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ABSTRACT: Understanding how charge fraction and sequence in
polyelectrolytes (PEs) affect electric double-layer capacitors
(EDLCs) is crucial for optimizing energy storage devices. We
employed antisymmetric PEs composed of polycations and
polyanions with identical charge patterns, eliminating counterion
effects and focusing on intrinsic PE−electrode interactions. Our
simulations revealed that increasing the charge fraction enhances
differential capacitance due to more charged species facilitating
efficient charge storage. Block-patterned PEs, where charged beads
are grouped along the polymer chain, exhibited higher integral
capacitance than regular-patterned PEs and simple electrolytes but
resulted in slower charging rates due to substantial conformational
adjustments during adsorption. Both types of PEs promoted
enhanced overscreening, increasing the charge accumulation near the electrode surface. These findings highlight the significant
impact of the charge fraction and sequence on the EDLC performance. Careful selection of PE charge patterns can thus tailor energy
storage capacities and charging rates to meet specific application needs.

■ INTRODUCTION
Electrochemical energy storage devices are essential for
harnessing clean and renewable energy. Among them,
supercapacitors are notable for their long cycle life, rapid
charge−discharge rates, and high power density.1−3 Electric
double-layer capacitors (EDLCs) store energy through
reversible ion adsorption at the electrode/electrolytes interface,
a process faster than the Faradaic reactions in batteries.3−5

However, the adsorption process limits the energy density in
EDLCs.6,7 To enhance the performance, innovations in both
electrodes and electrolytes are crucial. The integration of
porous electrodes with ionic liquid (IL) electrolytes has been
shown to optimize capacitance.8−15 With the growing demand
for wearable electronics, flexible energy storage devices are
increasingly required.16−18 Replacing ILs with polyelectrolytes
(PEs) enhances flexibility and prevents leakage. PEs, which
contain ionizable groups in their chains, offer several
advantages, including low cost, high capacitance, good
mechanical properties, and ease of processing.19−23 Con-
sequently, PEs are expected to play a pivotal role in advanced
energy storage technologies.

Progress in IL-based capacitors has been driven by a deeper
understanding of molecular adsorption behavior.24−26 Simu-
lation techniques, such as the constant potential method
(CPM), have significantly contributed to this knowledge.27−29

Compared to ILs, PEs exhibit more complex electrochemical

behavior.30,31 First, as polymer materials, PE chains display
versatile and dynamic conformations that vary with their
distance from the electrode surface. Second, the distribution of
charged beads along a polymer chain, or charge sequence,
affects adsorption and, consequently, the performance of
EDLCs. With these differences, whether insights from ILs
systems apply directly to PEs remains uncertain, highlighting
the need for fundamental research.

The adsorption of PEs on oppositely charged surfaces has
been extensively studied over the past few decades.31−35 These
studies have identified patterns of how the charge properties of
PEs influence their adsorption behavior. First, a higher charge
fraction generally leads to stronger adsorption as the
electrostatic energy of the electric double layer (EDL) in PE
solutions confined between two charged surfaces increases
with the charge fraction.36 However, in some cases, the amount
of adsorbed PE exhibits a nonmonotonic dependence on the
charge fraction, initially increasing and then decreasing. This
complex behavior is attributed to the shielding effect of
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counterions at high charge fractions.37,38 Second, the charge
sequence significantly impacts the adsorption process. Block
copolymers with charged blocks show a greater effect on PE
adsorption compared with alternating sequences. Additionally,
increasing block size and reducing the number of blocks
enhance adsorption.38,39 Beyond adsorption, block size also
affects other PE behaviors, such as coacervation40−43 and
response to stimuli.44

Despite recent advances, our understanding of how charge
fractions and sequences affect capacitors containing PEs (PE)
remains limited. In particular, the relationship between
polymer adsorption on electrodes and EDLC (EDLC)
performance, including capacity and charging rate, is not
fully understood. Previous studies have shown that counterions
complicate this analysis by significantly influencing the PE
adsorption behavior. These counterions often obscure the
effects of the charge fraction and sequence, making it difficult
to isolate their individual roles. To address this issue, we used
antisymmetric PEs composed of polycations (PC) and
polyanions (PA) with identical charge patterns. Although
this design is idealized, it eliminates the need for counterions,
thereby eliminating their impact. In contrast, single PE
solutions contain counterions. However, in mixtures of two
PE solutions, the salt concentration can be independently
controlled, for example, through dialysis.41,42,45−48

We employ molecular dynamics simulations to investigate
how charge fraction and charge sequence influence the EDL
and relate these findings to supercapacitor performance,
including capacity and charging rate. By focusing on
antisymmetric PEs, we aim to gain a clearer understanding
of the intrinsic factors that govern polymer adsorption and
their direct effects on the EDLC performance.

■ RESULTS AND DISCUSSION
Nanocapacitor with PE Electrolytes. We study a

nanometer-scale capacitor composed of planar electrodes
separated by polyelectrolyte (PE) solutions, as shown in
Figure 1a. The PEs consist of PC and PA, achieving charge

neutrality and eliminating the need for small counterions. This
design simplifies the system, allowing us to focus on how PEs
influence the capacitor performance. The electrode separation
is H = 14.28 nm, significantly larger than in simulations of
EDLCs with simple electrolytes solutions composed of small
ions.49,50 This large separation accounts for the longer
correlation lengths inherent to polymeric PEs compared to
those of simple ion solutions.

We model the PEs using a coarse-grained approach and treat
the solvent implicitly as a dielectric medium with a dielectric
constant of εr = 80. We employ the CPM, which maintains a
constant electric potential difference between electrodes,
allowing charge fluctuations to respond to local variations in
electrolyte density.51−56 Another common method is the
constant charge method (CCM),57,58 in which electrode atoms
bear constant charges during the simulation. Although both
methods exhibit similar equilibrium behavior for fast electro-
chemical processes59 at low electric potential difference, the
local charge fluctuations can lead to qualitatively differences
between CPM and CCM at high voltages,53 resulting in
different double-layer relaxation times.54,60 CPM simulations
are typically performed with an explicit solvent. For our models
with implicit solvent, we account for the solvent’s dielectric
effects by rescaling the charges and electric potentials (see
section “charge and electric potential rescaling” in the
Supporting Information). Specifically, charges are scaled by
1/ r and electric potential difference by r .

61

To explore the effects of the charge fraction ( fq) and charge
sequence, we design two series of PE chains (Figure 1b). In the
regular-patterned PEs, charged beads are uniformly spaced
along the chain. In contrast, the block-patterned PEs
concentrate charged beads at the chain’s center, resembling a
triblock copolymer. In experimental setups, solutions typically
include a single type of PEs with their counterions. However,
counterions introduce asymmetry and complicate the system,
often masking the effects of charge fraction and sequence. To
address this, we use fully antisymmetric PC and PA chains.
These chains have identical lengths, charge fractions, and

