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Abstract

Polymer electrolyte-based electric double-layer supercapacitors (EDLCs) have been increasingly
studied for flexible, wearable, and multifunctional energy storage applications. Although the
phenomenon that electrode materials present significantly lower EDL capacitances in polymer
electrolytes than in liquid electrolytes has been widely observed, it has not been well studied and
explained. Here we present the molecular dynamics simulation of a representative polymer
electrolyte-based EDLC to reveal the atomic structure of such a polymer electrolyte-electrode
interface for the first time. The polymer electrolyte composed of polyethylene oxide and lithium
perchlorate is simulated between graphene electrodes and compared with an aqueous electrolyte-
based system with the same lithium salt. We find that the polymer-based system shows unique
EDL structures in the inner and outer Helmholtz layers that are not seen in the aqueous one.
Statistical analyses along with ab initio calculations show that the disparities mainly come from
the different interaction strengths between ions, polymer or water molecules, and graphene
electrodes. Despite these disparities, the intrinsic interfacial capacitances calculated from various
simulated charge states of different EDLCs show very close values. Combined with experimental
measurements, we conclude that the reduced capacitances with polymer electrolytes reported in
the literature come from the poor interface between electrode and electrolyte, which can be

significantly improved through proper thermal treatments.

Keywords: eclectric double-layer; supercapacitor; polymer electrolyte; electrolyte-electrode

interface; molecular dynamics simulation
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1. Introduction:

Electric double-layer capacitors (EDLCs) using polymer-based electrolytes have been attracting
research interest in recent years for energy storage applications in flexible and wearable
electronics'™, as well as multifunctional structural components®®. This is because the energy
storage mechanism of EDLC is much safer and more cyclically stable than that of current lithium-
ion batteries”!!. Moreover, EDLCs can be constructed by using intrinsically strong electrode
materials (such as graphene, carbon nanotube, and carbon fibers!>!7) and tough polymer
electrolytes (such as polymer gel electrolytes and bi-continuous structural electrolytes'®?2) to

attain the required durability and mechanical properties for these new applications.

While polymer electrolytes are critical for many EDLCs under development, studies have reported
that electrode materials present significantly lower EDL capacitances in polymer electrolytes than
those in liquid electrolytes. For example, activated carbon electrodes show specific capacitances
of 70-120 F g'! in organic solution and ionic liquid electrolytes®*, while a similar electrode material
only shows a specific capacitance of 4 F g! with a polymer electrolyte®*. Carbon nanotube
electrodes provide specific capacitances up to 37 F g' with aqueous and ionic liquid
electrolytes®, but a similar electrode only shows 0.088 F g! with a polymer electrolyte®’. A
graphite electrode that is immersed in an aqueous electrolyte®® was reported to have a capacitance
of 7 mF cm 2 measured at 0.1V s™!, but a similar electrode shows a capacitance of only 2 mF ¢cm >

measured at the same condition when a polymer-based electrolyte is used®.

As the EDL capacitance is determined by the interfacial area between electrolyte and electrode
multiplies by the intrinsic capacitance per interfacial area’>°, the reduced capacitance can be
attributed to two issues at the polymer electrolyte-electrode interface: (1) The polymer electrolyte

may not fully “wet” the electrode surface like the liquid electrolytes do, which will result in
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reduced interfacial area’!. (2) The EDL structure at the interface is different from that in a liquid
electrolyte, which will result in lower intrinsic areal capacitance. The first issue can be mitigated
by designing electrodes with more accessible surface areas and/or applying specific processes
(such as thermal treatments) to improve the contact between polymer electrolyte and electrode
material. The second issue, however, determines the maximum capacitance an electrode material
can possibly achieve with polymer electrolytes. Although it is critical, the EDL structure and the
intrinsic areal capacitance in polymer electrolyte-based systems have not been systematically

studied before.

Unlike polymer electrolytes, the EDL structure associated with liquid electrolytes has been
theoretically modeled, computationally simulated, and experimentally measured in many previous
studies. The general pictures of the EDL structure in the liquid have been depicted by various
theoretical models from Helmholtz to Gouy—Chapman—Stern to account for the distributions of

ions and solvent molecules®>?

. More recently, computational studies using molecular dynamics
(MD) simulations®® have revealed more details in EDL structure at the atomic level that match
experimental observations. For example, experimental work using atomic force microscopy** and

