperature to max-
imize electric energy output. Using the TVR, the electric energy can
also be obtained as AW/A = 0.5 - 0(Whot — Yeold) = 8.5 meV/nm?.
Comparing the electric energies obtained from direct TCEC and
independent TVR simulations, we conclude that MD simulations
at constrained charge can replicate the entire TCEC process, as
both values are in good agreement. It should be noted that it is
unnecessary to simulate computationally expensive cycles, as the rel-
evant TVR can be obtained directly from cheaper simulations at a
constant electrode charge. Simulating a full TCEC cycle might be
interesting when the capacitance is not constant with respect to the
surface charge, which can occur with some ionic liquids®® or porous
electrodes.*

C. Charge density profile of the EDL

To understand the impact of the structural changes that occur
in the EDL on the TVR, we examine how the charge density and
potential profiles change when the system is heated. Figure 3(a)
shows MD simulation data for the electrolyte charge density near the
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FIG. 3. (a) Charge density profile for KCI with the negative electrode on the left. The vertical gray dashed lines indicate the different layers, and the blue shaded area is the
amount of charge in that layer. The vertical black dashed line show the interface width d. (b) Absolute reduction in charge from temperature increase for each layer on the
negative electrode. (c) Relative reduction in charge for each layer as a ratio between the hot and cold interface.

left electrode for KCl at Tho and Tolq. We observe alternating layers
of opposite charge due to ions and solvent molecules adsorbing at
specific distances and orientations on the surface—this is to be con-
trasted with the GCS model, which predicts charge densities to decay
monotonously instead. The peak height decreases with temperature,
suggesting that the EDL becomes more disordered.

We were unable to find an intuitive definition for the EDL
width from our atomistic simulations that correlates with capaci-
tance. Generally, one may define the EDL width by the first moment
of its charge density, A = [, zpe(2)dz/ [,” pei(z)dz. This definition
works well with solutions to Poisson-Boltzmann-type continuum
models (Debye-Hiickel, Gouy—Chapman, etc.), whose charge and
potential profiles decay exponentially away from an electrode sur-
face, and for which A will reduce to the Debye length, or potential-
modified versions thereof. However, for our MD simulations, A is
impractical, as small charge fluctuations far into the bulk, weighed
heavily by multiplication with z in its integrand, cause A not to
converge. Contrary, effective medium theory can be used to ana-
lyze the total potential drop accross the slab, but any dissection into
interfacial and bulk contributions remains ambiguous.”””’

Instead of analyzing the EDL width quantitatively, here, we
provide a qualitative discussion based on the charge density in sub-
sequent layers. We define the borders of a layer using the zero
crossings of the charge density, shown as gray vertical lines in
Fig. 3(a). The net charge of each layer, g,, is calculated by integrating
the charge density over that layer. The absolute reduction in charge
for each layer, i, on the negative electrode, |q; 14| = ;1,0 is plot-
ted in Fig. 3(b), and the relative reduction is plotted in Fig. 3(c).
Figure 3(b) shows that the first and second layers of aqueous KCl
respond less to temperature changes than the third and fourth layers.
Presumably, this is due to the strong solid-liquid and liquid-liquid
interactions in these first two layers, associated, for instance, with the
2D-hydrogen bond network at the interface.”®

The small impact of temperature on the first layer is remi-
niscent of a Stern layer or a compact layer. Further layers appear
to be less strongly bound and have a significantly reduced charge
when the temperature increases. This suggests a more diffuse layer.
The absolute charge difference decreases in the outer layers, even
if the charge reduction in percentage terms increases, as the total
charge in these layers is also lower. The layering and the charge

differences shown in Fig. 3 suggest a narrower EDL, as the layer
charge converges faster toward the bulk value of zero at the hot
interface. However, a reduced EDL width would contradict the
proposed thermal double-layer expansion.””” " Therefore, our
results are more consistent with the decreased EDL width found
in Ref. 27.

So far, we have analyzed the electrolytic charge density p,;, with
contributions from both the ions and the explicit solvent’s partial
charges. Implicit solvent models, such as GC and its extensions,
treat the solvent as a uniform background, and only ion densities
are included. To compare to such implicit solvent models, in the
supplementary material, we analyze the electrolytic charge density
excluding solvent. In particular, the number of ions in the EDL and
their average distance from the electrode are presented (see Sec. S3).
The ionic density generally decreases for all electrolytes because the
density of the bulk electrolyte decreases with temperature. Neverthe-
less, the excess charge in the EDL is almost equal to, and opposite to,
the applied charge at the electrode, remaining unaffected by temper-
ature. The average distance of the ions from the electrode remains
unaffected for KCl and BMIM-PFg but decreases for TEA-BF, (see
Table S3). However, there are no clear correlations between ion den-
sity at the interface and the TVR. This indicates that the effects of the
solvent must be included in the description of the EDL to provide an
accurate representation.