Figure 1. Electric double-layer capacitors (EDLCs) with PE solution as working electrolytes. (a) Snapshot of PE solution confined between two
planar electrodes. The charge fraction of the PE is fq = 0.5. The blue beads represent positively charged beads in polycation (PC) chains, the pink
beads represent negatively charged beads in polyanion (PA) chains, the silver beads represent neutral beads, and the gray beads represent electrode
beads. The distance between the two planar electrodes is fixed at 14.28 nm. (b) Schematic drawing of sequence of regular-patterned (charged beads
are uniformly spaced along the chain) and block-patterned (charged beads at the chain’s center) of PA chains with different charge fraction fq.
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charge patterns, eliminating counterion effects. This approach
allows us to isolate the influence of charge fraction and
sequence on adsorption and, consequently, on EDLC perform-
ance. For comparison, we also examine EDLCs based on
simple electrolytes with small ion solutions. These electrolytes

contain the same number of charged and neutral beads as the
PE systems, matching their charge fractions. Further details are
provided in the Methods section.
Energy Storage Performances.We evaluate the perform-

ance of EDLCs by examining their capacity and charging rate

Figure 2. Performance of EDLC based on PE solutions. (a,b) Time evolution of the charge density (σ) on the positive electrode of EDLC with
working PEs of regular-patterned PEs and block-patterned PEs. In the first 20 ns, the potential difference between two electrodes is 0 V. At 20 ns,
the potential difference is set to 1 V. Pink dashed lines are exponential fitting curves, σ(t) = σmax(1 − e−t/RC). The (c,d) differential capacitance Cd
with δΨ = 0 V (c) and δΨ = 1 V (d) with working electrolytes of regular-patterned PE, block-patterned PE, and simple electrolyte. The (e) integral
capacitance CI for with δΨ = 1 V with working electrolytes of regular-patterned PE, block-patterned PE, and simple electrolyte. The (f) charging
relaxation time constant RC for EDLC’s with working electrolytes of regular-patterned PE, block-patterned PE, and simple electrolyte. Error bars
represent the standard deviation from four independent measurements in panels (c−e).
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with different PEs. For each EDLC, we first simulate for 20 ns
at an electric potential difference of ΔΨ = 0 V. After 20 ns, we
stepwise increase the potential difference to 1 V to study the
charging process. Figure 2a,b shows the variation of positive
electrode charge density, σ, over time. At ΔΨ = 0 V, the
electrode charges fluctuate around ⟨σ⟩ = 0 e/nm2. This occurs
because we use an antisymmetric setup of PEs, resulting in a
potential of zero charge, ΨPZC = 0 V. Breaking the
antisymmetry between PC and PA chains can shift ΨPZC
away from 0 V, which is another interesting topic for future
research. After ΔΨ increases to 1 V, σ rises, until it reaches a
steady-state plateau.

In experimental studies, the differential capacitance (Cd) is
defined as the derivative of the electrode charge (Q) with
respect to the electrode potential (ΔΨ) at equilibrium,
C Q

d
d
d

= , where the electrode charge is expressed as Q =
Aσ, with A being the electrode area and σ the charge density
on the electrode surface. Physically, Cd describes the sensitivity
of the electrode’s stored charge to variations in the applied
potential. In molecular simulations, Cd is typically computed
from the equilibrium fluctuations of the electrode charge:50,62

Cd = β⟨δQ2⟩, where δQ = Q − ⟨Q⟩ represents fluctuations of
the charge around its equilibrium mean value, and β = 1/(kBT)
with kB the Boltzmann constant and T the absolute
temperature. This statistical definition provides a direct
computational route to assessing the differential capacitance
from equilibrium simulations.

Figure 2c summarizes the areawise differential capacitance.
Generally, increasing the charge fraction of PEs enhances Cd
due to more charged species in the electrolyte. This trend is
consistent with EDLCs using simple electrolytes as working
electrolytes.15 Within the scope of our model, EDLCs with

simple electrolytes exhibit slightly lower Cd values, suggesting
that PEs can improve the EDLC capacitance.

Differential capacitance typically varies with ΔΨ, showing
increases, decreases, or nonmonotonic behavior depending on
the electrolyte.63 Due to computational intensity, we do not
construct the full Cd versus ΔΨ curve. However, as shown in
Figure 2c and d, Cd at ΔΨ = 1 V is smaller than that at ΔΨ = 0
V. This aligns with camel-shaped or bell-shaped Cd−ΔΨ
curves, where capacitance decreases as electric potential rises.

Comparing Cd for EDLCs with regular-patterned and block-
patterned charge sequences, we find minimal differences when
fq ≤ 0.3. At higher charge fractions, however, block-patterned
PEs exhibit slightly lower Cd at 0 V compared with regular-
patterned PEs, suggesting that sequence effects become
significant at elevated charge fractions. At ΔΨ = 1 V (Figure
2d), the differences diminish, possibly because ion-exclusion
effects dominate capacitance at high potentials,64 overshadow-
ing the influence of charge sequences. This is also supported by
the fact that EDLCs based on PEs show Cd values comparable
to those of EDLCs based on simple electrolytes. These findings
suggest that while charge sequence has a noticeable impact at
lower potentials and higher charge fractions, its effect becomes
less pronounced at higher potentials.

Integral capacitance CI is a more relevant parameter for
assessing the overall energy storage ability of a capacitor. CI is
calculated as C Q

I
PZC

= , where ΔΨPZC is the point of zero

charge and is 0 V in our antisymmetric PE systems. As shown
in Figure 2e, EDLCs with block-patterned PEs exhibit larger CI
values compared to those with regular-patterned PEs or simple
electrolytes. This indicates that block-patterned PEs are more
effective in enhancing the energy storage capability of EDLCs.
In contrast, regular-patterned PEs generally show lower CI
values than simple electrolytes except at a charge fraction of fq

Figure 3. EDLC structure characterized by number density of different components along the normal direction of the electrode surface. z is the
distance from the outmost layer of atoms of the positive electrode. The left panels and right panels are for EDLCs with regular-patterned and block-
patterned PEs, respectively. (a,e) Charged beads of polyanion chains. (b,f) Neutral beads of polyanion chains. (c,g) Charged beads of polycation
chains. (d,h) Neutral beads of polycation chains.
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= 0.8. Notably, regular-patterned PEs with fq = 0.8 contain
some charged blocks. This suggests that the presence of
charged blocks enhances the EDLC capacitance.

To examine the charging process, we apply a potential of 1 V
and quantify the charging rate by fitting the σ(t) curve to an
exponential function:50 σ(t) = σmax(1 − e−t/RC), where RC is
the relaxation time of an equivalent circuit with one capacitor
(C) and one resistor (R) in series. As shown in Figure 2f,
EDLCs based on PEs exhibit significantly larger RC values
compared with those using simple electrolytes. This increase
suggests that the connectivity among charged species in PEs
hinder their movement toward the electrodes, thereby slowing
the charging process. RC decreases with increasing fq for both
block-patterned and regular-patterned PEs. Higher charge
fractions enhance the interactions between the electrode and
oppositely charged PE chains, resulting in higher charging
rates. Notably, regular-patterned PEs show smaller RC values
than block-patterned PEs, indicating that a uniform charge
distribution facilitates more rapid charging. Moreover,
capacitors with regular-patterned PEs closely follow the
exponential charging curve, suggesting a single dominant
relaxation process. In contrast, capacitors with block-patterned
PEs deviate from this behavior at fq ≥ 0.2, displaying slower
charging rates. These curves are better fitted by a stretched
exponential function, or Kohlrausch−Williams−Watts (KWW)

function,65−67 t e( ) (1 )t
max

( / )= , where β quantifies
the degree of stretchness (Figures S2 and S3 and Tables S2−
S4). The stretching exponent β lies in the range 0 < β ≤ 1. A
value of β = 1 corresponds to a single-exponential decay
(Debye-like behavior), while β < 1 indicates a distribution of
relaxation times, reflecting increasing dynamical heterogeneity
or complexity in the system. The β values for regular-patterned
PEs range from 0.67 to 0.80 across different charge fractions,
while those for block-patterned PEs fall between 0.62 and 0.75.
The KWW function effectively fits these curves and exhibits
lower β values (Tables S2 and S3), indicating that the charging
process of EDLCs with block-patterned PEs involves multiple
relaxation processes. This complexity likely arises from the

intricate adsorption patterns and conformational dynamics of
the block-patterned PE chains, as discussed in subsequent
sections. The electrodes are modeled as ideal conductors,
rendering the inclusion of a Thomas-Fermi screening length
unnecessary.
Electric Double-Layer Structure. The performance of

EDLCs primarily depends on the EDL formed at the
electrode−electrolyte interface.68−70 To investigate this, we
examined the EDL structure in our nanocapacitor with PE
electrolytes. Figure 3 displays key density profiles along the
electrode normal, focusing on the EDL near the positive
electrode with the outermost layer located at z = 0 nm. Due to
the antisymmetric design of our polycation (PC) and
polyanion (PA) chains, the EDL near the negative electrode
is a mirror image of that near the positive electrode, with the
PC and PA profiles interchanged.

