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1 | INTRODUCTION

Zhi Xu?

| Cheng Lian? | René van Roij? | Honglai Liu?

Abstract

Development of porous electrode materials for high-performance supercapacitors
depends on the efficiency of pore utilization for charge storage. It remains an experi-
mental and theoretical challenge to quantitatively relate the porous structure to
charging dynamics. Here, based on a laminate-electrode model of graphene-based
supercapacitors, we perform the equivalent circuit model to characterize the
structure-charging dynamics relationship of porous electrodes by coupling key struc-
tural features in a mathematical expression for the Resistor-Capacitor (RC) time. This
theoretical description is validated by direct numerical calculations of the Poisson-
Nernst-Planck (PNP) equations. We discover that the charging dynamics of
graphene-based supercapacitors is dominated by the ion diffusion from the electro-
lyte region into the layered structure. The predicted charging time compares well
with the experimental investigations reported in the literature on graphene-based
supercapacitors. Our work bridges nanoscopic transport behaviors with macroscopic
devices, providing theoretical insights of the structure-dependent ion transport in

two-dimensional materials-based films for compact energy storage.

KEYWORDS
charging dynamics, equivalent circuit model, laminate-electrode model, Poisson-Nernst-Planck
equations, supercapacitor

efficiency of pore utilization to store charge in porous electrodes is

essential to enhance C.7 A variety of carbon nanomaterials can serve

Supercapacitors store energy by forming electric double layers (EDLs)
through reversible ion adsorption on the surface of porous elec-
trodes.! With high power density, long cycling life, and safe operation,
supercapacitors have shown great promise for portable electronics
and electric vehicles,>® but their practical applications are limited by
their relatively poor energy density.* The energy density of existing
commercialized supercapacitors, which are mainly based on porous
activated carbon (AC),” is far lower than that of batteries. For electro-
chemical double layer capacitors (EDLC), both broadening the opera-
tion potential window (U) and increasing the specific capacitance (C)
can improve the energy density.® The U depends substantially on the
choice of electrolytes, such as aqueous electrolytes (0-1 V), organic

electrolytes (2-4V) and ionic liquids (~4 V).”® Increasing the

as nanoscale building blocks to create complex functional architec-
tures for high-performance supercapacitors.'® For instance, graphene-
based electrodes, which align two-dimensional (2D) graphene-based
nanosheets into highly compact layered film structures, enable the
interlayer spacing to be more effectively utilized for storing
charges.}*"*® With the highly compact form of the electrode struc-
ture, the layered graphene-based supercapacitor can deliver an out-
standing energy density, but the transport and accessibility of ions will
be less efficient, which may lead to decreased power density.** The
power density can be promoted by increasing the U and reducing
the global resistance (R) of the supercapacitor, and the latter can be
achieved by regulating the layered structure of graphene-based elec-

trodes. Therefore, a good assembly of the 2D nanosheets is significant
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for building better electrodes with high energy and power output,*>¢

which requires a deep understanding of the relationship among lay-
ered structure, capacitances, and charging dynamics. While most
reported theoretical studies focused on calculating the capacitances,
it is also important and relevant to study the charging dynamics.

To establish a comprehensive structure-charging dynamics rela-
tionship of graphene-based electrodes, we can describe their complex
structure by several simplified and statistically representative ele-
ments in a laminate-electrode model. Generally, the micro-structure
of the layered graphene-based membranes can be represented by an
array of cascading nanoslits through parallel stacking multiple gra-
phene nanosheets with three key geometrical variables (namely, the
interlayer spacing h, the in-plane pore sizes 6 and the distance
between the adjacent pores [).1”-18 The relatively regular structure of
a layered graphene-based electrode is different from the highly disor-
dered structure in a carbide-derived carbon (CDC) electrode that is
widely used in carbon-based supercapacitors, both of which are well
compared in a theoretical study of Méndez-Morales et al.*? It is found
that hierarchical nanoporous structures of the CDC electrode allow
co-ions to move away from surfaces, leading to an increased capaci-
tance. In the laminate-electrode model, the pore size § specifies the
holes distributed in the graphene sheets as well as the gap between
the adjacent graphene sheets. By contrast, the layer spacing h is simi-
lar to the defined pore size in the typical disordered nanoporous

2021 which is a dominant factor that can be adjusted to match

carbon,
the electrolyte ions to reach a better capacitance.?? Recently, a free-
standing graphene laminate film with tuneable interlayer spacing has
been developed for efficient pore utilization, which is composed of
graphene oxide with a controlled amount of exfoliated graphene.*
The interlayer spacing is finely tuned by changing the ratio of the two
precursors. Pillared graphene-based materials can also optimize the
interlayer separation and limit restacking of graphene sheets by con-
trolling the pillars inside the graphene galleries, and thus showing effi-
cient charge storage.?® 2> The pore-to-pore distance | is a key
geometrical parameter that determines the tortuous transport path-
ways of ions in the layered electrodes. As demonstrated in previous
research,’” the increase in | and the decrease in & enhance the barrier
properties of the layered graphene-based membranes. To facilitate
the transport and accessibility of ions in the highly compact form, a
holey graphene framework with smaller | was constructed through
H,0, etching, which delivers high gravimetric and volumetric energy
densities.?® Although several assembly strategies for the graphene-
based electrodes have been implemented to achieve outstanding

122627 it is still unclear whether the estab-

compact energy storage,
lished porous structure is optimal for the charging dynamics and
charge storage.

