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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: electric double-layer; supercapacitor; polymer electrolyte; electrolyte-electrode 

interface; molecular dynamics simulation 
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1. Introduction: 1 

Electric double-layer capacitors (EDLCs) using polymer-based electrolytes have been attracting 2 

research interest in recent years for energy storage applications in flexible and wearable 3 

electronics1–5, as well as multifunctional structural components6–8. This is because the energy 4 

storage mechanism of EDLC is much safer and more cyclically stable than that of current lithium-5 

ion batteries9–11. Moreover, EDLCs can be constructed by using intrinsically strong electrode 6 

materials (such as graphene, carbon nanotube, and carbon fibers12–17) and tough polymer 7 

electrolytes (such as polymer gel electrolytes and bi-continuous structural electrolytes18–22) to 8 

attain the required durability and mechanical properties for these new applications.  9 

While polymer electrolytes are critical for many EDLCs under development, studies have reported 10 

that electrode materials present significantly lower EDL capacitances in polymer electrolytes than 11 

those in liquid electrolytes. For example, activated carbon electrodes show specific capacitances 12 

of 70-120 F g-1 in organic solution and ionic liquid electrolytes23,  while a similar electrode material 13 

only shows a specific capacitance of 4 F g-1 with a polymer electrolyte24. Carbon nanotube 14 

electrodes provide specific capacitances up to 37 F g-1 with aqueous and ionic liquid 15 

electrolytes25,26, but a similar electrode only shows 0.088 F g-1 with a polymer electrolyte27. A 16 

graphite electrode that is immersed in an aqueous electrolyte28 was reported to have a capacitance 17 

of 7 mF cm−2 measured at 0.1V s−1, but a similar electrode shows a capacitance of only 2 mF cm−2 18 

measured at the same condition when a polymer-based electrolyte is used29.  19 

As the EDL capacitance is determined by the interfacial area between electrolyte and electrode 20 

multiplies by the intrinsic capacitance per interfacial area9,30, the reduced capacitance can be 21 

attributed to two issues at the polymer electrolyte-electrode interface: (1) The polymer electrolyte 22 

may not fully “wet” the electrode surface like the liquid electrolytes do, which will result in 23 
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reduced interfacial area31. (2) The EDL structure at the interface is different from that in a liquid 24 

electrolyte, which will result in lower intrinsic areal capacitance. The first issue can be mitigated 25 

by designing electrodes with more accessible surface areas and/or applying specific processes 26 

(such as thermal treatments) to improve the contact between polymer electrolyte and electrode 27 

material. The second issue, however, determines the maximum capacitance an electrode material 28 

can possibly achieve with polymer electrolytes. Although it is critical, the EDL structure and the 29 

intrinsic areal capacitance in polymer electrolyte-based systems have not been systematically 30 

studied before. 31 

Unlike polymer electrolytes, the EDL structure associated with liquid electrolytes has been 32 

theoretically modeled, computationally simulated, and experimentally measured in many previous 33 

studies. The general pictures of the EDL structure in the liquid have been depicted by various 34 

theoretical models from Helmholtz to Gouy–Chapman–Stern to account for the distributions of 35 

ions and solvent molecules9,32. More recently, computational studies using molecular dynamics 36 

(MD) simulations33 have revealed more details in EDL structure at the atomic level that match 37 

experimental observations. For example, experimental work using atomic force microscopy34 and 38 

MD simulations35–40 show that the EDL is wider and more complex than predicted by theoretical 39 

models. MD simulations can also reveal the EDL structure based on the nature of the ions/solvent 40 

molecules41, the charging dynamics of the EDLC37,42–44, and the influences of different factors on 41 

the intrinsic EDLC values45–48. Therefore, MD simulation is a powerful tool to reveal the EDL 42 

structure at the polymer electrolyte-electrode interface. An understanding of such a structure at the 43 

atomic level can explain the performance disparities between liquid electrolytes and polymer 44 

electrolytes in EDLCs and help predict the maximum achievable specific capacitance of EDLCs 45 

using polymer electrolytes. 46 
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Here we present the MD simulation of a representative polymer electrolyte-based EDLC to reveal 47 

the EDL structure in polymer electrolytes for the first time. We simulate a polymer electrolyte 48 

composed of polyethylene oxide (PEO) and lithium perchlorate (LiClO4) between two graphene 49 

sheets and compare it with an aqueous electrolyte-based system with the same lithium salt. We 50 

find that the polymer electrolyte-based EDLC also shows inner and outer Helmholtz layers but 51 

with unique structures. The unique EDL structures arise from different interaction strengths 52 

between ions, polymer molecules, and the graphene electrodes, as confirmed by ab initio 53 

calculations and analyses of atomic details, such as layer thicknesses and ion/atom concentrations. 54 

Though with different EDL structures, the calculated intrinsic interfacial capacitances of the 55 

polymer electrolyte-based system show very close values to that of the aqueous one. Combined 56 

with experimental measurements, we conclude that electrode materials with polymer electrolytes 57 

can achieve similar intrinsic interfacial capacitances to those with liquid electrolytes. The major 58 

reason that leads to reduced specific capacitances with polymer electrolytes reported in the 59 

literature is the decrease in interfacial area between the electrode and the electrolyte. 60 

 2. Model and Methodology: 61 

 2.1 Simulation details 62 

2.1.1 Molecular Dynamics Simulations 63 

Two representative systems were built to compare the differences between liquid electrolyte-based 64 