Across different PE chains varying in charge fraction ( fq)
and charge sequence, the EDL structures remain consistent.
Specifically, PA chains adsorb onto the positive electrode
through electrostatic attraction, while PC chains are repelled,
creating a depletion layer of PC chains near the positive
electrode. The thickness of this depletion layer depends on the
charge fraction and sequence pattern.

For both regular-patterned and block-patterned sequences,
increasing the charge fraction ( fq) enhances the adsorption of
PA chains onto the positive electrode. This enhancement is
evident from higher first peak magnitudes and closer peak
positions in the density profiles of charged beads (Figures 3a,e
and S4a,b). A higher charge fraction also strengthens the
binding between PA and PC chains, allowing the peak
positions of PC chains to approach the electrode more closely
(Figures 3c,g and S4c,d).

Comparing regular-patterned and block-patterned charge
sequences, block-patterned PA chains exhibit higher first peak
densities of charged beads, and their first peak positions are
closer to the electrode surface than those of regular-patterned
PA chains at the same charge fraction fq (Figure S4a). These
observations indicate that block-patterning enhances the

Figure 4. EDLC structure characterized by net charge density profiles ρC(z) and potential profiles Ψ(z) of different components along the normal
direction of the electrode surface. z is the distance from the outmost layer of atoms of the positive electrode. The left panels (a,c) and right panels
(b,d) are for EDLCs with regular-patterned and block-patterned PEs, respectively. The (a,b) net charge density profiles of regular-patterned PE
chains (a) and block-patterned PE chains (b). Insets magnify ρC(z) near the positive electrode. The charge density curves exhibit negative charge
accumulation near the positive electrode, and increasing fq leads to greater negative charge buildup and a sharp drop in potential near the electrode
surface. Co-ion adsorption occurs beyond two layers of counterion adsorption (overscreening). The (c,d) electric potential profiles, Ψ(z), of
regular-patterned PE chains (c) and block-patterned PE chains (d). The insets magnify Ψ(z) near the positive electrode. Ψ(z) is obtained by
solving Poisson’s equation in the z-direction. A dip (overscreening) below the bulk potential becomes pronounced at higher fq.
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adsorption strength of PEs on oppositely charged electrodes,
consistent with previous studies.38

At high charge fractions, neutral beads are less likely to
appear in the first adsorption layer (Figure 3b,f), especially for
block-patterned PA chains. When fq ≥ 0.5, the first adsorption
layer of block-patterned PA chains is almost entirely composed
of charged beads. This suggests that in block-patterned PEs,
the first layer of adsorbed PA chains predominantly consists of
charged beads, whereas regular-patterned PEs have a mixture
of neutral and charged beads. The separation of charged and
neutral beads along the chain in block-patterned PEs allows for
greater segregation within the same chain compared with
regular-patterned PEs. As discussed in subsequent sections,
block-patterned PE chains can have their charged blocks
adsorbed onto the electrode surface while leaving neutral
blocks extended into the electrolyte, forming tail structures.
This structural arrangement likely contributes to the higher
integral capacitance observed with block-patterned PEs (Figure
2e). Furthermore, this separation requires additional con-
formational adjustments during charging, resulting in slower
charging kinetics (Figure 2f) and the introduction of multiple
relaxation processes. Consequently, block-patterned PEs
exhibit Kohlrausch−Williams−Watts (KWW) type charging
kinetics (Figure 2b), indicating a more complex relaxation
behavior. These findings reveal that charge sequence
significantly affects both the EDL structure and the adsorption

dynamics in EDLCs, which in turn influences the capacitance
and charging rate.

To gain deeper insight into the EDL structure, we analyze
the net charge distribution ρC(z) along the electrode normal.
By solving Poisson’s equation in the z-direction, we further
obtain the electric potential profiles Ψ(z)

z
z

z( ) ( )2

2
C

0 r
=

(1)

where ε0 is the vacuum permittivity and εr is the solvent
dielectric constant. We apply boundary conditions of Ψ(0) = 0
V and Ψ′(H/2) = 0 V/m. Owing to the antisymmetry between
polycation (PC) and polyanion (PA) chains, the profiles near
the positive and negative electrodes are mirror images.
Therefore, we focus on the region near the positive electrode
at z = 0 nm.

Charge density profiles reveal an accumulation of negative
charges near the positive electrode, leading to a decrease in
electric potential Ψ(z) in this region (Figures 4 and S6). For
both regular-patterned and block-patterned PEs, increasing the
charge fraction fq results in a more negative charge
accumulation and a steeper decline in the electric potential
near the electrode surface. We can characterize the EDL
thickness as the distance from the electrode where Ψ(z)
reaches the bulk potential Ψbulk = −0.5 V, marking the end of
charge separation. The EDL thickness is generally less than 4

Figure 5. PE chains conformation in the EDLC. The chain conformation is characterized by radius of gyration in plane parallel to the electrode
surface (Rgyr,xy) and in direction perpendicular to the electrode surface (Rgyr,z), and oblateness derived from them, κ (eq 2). To reflect the
inhomogeneity in the EDLC, chain conformations at different locations are analyzed. (a,b) Rgyr,xy for regular-patterned (a) and block-patterned (b)
chains. (c,d) Rgyr,z for regular-patterned (c) and block-patterned (d) chains. Near the electrode, PE chains are compressed in the direction
perpendicular to the electrode surface and extended parallel to it. The (e,f) oblateness, κ, for regular-patterned (e) and block-patterned (f) chains.
The oscillation of κ around 0 reflects that the chains first compress and then elongate along the normal direction of the electrode surface.
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nm and decreases with increasing fq, consistent with the trends
observed in the density profiles in Figure 3.

Overscreening71,72 occurs at high charge fractions in all three
electrolytes studied. Overscreening typically arises under
conditions of high electrode surface charge, high ion valence
or concentration, or a low dielectric constant. In our charge
distribution profiles, overscreening manifests as charge
inversion due to co-ion adsorption after the initial counterion
layer. In the electric potentials profile, it appears as a dip below
the bulk potential, resulting in a nonmonotonic Ψ(z) profile
away from the electrode surface.