MD simulations>>#

show that the EDL is wider and more complex than predicted by theoretical
models. MD simulations can also reveal the EDL structure based on the nature of the ions/solvent
molecules*!, the charging dynamics of the EDLC?7*>*  and the influences of different factors on
the intrinsic EDLC values*> 8. Therefore, MD simulation is a powerful tool to reveal the EDL
structure at the polymer electrolyte-electrode interface. An understanding of such a structure at the
atomic level can explain the performance disparities between liquid electrolytes and polymer

electrolytes in EDLCs and help predict the maximum achievable specific capacitance of EDLCs

using polymer electrolytes.
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Here we present the MD simulation of a representative polymer electrolyte-based EDLC to reveal
the EDL structure in polymer electrolytes for the first time. We simulate a polymer electrolyte
composed of polyethylene oxide (PEO) and lithium perchlorate (LiCIO4) between two graphene
sheets and compare it with an aqueous electrolyte-based system with the same lithium salt. We
find that the polymer electrolyte-based EDLC also shows inner and outer Helmholtz layers but
with unique structures. The unique EDL structures arise from different interaction strengths
between ions, polymer molecules, and the graphene electrodes, as confirmed by ab initio
calculations and analyses of atomic details, such as layer thicknesses and ion/atom concentrations.
Though with different EDL structures, the calculated intrinsic interfacial capacitances of the
polymer electrolyte-based system show very close values to that of the aqueous one. Combined
with experimental measurements, we conclude that electrode materials with polymer electrolytes
can achieve similar intrinsic interfacial capacitances to those with liquid electrolytes. The major
reason that leads to reduced specific capacitances with polymer electrolytes reported in the

literature is the decrease in interfacial area between the electrode and the electrolyte.

2. Model and Methodology:

2.1 Simulation details

2.1.1 Molecular Dynamics Simulations

Two representative systems were built to compare the differences between liquid electrolyte-based
EDLCs and polymer electrolyte-based EDLCs. The control system was an aqueous electrolyte-
based EDLC with 7200 water molecules, 128 Li" ions, and 128 Cl04 ions forming the electrolyte
between two pieces of single-layer graphene electrodes (Figure 1a). The other was a polymer
electrolyte-based EDLC system consisting of the same species except that the water molecules
were replaced with 22 chains of polyethylene oxide (PEO) molecules with 150 monomers per

5
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chain (Figure 1b). The dimension of the electrode was 60.50 A by 58.52 A with 1400 carbon atoms
in each graphene electrode. The distance between the electrodes was determined after equilibration

run as detailed below.

clo,”

Water
molecules

PEO
molecules

Figure 1. Snapshots of the simulation systems for (a) aqueous electrolyte-based EDLC and (b) polymer

electrolyte-based EDLC.

The lithium perchlorate salt was modeled using the parameters based on Universal Force Field*
parameters. The water model was the commonly used SPC/E. The SPC/E water parameters along
with the graphene parameters were used as obtained from the Moltemplate website®?. All
simulations were performed using the molecular-dynamics simulation code LAMMPS’! and
CHARMM Generalized Force Field®? with the application of Lorentz-Berthelot mixing rules to
determine cross-species interactions and a time step of 2 fs. The cut-offs for all non-bonded
interactions and electrostatic interactions were 10 A. The long-range electrostatic interaction was
solved using the multilevel summation method®. Both systems were minimized first by the
steepest descent algorithm. Then the aqueous and polymer electrolyte systems were equilibrated
for 1 ns and 2 ns respectively by NPT (constant number of particles, constant pressure, and constant

temperature) simulation. The converged value of temperature and energy versus time graphs in
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Supplementary Figure S1 proves the equilibrium conditions for the EDLCs. After that, NVT
(constant number of particles, constant volume, and constant temperature) simulations were used
for the production run. The positions of the carbon atoms relative to the plane of the electrode was
kept constant by setting the force on each atom to zero throughout the NPT equilibration. The
position of the electrode, however, was allowed to relax along the z-direction in order to equilibrate
the density of the systems. The system, is periodic in all axes and in order to restrict interactions
between the electrodes, a 30 A vacuum was placed behind each electrode for a total of 60 A
separation between images. The equilibrated systems which resulted to a 65 A distance between

the two electrodes, were then simulated using the NVT ensemble for the production run.

To determine the simulation temperature, we tested that the polymer electrolyte with 10 wt%
LiClO4 in PEO had a melting point of around 339 K (see the differential scanning calorimetry
results in Supplementary Figure S2). We simulated both aqueous and polymer electrolytes at 350
K (referred to as the “aqueous system” and the “melted polymer system”, respectively, in the
following sections) to compare them in the liquid state, and then simulated the polymer electrolyte
at 330 K (referred to as the “solid polymer system” in the following sections) to compare its
behavior at a lower temperature. It should be noted that the simulation model only includes an
amorphous phase that does not have a melting point. This “solid polymer system” only represents
the amorphous part of the solid-state semi-crystalline electrolyte at 330 K. The polymer electrolyte
was not simulated at a lower temperature such as room temperature because it took a much longer
time to reach equilibrium. The aqueous system was simulated for 6 ns (3 million steps) and both
polymer systems were simulated for 30 ns (15 million steps) to reach a stable ion distributions in
the production run using the Nosé-Hoover thermostat. To simulate the EDL structure under various

electric potentials, we used the constant charge method on the electrode as studies show a
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negligible difference in EDL structure between the constant surface charge method and the
constant electric potential method, especially at the low electric potential’*>*. Moreover, the
constant potential method is more computationally expensive’®>’. We simulated all the above
systems when £0, £2.5, +5.0, £7.5, and =10 electron charges per thousand carbon atoms (e/1000C)
were applied on the graphene electrodes, respectively. We always applied negative charges on the
left electrode (referred to as the negative electrode) and positive charges of the same amount on

the right electrode (referred to as the positive electrode).