EDLCs and polymer electrolyte-based EDLCs. The control system was an aqueous electrolyte-65 

based EDLC with 7200 water molecules, 128 Li+ ions, and 128 ClO4
- ions forming the electrolyte 66 

between two pieces of single-layer graphene electrodes (Figure 1a). The other was a polymer 67 

electrolyte-based EDLC system consisting of the same species except that the water molecules 68 

were replaced with 22 chains of polyethylene oxide (PEO) molecules with 150 monomers per 69 
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chain (Figure 1b). The dimension of the electrode was 60.50 Å by 58.52 Å with 1400 carbon atoms 70 

in each graphene electrode. The distance between the electrodes was determined after equilibration 71 

run as detailed below. 72 

 73 

Figure 1. Snapshots of the simulation systems for (a) aqueous electrolyte-based EDLC and (b) polymer 74 

electrolyte-based EDLC. 75 

The lithium perchlorate salt was modeled using the parameters based on Universal Force Field49 76 

parameters. The water model was the commonly used SPC/E. The SPC/E water parameters along 77 

with the graphene parameters were used as obtained from the Moltemplate website50. All 78 

simulations were performed using the molecular-dynamics simulation code LAMMPS51 and 79 

CHARMM Generalized Force Field52 with the application of Lorentz-Berthelot mixing rules to 80 

determine cross-species interactions and a time step of 2 fs. The cut-offs for all non-bonded 81 

interactions and electrostatic interactions were 10 Å. The long-range electrostatic interaction was 82 

solved using the multilevel summation method53. Both systems were minimized first by the 83 

steepest descent algorithm. Then the aqueous and polymer electrolyte systems were equilibrated 84 

for 1 ns and 2 ns respectively by NPT (constant number of particles, constant pressure, and constant 85 

temperature) simulation. The  converged value of temperature and energy versus time graphs in 86 
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Supplementary Figure S1 proves the equilibrium conditions for the EDLCs. After that, NVT 87 

(constant number of particles, constant volume, and constant temperature) simulations were used 88 

for the production run. The positions of the carbon atoms relative to the plane of the electrode was 89 

kept constant by setting the force on each atom to zero throughout the NPT equilibration. The 90 

position of the electrode, however, was allowed to relax along the z-direction in order to equilibrate 91 

the density of the systems. The system, is periodic in all axes and in order to restrict interactions 92 

between the electrodes, a 30 Å vacuum was placed behind each electrode for a total of 60 Å 93 

separation between images. The equilibrated systems which resulted to a 65 Å distance between 94 

the two electrodes, were then simulated using the NVT ensemble for the production run. 95 

To determine the simulation temperature, we tested that the polymer electrolyte with 10 wt% 96 

LiClO4 in PEO had a melting point of around 339 K (see the differential scanning calorimetry 97 

results in Supplementary Figure S2). We simulated both aqueous and polymer electrolytes at 350 98 

K (referred to as the “aqueous system” and the “melted polymer system”, respectively, in the 99 

following sections) to compare them in the liquid state, and then simulated the polymer electrolyte 100 

at 330 K (referred to as the “solid polymer system” in the following sections) to compare its 101 

behavior at a lower temperature. It should be noted that the simulation model only includes an 102 

amorphous phase that does not have a melting point. This “solid polymer system” only represents 103 

the amorphous part of the solid-state semi-crystalline electrolyte at 330 K. The polymer electrolyte 104 

was not simulated at a lower temperature such as room temperature because it took a much longer 105 

time to reach equilibrium. The aqueous system was simulated for 6 ns (3 million steps) and both 106 

polymer systems were simulated for 30 ns (15 million steps) to reach a stable ion distributions in 107 

the production run using the Nosé-Hoover thermostat. To simulate the EDL structure under various 108 

electric potentials, we used the constant charge method on the electrode as studies show a 109 
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negligible difference in EDL structure between the constant surface charge method and the 110 

constant electric potential method, especially at the low electric potential54,55. Moreover, the 111 

constant potential method is more computationally expensive56,57. We simulated all the above 112 

systems when ±0, ±2.5, ±5.0, ±7.5, and ±10 electron charges per thousand carbon atoms (e/1000C) 113 

were applied on the graphene electrodes, respectively. We always applied negative charges on the 114 

left electrode (referred to as the negative electrode) and positive charges of the same amount on 115 

the right electrode (referred to as the positive electrode). 116 

2.1.2 Ab initio calculations 117 

To approximate the interaction energies of the systems under study, we selected regions from 118 

trajectory endpoints for both aqueous and polymer systems as representative structures of a sub-119 

system containing an electrode, ion, and solvent molecules based on a 10 Å distance cutoff from 120 

the electrode. Structures were then fixed by capping free covalencies with hydrogen atoms. On 121 

these subsystems, we performed ab initio calculations using RHF/6-31G** and the converged 122 

wavefunctions were subjected to a Natural Energy Decomposition Analysis (NEDA)58–60 of the 123 

natural bonding orbitals (NBO) as implemented in GAMESS61 with the NBO662 extension. The 124 

fragmentation was done in a manner where three fragments were assigned to groups 1. ion, 2. 125 

electrode, and 3. solvent (see Supplementary Figure S3). 126 

2.2 Experimental details  127 

In this section, experiments using both aqueous and polymer electrolytes were performed to 128 

validate some of the simulation results.  129 

The aqueous electrolyte was prepared by mixing de-ionized water and lithium perchlorate 130 