At low charge fraction (e.g., fq = 0.1), overscreening is
absent. The electric potential Ψ(z) decreases monotonically
from 0 V at z = 0 nm to Ψbulk = −0.5 V, and there is no region
where ρC(z) > 0 e/nm3, within the allowance of errors of the
density profiles. This behavior stems from the low concen-

tration of ionizable species, resembling dilute liquid electro-
lytes.31,73 At higher charge fractions, overscreening becomes
evident. We observe positive charge regions in the charge
density profiles (Figure 4a,b) and nonmonotonic variations in
Ψ(z) (Figure 4c,d). The extent of overscreening increases with
fq. Notably, for simple electrolytes, overscreening appears only
at a high charge fraction of fq = 0.8, whereas for PE electrolytes,
it is already evident at fq ≥ 0.2. This suggests that
overscreening is more likely to occur in PE electrolytes, likely
due to the connectivity of charges along the polymer chains,
which leads to stronger correlations among the charged beads.
The enhanced overscreening in PE electrolytes can explain the
higher differential capacitance at 0 V observed in EDLCs with
these electrolytes (Figure 2c). At a larger potential of 1 V,
however, the benefits from overscreening are outweighed by
size-exclusion effects, making the differential capacitance

Figure 6. Conformation of adsorbed PE chains are characterized by the number of chain fragments with train, loop, or tail features. The (a) average
number n of train, loop, and tail fragments. The (b) average length N of train, loop, and tail fragments. The inset shows the illustration of train
(blue beads), loop (pink beads), and tail (green beads) fragments. Block-patterned PEs have fewer but longer train fragments, indicating larger
contiguous chain fragments that enhance adsorption strength. (c,d) Top view (c) and side view (d) of regular-patterned PEs with a charge fraction
fq = 0.5. (e,f) Top view (e) and side view (f) of block-patterned PEs with a charge fraction fq = 0.5. To better illustrate the conformations of PE
chains adsorbed on the electrode surface, not all the adsorbed chains are shown in (c−f).
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comparable among all three electrolytes (Figure 2d).64

Regular-patterned PEs exhibit stronger overscreening com-
pared to that of block-patterned PEs. This arises because, in
regular-patterned chains, neutral beads consistently accompany
charged beads upon adsorption, reducing the local effective
dielectric constant near the electrode surface. Such a reduced
dielectric environment enhances electrostatic correlations,
thereby promoting more pronounced overscreening.
Conformation. As demonstrated in previous sections, the

connectivity and flexibility of PE chains impart unique
properties to EDLCs.31 Understanding the conformations of
PE chains near electrode surfaces is essential to elucidate how
chain connectivity influences the EDL structure and,
consequently, the performance of EDLCs. To gain deeper
insight into these effects, we analyze the chain conformations
near the electrodes.

Figure 5a−d presents the components of the radius of
gyration for polyanion (PA) chains in directions parallel (Rgyr,xy
= (Rgyr,x + Rgyr,y)/2) and perpendicular (Rgyr,z) to the electrode
surface, plotted against the position z between the positive
electrode at z = 0 nm and the negative electrode at z = 14.28
nm. In the central region of the EDLC, far from both
electrodes, Rgyr,xy and Rgyr,z remain constant and independent
of z. This indicates that the chains adopt bulk-like
conformations in this region, consistent with the flat density
profiles observed earlier. It also suggests that the distance
between the electrodes is sufficient to avoid nanoconfinement
effects on the EDLC behavior.50 For both regular-patterned
and block-patterned sequences, the overall radius of gyration
increases with charge fraction fq due to enhanced intrachain
electrostatic repulsion, which causes the chains to expand.

Near the positive electrode, Rgyr,xy increases while Rgyr,z
decreases compared to the bulk values (Figure 5a−d). This
suggests that the chains are compressed in the direction
normal to the electrode surface and extended parallel to it,
adopting an oblate conformation. Notably, the values of Rgyr,z
near the electrode are approximately 0.2 nm, comparable to
the size of a monomer unit, and show little dependence on the
charge fraction. This indicates that the PA chains are strongly
adsorbed onto the electrode surface, lying almost flat with
minimal extension in the z direction.

To quantify the degree of chain flattening, we define the
oblateness parameter κ

R R

R R

3( )

2
xy z

xy z

gyr, gyr,

gyr, gyr,
=

+ (2)

where κ = 0 corresponds to an ideal spherical coil, positive
values indicate oblate (flattened) shapes, and negative values
indicate prolate (elongated) shapes. As shown in Figure 5e,f, κ
reaches values of around 0.8 near the electrode for both charge
sequences, confirming the oblate conformation of the adsorbed
chains. This oblateness is relatively independent of the charge
fraction, suggesting a consistent flattening effect due to strong
adsorption.

Moving away from the electrode, both Rgyr,xy and Rgyr,z
gradually return to their bulk values, and the oblateness
parameter decreases. Notably, there is a region around z = 1
nm where κ becomes negative, indicating that the chains adopt
a prolate shape elongated in the z direction. This transition
from oblate to prolate conformations reflects the balance of
electrostatic and entropic forces as the chains adjust their

structures to minimize intrachain and interchain repulsions
while accommodating spatial constraints.36,74,75

Comparing the regular-patterned and block-patterned
charge sequences, block-patterned PEs exhibit more pro-
nounced variations in the chain conformation near the
electrode surface. The stronger flattening and subsequent
elongation suggest that block-patterned chains undergo more
significant conformational adjustments due to their concen-
trated charge segments. This behavior is consistent with the
larger density profile variations observed for block-patterned
PAs near the positive electrode (Figure 3), indicating stronger
electrostatic correlations in these systems. As block-patterned
PEs require more time to establish these conformational
changes, this contributes to the slower charging dynamics and
higher RC values compared with regular-patterned PEs (Figure
2f).

To gain deeper insight into the adsorption behavior, we
examined the configurations of the adsorbed chains, classifying
them into trains, loops, and tails (Figure 6). Trains are
sequences of monomers directly in contact with the electrode
surface; loops are segments that extend away from the surface
but reconnect to the surface; tails are chain ends that extend
into the bulk without returning (see the illustration in the inset
of Figure 6b).

In Figure 6a, we observe that block-patterned PEs have
fewer train segments compared with regular-patterned PEs, but
the trains are longer (Figure 6b). This implies that block-
patterned chains tend to adsorb onto the electrode surface in
larger contiguous segments. The concentrated charged blocks
enhance the adsorption strength, leading to fewer but longer
train segments. This stronger and more extensive adsorption
likely contributes to the higher integral capacitance observed
with block-patterned PEs as it facilitates more effective charge
accumulation at the electrode interface.

The average loop length is similar for both charge patterns,
around two monomer units (Figure 6b), suggesting that the
chains are tightly adsorbed onto the electrode with minimal
looping. However, block-patterned PEs exhibit fewer loop
structures than regular-patterned PEs, reinforcing the notion of
stronger and more direct adsorption in block-patterned
sequences. The reduced number of loops may enhance the
stability of the EDL, potentially improving the capacitor’s
performance.

Regarding tails, regular-patterned PEs show little depend-
ence on the charge fraction fq in both the number and length of
tails. In contrast, block-patterned PEs display a decrease in
both the number and length of tails as fq increases. As shown in
the following section, the difference in the trend of the number
of tails results from the fact that the steady-state number of
adsorbed PE chains remains constant with increasing fq values
for regular-patterned PEs but decreases for block-patterned
PEs. This suggests that at higher charge fractions, block-
patterned PEs achieve stronger adsorption with fewer chains
(Figure 6c−f and Movie S1). While this enhances the
capacitance due to more effective charge accumulation, it
may also result in slower charging rates because the chains
undergo more significant conformational adjustments during
charging.
PE Adsorption Dynamics. Understanding the adsorption

and desorption rates of PE chains on electrode surfaces is
essential for elucidating the charging dynamics of the
electrodes.37,76,77 We consider a PE bead to be adsorbed if
its distance from the outermost layer of the electrode is less
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than the cutoff distance lcut. A polymer chain is considered
adsorbed if any of its beads meets this criterion. Here, we set
lcut = 0.5 nm, corresponding to the first minimum in the
density profiles of PE beads near oppositely charged electrodes
(see Figure 3b,f). Although this minimum varies slightly with
different charge fractions ( fq) and charge sequences, using a

common cutoff minimizes inconsistencies due to varying
thresholds.