Currently, in situ experimental techniques (NMR spectroscopy,
electrochemical quartz crystal microbalance (EQCM), infrared

2829 and simulation

30-34

(IR) spectroscopy, and scattering approaches),

techniques including molecular dynamics (MD) simulation and

223536 can elucidate the

classical density functional theory (CDFT),
EDL buildup at the electrode/electrolyte interface and the charging

mechanisms in individual nanopores as well as disorder carbon
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materials. It was shown that the mechanisms of charge storage and

37,38

ion transport are sensitive to both pore size and local porous

42,43

structure.®?~#! Both current experimental techniques and molec-

ular simulations***°

can account for the structural complexity of
porous carbon electrodes to some extent, but they are also limited:
the former needs an accurate description of the structure on the
atomistic scale and the latter requires a high computational cost for a
realistic system containing a large number of atoms.?? It is demon-
strated that highly-ordered carbon materials such as graphene-based
electrodes can serve as a model system to probe structure-property
relationships.

In this work, we aim to describe the charging behavior in the
laminate-electrode model of the graphene-based supercapacitors
through an equivalent-circuit model and direct numerical calculations,
focusing on discussing the roles of structural variations of the
laminate-electrode model in the charging dynamics systematically.
The equivalent-circuit model has been widely used in modeling the
physical components of an electrochemical device with circuit ele-
ment representations. Therefore, it is used to give a representative
description for the laminate-electrode model, as well as quantify the
charging rate by defining a relaxation timescale that contains specific
geometrical parameters. The direct numerical calculations of the
Poisson-Nernst-Planck (PNP) equations are implemented to directly
describe the structure-dependent charging process in the laminate-
electrode model, providing data support to verify and optimize the
expression of the relaxation timescale, simultaneously revealing
the charging characteristics at the microscale and high potentials
which cannot be described accurately by the equivalent circuit model.
Finally, this quantitative characterization of the charging time for
graphene-based supercapacitors is validated through a comparison
between theoretical prediction and experimental evaluation.

2 | RESULTS AND DISCUSSION

2.1 | Laminate-electrode model

A simple but representative micro-structure model is important for
the theoretical study and for understanding the relationship of the
bulk performance of the nano-porous structure. Here, as shown in
Figure 1A, we construct a model of the graphene-based supercapaci-
tor containing a 1:1 electrolyte, two laminate film-based electrodes of
thickness H separated by a surface-to-surface distance of 2L. In the
laminate-electrode model (Figure 1B), both the cathode and the anode
are composed of n parallel graphene sheets, in which nanopores of
pore size § are distributed evenly at intervals of 2. Considering that
we solve a 2D system for the laminate-electrode model, the so-called
nanopores can directly represent the slit-like gaps between the ends
of adjacent graphene sheets, and approximately describe the cylindri-
cal holes evenly distributed in the graphene sheets. The interlayer
spacing of adjacent sheets is h, and the thickness of the electrode
equals H=(n—1)h. Once an electric field is applied, ions from the

electrolyte can enter and leave the layered structure of the electrode,
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(A) Schematic diagram illustrating the composition of a film-based supercapacitor. It is important to present the complex inner

structure of the electrodes. (B) Sketch of a model for the graphene-based supercapacitor with two laminate film electrodes. The cathode and
anode each contain n graphene sheets with interlayer spacing h, pore size §, and distance | between the adjacent pores. The initial anionic and
cationic concentrations in the 1:1 electrolyte are p,, throughout the cell. After time t =0, nonzero potentials +¥ and —¥ are applied to all
sheets on the left and right-hand side of the system, respectively. (C) Sketch of the plate electrode system, which can be used to describe the
laminate-electrode model in the trivial case n= 1. lon transport from the bulk electrolyte to the electrode surface takes place, leading to the
formation of electrical double layers (EDLs), where 2 L is the electrode spacing and /p is Debye screening length (EDL thickness). (D) Equivalent
circuit with resistors and capacitors for the local layered structure of the graphene-based supercapacitor. (E) The surface charge on(t) at thei=n
sheet of the laminate-electrode model forms exponentially, where the time evolution t can be scaled by the relaxation timescale 7, to obtain a

structure-independent charging profile.

subsequently adsorb/desorb at the inside electrode surfaces to form
the EDLs that screen the applied potentials. The equilibrium thickness
of the EDL is characterized by the Debye length ip=x1=

ekgT/(2€2ppy ), With p,y the bulk ion number density, ¢ the elec-
trolyte permittivity, e the elementary charge, and kgT the thermal
energy. The structure model with the geometrical parameters of h, |,
and § is reliable for describing the complex structure of layered
graphene-based membranes, which is validated quantitatively by

h.1746 layered

experimental researc In these experiments, the
graphene-based films are assembled by aligning the multiple
graphene-based nanosheets into a self-similar, layered configuration
that allows the average interlayer spacing to be continuously adjusted
in a range from about 10 nm to sub-nanometer, which can be repre-
sented by the laminate-electrode model structurally.

The laminate-electrode model is used to study the geometrical
influence of the graphene-based supercapacitor in the charging
dynamics, but does neither consider the atomic and electronic struc-
ture of graphene,*” nor the ion-ion interaction across carbon

4849 which can be studied using the molecular simulations and

sheets,
electronic density functional theory. For example, an atomic model for
the layered graphene-based supercapacitor with the electrolyte of
BMIM-PF, was established by Mendez-Morales et al.,*° showing that

ion-ion correlations exist under strong confinement, both across and

between electrified graphene layers. These correlations were attrib-
uted to the strong localization of image charges on the carbon atoms.
It is also worth noting that the EDL capacitance is suppressed by the
low density of states of the graphene electrode near the point of zero
charge (PZC), but enhanced by the electrostatic correlation effects
between electrons in the graphene sheet and the electrolyte ions
between the sheets.”® The quantum capacitance also plays an impor-
tant role in the total capacitance, but the effects may be different for
specific systems.>25% In short, these effects related to the intrinsic
properties of graphene are ignored in the laminate-electrode model,
and we focus on solving the diffusion and migration processes in the
layered geometry as inspired by the graphene-based supercapacitor.