(LiClO4) salts obtained from Sigma-Aldrich. 1.068 g LiClO4 was dissolved in 10 ml de-ionized 131 

water to make a 1 M LiClO4 solution. As perfect single-layer graphene electrodes similar to the 132 
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ones used in the simulation systems were difficult to prepare and handle experimentally, we used 133 

chemically inert gold-coated electrodes instead. The electrodes were prepared by thermal 134 

evaporation of a 100 nm-thick layer of gold on polyimide films. The aqueous electrolyte-based 135 

EDLC was constructed by immersing two symmetric gold-coated electrodes into the aqueous 136 

electrolyte (see the illustration in Supplementary Figure S4a).  137 

The PEO- LiClO4 polymer electrolyte was prepared by the solution casting method. In a typical 138 

process, 0.3 g LiClO4 and 3 g of polyethylene oxide (PEO) powder were dissolved in 30 ml 139 

acetonitrile in a glass tube. The solution was prepared under magnetic stirring for 24 hours. The 140 

solution was then cast in a Teflon dish and dried at 60 ºC within a glove box for 24 hours to obtain 141 

a thin film of the PEO-LiClO4 electrolyte. To construct the polymer electrolyte-based EDLC, a 142 

piece of the thin film electrolyte was cut and sandwiched between two gold-plated electrodes (see 143 

the illustration in Supplementary Figure S4b). 144 

The capacitances of the EDLCs were measured by cyclic voltammetry (CV) tests between -0.1 to 145 

0.1 V at a scan rate of 10 mV/s and then calculated using the following equation, where C is the 146 

capacitance per area, I is the current, t is the time, V is the voltage window, and A is the area of 147 

the electrode: 148 

C =
∫ 𝐼𝑑𝑡

𝑉

0

𝑉𝐴
 149 

The ionic conductivities of the electrolytes were measured by Electrochemical impedance 150 

spectroscopy (EIS) over a frequency range of 0.1 Hz to 1 MHz. Then the ionic conductivities (𝜎) 151 

were obtained using the following equation with the area of the electrode (𝐴), impedance value 152 

(𝑍𝑟𝑒), and thickness of the electrolyte (𝑡) taken into consideration: 153 
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𝜎 =
𝑡

𝑍𝑟𝑒 ∗ 𝐴
 154 

Both the CV and EIS tests were conducted using a Gamry Reference 600 potentiostat in the 155 

temperature range from 298 K to 345 K. 156 

3. Results and Discussions: 157 

3.1. The evolution of EDL structures with time  158 

The theoretical models for EDL state that counter-ions tend to build up and form charged layers 159 

near the electrode-electrolyte interfaces. According to the models, the Li+ ions tend to move 160 

towards the negative electrode positioned at 0 Å, and the ClO4
- ions tend to move towards the 161 

positive electrode positioned at 65 Å in our simulation systems. As all our simulations start with 162 

all ions randomly distributed in the electrolytes, the formation of EDL will take different amount 163 

of time depending on the applied charge on electrodes and the ionic conductivity of the electrolyte. 164 

Figures 2 and 3 compare the time evolution of counter-ion concentrations near negative and 165 

positive electrodes, respectively, in the first 6 ns for all three systems. Different colors in the 166 

figures indicate the concentrations of Li+ ions near the negative electrode (Figure 2) and ClO4
- ions 167 

near the positive electrode (Figure 3).  168 
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 169 

Figure 2: Heat maps showing the evolution of Li+ concentration over 6 ns near the negative electrode 170 

under various charge conditions in three systems. Simulations are conducted with ±0.0e, ±2.5e, ±5.0e, 171 

±7.5e, and ± 10.0 e/1000C on each electrode in (a-e) the aqueous system, (f-j) the melted polymer system, 172 

and (k-o) the solid polymer system. The colors indicate the concentration of Li+ with the unit of ions per 173 

Å3. 174 
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 175 

Figure 3: Heat maps showing the evolution of ClO4
- concentration over 6 ns near the negative electrode 176 

under various charge conditions in three systems. Simulations are conducted with ±0.0e, ±2.5e, ±5.0e, 177 

±7.5e, and ± 10.0 e/1000C on each electrode in (a-e) the aqueous system, (f-j) the melted polymer system, 178 

and (k-o) the solid polymer system. The colors indicate the concentration of ClO4
-
 with the unit of ions 179 

per Å3. 180 

In general, almost all sub-figures indicate the formation of ion layers near electrodes over time. 181 

Unlike theoretical models that only describe the EDL structure at equilibrium, the MD simulations 182 

show the dynamic movement of atoms at every time step, which leads to the fluctuation of ion 183 

concentrations in all figures. Despite some fluctuations, the peak concentration (highest number 184 
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density) of ions tends to reach the maximum value within 6 ns for the aqueous system while the 185 

accumulation of ions continues for both polymer systems, which justifies the different simulation 186 

times for different systems. The evolution of the peak concentration of ions with time at 10 187 

e/1000C is also plotted in Supplementary Figure S5. The peak concentration of Li+ for the aqueous 188 

system fluctuates around a high value, while that for the polymer systems keeps increasing in the 189 

first 6 ns (Figure S5a). Similarly, the peak concentration of ClO4
- for the aqueous system starts to 190 

reach a stable value after about 4 ns, while that for the polymer system is still increasing (Figure 191 