D. Interfacial permittivity

The generalized permittivity profile is obtained from Eq. (8)
Simulations with uncharged electrodes serve here as a reference for
the polarization density at both temperatures. Figure 4(a) shows
the resulting profile €' (z) for hot and cold aqueous KCI. Start-
ing from the left of Fig. 4(a), the vacuum close to the electrode
results in an inverse generalized permittivity of one, which does not
change when the system is heated. Near the electrode, the temper-
ature significantly affects the EDL’s generalized dielectric response,
i.e., including the effects of ions and solvents. Toward the bulk, fluc-
tuations in the inverse generalized permittivity, which are coupled
to the fluctuations in charge in the EDL layers, attenuate, and the
inverse permittivity converges to zero in the bulk.
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FIG. 4. (a) Permittivity profile of KCI for the cold and hot system at the nega-
tive electrode. (b) Influence of temperature on interfacial permittivity at all possible
widths, and ay as comparison.

TABLE . Interfacial permittivity and its temperature dependence for both electrodes
and the effective permittivity, compared to the drop in capacitance av . d specifies the
interface width used in Eq. (9).

KCl TEA-BF, BMIM-PF
Electrode d=12nm d=17nm d=6nm
ed 8.4 7.9 29.4
neg. ey 7.4 7.5 287
o 113.0% 105.3% 102.5%
gfold 7.3 10.1 28.2
pos. e 7.2 9.7 28.1
o 102.0% 103.7% 100.2%
geold 3.9 4.4 14.4
Both ght 36 42 14.2
ocff 107.1% 104.6% 101.3%
ay 108.3% 104.8% 101.0%

Table I shows interfacial permittivities as determined by Eq. (9)
for the three different electrolytes, at Tho and Tco4. By adding
the permittivities of both electrodes, like capacitances in series,
1/€ets = 1/€DLineg + 1/€DLpos>» We determine the effective permittiv-
ity, €., which takes the full capacitor (i.e., both electrodes) into
account. Here, we neglect the contribution to the total capaci-
tance made by the bulk, as the ions (which have infinite per-
mittivity) and the solvent (whose permittivity is similar to that
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of water) effectively make the bulk an ionic conductor. Sim-
ilar to ay, we can then introduce a thermal permittivity rise
a = €°9/" which describes the change in permittivity with
temperature. Figure 4(b) shows the thermal permittivity rise for
KCl. The thermal permittivity rise from the effective interface
permittivity (black line) is in good agreement with the TVR (gray
line) for an interface width of 1.2 nm. Importantly, in Table I, we
see that of correlates with ay for all electrolytes. Although differ-
ences between the positive and negative electrode in epy, are found,
we hypothesize that changes in the effective interfacial permittivity
better explain the changes in the EDL and the resulting TVR than
the ionic effects alone.

The difference in interfacial permittivity between electrodes is
due to different adsorption of the ions and solvent based on the
sign of the surface charge, affecting the potential screening. Since
the effect of temperature on interfaces can vary, they should be
studied and optimized separately to maximize the overall TVR of
the system.

IV. CONCLUSION

We have performed MD simulations to provide a more detailed
understanding of the thermal voltage rise (TVR), which is necessary
for optimizing supercapacitor systems for thermal energy harvest-
ing. We demonstrated that the TVR of a charged interface can be
qualitatively modeled with MD simulations. The layering at the
interface becomes less pronounced as the temperature increases,
resulting in less effective screening and indicating a reduction in
EDL width. To the best of our knowledge, we are the first to quantify
the temperature dependence of the EDL by calculating the (gen-
eralized) interface permittivity for electrolytes. The temperature-
dependent changes in interface permittivity are in good agreement
with the TVR of the overall cell, showing that the interface struc-
ture of the ions and solvent is required to correctly describe the
EDL. Thus, the TVR cannot be explained by the thermal double-
layer expansion. Instead, the TVR can be explained by a decrease in
interfacial permittivity due to reduced ion adsorption and solvent
structuring with increasing temperatures.

Future work could study the molecular origin of the TVR
in greater detail, focusing, for instance, on solvent and ion ori-
entation,®” radial density distributions between different molecular
types,®” hydrogen bonding,*® and ionic liquid ordering.”” However,
these descriptors do not universally apply to all the different elec-
trolytes studied here. Our objective here was to provide a broader
description of the TVR based on permittivity rather than effec-
tive length. Nevertheless, studying molecular origins in more detail
could serve as an interesting starting point for further research,
e.g., studying the temperature dependence of the hydrogen-bond
network at the interface under an applied potential. For practical
applications of the TCEC, non-equilibrium effects are important
because temperature affects both the charging time'” and the rate
of self-discharge® for supercapacitors. However, MD simulations
usually model the interface at equilibrium; time-dependent effects
are often not considered. To create an efficient TCEC, the super-
capacitor and cycle parameters must be carefully controlled and
investigated. Further work should focus on investigating the influ-
ence of porosity, given that the interfacial structure of the electrolyte
can change drastically in confinement.
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SUPPLEMENTARY MATERIAL

See the supplementary material for an equivalent circuit of the
complete cell, the simulation parameters, and an analysis of the ion
densities.
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