2.1.2 Ab initio calculations

To approximate the interaction energies of the systems under study, we selected regions from
trajectory endpoints for both aqueous and polymer systems as representative structures of a sub-
system containing an electrode, ion, and solvent molecules based on a 10 A distance cutoff from
the electrode. Structures were then fixed by capping free covalencies with hydrogen atoms. On
these subsystems, we performed ab initio calculations using RHF/6-31G** and the converged
wavefunctions were subjected to a Natural Energy Decomposition Analysis (NEDA)*# % of the
natural bonding orbitals (NBO) as implemented in GAMESS®! with the NBO6%* extension. The
fragmentation was done in a manner where three fragments were assigned to groups 1. ion, 2.

electrode, and 3. solvent (see Supplementary Figure S3).

2.2 Experimental details
In this section, experiments using both aqueous and polymer electrolytes were performed to

validate some of the simulation results.

The aqueous electrolyte was prepared by mixing de-ionized water and lithium perchlorate
(LiClOg) salts obtained from Sigma-Aldrich. 1.068 g LiClO4 was dissolved in 10 ml de-ionized

water to make a 1 M LiClO4 solution. As perfect single-layer graphene electrodes similar to the
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ones used in the simulation systems were difficult to prepare and handle experimentally, we used
chemically inert gold-coated electrodes instead. The electrodes were prepared by thermal
evaporation of a 100 nm-thick layer of gold on polyimide films. The aqueous electrolyte-based
EDLC was constructed by immersing two symmetric gold-coated electrodes into the aqueous

electrolyte (see the illustration in Supplementary Figure S4a).

The PEO- LiClO4 polymer electrolyte was prepared by the solution casting method. In a typical
process, 0.3 g LiClO4 and 3 g of polyethylene oxide (PEO) powder were dissolved in 30 ml
acetonitrile in a glass tube. The solution was prepared under magnetic stirring for 24 hours. The
solution was then cast in a Teflon dish and dried at 60 °C within a glove box for 24 hours to obtain
a thin film of the PEO-LiClOj electrolyte. To construct the polymer electrolyte-based EDLC, a
piece of the thin film electrolyte was cut and sandwiched between two gold-plated electrodes (see

the illustration in Supplementary Figure S4b).

The capacitances of the EDLCs were measured by cyclic voltammetry (CV) tests between -0.1 to
0.1 V at a scan rate of 10 mV/s and then calculated using the following equation, where C is the
capacitance per area, | is the current, t is the time, V is the voltage window, and A is the area of

the electrode:

f) 1dt

C
VA

The ionic conductivities of the electrolytes were measured by Electrochemical impedance
spectroscopy (EIS) over a frequency range of 0.1 Hz to 1 MHz. Then the ionic conductivities (o)
were obtained using the following equation with the area of the electrode (A), impedance value

(Z,¢), and thickness of the electrolyte (t) taken into consideration:
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Both the CV and EIS tests were conducted using a Gamry Reference 600 potentiostat in the

temperature range from 298 K to 345 K.

3. Results and Discussions:

3.1. The evolution of EDL structures with time

The theoretical models for EDL state that counter-ions tend to build up and form charged layers
near the electrode-electrolyte interfaces. According to the models, the Li" ions tend to move
towards the negative electrode positioned at 0 A, and the ClO4™ ions tend to move towards the
positive electrode positioned at 65 A in our simulation systems. As all our simulations start with
all ions randomly distributed in the electrolytes, the formation of EDL will take different amount
of time depending on the applied charge on electrodes and the ionic conductivity of the electrolyte.
Figures 2 and 3 compare the time evolution of counter-ion concentrations near negative and
positive electrodes, respectively, in the first 6 ns for all three systems. Different colors in the
figures indicate the concentrations of Li" ions near the negative electrode (Figure 2) and C104 ions

near the positive electrode (Figure 3).
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Figure 3: Heat maps showing the evolution of ClO4 concentration over 6 ns near the negative electrode

under various charge conditions in three systems. Simulations are conducted with £0.0e, £2.5e, +5.0e,