S5b). The time evolutions of the total charge density for the aqueous and solid polymer systems 192 

are also compared in Figure S5 c and d, showing similar results. These observations qualitatively 193 

show that the aqueous electrolyte has a much higher ion conductivity than the polymer ones as it 194 

takes much less time for the EDL to establish in the aqueous system. The results also show that 195 

the formation processes of EDL structures in the two polymer systems are very similar, except that 196 

the solid polymer electrolyte has a lower ionic conductivity and its EDL formation is slightly 197 

slower than the melted one. Figure S5e shows that the total charge distribution of the solid polymer 198 

system has only very minor fluctuations from 25 to 30 ns, justifying that 30 ns of simulation is 199 

sufficient to reach equilibrium for such a system. 200 

Other interesting phenomena can be observed in Figures 2 and 3. When no charge (0 e/1000C) is 201 

applied to the electrodes, the aqueous system still has significant ion layers formed, as seen in 202 

Figures 2a and 3a. For the uncharged aqueous system, the formation of ion layers near the 203 

electrodes is driven by ion-π interactions, i.e. the attractions between ions and the graphene 204 

electrodes63–65. While the simulation is using a non-polarized force field, such interactions are the 205 

results of the interactions between static charges and Lennard Jones potentials. But for both 206 

polymer systems, the Li+ ions (Figures 2f and 2g) and ClO4
- ions (Figures 3f and 3g) are distributed 207 
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much further away from the electrodes, and no clear high-concentration ClO4
- layers are formed. 208 

This also means that there is a considerably thick layer of polymer molecules attached to the 209 

surface of the electrodes. The fact that the polymer layers block the access of ions to electrode 210 

surfaces over the whole time scale indicates that the attractions between polymer molecules and 211 

the π bonds in graphene electrodes66 are stronger than the ion-π interactions67.  212 

When the amount of charge applied on electrodes increases, the Li+ distributions in the aqueous 213 

system show a similar pattern to the uncharged case (Figures 2a to 2e). The Li+ distributions in the 214 

polymer systems, however, start to show clear ion layers, especially at high charge conditions 215 

(Figures 2f to 2o). The differences between the aqueous system and the polymer systems in terms 216 

of Li+ distribution at increased charge conditions indicate that the negative charges on the 217 

electrodes attract Li+ and water molecules alike, but have a relatively weaker attraction to PEO 218 

molecules. On the other hand, the ClO4
- distributions in all three systems show the same trend 219 

when the electrode charge increases (Figure 3). A single layer of ClO4
- is formed near the positive 220 

electrode and it shows higher ion concentrations at higher charge levels. This indicates that the 221 

positive charges on the electrodes have a much stronger effect on ClO4
- ions than on water and 222 

PEO molecules. 223 

3.2. The equilibrium EDL structures 224 

As mentioned in the previous section, the EDL structure is always dynamic in MD simulations, 225 

but it can be considered to be in equilibrium when the peak concentration of ions starts to fluctuate 226 

around a stable value. The average number densities of all species over a long-enough time range 227 

should represent the equilibrium EDL structures of the simulated systems. Here, we consider Li+ 228 

and ClO4
- as the solute and water or polymer molecules as the solvent in the electrolyte systems. 229 
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We plot the average number densities of solute ions and solvent atoms from 4 to 6 ns for the 230 

aqueous system and from 25 to 30 ns for the polymer systems in Figures 4 and 5, based on the 231 

different amounts of time needed for those systems to reach equilibrium.  232 

Similar to the observations in Section 3.1, Figure 4a shows high ion concentrations near both 233 

electrodes due to the ion-π interactions even when no charge (0 e/1000C) is applied to the 234 

electrodes. It is clear that the peak concentration of ClO4
- is higher than that of Li+, which agrees 235 

with the previous studies64,65 that the anion-π interactions are stronger than the cation-π 236 

interactions. There are also considerable interactions between water molecules and graphene 237 

electrodes, which results in an inner Helmholtz layer (IHL) formed by solvent molecules on the 238 

electrode surface as seen in Figure 5a. Based on the position of the concentration peaks of solvent 239 

atoms, we can estimate that the IHL is located at about 3.6 Å from the electrodes in the aqueous 240 

system, which agrees with previous MD simulations68,69. This IHL prevents the hydrated cations 241 

and anions from moving towards the charged graphene surface70,71 and results in the first 242 

concentration peaks of ions, i.e. the outer Helmholtz layer (OHL), located behind this layer. Here, 243 

the OHL formed by Li+ is about 4.6 Å, and that formed by ClO4
- is about 4.1 Å from the electrodes. 244 

The cation-π and anion-π interactions are diminished in the polymer systems as seen in Figures 4 245 

f and k, in which the number densities of ClO4
- do not have clear peaks near both electrodes, and 246 

the peaks of Li+ are far away from the electrodes. The explanation that this is caused by a stronger 247 

polymer-π interaction can be confirmed by Figures 5 f and k, in which peaks of atoms in polymer 248 

molecules are seen near the electrodes. The polymer molecules are clearly polarized (i.e. with 249 

separation of positive and negative charges inside molecules) near the electrodes, as the hydrogen 250 

peaks which carry positive partial charges are closer (about 3.0 Å) to and the oxygen peaks which 251 