2.2 | Quantify charging process using equivalent
circuit model

First, to give a vivid description of the effect of these geometrical
variables on the charging process of the laminate-electrode model
for graphene-based electrodes, the equivalent circuit model (ECM)
is introduced. The ECM for a minimal one-dimensional (1D)
stack-electrode model has been reported, which can approximately

describe the charging dynamics of porous carbon electrodes.’*~>¢
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However, our electrode model describes specific micro-structural
characteristics of the laminated film beyond the pore size. Thus, the
ECM of the simple planar (1D) model is extended to include more
structural elements of our 2D model. According to the ECM, the
established supercapacitor can be modeled as an Resistor-Capacitor
(RC) transmission line,>” in which the case of a simple planar electrode
(n = 1) is firstly discussed as shown in Figure 1C. For simplicity, the
interfacial charge storage at the EDLs on each sheet is described by
the Helmholtz model with a capacitor of capacitance C = Aex, where A
is the surface area facing the electrolyte, ¢ the electrolyte permittivity
and ! the Debye length, but it is worth noting that the capacitance
depends on the electrical potential and ion density. The ion transport
resistance through the electrolyte is modeled with a resistor of resis-
tance 2R=2L/(Aex?D), where D is the ion diffusivity that we take
equal for the cations and anions for simplicity. As derived in Method
section, the relaxation time for the planar electrode can be expressed

35258'59

ApL
TRchcfﬁ. (1>

Inserting calculation parameters k1~ 1nm, L~ 200nm and D »~
1nm?ns~?, yields zge =200 ns. The detailed discussion for the ECM
and relaxation times is given in Supplementary Information. For the
case of electrodes composed of n > 1 layers, additional capacitors and
resistors are introduced into the circuit. Similarly, the outermost
capacitors have a capacitance C, while all inner capacitors have 2C, as
they mimic electrodes with electrolyte on either side. Therefore, the
overall capacitance of the laminate-electrode model of n layers is
expressed as Cp, = (2n—1)C, where the subscript m refers to mem-
brane character of an electrode with n layers considered. As shown in
Figure 1D, the ion transport resistance through the electrolyte
between adjacent capacitors are divided into two resistors Ry and R,,
which is different from the previous planar 1D model that did not
include the tortuous transport pathways in the porous electrode.®*
The resistor Ry is expressed as Ry = h/(A€K2D) with A the surface area
facing the electrolyte, which represents the ion transport resistance
perpendicular to the surface with the distance of interlayer spacing h.
The resistor R, is expressed as R, =I/(A'ex?D) with A’ the sectional
area of the slit pore, which represents the ion transport resistance
along the sheets with the distance between the adjacent pores of I.
Then, with A'/A=h/I, we get the overall resistance for the general n
case of each film electrode: R, =R+ (n—1)(R1 +R2), where R is the
resistance of a half of the electrolyte separating the two membrane
electrodes as calculated in the case of n=1. The overall relaxation

timescale for the laminate-electrode model is calculated by:

2\H
1+ <1 +hz> L} TRC, (2)

which is carefully discussed in Supplementary Information. The relaxa-

i =RnCn = (2n—1)

tion time 7, quantifies the charging rate of the whole process, as

shown in Figure 1E, which is largely determined by the microscopic

AI?BIFJ R NALJ‘;;f14

structure of porous electrodes except the properties of electrolyte
and the architecture of the macroscopic device. According to
Equation (2), for the same thickness of the electrolyte layer (L), it is
found that z,, oc n? at fixed h and I, as well as 7, o I? at fixed n and h,
which means that the system has a larger relaxation time with increas-
ing n and I. With n and [ fixed, z,, « (h+l2/h>, which indicates that
the charging dynamics slows down with decreasing h for typical h<I.
Moreover, to involve the effect of bulk concentration, the dimension-
less length scales including xH, «L, I, and xh, with respect to the

Debye length k! are used during the following discussion.

2.3 | Structure-dependent charging dynamics

With the above laminate-electrode geometry for graphene-based superca-
pacitors, the PNP equations are used to solve the dynamics of the mass
transport of solution species under the effects of diffusion and migration.
The PNP equations implicitly assume all dissolved species to be point parti-
cles, an approximation that breaks down at high concentrations, for
instance, at concentrated bulk solutions or close to charged surfaces at high
potentials where steric effects become important. Therefore, we perform
the PNP calculations at small potentials and low concentrations to make it
reliable for describing our system. Nevertheless, the description for the
charging process at mild conditions can also help us understand the practi-
cal supercapacitors at high concentrations and large potentials, as demon-
strated in a recent study on charging dynamics,?® which uses a classical
dynamic density functional theory that accounts for electrostatic correla-
tions and for the molecular excluded volume of finite-sized ions and solvent
molecules. Importantly, the PNP-based model allows us to quickly solve
the ion transport in systems with length scales of a micron and time scale
between picoseconds and seconds, which is rather efficient for investigat-
ing the influence of all the structural parameters on the charging process.