After a potential of 1 V is applied, Figure 7a,b shows that the
number of adsorbed chains increases rapidly before reaching a
plateau. This rapid initial adsorption is driven by electrostatic
attraction between the charged beads on the PE chains and the

Figure 7. Time evolution of adsorption counts of PE chains (all beads), charged beads, and neutral beads at a potential of δΨ = 1 V. (a,b) Time
evolution of adsorption counts for adsorbed chains with working electrolytes of regular-patterned PEs and block-patterned PEs. Pink dashed lines
are KWW fitting curves. Leveling off indicates saturation of available adsorption sites on the electrode surface. Regular-patterned PEs are almost
independent of charge fraction, while block-patterned PEs are highly dependent on the charge fraction. (c,d) Adsorbed charged beads. Pink dashed
lines are KWW fitting curves. Higher charge fractions result in increased adsorption counts and faster adsorption dynamics. (e,f) Adsorbed neutral
beads. The apparent contrast of neutral beads reveals the conformational rearrangement of the block-patterned PEs and brings about a complex

relaxation process. The (g,h) equilibrate adsorption amount and average relaxation time, ( )avg
1= of adsorbed charged beads for regular-

patterned PEs, block-patterned PEs, and simple electrolyte. Clustering of charges within the chains enhances adsorption efficiency. Error bars
represent the standard deviation from four independent measurements in panels (g,h).
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oppositely charged electrode. The subsequent leveling off
indicates saturation of available adsorption sites on the
electrode surface, leading to a steady-state equilibrium.
Charged beads (Figure 7c,d) exhibit significantly higher
adsorption counts compared with neutral beads (Figure
7e,f). This disparity reflects the direct electrostatic interactions
that promote adsorption of charged beads, while neutral beads
are adsorbed mainly due to chain connectivity and entropic
factors.

For both regular-patterned and block-patterned PEs, higher
charge fractions result in the increased adsorption amount
(Figure 7g) and faster adsorption dynamics (Figure 7h) for
charged beads. This trend underscores the role of electrostatic
attraction in driving adsorption: increasing fq enhances the
overall charge on the PE chains, strengthening their interaction
with the electrode. Notably, the block-patterned charge
sequence amplifies this effect, particularly at high charge
fractions, suggesting that the clustering of charges within the
chains enhances the adsorption efficiency.

In the case of regular-patterned PEs, the number of adsorbed
chains shows minimal dependence on the charge fraction
(Figure 7a), with equilibrium adsorption levels remaining
relatively constant across different fq. Conversely, block-
patterned PEs display a strong dependence on the charge
fraction (Figure 7b), where higher fq leads to a decreased
number of adsorbed chains. This behavior can be explained by
considering the train, loop, and tail configurations of the
adsorbed chains (Figure 6). In block-patterned PEs, increasing
fq results in more strongly charged blocks within the chains.
These extended charged segments have a stronger affinity for
the oppositely charged electrode, forming longer training
segments upon adsorption (Figure 6b). As each chain’s
charged block occupies more surface area due to the increased
train length, fewer chains are needed to cover the electrode
surface. Consequently (Figure 6e,f), the total number of
adsorbed chains decreases as fq increases. In contrast, regular-
patterned PEs have charges distributed uniformly along the
chain. Increasing fq in these chains does not significantly alter
the length of individual charged blocks or their adsorption
behavior. The adsorption sites on the electrode are occupied
by multiple chains with relatively constant train lengths (Figure
6b), resulting in a relatively constant number of adsorbed
chains across different fq. This explanation underscores the
significant role of the charge sequence in determining
adsorption behavior.

Another interesting observation arises with the adsorption
dynamics of neutral beads in block-patterned PEs. For charge
fractions fq ≥ 0.2, there is a decrease in the number of
adsorbed neutral beads during the initial 2 ns, even as the
number of adsorbed charged beads increases (Figure 7e,f).
This contrasts with regular-patterned PEs, where the number
of adsorbed neutral beads increases alongside the charged
beads (Figure 7a,c). This differing trend suggests a change in
the conformation of the adsorbed chains in block-patterned
PEs during the initial charging stage. Specifically, as shown in
previous sections, at steady state, the charged blocks of the
chains tend to adsorb onto the electrode surface, while the
neutral blocks extend away from the electrode into the
electrolyte. As the charged segments attach to the electrode,
the neutral segments are displaced, leading to a temporary
decrease in the number of adsorbed neutral beads. This
conformational rearrangement reflects the chain’s effort to
optimize electrostatic interactions while minimizing unfavor-

able contacts. This process contributes to the complexity of the
charging dynamics in block-patterned PEs. The separation of
charged and neutral blocks requires additional conformational
adjustments, introducing multiple relaxation processes. As a
result, the adsorption dynamics deviate from a simple
exponential behavior (Figure S7) and are better described by
the Kohlrausch−Williams−Watts (KWW) stretched exponen-
tial function (Figure 7a−d). Tables S5−S8 summarize the
fitting parameters for regular-patterned and block-patterned
PEs, revealing that the block-patterned configurations exhibit
lower β values, indicating a broader distribution of relaxation
times and a more complex adsorption process. This aligns with
the observed KWW-type charging kinetics in electrode charge
density (Figure 2b), indicating that the conformational
dynamics of the PE chains play a significant role in the overall
charging process. In contrast, regular-patterned PEs do not
exhibit this decoupling of charged and neutral segments. The
uniform distribution of charges along the chain leads to the
simultaneous adsorption of both charged and neutral beads,
resulting in adsorption dynamics that fit well to an exponential
function. This suggests a more straightforward relaxation
process without a significant conformational rearrangement.
These findings highlight the importance of chain architecture
in determining the adsorption behavior and charging dynamics.
The ability of block-patterned PEs to form tail-like
structures�with charged blocks adsorbed and neutral blocks
extending into the solution�affects not only the adsorption
kinetics but also the efficiency of charge storage and delivery.
Understanding these conformational dynamics is crucial for
optimizing the design of PEs in EDLC applications.

■ CONCLUSIONS
Our study sheds light on the fundamental role of charge
fraction and charge sequence in PEs for EDLC applications. By
employing antisymmetric PEs composed of PC and PA with
identical charge patterns, we effectively eliminated the
influence of counterions. This approach allowed us to focus
on the intrinsic effects of the PEs themselves, providing a
clearer understanding of how these macromolecules interact
with electrode surfaces.

However, the advantages of block-patterned PEs come with
trade-offs. While they improve capacitance, they also lead to
slower charging rates. The concentrated charged segments in
block-patterned PEs require more substantial conformational
adjustments during adsorption onto the electrodes. This results
in multiple relaxation processes, as evidenced by the
Kohlrausch−Williams−Watts (KWW) type charging kinetics
observed in our simulations. The need for the polymer chains
to rearrange themselves contributes to longer charging times,
highlighting a balance that must be struck between maximizing
the capacitance and maintaining acceptable charging speeds.
Our examination of the EDL revealed that both block-
patterned and regular-patterned PEs promote enhanced
overscreening compared with simple electrolytes, leading to
increased charge accumulation near the electrode surface. This
phenomenon enhances the local electric field and contributes
to the higher capacitance observed. The conformational
studies showed that while both types of PEs adopt flattened
and oblate structures upon adsorption, block-patterned PEs
arrange their charged blocks on the electrode surface with
neutral blocks standing up and pointing away. This unique
conformation enhances capacitance but requires additional
time to establish, contributing to slower charging dynamics.
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These findings have significant implications for the design of
advanced energy storage materials. By careful selection of the
charge fraction and sequence in PE electrolytes, it is possible to
tailor the performance of EDLCs to meet specific application
needs. For instance, applications requiring rapid charging
might benefit from regular-patterned PEs, while those
prioritizing maximum energy storage could utilize block-
patterned PEs despite the slower charging rates. Future
research could explore a wider variety of charge patterns and
polymer architectures to further optimize the EDLC perform-
ance. Investigating the effects of chain length, degree of
polymerization, and inclusion of functional groups could
provide additional avenues for enhancing both capacitance
and charging speed.