16 
 

carry negative partial charges are farther away (about 4.5 Å) from the electrodes. These polarized 252 

molecules form a thick IHL, making the closest OHL formed by Li+ about 6.0 Å from the 253 

electrodes. 254 

 255 

Figure 4: Equilibrium number density distributions of Li+ and ClO4
- ions under various charge 256 

conditions. Simulations are conducted with ±0.0e, ±2.5e, ±5.0e, ±7.5e, and ± 10.0 e/1000C on each 257 

electrode in (a-e) the aqueous system, (f-j) the melted polymer system, and (k-o) the solid polymer system. 258 

 259 
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When the applied charge on electrodes increases, all three systems show the same trend that the 260 

concentration of counter ions towards the respective electrode increases and that of co-ions 261 

decreases. In the aqueous system, the positions of OHLs formed by both ions (Figures 4 b to e) do 262 

not change much, and so do the positions of IHLs formed by water molecules (Figures 5 b to e). 263 

However, the change of charge has a significant effect on the peak concentrations of ClO4
- near 264 

electrodes. The anions are expelled from the negative electrode and attracted by the positive 265 

electrode. The peak concentrations of Li+, on the other hand, are also affected by the charge 266 

condition, but less significantly. The trends of how peak concentrations of ions change with the 267 

applied charge on electrodes are also compared in Supplementary Figure S6.  268 

Besides the first concentration peak of Li+, another smaller peak of the same ion can be seen under 269 

all charge conditions. This is caused by the over-screening effect, in which the charge of an ion 270 

layer exceeds the total charge on the electrode and subsequent layers of alternating charge (caused 271 

by both ions and polarized solvent molecules) form until the electrode charge is completely 272 

balanced33. This “concentration oscillation” phenomenon is commonly reported in liquid 273 

electrolytes42,72–74. The phenomenon is more obvious for Li+ than for ClO4
-, because Li+ ions are 274 

associated with more solvent molecules and tend to be over-screened by these polarized molecules. 275 

In comparison, the ClO4
- ions are less associated with solvent molecules. To evaluate the degree 276 

of association between Li+ ions and water molecules (represented by the oxygen atoms in water, 277 

denoted as Ow), we can consider the radial distribution function (RDF) of Ow around Li+ (denoted 278 

as RDF: Li+–Ow), which is computed as the average number density of Ow as a function of distance 279 

from Li+ ions in the aqueous system. Similarly, the RDF between ClO4
- and Ow can be computed. 280 

The computed RDFs, as well as their integrations which represent the cumulative coordination 281 
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numbers of solvent molecules around ions, are plotted in Supplementary Figure S7. The high peak 282 

at 2.0 Å for RDF: Li+–Ow (Figure S7a) indicates a strong association between Li+ and Ow, while a 283 

relatively small peak for RDF: ClO4
-–Ow (Figure S7b) is seen at around 4.0 Å. The integrations of 284 

RDFs show that each Li+ is associated with approximately 4 Ow within a radius of 2.0 Å, while 285 

each ClO4
- ion is associated with 3.7 Ow within 4.0 Å. 286 

In the two polymer systems, the peak concentrations of ions behave in a similar way when the 287 

applied charge increases, as seen in Figures 4 g to j and l to o, as well as in Supplementary Figure 288 

S5. The differences between the melted and solid polymer systems are minor. However, the OHL 289 

structures formed by ions are distinct from those seen in the aqueous system.  290 

For the OHLs formed by Li+ near the negative electrode, two concentration peaks positioned at 291 

about 6.0 Å and 10.0 Å in the melted polymer system, and 6.25 Å and 10.25 Å in the solid polymer 292 

system, respectively, can be seen. Different from the concentration oscillation of Li+ observed in 293 

the aqueous system, the second peak here is similar to or even higher than the first peak. An 294 

explanation is that Li+ ions are highly associated with the oxygen atoms in PEO molecules 295 

(denoted as Op)
67,75–77 as illustrated in Supplementary Figure S8. The charge provided by the first 296 

Li+ layer is over-screened by the polarized polymer shell and a significant second ion layer is 297 

needed to neutralize the excess charge caused by the over-screening effect. This is confirmed by 298 

the RDF of around Li+ (denoted as RDF: Li+–Op) shown in Figure S7c, which has a high peak at 299 

2.0 Å. The integrations of RDFs show that each Li+ is associated with approximately 5 Op within 300 

2.0 Å in the polymer systems, even more than the 4 Ow in the aqueous system.  301 

For the OHLs formed by ClO4
-, the positions are at about 3.5 Å in the melted polymer system and 302 

3.75 Å in the solid polymer system from the positive electrodes, respectively. Compared to 4.1 Å 303 
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in the aqueous system, ClO4
- layers are getting closer to the positive electrodes in the polymer 304 

systems. Considering that the polymer molecules form the same thick IHLs under various charge 305 

conditions (Figures 5 g to j and l to o), the ClO4
- ions actually form OHLs that are inside IHLs 306 

near the positive electrodes, which is an unseen phenomenon in other liquid electrolytes with small 307 

solvent molecules. The phenomenon is caused not only by the large size of polymer molecules but 308 

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

-–Op 309 

(Figure S7d) shows a small peak at around 4.0 Å, and its integration indicates that each ClO4
- ion 310 

is associated with only 0.8 Op in the polymer systems at a distance of 4.0 Å.  311 