In Figure 2A, we present the numerical results for the time-
dependent potential distributions in the model of the graphene-based
supercapacitor. The initial anionic and cationic concentrations in the
1:1 electrolyte are p, = 0.1 M throughout the cell, which correspond
to the equilibrium concentration at zero voltage (at times t < Q) for the
calculations of PNP equations. At time t =0, the dimensionless poten-
tial difference 2¢, measured in units of the thermal voltage kgT/e
(~25mV), is applied to the anode and cathode of the supercapacitor.
As time goes on, cations and anions are driven by the electric field to
enter and leave the layered structures of the laminated electrodes
from the bulk electrolyte gradually. The counter-ions adsorb on the
electrode surface and the co-ions desorb from them such that
the EDLs form, which screens the surface potentials, as shown in the
zoom-in diagrams of both anode and cathode at the bottom of
Figure 2A. The surface charge density o; of the individual sheet
i, which is calculated by the Gauss' law o;(t) =ekgT(—n-V¢;(t))/e, is
plotted in Figure 2B as a function of the dimensionless time t/zpc.
Sheets closer to the reservoir charge up faster initially, but all sheets
almost reach 99% of the equilibrium charge at about the same time
around t/zgrc =8000. In Figure 2C, the charging relaxation 1-—
0i(t)/oeq Of different sheets, where .q = 6;(t/7rc — ) is the late-time
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FIGURE 2

(A) The potential distributions in the model of the graphene-based supercapacitor upon applying an extremely low potential

¢ =0.01 in units of the thermal potential, for system parameters n=21, k§ =xh = 10, kI = 100, and xL =200 at times t/zgc =0, 5, 50, 500, and
5000. Time dependence of (B) the surface charge density s;(t), (C) the charging relaxation 1 — 6;(t)/cjeq, and (D) the time-dependent
(dimensionless) decay rate z(t) /zrc at the graphene sheets labeled by i=[1, 4, 7, 10, 13, 16, 19] with i = 1 the innermost sheet. The dependence
of the surface charge density o(t)/oeq of the outermost electrode (i = n) from the numerical calculation at (dimensionless) potential ¢ =0.1 for
(Eyn=1[3, 9, 15, 21], (F) xkh=[4, 6, 8, 10] and (G) xl = [100, 200, 300, 400] on the charging time scaled by zzc. The default values of these
parameters are n =21, k6 = kh =10 and «/ = 100 unless we adjust one of them. (H) Collapsed time-dependent profiles if time is measured in units

of 7, as derived by the ECM in Equation (2).

surface charge density, presents different delay behaviors. The charg-
ing relaxation of the i= 1 sheet that directly faces the bulk electrolyte
has two processes. As shown in the inset figures of Figure 2C, when
t/zrc < 10, the curve 1—oi(t)/oeq Of the i=1 sheet drops down to
10% sharply and decreases slowly at late times. By contrast, at early
times the relaxation process of sheets i>1 are always much slower
than the i=1 case, and the slower the deeper inside the electrode. At
late times, 1—o;(t)/oeq Of all these sheets decreases exponentially
with the same time constant. To characterize the different time
response during the relaxation process, according to a purely expo-
nential charge buildup o(t) =o0eq[1— exp(—t/7)], a time-dependent

function z(t) is defined:>*

1
T(t) —_ |:d|n(1 _:;-t(t)/geq):| , (3)

which yields the instantaneous relaxation time scale z(t) for different
charge relaxation stages. Accordingly, as shown in Figure 2D, for the
i=1 sheet, we can find that r =7gc at early times (t/zrc < 1), which is
a standard RC time, while 7 rises gradually to 20007z at late times
(t/7rc > 1000). The slower relaxation timescale r =2000zg at the sec-
ond plateaus is equal to L2/(n2D), which is a slow diffusion time-
scale.”®%? However, for the sheets far away from the bulk
electrolyte (i > 1), only the second plateaus can be observed, since

the charging process is dominated by the ionic diffusion due to
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FIGURE 3 The dependence of the charging relaxation 1 — 6(t)/c.q and time-dependent function z(t) /zzc for outermost electrode (i =n) from
the numerical calculation at ¢y =0.1 for (A,B) n=3-21, (D,E) kh=[4, 6, 8, 10] and (G,H) xl = [100, 200, 300, 400, 500] on the charging time that
scaled by zgc. The default values of these parameters are n =21, kh =10, and I = 100 unless we adjust one of them. The ratio of the timescale ¢
calculated by numerical calculations to the timescale z,, derived by the ECM for the geometrical parameter (C) n, (F) xh, and () .

the tortuous transport pathways inside the graphene-based be attributed to the increasing nano-confinement. The increase of
electrode. | alone results in a longer pathway for ions to transport from one

To explore the structure-charging dynamics relationship of the interlayer to another, which also slows down the charging dynamics
laminated electrodes, we perform numerical calculations in (Figure 2G). Therefore, we found the influence of these geometrical
the laminate-electrode model with different geometrical parameters. parameters on the charging dynamics from numerical calculations to
The surface charge density o(t)/ceq Of the outermost sheet (i=n) as a be consistent with that from our qualitative analysis from the ECM
function of the charging time t/zzc is plotted in Figure 2E-G. With according to the Equation (2). To better understand these phenomena,
the increase of the n at fixed layer spacing h and pore-pore separation we scale time by the timescale 7, as derived by the ECM above, and
| (Figure 2E), the duration time of the charging process is longer due plot these time-dependent profiles of the surface charge density
to the larger thickness of the electrode. We can see from Figure 2F o(t)/oeq With different geometrical parameters together in Figure 2H.
that the charging dynamics slows down with decreasing h although Interestingly, we can see that all these curves collapse into one master
the thickness of the electrode is reduced at fixed n and I, which may curve, which indicates that the timescale 7, can provide a quantitative
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expression to describe the charging dynamics in the laminate-
electrode model well. This phenomenon is also indicated in the col-
lapsed time-dependent profiles of the charging relaxation 1 —o(t)/oeq
as shown in Figure S3.