■ METHODS
The CPM iteratively optimizes atomic charges (represented as
Gaussian distributions for computational tractability) to minimize the
total energy of the system through a self-consistent process, with the
applied potential difference ultimately introduced as a Lagrange
multiplier in the formalism.78 This approach allows for a realistic
representation of the electrode−electrolyte interface, capturing the
polarization response of electrodes with arbitrary nanostructures. This
method has been used to calculate the differential capacitance of
capacitors containing electrolytes, including ILs and PEs.52−56 We
utilize an improved CPM method51 that allows concurrent execution
of a “doubled cell” simulation to control the electrostatic potential
between the positive and negative electrodes. This involves arranging
two cells back-to-back with opposite polarities to create a zero-dipole
supercell (Figure S1).

All our MD simulations were performed using the LAMMPS
program.79−81 In the coarse-grained molecular dynamics simulation,
PEs are represented by linear bead−spring chains with regular-
patterned or block-patterned charged beads, interconnected via a
harmonic bond potential. The number of charged beads on the PE
chain is governed by the charge fraction fq (the ratio of charged beads
to the total number of beads, each charged beads carrying an electron
charge of −e or +e), and the bead diameter is 0.35 nm. The chain
length of the PE is fixed at 20. We investigated five charge fractions, fq
= 0.1, 0.2, 0.3, 0.5, and 0.8. The polycationic and polyanionic chains
have identical lengths and charge distributions. We used 170
polyanion chains (nPA = 170) and 170 polycation chains (nPC =
170) to maintain the charge neutrality. The graphene electrode
consists of two layers of hexagonally arranged carbon atoms, and the
solvent is treated as a continuum background with a uniform
dielectric constant εr = 80. While the implicit solvent model can
influence the absolute values of calculated quantities, the relative
trends among different PEs are expected to remain consistent.
Weeks−Chandler−Andersen (WCA) terms are used to account for
excluded volume interaction effects. The long-range Coulombic
interaction is calculated by particle−particle particle-mesh (PPPM).
The simple electrolyte is constructed with the same number of
charged and neutral beads as the PE system, maintaining the same
charge fraction, while all other simulation settings are kept identical to
those of the PE system.
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Simulation methods.  

All our MD simulations were performed using the LAMMPS program1-3. In our coarse-
grained molecular dynamics simulation, polyelectrolytes are represented by a linear bead-
spring chain with a regular-patterned or block-patterned of charged beads. The number of 
charged beads on the polyelectrolyte chain is governed by the charge fraction fq (the ratio 
of charged beads to the total number of beads, each charged beads carrying an electron 
charge of −e or +e), and the bead diameter is 0.35 nm. The chain length of the 
polyelectrolyte is fixed at 20, We investigated five charge fractions (fq = 0.1, 0.2, 0.3, 0.5 
and 0.8). The polycationic and polyanionic chains have identical lengths and charge 
distributions. We used 170 polyanion chains (nPA = 170) and polycation chains (nPC = 170) 
to maintain charge neutrality. Each electrode was modeled as two layers of graphite, each 
containing 936 carbon atoms, oriented with the basal plane facing the electrolyte. The 
carbon atoms are hexagonally arranged in a zigzag configuration, with an interatomic 
spacing of 0.25 nm. The electrodes are modeled as ideal conductors, rendering the 
inclusion of a Thomas-Fermi screening length unnecessary. The solvent is a continuum 
background with uniform dielectric constant ε = 80. The simulation box dimensions were 
carried out in a Lx ×Ly ×Lz rectangular cuboid box, where Lx =8.125 nm, Ly = 8 .22724 nm, 
Lz = 16 nm, and the effective z space was about 14.28 nm. Periodic boundary conditions 
are used in x and y directions and Weeks-Chandler-Andersen (WCA) terms are introduced 
to account for excluded volume interaction effects. The long-range Coulomb interaction is 
calculated by particle-particle particle-mesh (PPPM) with an accuracy of 10-7. We integrate 
the equations of motion using a Verlet algorithm4 in the canonical ensemble with Langevin 
thermostat using a reduced timestep of 2 fs. Starting from the initial configuration, the 
relaxation process took 10 ns, followed by another 20 ns to apply a potential difference, 
the first 2 ns to achieve equilibrium, and the subsequent time were used for data collection. 
All simulations are performed at a temperature T = 363 K. 

The nonbonded interaction between the particles is modeled by the standard LJ 
potential with the cutoff distance of rc = 0.39 nm. All atom pairs interact via an identical 
Lennard-Jones potential, characterized by a zero-crossing distance of 0.35 nm. All 
bonds are modeled as harmonic springs with the potential energy with equilibrium length 
of 0.39 nm. 

We employ an improved constant potential method (CPM)5 with a Gaussian 
parameter of η = 0.1979 nm-1, representing the reciprocal width of the electrode charge 
smearing. This method enables a “doubled cell” simulation, where two capacitors are 
arranged back-to-back with opposite polarities to form a zero-dipole supercell (Figure S1). 
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To minimize artificial interactions between the two capacitors, a finite gap is introduced, 
ensuring that each capacitor operates independently and that their respective electrostatic 
environments remain unaffected by one another. 

 

Figure S1. Electric double-layer capacitors (EDLC) with polyelectrolyte (PE) solution as working 

electrolytes. CPM method, which enables the concurrent execution of a “doubled cell” simulation, 

wherein two cells are arranged in a back-to-back configuration with opposite polarities to 

generate a zero-dipole super-cell. The bule beads represent polycation chains, the pink beads 

represent polyanion chains, and the gray beads represent carbon electrode atoms. The distance 

between the two planar electrodes is fixed at 14.28 nm. Black box is the PBC box. 

 
 Table S1 Summary of simulated systems 

system ρtotal nPA nPC Ncharged 
fq = 0.1 0.75 170 170 680 
fq = 0.2 0.75 170 170 1360 
fq = 0.3 0.75 170 170 2040 
fq = 0.5 0.75 170 170 3400 
fq = 0.8 0.75 170 170 5440 

ρ is the overall bead number density. 
nPA is the number of polyanion chains. 
nPC is the number of polycation chains. 
Ncharged is the total charged bead count. 
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Charge and electric potential rescaling. 
The electrostatic potential  Ψ due to a point charge q at a distance r in a medium with 

dielectric constant εr is given by  Ψ = 1
4πε0εr

𝑞𝑞
𝑟𝑟
.   Rearranging this, we obtain Ψ√εr =

1
4πε0

𝑞𝑞/√εr
𝑟𝑟

. Defining the rescaled potential Ψ
′

= Ψ√εr  and charge 𝑞𝑞′ = 𝑞𝑞

√εr
, we have Ψ

′
=

1
4πε0

𝑞𝑞′

𝑟𝑟
, which corresponds to a system with vacuum dielectric constant. This scaling 

ensures that the electrostatic energy 𝑈𝑈ele = 𝑞𝑞𝑞𝑞  remains invariant, 𝑈𝑈 = 𝑞𝑞′Ψ
′

= � 𝑞𝑞
√ε
� �Ψ

√ε� = 𝑞𝑞𝑞𝑞. As can be verified, the Poisson equation follows similar effect after rescaling. 
 