In addition to IHL and OHL, the diffuse layer in which the concentration of solvent atoms 312 

fluctuates before reaching a stable value (Figure 5) ends at about 9 Å away from the electrodes in 313 

the aqueous system, consistent with previous simulation and experimental studies78–83. In the two 314 

polymer systems, the diffuse layers end at over 15 Å away from electrodes, indicating much thicker 315 

overall EDL structures. 316 
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 317 

Figure 5. Equilibrium number density distributions of solvent atoms under various charge conditions. 318 

Simulations are conducted with ±0.0e, ±2.5e, ±5.0e, ±7.5e, and ± 10.0 e/1000C on each electrode in (a-e) 319 

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

 321 

 322 

Ab initio calculations using NEDA were conducted to gain a better understanding of the 323 

equilibrium EDL structure. The energy decomposition values from NEDA have been shown in 324 

Supplementary Table S1 and plotted in Supplementary Figure S9. The total energies of Li+
(aq) and 325 
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ClO4
- 

(aq) sub-systems from the aqueous system are -133.53 kcal/mol and -30.99 kcal/mol 326 

respectively while the total energies of Li+ (PEO) and ClO4
- 

(PEO) sub-systems from the polymer 327 

system are -156.09 kcal/mol and -3.77 kcal/mol respectively (Supplementary Table S1). From 328 

these total energy values, the use of PEO increases the interaction energies of the Li+ ion while 329 

decreasing the interaction energies of the ClO4
- ion. Moreover, these differences in interaction 330 

energies of Li+ and ClO4
- justify their layer formations in the two different systems. Since ClO4

- 331 

does not interact as much as Li+ with the solvent and electrode in both aqueous and polymer 332 

systems, its layer formation is more a result of its attraction towards the positive electrode. This 333 

explains the higher number density and higher concentration of ClO4
- ions near the positive 334 

electrode in both systems. On contrary, Li+ interacts more with solvent molecules. It has a larger 335 

solvation shell in the aqueous system and is in a chelated state in the polymer system which can 336 

hinder its attraction with the negative electrode. The highest total energy of Li+ (PEO) in the polymer 337 

system and the structure of PEO molecules can also rationalize the double peaks observed as the 338 

regions near the electrode with the maximum number of Li+-O(PEO) “chelation” regions. 339 

To summarize the above discussions and analyses, we create the illustration in Figure 6 to show 340 

the unique features of the equilibrium EDL structure of the polymer system. First, the structure 341 

has thick IHLs formed by polarized PEO molecules with hydrogen atoms attached to the 342 

electrodes,  carbon atoms, and then oxygen atoms forming two layers after that. Second, on the 343 

negative electrode side, two significant OHLs formed by Li+ ions are next to the IHL. Unlike the 344 

EDL structures in liquid electrolytes where the ion concentrations decrease with the distance from 345 

electrodes, this structure can have more ions in the second OHL. Third, on the positive electrode 346 

side, the OHL formed by CLO4
- ions is located inside the IHL, while the OHLs are always outside 347 

the IHLs in liquid electrolytes.  348 
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 349 

 350 

Figure 6. Illustration of the equilibrium EDL structure of the polymer electrolyte-based EDLC showing 351 

the distinct features that are different from liquid electrolyte-based ones. 352 

 353 

3.3. Interfacial capacitance and experimental verification 354 

With the results from the simulated equilibrium EDL structures, we can find out the equilibrium 355 

EDL capacitance of the two-electrode system (C) under each charge condition according to the 356 

equation below: 357 

𝐶 =
∆𝑄

∆𝑉
 358 

where ∆𝑄 is the amount of charge applied on each electrode and ∆𝑉 is the voltage or potential 359 

difference between positive and negative electrodes. To find out the potential difference, we used 360 

the total charge density distribution between two electrodes and solved the one-dimensional 361 
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Poisson’s equation. The total charge density includes the charges from ions and polarized solvent 362 

molecules.  363 

Supplementary Figure S10 compares the charge density distributions of the three systems when 364 

simulated with 0 e/1000C, ±2.5 e/1000C, ±5.0 e/1000C, ±7.5 e/1000C and ±10 e/1000C applied on 365 

electrodes. The plots also include the charge contributions from solvent atoms and ions, 366 

respectively. For all three systems with no charge applied, the charge distributions are symmetric 367 

as expected in such symmetric systems. The oscillation features are caused by the over-screening 368 

effect described in the previous section. Here, we can see that the oscillation of total charges is 369 

caused by both ionic charges and polarized solvent molecules, which agrees with previous 370 

studies84. In the aqueous system Supplementary Figure S10a, the net charges from solvent (water) 371 

molecules contribute significantly to the total charge, whereas in both polymer systems 372 

Supplementary Figure S10f and S10k , the contribution from polarized polymer molecules is even 373 

more dominating. When the three systems are charged we can see that the solvent molecules 374 

become more polarized near the negative electrode and less so near the positive electrode. The 375 

charge contribution from ions, on the other hand, is more significant near the positive electrode, 376 

thanks to the ClO4
- distribution as discussed in the previous section. The major difference between 377 

the aqueous system and the polymer systems is that the charge layers are much thicker in the 378 

polymer systems, which agrees with the EDL thickness analyzed in the previous section. 379 