Furthermore, in Figure 3, we also show the charging relaxation
1—o0i(t)/oeq and time-dependent function z(t)/zrc as a function of
the charging time t/zgc with changing the geometrical parameters n,
kh, and kl. As shown in Figure 3A,D,G, only one relaxation timescale
for each geometrical configuration can be observed, which is domi-
nated by the ionic diffusion rather than the build-up of EDLs as dis-
cussed above. We also can see that increasing n and «l, as well as
decreasing the kh are not favorable for the charging dynamics. To
quantify the timescale of the relaxation process, we calculate the neg-
ative reciprocal values of the first derivative of the charging relaxation
profiles using Equation (3), as plotted in Figure 3B,E,H, where the
value of the plateaus is considered as the timescale z. Furthermore,
for different geometrical parameters, a comparison between the time-
scale = from the numerical results and the timescale z,, from the ECM
is implemented as shown in Figure 3C,F,l, and we find a constant rela-

tion 7/t~ 0.4~ 4/72 %1 Hence, we define a modified timescale,

P\H
1+ (1 +hz> L} RCH (4)

to describe the charging dynamics in the laminate-electrode model.

4 4
2D :ﬂfz‘rm :?(20’] — 1)

24 | Charging dynamics at nano-confinement

The quantitative comparison between the numerical calculations and
the ECM analysis as discussed above, is largely based on an uncon-
strained system (large x5 and «h) in which the EDLs are fully developed
without any overlap. In practical supercapacitors, due to crowding and
intermolecular forces under severe nano-confinement, the transport
behavior of ions can be influenced by the interfacial EDL induced by a
surface potential, with complex implications and unconventional ion
dynamics.*¢%2 Therefore, we cannot ignore the nano-confinement
(small x6 and «xh) into the laminated electrode for the study of the
charging dynamics. It is worth noting that the PNP equations are not
applicable for the sub-nanometer scale, which ignores the spatial con-
finement effects arisen from strong ion-wall interactions and steric
restrictions, but which can describe the ion transport in the layered
graphene-based structure with sub-10-nm tuneable interlayer spac-
ing. As indicated in the research of Cheng et al.,}” diffusive transport
has a high level of consistency between experiment and numerical
simulation of ion diffusion through the model structure as the inter-
layer spacing varies across the entire range from 10 to ~1 nm. More-
over, the continuum framework has also been proven to be robust
when applied to the description of nanoscale transport phenomena at
a level of confinement larger than ~1 nm.®*¢* Accordingly, we further
provide a description of the charging dynamics in a relatively con-
strained system of x§ and xh varying from 1 to 20, which mainly pre-
sent the effect of the EDL structure in the confined space.

The pores and defects on the graphene sheets determine the
transport of ions from one interlayer space to another, and thus play
an important role in the charging dynamics.®® To investigate the effect
of pore size on the charging dynamics, which is difficult to consider in
the ECM directly, we perform numerical calculations with the pore
size k6 varying from 1 to 20. Herein, ion transport can be driven by
the applied potential and by concentration differences between bulk
electrolyte and interlayer spacing. The former leads to charge separa-
tion in the layered structure, and many counter-ions from the bulk
electrolyte will go through the one-by-one interlayer spacing until
adsorbed on the inner electrode surface. As shown in Figure 4A, with
the decrease of the pore size, the EDLs at the edges of the sheets
tend to overlap, which results in a high accumulation of counter-ions
near the pore area. The reverse concentration gradient against the
transport direction increases the resistance of ion transport through
the nanopores.Therefore, we can explicitly see from Figure 4C that
the charging dynamics slows down for smaller pore size. Meanwhile,
we find that curves of the surface charge density o(t)/ceq on the
charging time scaled by 7,p cannot coincide with each other
(Figure 4D), since the structural variable x4 is not involved in the for-
mulation of z,p from ECM. The quantitative contribution of the pore
size x5 on the charging process is considered by numerically calculat-
ing the timescale 75 using Equation (3) to compare with the derived
timescale 7op. As shown in Figure 4E, to quantify the difference of 5
and 7,p, we present the relative timescale 75/75p as a function of the
pore size k5. The smaller pore size, the larger the deviation of 7,5 com-
pared to ;. The value of 75/7op approaches 1 when 6> 10, which
means that the confinement of interlayer spacing can be ignored. In
addition, we find these plots to resemble the purely phenomenological
function 1+ exp(—«6/2). Consequently, the timescale 7,p can be fur-
ther optimized through multipying it by the variable

a:izl—kexp(—%ﬁ), (5)

72D

which includes the effect of (small) é.