+7.5¢, and £ 10.0 ¢/1000C on each electrode in (a-e) the aqueous system, (f-j) the melted polymer system,

and (k-o) the solid polymer system. The colors indicate the concentration of CIO4 with the unit of ions
per 4.
In general, almost all sub-figures indicate the formation of ion layers near electrodes over time.
Unlike theoretical models that only describe the EDL structure at equilibrium, the MD simulations

show the dynamic movement of atoms at every time step, which leads to the fluctuation of ion

concentrations in all figures. Despite some fluctuations, the peak concentration (highest number
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density) of ions tends to reach the maximum value within 6 ns for the aqueous system while the
accumulation of ions continues for both polymer systems, which justifies the different simulation
times for different systems. The evolution of the peak concentration of ions with time at 10
¢/1000C is also plotted in Supplementary Figure S5. The peak concentration of Li" for the aqueous
system fluctuates around a high value, while that for the polymer systems keeps increasing in the
first 6 ns (Figure S5a). Similarly, the peak concentration of ClO4 for the aqueous system starts to
reach a stable value after about 4 ns, while that for the polymer system is still increasing (Figure
S5b). The time evolutions of the total charge density for the aqueous and solid polymer systems
are also compared in Figure S5 ¢ and d, showing similar results. These observations qualitatively
show that the aqueous electrolyte has a much higher ion conductivity than the polymer ones as it
takes much less time for the EDL to establish in the aqueous system. The results also show that
the formation processes of EDL structures in the two polymer systems are very similar, except that
the solid polymer electrolyte has a lower ionic conductivity and its EDL formation is slightly
slower than the melted one. Figure S5e shows that the total charge distribution of the solid polymer
system has only very minor fluctuations from 25 to 30 ns, justifying that 30 ns of simulation is

sufficient to reach equilibrium for such a system.

Other interesting phenomena can be observed in Figures 2 and 3. When no charge (0 ¢/1000C) is
applied to the electrodes, the aqueous system still has significant ion layers formed, as seen in
Figures 2a and 3a. For the uncharged aqueous system, the formation of ion layers near the
electrodes is driven by ion-m interactions, i.e. the attractions between ions and the graphene
electrodes®%°. While the simulation is using a non-polarized force field, such interactions are the

results of the interactions between static charges and Lennard Jones potentials. But for both

polymer systems, the Li" ions (Figures 2f and 2g) and ClO4” ions (Figures 3f and 3g) are distributed

13
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much further away from the electrodes, and no clear high-concentration ClO4™ layers are formed.

This also means that there is a considerably thick layer of polymer molecules attached to the
surface of the electrodes. The fact that the polymer layers block the access of ions to electrode
surfaces over the whole time scale indicates that the attractions between polymer molecules and

the m bonds in graphene electrodes®® are stronger than the ion-r interactions®’.

When the amount of charge applied on electrodes increases, the Li" distributions in the aqueous

system show a similar pattern to the uncharged case (Figures 2a to 2¢). The Li" distributions in the
polymer systems, however, start to show clear ion layers, especially at high charge conditions
(Figures 2f to 20). The differences between the aqueous system and the polymer systems in terms

of Li" distribution at increased charge conditions indicate that the negative charges on the
electrodes attract Li" and water molecules alike, but have a relatively weaker attraction to PEO
molecules. On the other hand, the ClO4 distributions in all three systems show the same trend

when the electrode charge increases (Figure 3). A single layer of ClO4" is formed near the positive
electrode and it shows higher ion concentrations at higher charge levels. This indicates that the
positive charges on the electrodes have a much stronger effect on ClO4™ ions than on water and

PEO molecules.

3.2. The equilibrium EDL structures

As mentioned in the previous section, the EDL structure is always dynamic in MD simulations,
but it can be considered to be in equilibrium when the peak concentration of ions starts to fluctuate
around a stable value. The average number densities of all species over a long-enough time range
should represent the equilibrium EDL structures of the simulated systems. Here, we consider Li"

and ClOy as the solute and water or polymer molecules as the solvent in the electrolyte systems.
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We plot the average number densities of solute ions and solvent atoms from 4 to 6 ns for the
aqueous system and from 25 to 30 ns for the polymer systems in Figures 4 and 5, based on the

different amounts of time needed for those systems to reach equilibrium.

Similar to the observations in Section 3.1, Figure 4a shows high ion concentrations near both

electrodes due to the ion-m interactions even when no charge (0 ¢/1000C) is applied to the
electrodes. It is clear that the peak concentration of Cl1O4” is higher than that of Li*, which agrees

with the previous studies®*® that the anion-m interactions are stronger than the cation-m
interactions. There are also considerable interactions between water molecules and graphene
electrodes, which results in an inner Helmholtz layer (IHL) formed by solvent molecules on the
electrode surface as seen in Figure 5a. Based on the position of the concentration peaks of solvent
atoms, we can estimate that the IHL is located at about 3.6 A from the electrodes in the aqueous
system, which agrees with previous MD simulations®®*°. This IHL prevents the hydrated cations

70,71

and anions from moving towards the charged graphene surface and results in the first

concentration peaks of ions, i.e. the outer Helmholtz layer (OHL), located behind this layer. Here,

the OHL formed by Li" is about 4.6 A, and that formed by ClOy4" is about 4.1 A from the electrodes.