 380 

 381 

 382 

 383 
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 384 

Figure 7. (a) The potential difference between positive and negative electrodes as a function of applied 385 

charge on electrodes for all three simulated systems. (b) The capacitance as a function of applied charge 386 

on electrodes for all three simulated systems. Experimentally measured capacitances of the gold 387 

electrodes: (c) with the aqueous electrolyte and two polymer electrolyte samples at different 388 

temperatures, and (d) with the same polymer electrolyte sample during two heating-cooling cycles. 389 

Increase/decrease Temp_R1/2 indicates the 1st/2nd round of the heating/cooling cycle of the test. The 390 

capacitances are plotted in log scale. 391 

Figure 7a and 7b summarizes the potential differences and the capacitances as functions of applied 392 

charge for all systems (see the potential distributions calculated from the charge density 393 

distributions under various charge conditions in Supplementary Figure S11). The potential 394 

differences increase almost linearly with the applied charge for all the systems (Figure 7a). The 395 
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values are very close for the two polymer systems, which is the result of similar equilibrium EDL 396 

structures. The potential differences in the aqueous system are relatively smaller under every 397 

charge condition. As a result, the capacitance of the aqueous system is slightly higher than those 398 

of the polymer systems (Figure 7b). Specifically, the capacitance of the aqueous system ranges 399 

from 3.7 to 4.1 µF cm-2, with an average value of 3.9 µF cm-2. The capacitance of the melted 400 

polymer system ranges from 3.2 to 3.8 µF cm-2, with an average value of 3.5 µF cm-2, and that of 401 

the solid polymer system ranges from 3.2 to 3.9 µF cm-2, with an average value of 3.4 µF cm-2. 402 

The small deviations in the order of 0.1 µF cm-2 can simply come from the dynamic behavior of 403 

EDL structure as discussed in Section 3.1, which can be mitigated by simulating the systems for a 404 

longer time and taking the average values (e.g. total charge density) over a longer time range. But 405 

the surprising result here is that the electrodes contacting with a polymer electrolyte, whether in a 406 

melted liquid state or a solid state, show capacitances that are similar to the same electrodes 407 

contacting with an aqueous electrolyte. This seems to be contradictory to conventional 408 

experimental results where we see aqueous EDLCs showing capacitances of orders of magnitude 409 

higher than those of the polymer electrolyte-based EDLCs, as discussed in the introduction section. 410 

Possible explanations include that the simulation systems only consider the perfectly flat 411 

electrodes in perfect contact with a purely amorphous polymer electrolyte and that the simulations 412 

are conducted at higher temperatures compared with previous experimental work. To understand 413 

the differences between simulations and experiments, we conducted experiments using inert and 414 

flat gold electrodes contacting with both aqueous electrolyte and polymer electrolyte. 415 

Figure 7c and 7d summarizes the experimental results of capacitance measurements. For the gold-416 

plated electrodes tested in the aqueous electrolyte (1 M LiClO4) under temperatures between 298 417 

K and 350 K, the capacitance does not change much with temperature and shows values between 418 
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9.1 and 11.7 µF cm-2 (Figure 7c). Polymer electrolyte (PEO + 10 wt% LiClO4) samples 419 

sandwiched between gold-plated electrodes are also tested within the same temperature range. The 420 

results of the two representative samples are plotted in the same figure. We find that every polymer 421 

electrolyte sample shows a different capacitance, which varies between the orders of 0.01 and 0.1 422 

µF cm-2 when initially tested at around 298 K (room temperature). However, the measured 423 

capacitance increases significantly when we increase the temperature, and all the samples achieve 424 

similar capacitances around 3 µF cm-2 near the melting point of 339 K. Moreover, when we cool 425 

down the melted sample, the capacitance remains in the order of 1 µF cm-2 and will not change 426 

much when we re-heat it and re-cool it (Figure 7d). This phenomenon can be explained by the 427 

illustration in Supplementary Figure S12. Every polymer electrolyte sample has a relatively poor 428 

and uncertain contact with the electrode in the micro/nanoscale at the initial solid state. Upon 429 

heating up to the melting point, the polymer electrolyte deforms or melts to fully cover the 430 

electrode surface and form a much better interface. Such interface is preserved during cooling and 431 

re-heating processes. The results indicate that inconsistent and extremely low EDL capacitances 432 

measured with polymer electrolytes are most likely due to the poor contact between the electrode 433 

and electrolyte on the micro/nanoscale. Moreover, the polymer electrolyte-electrode interface can 434 

be significantly improved and stabilized by heating and cycling the system between room 435 

temperature and the melting point of the electrolyte. 436 

Although the capacitance of the polymer electrolyte sample reaches a stable value of about 3 µF 437 

cm-2 near the melting point, it is still a few times lower than that of the aqueous sample which has 438 

a capacitance of over 9 µF cm-2 at the same temperature, unlike the prediction by the MD 439 

simulation that the polymer electrolyte-based EDLC shows very close capacitance values to the 440 

aqueous electrolyte-based EDLC. This can be explained by the orders of magnitude difference in 441 
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the ionic conductivities of the two systems. The macroscopic experiments are more affected by the 442 

impedance of the EDLC device, which is inversely proportional to the ionic conductivity of the 443 

electrolyte. A lower capacitance will be measured when the ionic conductivity is too low, even if 444 

the ideal interfacial capacitance is similar. The ionic conductivities of the aqueous electrolyte and 445 