The interlayer spacing «h is a key parameter in determining the
EDL capacitance. To get insight into the influence of xh on the charge
distribution inside the laminated electrode, we present local distribu-
tions of space charge density in an area of 20 x 20 with kh=[1,
2, 5, 10] in Figure 4B. When xh=1, the EDLs overlap completely,
which means that there is not enough space to store the possible
charges given the applied potential. Hence, to increase the capaci-
tance, we can broaden the interlayer spacing to fill the EDLs fully.
However, with increasing kh to more than 5, two-face-to face (almost)
fully developed EDLs are separated, and meanwhile a neutral region
between two adjacent sheets appears. This case is not favorable for
efficient pore utilization because the neutral region is flooded by the
electrolyte, which has however no contribution to the capacitance
while increasing the weight and the resistance of the entire device.
Furthermore, as shown in the Figure 4F, we plot the surface charge
density as a function of the time scaled by zzc with the «h varying

from 1 to 10. The surface charge density at steady states increases
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FIGURE 4 The local distributions of net ion density in the area (20 x 20) near a nanopore with (A) different pore sizes k6 =[1, 2, 5, 10] for
xh =10 and (B) different interlayer spacing kh=[1, 2, 5, 10] for x5 = 10, both in steady states for applied (dimensionless) potentials ¢ =0.1,
n=21, k=100, and kL = 200. (C) The charging relaxation 1 —o(t)/ceq for k6=[1, 2, 5, 10] on the charging time that scaled by zg¢ in steady
states. (D) The surface charge density (t)/oeq for the outermost electrode (i = n) as a function of time scaled by the timescale z2p with different
pore sizes. (E) The ratio of the timescale 75 at k<6 =[1, 1.2, 1.5, 2, 5, 10, 20] calculated by numerical calculations to the corresponding timescale
72p. (F) The dependence of surface charge density o(t) for kh=[1, 2, 5, 10] on the charging time that scaled by zg¢ in steady states. (G) The
surface charge density o(t)/oeq for the outermost electrode (i =n) as a function of time scaled by the timescale zop with different interlayer
spacing. (H) The ratio of the timescale 7, at kh=[1, 2, 5, 6, 8, 10] calculated by numerical calculations to the timescale 7,p.

with a larger interlayer spacing, and then keep constant when xh > 5, charging process in a narrow interlayer space, we plot the surface
in which the overlap of EDLs disappears. The interlayer spacing xh charge density o(t)/ce; with the time scaled by 75p for kh=[1,
also plays an important role on the charging dynamics. We can find 2, 5, 10] in Figure 4G. We can see that the lines for xh < 5 do not coin-
that increasing the interlayer spacing is favorable for the charging pro- cide with each other, which indicates that the timescale z,p cannot
cess. To verify the accuracy of the timescale r;p on describing the describe the relaxation time of the cases when the EDLs overlap
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FIGURE 5 (A) The surface charge density o(t)/ceq, (B) the cell-center salt concentration c(t) = (c; 4 c_)/2¢puK, (C) the charge relaxation 1 —

6i(t)/oeq (solid lines) and the concentration delay (c(t) — ceq)/(1 — Ceq) (dashed lines) of the laminate-electrode model for i =n =21, xL =200,

kI =100, and k6 = kh = 10 at dimensionless potentials ¢ =[0.01, 0.1, 1, 2]. (D) The ratios of the timescale z,, at potentials ¢ =[0.01, 0.1, 1, 2, 4]
calculated by numerical calculations to the corresponding timescale z,p. (E) The nondimensionless saw-tooth potential ¢(t)/¢g that is used in CV
experiments and in the ECM, where o = 1/t; is the scan frequency. (F) Comparison of the circuit model (red line) for aqueous electrolyte at the
scan rate of 0.05V s~ corresponding to  =0.05 s~ when ¢o =1V, and the experimental data (color dots) for the organic electrolyte (EMIMBF,)
at the scan rate of 0.05,0.1,0.2,0.5Vs ! (¢po = 3.5V) and the aqueous electrolyte (6 M KOH) at the scan rate of 1 Vst (po=1V). The
experiment data are from the previous research?® of Xu et al. on the holey graphene framework.

significantly. Moreover, it reveals that 7op overestimates the charging
time, the more so for smaller interlayer spacing. Like the discussion
about x5 above, we further quantify the difference of the timescale 7},
obatined from numerical calculations and the z,p, as the relative time-
scale 7,/75p shown in Figure 4H, and thus for small interlayer spac-
ings, the timescale 7,p can be optimized by including the coefficient:

ﬂ:r—hzl—exp<—%>. (6)

oD 3

All in all, for the laminate-electrode model, an optimal interlayer
spacing can be found not only to promote the charge separation but
also to allow the faster ion diffusion, such as kh=5 here, which is
favorable for both the EDL capacitance and the charging dynamics.

2.5 | Theoretical prediction versus experimental
evaluation

Because supercapacitors are typically subjected to large potentials in
practical applications, we also study the charging dynamics of the

laminate-electrode model at high (dimensionless) potentials ¢ > 1. In

Figure 5A-C, we present the numerical results for n=21, xL =200,
xl=100 and k6 =xh =10 at potentials ¢ =[0.01, 0.1, 1, 2]. The nor-
malized surface charge density o;(t)/ceq develops slightly slower at
high potentials as shown in Figure 5A. Moreover, Figure 5B shows
the cell-center salt concentration c(t)=(c;+c_)/2cpuk at these
potentials. At ¢ <0.1, we find c(t) =1. However, at ¢ =1 and 2, it is
found that c(t) decreases by 3% to 10% at the later time (t/zzc > 10%)
due to the ionic transport from the bulk electrolyte to the electrode
surface in the closed system. Furthermore, we show the charge relax-
ation 1—o0i(t)/oeq (solid lines) and the concentration delay
(c(t) —Ceq)/(1—cCeq) (dashed Figure 5C,
Ceq =C(t/TRe — 0). We find the slopes of 1—g;(t)/oeq (i=21) and

(€(t) —Ceq)/ (1 —ceq) are the same for all ¢ considered, which also dem-

lines) in where

onstrates that the charging process is dominated by the ionic diffusion.
The charging relaxation is slower than the cell-center concentration
delay due to the tortuous transport pathways through the layered
membrane. Furthermore, we can find from Figure 5D that the differ-
ence of r and yp is larger for higher potential. It is noted that the con-
sidered potential here is higher only compared to the previous
discussion but is still quite low than the potentials in practical superca-
pacitors. Therefore, it is important to discuss the applicability of the

proposed theoretical model to the experiments at actual conditions.