 
Energy storage performances. 

 

Figure S2. Time evolution of the charge density (σ) on the positive electrode of EDLC with working 

PEs of regular-patterned PEs and block-patterned PEs at a potential of 1 V. Pink dashed lines are 

KWW fitting curves based on Equation S2. 
 
        The exponential and KWW (Kohlrausch–Williams–Watts) fittings of the charging follows 
the following equations: 

𝜎𝜎(𝑡𝑡) = 𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚 �1 − 𝑒𝑒−
𝑡𝑡
𝑅𝑅𝑅𝑅�                                        (S1)   

where σmax is the equilibrium charge density, RC is the charging relaxation time constant. 
                                                              

𝜎𝜎(𝑡𝑡) = 𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚 �1 − 𝑒𝑒−
𝑡𝑡
𝜏𝜏

𝛽𝛽

�                                       (S2) 
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where τ is the charging relaxation time constant, and β = 1/kBT with kB being the Boltzmann 
constant and T the temperature (363 K). 𝛽𝛽 (0 < 𝛽𝛽 ≤ 1) is the stretching exponent that 
accounts for the distribution of relaxation times. 

𝜏𝜏𝑎𝑎𝑎𝑎𝑎𝑎 = 𝜏𝜏
𝛽𝛽
⋅ 𝛤𝛤 �1

𝛽𝛽
�                                                           (S3) 

where Γ represents the Gamma function. 

 
Table S2 The fitted parameters for regular-patterned PEs at 1 V  

 Exponential function fitting  KWW fitting 

 σmax RC R2 σmax τavg τ β R2 

fq = 0.1 2.0636 ± 0.0002 0.3753 ± 0.0005 0.98 2.0670 ± 0.0001 0.3958 ± 0.0006 0.3497 ±0.0004 0.8011 ±0.0011 0.99 

fq = 0.2 2.8840 ± 0.0002 0.1627 ± 0.0002 0.98 2.8857 ± 0.0001 0.1701 ± 0.0002 0.1540 ±0.0002 0.8301 ±0.0011 0.99 

fq = 0.3 3.6486 ± 0.0002 0.0994 ± 0.0001 0.98 3.6504 ± 0.0001 0.1061 ± 0.0002 0.0929 ±0.0001 0.7906 ±0.0011 0.99 

fq = 0.5 4.6804 ± 0.0002 0.0562 ± 0.0001 0.97 4.6820 ± 0.0002 0.0611 ± 0.0001 0.0522 ±0.0001 0.7666 ±0.0014 0.98 

fq = 0.8 5.9110 ± 0.0003 0.0361 ± 0.0001 0.94 5.9135 ± 0.0002 0.0428 ± 0.0001 0.0326 ±0.0001 0.6756 ±0.0014 0.97 

 

 

Table S3 The fitted parameters for block-patterned PEs at 1 V 
 Exponential function fitting  KWW fitting 

 σmax RC R2 σmax τavg τ β R2 

fq = 0.1 2.4766 ± 0.0003 0.4489 ± 0.0007 0.97 2.4835 ± 0.0002 0.4852 ± 0.0008 0.4089 ±0.0005 0.7532 ±0.0011 0.99 

fq = 0.2 4.2468 ± 0.0009 0.3684 ± 0.0011 0.90 4.2929 ± 0.0004 0.5540 ± 0.0018 0.3103 ±0.0006 0.5338 ±0.0008 0.98 

fq = 0.3 4.9857 ± 0.0011 0.2623 ± 0.0010 0.83 5.0539 ± 0.0003 0.5087 ± 0.0015 0.2080 ±0.0004 0.4527 ±0.0005 0.99 

fq = 0.5 5.8999 ± 0.0010 0.1327 ± 0.0006 0.79 5.9551 ± 0.0006 0.3060 ± 0.0021 0.0969 ±0.0004 0.4076 ±0.0009 0.96 

fq = 0.8 6.2301 ± 0.0004 0.0469 ± 0.0001 0.93 6.2347 ± 0.0002 0.0592 ± 0.0002 0.0413 ±0.0001 0.6242 ±0.0011 0.98 

 
 
 
 
 

 



 
 

6 
 

 

Figure S3. Time evolution of the charge density on the positive electrode of EDLC with working 

PEs of simple electrolyte. In the first 20 ns, the potential difference between two electrodes is 0 V. 

At 20 ns, the potential difference is set to 1 V. Pink dashed lines are exponential fitting curves. 

Insets magnify charge density near the positive electrode.  

 
Table S4 The fitted parameters for simple electrolyte PEs at 1 V (Select the first 0.5 ns range) 

 Exponential function fitting  KWW fitting 

 σmax RC R2 σmax τavg τ β R2 

fq = 0.1 2.4495 ± 0.0024 0.0115 ± 0.0002 0.95 2.4584 ± 0.0016 0.0128 ± 0.0002 0.0104 ±0.0001 0.7205 ±0.0083 0.98 

fq = 0.2 4.0548 ± 0.0050 0.0159 ± 0.0002 0.95 4.0908 ± 0.0022 0.0193 ± 0.0002 0.0143 ±0.0001 0.6572 ±0.0048 0.99 

fq = 0.3 4.6887 ± 0.0052 0.0147 ± 0.0002 0.96 4.7161 ± 0.0029 0.0168 ± 0.0002 0.0133 ±0.0001 0.6986 ±0.0063 0.99 

fq = 0.5 5.0764 ± 0.0041 0.0087 ± 0.0001 0.96 5.0875 ± 0.0032 0.0095 ± 0.0002 0.0080 ±0.0001 0.7607 ±0.0102 0.98 

fq = 0.8 5.3903 ± 0.0037 0.0067 ± 0.0001 0.97 5.3961 ± 0.0033 0.0071 ± 0.0001 0.0064 ±0.0001 0.8249 ±0.0126 0.98 
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Electric double layer structure. 
 

 
Figure S4. Quantitative comparison of EDLC structures based on the first peak in number density 

profiles. Peak values (a, c) and peak positions (b, d) of the first peak in number density profiles in 

Figure 3 (a) and (b) are for polyanion chains while (c) and (d) are for polycation chains.  

 

Figure S5. EDLC structure characterized by number density profile of different components along 

the normal direction of electrode surface for simple electrolyte. z is the distance from the outmost 

layer of atoms of positive electrode to the outmost layer of atoms of negative electrode. Insets 

magnify number density near the positive electrode and negative electrode, respectively. 
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Figure S6. EDLC structure characterized by net charge density profile ρC (z) of different 

components along the normal direction of electrode surface for simple electrolyte. z is the distance 

from the outmost layer of atoms of positive electrode to the outmost layer of atoms of negative 

electrode. Insets magnify ρC (z) near the positive electrode. 

PE adsorption dynamics. 
 

The variation of adsorption counts of chain and charged beads over time can be 
described using the following exponential and KWW (Kohlrausch–Williams–Watts) 
functions: 
 
 

γ = γ𝑚𝑚𝑚𝑚𝑚𝑚 ⋅ �1 − 𝑒𝑒
𝑡𝑡
𝜏𝜏�                                       (S4) 

where γmax is the equilibrium adsorption counts, τ is the relaxation time constant.  
 