The cation-n and anion-w interactions are diminished in the polymer systems as seen in Figures 4

f and k, in which the number densities of C104™ do not have clear peaks near both electrodes, and

the peaks of Li" are far away from the electrodes. The explanation that this is caused by a stronger

polymer-m interaction can be confirmed by Figures 5 f and k, in which peaks of atoms in polymer
molecules are seen near the electrodes. The polymer molecules are clearly polarized (i.e. with
separation of positive and negative charges inside molecules) near the electrodes, as the hydrogen

peaks which carry positive partial charges are closer (about 3.0 A) to and the oxygen peaks which

15
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carry negative partial charges are farther away (about 4.5 A) from the electrodes. These polarized
molecules form a thick IHL, making the closest OHL formed by Li" about 6.0 A from the

electrodes.
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Figure 4: Equilibrium number density distributions of Li" and CIOy ions under various charge
conditions. Simulations are conducted with £0.0e, £2.5e, £5.0e, +7.5¢, and £ 10.0 e/1000C on each

electrode in (a-e) the aqueous system, (f-j) the melted polymer system, and (k-o) the solid polymer system.

16



260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

When the applied charge on electrodes increases, all three systems show the same trend that the
concentration of counter ions towards the respective electrode increases and that of co-ions
decreases. In the aqueous system, the positions of OHLs formed by both ions (Figures 4 b to €) do

not change much, and so do the positions of IHLs formed by water molecules (Figures 5 b to e).
However, the change of charge has a significant effect on the peak concentrations of ClO4™ near
electrodes. The anions are expelled from the negative electrode and attracted by the positive
electrode. The peak concentrations of Li', on the other hand, are also affected by the charge

condition, but less significantly. The trends of how peak concentrations of ions change with the

applied charge on electrodes are also compared in Supplementary Figure S6.

Besides the first concentration peak of Li*, another smaller peak of the same ion can be seen under
all charge conditions. This is caused by the over-screening effect, in which the charge of an ion
layer exceeds the total charge on the electrode and subsequent layers of alternating charge (caused
by both ions and polarized solvent molecules) form until the electrode charge is completely

balanced®’. This “concentration oscillation” phenomenon is commonly reported in liquid
electrolytes*>’>7* The phenomenon is more obvious for Li* than for ClO4", because Li* ions are
associated with more solvent molecules and tend to be over-screened by these polarized molecules.
In comparison, the ClO4™ ions are less associated with solvent molecules. To evaluate the degree

of association between Li" ions and water molecules (represented by the oxygen atoms in water,
denoted as Oy), we can consider the radial distribution function (RDF) of Oy around Li" (denoted

as RDF: Li’'—Oy), which is computed as the average number density of Oy, as a function of distance
from Li" ions in the aqueous system. Similarly, the RDF between ClO4™ and Oy can be computed.

The computed RDFs, as well as their integrations which represent the cumulative coordination
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numbers of solvent molecules around ions, are plotted in Supplementary Figure S7. The high peak

at 2.0 A for RDF: Li*—O, (Figure S7a) indicates a strong association between Li" and Oy, while a
relatively small peak for RDF: C1O4—Oy (Figure S7b) is seen at around 4.0 A. The integrations of
RDFs show that each Li* is associated with approximately 4 O within a radius of 2.0 A, while

each ClO4 ion is associated with 3.7 Oy within 4.0 A.

In the two polymer systems, the peak concentrations of ions behave in a similar way when the
applied charge increases, as seen in Figures 4 g to j and 1 to o, as well as in Supplementary Figure
S5. The differences between the melted and solid polymer systems are minor. However, the OHL

structures formed by ions are distinct from those seen in the aqueous system.

For the OHLs formed by Li" near the negative electrode, two concentration peaks positioned at
about 6.0 A and 10.0 A in the melted polymer system, and 6.25 A and 10.25 A in the solid polymer
system, respectively, can be seen. Different from the concentration oscillation of Li" observed in
the aqueous system, the second peak here is similar to or even higher than the first peak. An
explanation is that Li" ions are highly associated with the oxygen atoms in PEO molecules
(denoted as O,)®”-">77 as illustrated in Supplementary Figure S8. The charge provided by the first
Li" layer is over-screened by the polarized polymer shell and a significant second ion layer is
needed to neutralize the excess charge caused by the over-screening effect. This is confirmed by
the RDF of around Li" (denoted as RDF: Li*~Oy) shown in Figure S7¢, which has a high peak at
2.0 A. The integrations of RDFs show that each Li" is associated with approximately 5 O, within

2.0 A in the polymer systems, even more than the 4 Oy in the aqueous system.

For the OHLs formed by ClO4", the positions are at about 3.5 A in the melted polymer system and

3.75 A in the solid polymer system from the positive electrodes, respectively. Compared to 4.1 A
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in the aqueous system, ClO4™ layers are getting closer to the positive electrodes in the polymer
systems. Considering that the polymer molecules form the same thick IHLs under various charge
conditions (Figures 5 g to j and | to o), the ClO4™ ions actually form OHLs that are inside IHLs

near the positive electrodes, which is an unseen phenomenon in other liquid electrolytes with small

solvent molecules. The phenomenon is caused not only by the large size of polymer molecules but

also by the weak association between ClO4 ions and PEO molecules. The RDF of Cl04 -0,

(Figure S7d) shows a small peak at around 4.0 A, and its integration indicates that each C1O4” ion

is associated with only 0.8 O, in the polymer systems at a distance of 4.0 A.