85U8017 SUOWIWIOD aAII1D 3|l jdde ayy Aq pausenob afe sejole YO ‘8sn JO Sa|n 10} ARIq1T8ULUO A8]IA UO (SUONIPUOD-PUe-SWLBIALI0D A8 | ARe.q 18U JUO//:SdNL) SUORIPUOD pue se 1 841 88s *[£202/0T/60] Uo AkiqiTauluo A(Im ‘Arigi AsAUN 10N AQ 68TST 0./200T OT/I0p/LI0Y A8 M Ariq Ul jUOBUYd ke//SANY WOI) papeoumoq ‘0T ‘E202 ‘S06SLYST



TAO ET AL

The comparison of the charging time between the theoretical pre-
diction from z,p and the experimental evaluation is implemented. For
instance, the research?® on the holey graphene framework con-
structed a device stack that includes the two electrodes of thickness
H=140 pm, separated by an electrolyte layer of thickness
2L =30pm. Observed from the provided HRTEM images of holey
graphene sheets, the pore size §=2nm and the distance between
adjacent pores I=2nm are considered. The interlayer spacing of the
graphene-based membrane is considered as h=1nm.®® An aqueous
electrolyte (6 M KOH, bulk diffusivity is considered as 2 x 107 m?s %7
and an organic electrolyte (EMIMBF,, bulk diffusivity is considered as
4.29 x 10~ m? s~ %)% with the solvent of acetonitrile (AN) at room tem-
perature were used to evaluate the performance of the supercapacitors.
It is worth noting that an increase of the screening length at high electro-
lyte concentration has been identified, a phenomenon that requires a
treatment beyond the dilute (Debye—Hiickel) regime.””° Therefore, the
Debye length calculated by 4p = \/eksT/(262py) cannot represent the
actual screening length at high concentrations and large potentials,
making the RC time zg¢ obtained from Equation (1) not applicable for
the calculation of 7,p. However, a modified relationship was recently
found between the RC time at high concentrations and the Debye

length 4p, as given by°

with 2 L being the electrode separation and o being the ion diameter,
considering the solvated size of K* and OH™ as 6=0.6 nm,”* and the
typical size of ionic liquid molecules as ¢ =0.5nm.?* The expression
for the RC time is obtained from a classical dynamic density functional
theory that accounts for electrostatic correlations and for the molecu-
lar excluded volume of finite-sized ions and solvent molecules, which
is independent on the applied potential.®® The calculated zgc for the
aqueous electrolyte (6M KOH) and the organic electrolyte (3M
EMIMBF,4/AN) is 0.27 us and 0.99 ps, respectively. Thus, according to
Equation (4), the relaxation timescale 75p is calculated as 1.4s (6M
KOH) and 5.3s (3M EMIMBF,4/AN), respectively, which is indeed of
the same order of magnitude as the charging times ~1s (6 M KOH)
and ~ 10s (EMIMBF4/AN) observed in the experimental data.

The obtained relaxation timescale 7,p is further expected to be
used for fitting the experimental cyclic voltammetry (CV) curves. The
mathematic expression of the nondimensionless current j(t) in
response to an applied periodic potential (Figure 5E) is given
in Equation (13) by inserting 7op into the ECM. In Figure 5F, the non-
dimensionless CV curves in the experiment?® for both KOH and
EMIMBEF, at different scan rates show similar behaviors (color dots),
and we find basic agreement between the experiment and the

~1 with the fit param-

Equation (13) at the scan frequency @ =0.05s
eter 7op = 1.4 s of KOH (red line). Therefore, based on all the discus-
sion above, the influence of the pore structure of the laminated
electrode on the charging dynamics can be quite well described by

our relatively simple theoretical model.

AI?BII:'JRNALM
3 | CONCLUSION

In summary, we studied the charging dynamics in the graphene-based
supercapacitors with a representative laminate-electrode model. An ECM
and the direct numerical calculations of the PNP equations are combined
to quantitively describe the influence of the layered structure on the
charging process. Based on the ECM, a simple mathematical expression is
proposed to calculate the relaxation timescale (z,,) that includes the
structural contributions of graphene-based electrodes. According to
the numerical calculation, for the innermost (i = 1) sheet that faces the
bulk electrolyte, two relaxation timescales are presented: a general-
ized RC time zxc and a diffusion time L2/7r2D4 However, for the sheets
deeper inside the graphene-based electrode, essentially only the diffu-
sion time is relevant due to the tortuous transport pathways deter-
mined by the parameters n and I, which is also the case for practical
supercapacitors. Meanwhile, we can obtain the observed relaxation
timescale (z) from the numerical results, providing direct data for us to
test the mathematical expression. At low applied potentials with large
pore size (k6) and interlayer spacing (xh), the charging behaviors
observed from numerical calculations can be reproduced well by the
ECM. Quantitatively, the relaxation timescale 7, obtained directly
from the ECM is modified by a numerical factor upon comparison with
the solution of the PNP equations, hence, we obtain 7op = 4tm/72,
which is applicable for the cases at low electrode potentials without
spatial constraints of EDL overlap. The influence of small pore size
and interlayer spacing, at which EDLs overlap, as well as high applied
potentials on the charging dynamics is further investigated by com-
paring the corresponding observed relaxation timescales (zs, 7, and
7,) obtained from the numerical results to the 7p. Inserting parame-
ters relating to an experimental study for the holey graphene frame-
works, the proposed formula predicts the relaxation times within the
same order of magnitude which is not trivial given the many length-
and time scales involved. Meanwhile, with the relaxation timescale
7op Of the laminate-electrode model, our model can reproduce experi-
mental CV curves over a small scan frequency w. Therefore, our theo-
retical model can characterize the roles of the structural features of the
laminate-electrode model on the charging dynamics, as a general plat-
form to understand the ion transport in two-dimensional materials-
based films for compact energy storage. However, more work is
needed to establish a closer connection between the laminate-
electrode model and experimental features, which should consider the
specific surface area of the material, the average pore size, realistic pore