the polymer electrolyte are also estimated by MD simulations and characterized experimentally, 446 

as detailed in the following section. 447 

3.4 Ionic conductivity and experimental verification 448 

Figure 8 compares the ionic conductivities of the aqueous electrolyte and the polymer electrolyte 449 

obtained from both MD simulations and experiments. To compute ionic conductivity in MD 450 

simulation, mean square displacements (MSD) of ions have first been calculated from the first 5 451 

ns production run. The cation and anion diffusion coefficients were then calculated from the slope 452 

of the time dependence of MSD using the following equation. 453 

𝐷 = lim
𝑡→∞

1

6𝑡
< |𝑅𝑖(𝑡) − 𝑅𝑖(0)|2 > 454 

In the above formulas, 𝐷 is the diffusion coefficient, 𝑡 is the time, 𝑅𝑖(𝑡) is the position of the ith 455 

ion at time 𝑡, and the brackets < > denote the ensemble average. 456 

The diffusion coefficients are then used to determine ionic conductivities via the Nernst-Einstein 457 

Equation below: 458 

𝜎𝑁𝐸 =
𝑒2

𝐾𝑏𝑇
(𝜌−𝑞−

2 𝐷_ + 𝜌+𝑞+
2 𝐷+)  459 

Here, 𝑒2 represents the square of elementary charge,  𝐾𝑏 represents Boltzmann’s constant, T 460 

represents simulation temperature, 𝜌+ and 𝜌− represent the bulk density of cations and anions 461 

respectively, 𝑞+
2  and 𝑞−

2  represent cation and anion charge respectively. To obtain the ionic 462 
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conductivities at various temperatures, we re-simulated both aqueous and polymer systems from 463 

298 K to 345 K. 464 

 For the aqueous electrolyte, both simulations and experiments show ionic conductivities of about 465 

60 mS cm-1 near 300 K and over 100 mS cm-1 near 350 K. The agreement between experimental 466 

and simulation results validates the simulation parameters used for the aqueous system. For the 467 

polymer electrolyte, however, there are significant discrepancies between simulation and 468 

experimental results at low temperatures. The experimental ionic conductivities (~10-3 mS cm-1) 469 

are more than one order of magnitude lower than the simulation ones (~10-1 mS cm-1) at low 470 

temperatures, but the experimental values increase sharply with the temperature and get close to 471 

the simulation values at high temperatures. A major reason for the steep increase of ionic 472 

conductivity is caused by the phase transition of the crystalline part of the polymer electrolyte85. 473 

The X-ray diffraction characterization of our polymer electrolyte at various temperatures shows 474 

that the sample is semi-crystalline below 330 K and becomes completely amorphous or melted 475 

above 340 K (see Supplementary Figure S13). The simulation system, however, does not include 476 

any crystalline feature of the polymer, which is partially due to the small simulation box that is 477 

only about 6 nm in all dimensions. Nevertheless, both simulated and experimental ionic 478 

conductivities of polymer electrolytes are over two orders of magnitude lower than that of aqueous 479 

electrolytes, which can result in low measured capacitances in polymer electrolyte-based samples. 480 
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 481 

Figure 8. Comparison of the ionic conductivities of the aqueous electrolyte and the polymer electrolyte at 482 

different temperatures obtained from MD simulations and experiments. 483 

 484 

4. Conclusions 485 

In conclusion, the electric double-layer (EDL) structure at the polymer electrolyte-electrode 486 

interface is revealed through molecular dynamic simulations for the first time. The PEO-LiClO4 487 

electrolyte is simulated between two graphene electrodes at 350 K and 330 K, respectively, to 488 

reflect the different behavior of such electrolytes in a melted state and a solid state. The results are 489 

compared with an aqueous electrolyte-based system with the same lithium salt. The time 490 

evolutions of ion concentrations show that the polymer systems take longer time than the aqueous 491 

system to establish stable EDL structures due to the ionic conductivity discrepancy. After the EDL 492 

structures reach equilibrium, the polymer systems show thick inner Helmholtz layers formed by 493 

polarized PEO molecules, and outer Helmholtz layers formed by ions. The different layer 494 

thicknesses and ion/atom concentrations in the polymer and the aqueous systems are caused by the 495 
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different interaction strengths between ions, solvent (polymer or water) molecules, and graphene 496 

electrodes, as well as the distinct molecule sizes of PEO and water. Besides, there are two 497 

significant OHLs formed by Li+ near the negative electrode, and an OHL formed by CLO4
- ions 498 

that is overlapping with the IHL near the positive electrode of the polymer system. Surprisingly, 499 

the intrinsic interfacial capacitances of the polymer systems are very close to the values of the 500 

aqueous system under the ideal simulation condition. Experimental measurements show that, 501 

although the capacitances measured with polymer electrolytes have low values at room 502 

temperature, much better capacitances approaching that measured with the aqueous electrolyte can 503 

be achieved when the polymer electrolytes are melted. The improved polymer electrolyte-504 

electrode interfaces can be preserved during heating and cooling cycles. These results prove that 505 

EDLCs using polymer electrolytes can potentially achieve capacitances that are comparable to 506 

those using liquid electrolytes. Finally, the simulated ionic conductivities of both aqueous and 507 

polymer electrolytes are compared with experimental results, which validate the simulation 508 

parameters. 509 
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