In addition to IHL and OHL, the diffuse layer in which the concentration of solvent atoms
fluctuates before reaching a stable value (Figure 5) ends at about 9 A away from the electrodes in
the aqueous system, consistent with previous simulation and experimental studies’® **. In the two
polymer systems, the diffuse layers end at over 15 A away from electrodes, indicating much thicker

overall EDL structures.
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318 Figure 5. Equilibrium number density distributions of solvent atoms under various charge conditions.
319 Simulations are conducted with £0.0e, £2.5¢, £5.0e, £7.5¢, and = 10.0 ¢/1000C on each electrode in (a-e)

320 the aqueous system, (f-j) the melted polymer system, and (k-o) the solid polymer system.
321
322

323  Ab initio calculations using NEDA were conducted to gain a better understanding of the
324  equilibrium EDL structure. The energy decomposition values from NEDA have been shown in

325  Supplementary Table S1 and plotted in Supplementary Figure S9. The total energies of Li*(aq) and
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ClO4™ (aq) sub-systems from the aqueous system are -133.53 kcal/mol and -30.99 kcal/mol
respectively while the total energies of Li" (pro) and ClO4™ (pEo) sub-systems from the polymer
system are -156.09 kcal/mol and -3.77 kcal/mol respectively (Supplementary Table S1). From
these total energy values, the use of PEO increases the interaction energies of the Li" ion while
decreasing the interaction energies of the ClO4 ion. Moreover, these differences in interaction
energies of Li" and ClOy justify their layer formations in the two different systems. Since ClO4
does not interact as much as Li" with the solvent and electrode in both aqueous and polymer
systems, its layer formation is more a result of its attraction towards the positive electrode. This
explains the higher number density and higher concentration of ClO4™ ions near the positive
electrode in both systems. On contrary, Li" interacts more with solvent molecules. It has a larger
solvation shell in the aqueous system and is in a chelated state in the polymer system which can
hinder its attraction with the negative electrode. The highest total energy of Li" (pro) in the polymer
system and the structure of PEO molecules can also rationalize the double peaks observed as the

regions near the electrode with the maximum number of Li*-Opro) “chelation” regions.

To summarize the above discussions and analyses, we create the illustration in Figure 6 to show
the unique features of the equilibrium EDL structure of the polymer system. First, the structure
has thick IHLs formed by polarized PEO molecules with hydrogen atoms attached to the
electrodes, carbon atoms, and then oxygen atoms forming two layers after that. Second, on the
negative electrode side, two significant OHLs formed by Li" ions are next to the IHL. Unlike the
EDL structures in liquid electrolytes where the ion concentrations decrease with the distance from
electrodes, this structure can have more ions in the second OHL. Third, on the positive electrode
side, the OHL formed by CLO4™ ions is located inside the IHL, while the OHLs are always outside

the IHLs in liquid electrolytes.
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Figure 6. lllustration of the equilibrium EDL structure of the polymer electrolyte-based EDLC showing

the distinct features that are different from liquid electrolyte-based ones.

3.3. Interfacial capacitance and experimental verification

With the results from the simulated equilibrium EDL structures, we can find out the equilibrium
EDL capacitance of the two-electrode system (C) under each charge condition according to the
equation below:

_AQ

C=—
AV

where AQ is the amount of charge applied on each electrode and AV is the voltage or potential
difference between positive and negative electrodes. To find out the potential difference, we used

the total charge density distribution between two electrodes and solved the one-dimensional
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Poisson’s equation. The total charge density includes the charges from ions and polarized solvent

molecules.

Supplementary Figure S10 compares the charge density distributions of the three systems when
simulated with 0 ¢/1000C, 2.5 ¢/1000C, 5.0 ¢/1000C, £7.5 ¢/1000C and +10 ¢/1000C applied on
electrodes. The plots also include the charge contributions from solvent atoms and ions,
respectively. For all three systems with no charge applied, the charge distributions are symmetric
as expected in such symmetric systems. The oscillation features are caused by the over-screening
effect described in the previous section. Here, we can see that the oscillation of total charges is
caused by both ionic charges and polarized solvent molecules, which agrees with previous
studies®®. In the aqueous system Supplementary Figure S10a, the net charges from solvent (water)
molecules contribute significantly to the total charge, whereas in both polymer systems
Supplementary Figure S10f and S10k , the contribution from polarized polymer molecules is even
more dominating. When the three systems are charged we can see that the solvent molecules
become more polarized near the negative electrode and less so near the positive electrode. The
charge contribution from ions, on the other hand, is more significant near the positive electrode,