morphology, position-dependent diffusion coefficients, etc.

4 | METHODS

41 | Equivalent circuit model

The equivalent circuit for the laminate-electrode model in the trivial
case n = 1 is firstly discussed, as shown in Figure S1, which is consis-
tent with the planar electrode. The EDLs on each electrode are mod-

eled with a capacitor of capacitance C. The electrolyte resistance is
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modeled through a resistor of resistance 2R. Once a potential difference
2¥ is applied at t=0, the capacitor will acquire a time-dependent
charge Q(t)=CAY(t), where A¥(t) is the time-dependent voltage dif-
ference between either side of the capacitors. The current that flows
through the system is found via Ohm's law, [x2R=
[W— A¥(t)] — [P+ AP(H)] =2]¥ — A¥(t)]. With 1=Q(t)=CA¥(t),
we get AW(t) =¥ — A¥(t)]/RC. For A¥(t=0) =0, the A¥(t) can be

expressed as:

Aly(t):\y{k exp<7R—tC>}. ®)

Since the EDL capacitance C = Aex and electrolyte resistivity 2R =
2L/(A€K2D) with A the surface area facing the electrolyte and D the
jon diffusivity, we can find RC =1gc = 1L/D with zc the standard
relaxation timescale. The developed relaxation time 7, for the general
n case is discussed in Supplementary Information.

To reproduce cyclic voltammetry (CV) curves with the obtained
relaxation timescale, we need to consider the ¥(t) of a saw-tooth from

between zero and a maximum ¥y, (Figure 5E) given by:>4>°

w(t) {wth(kf 1), 2(k—1)<wt<(2k—1)

W, | 2k-ot, (2k-1)<at<2j ®)

with @ = 1/tg the scan rate and k=1, 2, ... the cycle number. The

Equation (9) can be expanded in Fourier base,

B 1 4 & cos(mrwt)
T

and with the initial condition A¥(t) =0, inserting Equation (10) into
the abovementioned equation AW(t) = [¥ — A¥(t)]/zrc to find

>
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Then, inserting Equation (11) into I=Q(t)=CA¥(t) and using

v=wt, we find

I(v)= —

—t
cos (mrwt) + Mrwrge sin(Mrwt) — e &e

Moving on to the layered graphene-based electrodes (general n

case), we obtain

1let 4 & 1 (mag)?cos(mav) —magsin(mav) +e ¢
=== — 13
j(v) 2 22 ngswmz 14 (mﬂ§)2 ( )

with the nondimensionless current j(v) =1(v)/[(2n — 1)C%ow] and the
non-dimensionless parameter &= wr,p. Inserting the relaxation time
T9p into the Equation (13), the equivalent circuit-based CV curve is

calculated to fit the experimental CV curve.

4.2 | PNP equations
The PNP equations, which is an effective continuum model, can be
solved by the finite element method (FEM) to describe the ionic
dynamics in the complex pore structure.”® The first one (Equation 14)
is the continuity Equation and the second one (Equation 15) is
Nernst-Planck equation, which signify conservation of mass equation
that describes the influence of an ionic concentration gradient and
that of an electric field on the flux of ions. The general conservation
of mass equation is expressed as:

Ipy

where p; is the number density of anions and cations. Furthermore,
the ionic flux f within the solution is given by the following Nernst-

Planck equation:

—_—
Jo =-D(Vp,+£p, V), (15)

(Mrwrre)? cos(Mav) — mrwrge sin(mzav) + e 7

11
1+ (mlzerc)2 an

where the first term is the flux due to diffusion and the second term is

the flux due to electro-migration in the electric field, D is the ionic dif-

CYw |e 7’ 4 i
WTRC 2 b2

VS,\,|l—‘

12
1+ (mrowrpe)? 12
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fusivity, taken to be 1 x 1077 m? s~ for both anion and cation. The ¢
is the dimensionless applied potential of ¥ with respect to the thermal

voltage kg T/e, which satisfies the Poisson equation:

R

The above governing equations were solved for specified initial
and boundary conditions using the COMSOL Multiphysics finite-
element-based solver (https://www.comsol.com/). The simulation
domain and mesh setup are shown in Figure S2. The two outermost
graphene-based sheets (i =n) are impermeable to the electrolyte,
such that the system is closed; the initial densities of cations and
anions in the electrolyte throughout the cell are homogenous
Pbu 006 nm ™2 (0.1M). It is also found that although the diffusion
coefficient of ions is considered constant in the structure model when
performing the PNP calculations, the structural influence in the appar-
ent ion diffusivity is included through the transfer resistance.
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