γ = γ𝑚𝑚𝑚𝑚𝑚𝑚 �1 − 𝑒𝑒−
𝑡𝑡
𝜏𝜏
𝛽𝛽
�                                     (S5) 

where β = 1/kBT with kB being the Boltzmann constant and T the temperature (363 K), and 
𝛽𝛽 (0 < 𝛽𝛽 ≤ 1) is the stretching exponent that accounts for the distribution of relaxation times. 

 𝜏𝜏𝑎𝑎𝑎𝑎𝑎𝑎 = 𝜏𝜏
𝛽𝛽
⋅ 𝛤𝛤 �1

𝛽𝛽
�                                         (S6) 

where Γ represents the Gamma function. 
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Figure S7. Time evolution of adsorption counts of polyelectrolyte chains (all beads) and charged 
bead at a potential of 1 V. Pink dashed lines are exponential fitting curves. 

TableS5 The fitted parameters for adsorption counts of chain for regular-patterned PEs  
 Exponential function fitting  KWW fitting 

 γmax τ R2 γmax τavg τ β R2 

fq = 0.1 43.8568 ± 0.0511 0.2594 ± 0.0026 0.84 45.0819 ± 0.0570 0.3746 ±0.0066 0.2239 ±0.0022 0.5563 ±0.0053 0.94 

fq = 0.2 47.1530 ± 0.0408 0.1145 ± 0.0013 0.80 47.4789 ± 0.0368 0.1396 ±0.0030 0.0941 ±0.0013 0.6064 ±0.0076 0.88 

fq = 0.3 42.8667 ± 0.0346 0.0693 ± 0.0009 0.70 43.2898 ± 0.0261 0.1104 ±0.0030 0.0511 ±0.0008 0.4803 ±0.0053 0.89 

fq = 0.5 41.4350 ± 0.0250 0.0253 ± 0.0004 0.63 41.5970 ± 0.0220 0.0423 ±0.0020 0.0183 ±0.0005 0.4645 ±0.0080 0.75 

fq = 0.8 45.9979 ± 0.0306 0.0141 ± 0.0004 0.46 46.0235 ± 0.0296 0.0158 ±0.0009 0.0114 ±0.0004 0.6410 ±0.0224 0.50 

 

TableS6 The fitted parameters for adsorption counts of chain for block-patterned PEs 
 Exponential function fitting  KWW fitting 

 γmax τ R2 γmax τavg τ β R2 

fq = 0.1 61.5058 ± 0.0578 0.4465 ± 0.0026 0.95 62.9149 ± 0.0616 0.5337 ± 0.0041 0.4283 ±0.0022 0.7118 ±0.0043 0.98 

fq = 0.2 63.8655 ± 0.0649 0.3626 ± 0.0026 0.92 66.3408 ± 0.0509 0.5283 ± 0.0038 0.3453 ±0.0015 0.5923 ±0.0026 0.99 

fq = 0.3 51.3398 ± 0.0680 0.2471 ± 0.0028 0.77 55.6758 ± 0.0610 0.7561 ± 0.0097 0.2439 ±0.0014 0.4105 ±0.0018 0.99 

fq = 0.5 38.2959 ± 0.0407 0.0834 ± 0.0014 0.52 39.8101 ± 0.0329 0.3058 ± 0.0089 0.0530 ±0.0006 0.3369 ±0.0024 0.96 

fq = 0.8 30.3754 ± 0.0156 0.0102 ± 0.0002 0.44 30.6777 ± 0.0131 0.0610 ± 0.0044 0.0050 ±0.0002 0.2830 ±0.0036 0.84 
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TableS7 The fitted parameters for adsorption counts of charged beads for regular-patterned 
PEs 

 Exponential function fitting  KWW fitting 

 γmax τ R2 γmax τavg τ β R2 

fq = 0.1 53.5000 ± 0.0488 0.4880 ± 0.0026 0.97 53.6166 ±0.0546 0.4954 ±0.0033 0.4861 ±0.0027 0.9581 ±0.0076 0.97 

fq = 0.2 90.0042 ± 0.0448 0.1867 ± 0.0009 0.97 90.0872±0.0458 0.1897 ±0.0012 0.1842 ±0.0010 0.9384 ±0.0071 0.97 

fq = 0.3 137.2847±0.0521  0.1132 ± 0.0006 0.97 137.476 ±0.0501 0.1179 ±0.0008 0.1096 ±0.0006 0.8653 ±0.0060 0.97 

fq = 0.5 214.4908±0.0663 0.0617 ± 0.0003 0.96 214.738±0.0585 0.0657 ±0.0005 0.0584 ±0.0003 0.8076 ±0.0057 0.97 

fq = 0.8 325.9370±0.0906 0.0381 ± 0.0002 0.95 326.411 ±0.0689 0.0438 ±0.0004 0.0351 ±0.0002 0.7117 ±0.0048 0.97 

 

TableS8 The fitted parameters for adsorption counts of charged beads for block-patterned 
PEs 

 Exponential function fitting  KWW fitting 

 γmax τ R2 γmax τavg τ β R2 

fq = 0.1 101.3063±0.0665 0.5796 ± 0.0020 0.99 101.441±0.0759 0.5842 ± 0.0025 0.5789 ±0.0021 0.9794 ±0.0051 0.99 

fq = 0.2 221.6055±0.1361 0.4130 ± 0.0017 0.98 225.234 ±0.0945 0.4758 ± 0.0016 0.4061 ±0.0010 0.7651 ±0.0023 0.99 

fq = 0.3 269.6442±0.2566 0.2788 ± 0.0022 0.91 279.327 ±0.1570 0.4355 ± 0.0029 0.2699 ±0.0010 0.5701 ±0.0021 0.99 

fq = 0.5 329.9028±0.1984 0.1263 ± 0.0009 0.92 333.511 ±0.1050 0.1721 ± 0.0013 0.1147 ±0.0006 0.6015 ±0.0027 0.99 

fq = 0.8 356.1528±0.0990 0.0482 ± 0.0003 0.96 356.793±0.0693 0.0553 ± 0.0004 0.0448±0.0002 0.7196 ±0.0039 0.98 

 

 

Figure S8. Time evolution of the adsorbed counts for simple electrolyte. Pink dashed lines are 

exponential fitting curves.  
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TableS9 The fitted parameters for adsorption counts of charged beads for simple electrolyte 

(Select the first 0.5 ns range) 

 Exponential function fitting  KWW fitting 

 γmax τ R2 γmax τavg τ β R2 

fq = 0.1 32.3144 ± 0.0667 0.0184 ± 0.0004 0.95 32.2977 ± 0.0677 0.0183 ± 0.0007 0.0186 ±0.0004 1.0401 ±0.0342 0.95 

fq = 0.2 61.2328 ± 0.1044 0.0204 ± 0.0003 0.97 61.5016 ± 0.0959 0.0220 ± 0.0006 0.0196 ±0.0003 0.8087 ±0.0165 0.98 

fq = 0.3 72.3957 ± 0.1061 0.0174 ± 0.0003 0.97 72.6112 ± 0.0955 0.0184 ± 0.0005 0.0166 ±0.0003 0.8239 ±0.0159 0.98 

fq = 0.5 80.6977 ± 0.1326 0.0095 ± 0.0002 0.93 80.8906 ± 0.1225 0.0103 ± 0.0004 0.0088 ±0.0002 0.7636 ±0.0238 0.95 

fq = 0.8 87.9285 ± 0.1495 0.0065 ± 0.0002 0.89 88.1221 ± 0.1340 0.0073 ± 0.0004 0.0059 ±0.0002 0.7171 ±0.0291 0.91 
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