thanks to the Cl1O4 distribution as discussed in the previous section. The major difference between

the aqueous system and the polymer systems is that the charge layers are much thicker in the

polymer systems, which agrees with the EDL thickness analyzed in the previous section.
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Figure 7. (a) The potential difference between positive and negative electrodes as a function of applied
charge on electrodes for all three simulated systems. (b) The capacitance as a function of applied charge
on electrodes for all three simulated systems. Experimentally measured capacitances of the gold
electrodes: (c) with the aqueous electrolyte and two polymer electrolyte samples at different
temperatures, and (d) with the same polymer electrolyte sample during two heating-cooling cycles.
Increase/decrease Temp RI1/2 indicates the 1°/2" round of the heating/cooling cycle of the test. The

capacitances are plotted in log scale.

Figure 7a and 7b summarizes the potential differences and the capacitances as functions of applied
charge for all systems (see the potential distributions calculated from the charge density
distributions under various charge conditions in Supplementary Figure S11). The potential

differences increase almost linearly with the applied charge for all the systems (Figure 7a). The
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values are very close for the two polymer systems, which is the result of similar equilibrium EDL
structures. The potential differences in the aqueous system are relatively smaller under every
charge condition. As a result, the capacitance of the aqueous system is slightly higher than those
of the polymer systems (Figure 7b). Specifically, the capacitance of the aqueous system ranges
from 3.7 to 4.1 uF cm?, with an average value of 3.9 uF cm™. The capacitance of the melted
polymer system ranges from 3.2 to 3.8 pF cm™, with an average value of 3.5 pF cm™, and that of
the solid polymer system ranges from 3.2 to 3.9 pF cm, with an average value of 3.4 pF cm™.
The small deviations in the order of 0.1 uF cm™ can simply come from the dynamic behavior of
EDL structure as discussed in Section 3.1, which can be mitigated by simulating the systems for a
longer time and taking the average values (e.g. total charge density) over a longer time range. But
the surprising result here is that the electrodes contacting with a polymer electrolyte, whether in a
melted liquid state or a solid state, show capacitances that are similar to the same electrodes
contacting with an aqueous electrolyte. This seems to be contradictory to conventional
experimental results where we see aqueous EDLCs showing capacitances of orders of magnitude
higher than those of the polymer electrolyte-based EDLCs, as discussed in the introduction section.
Possible explanations include that the simulation systems only consider the perfectly flat
electrodes in perfect contact with a purely amorphous polymer electrolyte and that the simulations
are conducted at higher temperatures compared with previous experimental work. To understand
the differences between simulations and experiments, we conducted experiments using inert and

flat gold electrodes contacting with both aqueous electrolyte and polymer electrolyte.

Figure 7c and 7d summarizes the experimental results of capacitance measurements. For the gold-
plated electrodes tested in the aqueous electrolyte (1 M LiClO4) under temperatures between 298

K and 350 K, the capacitance does not change much with temperature and shows values between
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9.1 and 11.7 pF cm™ (Figure 7c). Polymer electrolyte (PEO + 10 wt% LiClOs) samples
sandwiched between gold-plated electrodes are also tested within the same temperature range. The
results of the two representative samples are plotted in the same figure. We find that every polymer
electrolyte sample shows a different capacitance, which varies between the orders of 0.01 and 0.1
uF cm™ when initially tested at around 298 K (room temperature). However, the measured
capacitance increases significantly when we increase the temperature, and all the samples achieve
similar capacitances around 3 pF cm™ near the melting point of 339 K. Moreover, when we cool
down the melted sample, the capacitance remains in the order of 1 uF cm™ and will not change
much when we re-heat it and re-cool it (Figure 7d). This phenomenon can be explained by the
illustration in Supplementary Figure S12. Every polymer electrolyte sample has a relatively poor
and uncertain contact with the electrode in the micro/nanoscale at the initial solid state. Upon
heating up to the melting point, the polymer electrolyte deforms or melts to fully cover the
electrode surface and form a much better interface. Such interface is preserved during cooling and
re-heating processes. The results indicate that inconsistent and extremely low EDL capacitances
measured with polymer electrolytes are most likely due to the poor contact between the electrode
and electrolyte on the micro/nanoscale. Moreover, the polymer electrolyte-electrode interface can
be significantly improved and stabilized by heating and cycling the system between room

temperature and the melting point of the electrolyte.

Although the capacitance of the polymer electrolyte sample reaches a stable value of about 3 pF
cm near the melting point, it is still a few times lower than that of the aqueous sample which has
a capacitance of over 9 uF cm? at the same temperature, unlike the prediction by the MD
simulation that the polymer electrolyte-based EDLC shows very close capacitance values to the

aqueous electrolyte-based EDLC. This can be explained by the orders of magnitude difference in
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the ionic conductivities of the two systems. The macroscopic experiments are more affected by the
impedance of the EDLC device, which is inversely proportional to the ionic conductivity of the
electrolyte. A lower capacitance will be measured when the ionic conductivity is too low, even if
the ideal interfacial capacitance is similar. The ionic conductivities of the aqueous electrolyte and
the polymer electrolyte are also estimated by MD simulations and characterized experimentally,

as detailed in the following section.

3.4 Ionic conductivity and experimental verification

Figure 8 compares the ionic conductivities of the aqueous electrolyte and the polymer electrolyte
obtained from both MD simulations and experiments. To compute ionic conductivity in MD
simulation, mean square displacements (MSD) of ions have first been calculated from the first 5
ns production run. The cation and anion diffusion coefficients were then calculated from the slope

of the time dependence of MSD using the following equation.

1
— lim — . —n. 2
D = lim = < [Ri(®) - R,O)* >

In the above formulas, D is the diffusion coefficient, ¢ is the time, R;(t) is the position of the ith

ion at time t, and the brackets < > denote the ensemble average.

The diffusion coefficients are then used to determine 1onic conductivities via the Nernst-Einstein

Equation below:

2
e
o"F = KT (p-q2D_+ p,qiD,)

Here, e? represents the square of elementary charge, K, represents Boltzmann’s constant, T
represents simulation temperature, p, and p_ represent the bulk density of cations and anions

respectively, g2 and g2 represent cation and anion charge respectively. To obtain the ionic
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conductivities at various temperatures, we re-simulated both aqueous and polymer systems from

298 K to 345 K.

For the aqueous electrolyte, both simulations and experiments show ionic conductivities of about
60 mS cm! near 300 K and over 100 mS cm! near 350 K. The agreement between experimental
and simulation results validates the simulation parameters used for the aqueous system. For the
polymer electrolyte, however, there are significant discrepancies between simulation and
experimental results at low temperatures. The experimental ionic conductivities (~10> mS cm™)
are more than one order of magnitude lower than the simulation ones (~10! mS cm™) at low
temperatures, but the experimental values increase sharply with the temperature and get close to
the simulation values at high temperatures. A major reason for the steep increase of ionic
conductivity is caused by the phase transition of the crystalline part of the polymer electrolyte®’.
The X-ray diffraction characterization of our polymer electrolyte at various temperatures shows
that the sample is semi-crystalline below 330 K and becomes completely amorphous or melted
above 340 K (see Supplementary Figure S13). The simulation system, however, does not include
any crystalline feature of the polymer, which is partially due to the small simulation box that is
only about 6 nm in all dimensions. Nevertheless, both simulated and experimental ionic
conductivities of polymer electrolytes are over two orders of magnitude lower than that of aqueous

electrolytes, which can result in low measured capacitances in polymer electrolyte-based samples.
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Figure 8. Comparison of the ionic conductivities of the aqueous electrolyte and the polymer electrolyte at

different temperatures obtained from MD simulations and experiments.

4. Conclusions

In conclusion, the electric double-layer (EDL) structure at the polymer electrolyte-electrode
interface is revealed through molecular dynamic simulations for the first time. The PEO-LiClO4
electrolyte is simulated between two graphene electrodes at 350 K and 330 K, respectively, to
reflect the different behavior of such electrolytes in a melted state and a solid state. The results are
compared with an aqueous electrolyte-based system with the same lithium salt. The time
evolutions of ion concentrations show that the polymer systems take longer time than the aqueous
system to establish stable EDL structures due to the ionic conductivity discrepancy. After the EDL
structures reach equilibrium, the polymer systems show thick inner Helmholtz layers formed by
polarized PEO molecules, and outer Helmholtz layers formed by ions. The different layer
thicknesses and ion/atom concentrations in the polymer and the aqueous systems are caused by the
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different interaction strengths between ions, solvent (polymer or water) molecules, and graphene
electrodes, as well as the distinct molecule sizes of PEO and water. Besides, there are two
significant OHLs formed by Li" near the negative electrode, and an OHL formed by CLO4 ions
that is overlapping with the IHL near the positive electrode of the polymer system. Surprisingly,
the intrinsic interfacial capacitances of the polymer systems are very close to the values of the
aqueous system under the ideal simulation condition. Experimental measurements show that,
although the capacitances measured with polymer electrolytes have low values at room
temperature, much better capacitances approaching that measured with the aqueous electrolyte can
be achieved when the polymer electrolytes are melted. The improved polymer electrolyte-
electrode interfaces can be preserved during heating and cooling cycles. These results prove that
EDLCs using polymer electrolytes can potentially achieve capacitances that are comparable to
those using liquid electrolytes. Finally, the simulated ionic conductivities of both aqueous and
polymer electrolytes are compared with experimental results, which validate the simulation

parameters.
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