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Structural supercapacitors (SSCs) are a class of multifunctional composites that simultaneously provide load-
carrying and energy storage capacities. This paper presents a physics-based continuum multiscale electro-
chemical model aimed at understanding the influence of design decisions on the electrochemical performance of
mechanically robust supercapacitors (SCs). The approach was exemplified by considering carbon aerogel-
modified carbon fibre-reinforced multifunctional electrodes in a room-temperature ionic liquid (RTIL) electro-
lyte. The new pseudo 4D (P4D) multiscale model integrates a 3D macroscopic dynamic model to solve the charge
transport while coupling a 1D microscopic equilibrium electric double layer (EDL) model to determine the local
voltage-dependent double layer capacitance of the porous structural electrode. The numerical model was eval-
uated to simulate the conventional electrochemical device characterisation methods: cyclic voltammetry, gal-
vanostatic charging and discharging, and electrochemical impedance spectroscopy. The model achieved
prediction errors below 10 % for specific energy and capacitance, and around 20 % for specific power. Addi-
tionally, an asymmetrical electrochemical behaviour was predicted on the symmetric cell, exhibiting an un-
balanced potential window and capacitance at the negative and positive electrodes. Overall, the proposed P4D
multiscale electrochemical model provides a powerful tool for analysing, developing, and optimising SSCs and
more general SCs with porous electrodes.

1. Introduction

Supercapacitors (SCs) or ultracapacitors have attracted considerable
attention in recent years, especially for transportation and renewable
energy generation applications, due to the increasing demand for high-
power, fast-charging/discharging, long cycle life, and environmentally
friendly energy storage devices [1-4]. SCs complement batteries in

scenarios where the battery’s pulse power capability is exceeded, such as
vehicle acceleration, regenerative braking energy recovery and storage,
and long lifetime emergency backup systems in electric vehicles [1,3].
Structural supercapacitors (SSCs) [5-7] are a class of multifunctional
structural power composites (SPCs) [8] that store electrical energy
whilst withstanding significant structural loads. SPCs have the potential
to facilitate lightweighting and accelerate the adoption of electrification
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for sustainable transportation. Although SSCs have lower energy density
than structural batteries, they are attractive for their long cycle life and
volumetric stability in high power applications. The structural abilities
of SSCs derive predominantly from the stiff/strong carbon fibre scaffold
for the electrodes, supported by a structural electrolyte [9,10] that is
sufficiently stiff to provide load transfer across the interfaces between
the constituents, with sufficient ionic conductivity for device operation.
Conventional supercapacitor/batteries do not offer a structural perfor-
mance except through the external casing, as the electrodes are based on
discontinuous, slurry-cast powders, and the electrolytes are essentially
fluids (or weak gels), providing no stress transfer.

The higher specific power density and fast-charging ability of SCs
and SSCs are achieved by an electrostatic surface storage mechanism,
where the electrolyte ions accumulate within the thin electric double
layer (EDL) at the electrode/electrolyte interfaces [11]; capacity corre-
lates with accessible surface area while rates are relatively high since no
electron transfer occurs. The performance of the SCs is determined by
the material and morphology of the electrodes, in combination with the
electrolyte [12]. Plain woven carbon fibres (WCF) are commonly used as
the scaffold of the SSC electrodes for their excellent specific mechanical
properties and processing stability. However, carbon fibres have a very
low specific surface area (SSA) of ~0.2 mz/g [5] and a low effective
roughness factor close to 1, resulting in a low specific capacitance [13].
To increase the SSA of the WCF-reinforced electrode, the carbon fibres
can be activated [14], or coated with nanocarbons such as carbon
nanotubes [15,16], graphene nanoplatelets [16,17], or carbon aerogels
(CAG) [18]; significant increases of the electrode roughness factor (over
7000 in Ref. [18]) can be achieved without appreciably increasing
electrode thickness, preserving the volume fraction of structural fillers.
In addition, CAG has good mechanical properties (Young’s modulus of
23 GPa [19]), improving the load transfer ability between the fibres and
thus enhancing the in-plane shear performance of SSC electrodes [7].
The electrolyte is another critical component of SCs since its electro-
chemical stability window determines the cell operating voltage, and its
ionic conductivity plays a vital role in determining equivalent series
resistance (ESR) of the cell. The maximum energy and power of SCs
increase quadratically with the operating voltage. The typical maximum
operating voltage for aqueous electrolytes is about 1.5 V, while for
organic electrolytes and ionic liquids (ILs), it can reach above 5 V [20].
Beyond good electrochemical stability, ILs also have high thermal sta-
bility, low volatility, low vapour pressure and low flammability, which
makes them an attractive selection for SSCs [6,7,9].

The wide range of candidate materials for electrodes and electrolytes
in SCs makes experimental exploration laborious; numerical models can
significantly reduce the experimental expense in device development
and parametric analysis, as well as facilitate the use of digital twins for
virtual certification. Physics-based modelling of SCs is challenging due
to the multiscale nature of the system (e.g., pores, ion sizes, and double
layers are in the nanometre range, electrode and separator thickness are
typically tens of micrometres and full device geometries may be in
millimetres) as well as the coupled interfacial and transport phenomena
that occur across these different length scales [12]. For macroscopic or
device-level modelling, equivalent circuit models [21-23] provide an
effective means to analyse and interpret the response and performance
of SCs under various electrical stimuli. However, this method often
struggles to offer any physical insights into the design and optimisation
of the electrode morphology or electrolytes. On the other hand, ho-
mogenous models [24-26] based on the porous electrode theory (PET)
[27] use volume-averaged effective macroscopic properties to describe
the dynamic transport phenomenon within the heterogeneous porous
electrodes in SCs, for example, treating the double layer capacitance
(per unit area) as a constant input. However, this approach ignores the
fact that the double layer capacitance is a complex function of the local
environment, the electrode material and the type of ionic species that
comprise the double layer.

At the micro or nanoscale, Helmholtz [11] introduced the first EDL
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model analogy to a conventional plane dielectric capacitor, assuming a
compact monolayer of counterions forming a second charged layer on a
polarised electrode (first charged layer). The EDL plays a fundamental
role in determining the specific energy that can be stored in the SCs,
where the double layer capacitance (per unit area) of the electro-
de/electrolyte interface is determined by the potential drop across the
EDL and its response to charging [28]. Therefore, understanding and
predicting the EDL behaviour in various electrode-electrolyte systems is
a vital step. The established Gouy-Chapman-Stern (GCS) model [29-31]
works very well for dilute or intermediately concentrated electrolytes on
a moderately polarised electrode [28]. However, the accuracy of the
GCS model struggles when applied to concentrated electrolytes on a
polarised electrode as it does not consider the non-ideality of the species
involved, including effects such as ion crowding, steric repulsion and
electrostatic correlation effects [32]. To account for these effects,
various modified Poisson-Boltzmann (MPB) models [32-34] have been
developed based on the mean-field and local-density approximations.
Kornyshev et al. [28,35-38] paid particular attention to the EDL
behaviour in room temperature ionic liquids (RTILs) and proposed a
series of EDL models based on the mean-field lattice gas model. In such
ultra-concentrated electrolytes, the ions within the EDL were predicted
to obey a “Fermi-like” distribution as opposed to the Boltzmann distri-
bution in the dilute electrolyte. These models capture the asymmetric
behaviour of EDL in terms of the differential capacitance and potential
distribution during the positive and negative polarisation. Nevertheless,
most of the theoretical EDL models discussed above considered planar
electrode surfaces, whereas porous electrodes with different micro-
structures and pore sizes are almost always used in practical energy
storage applications. Attempts have been made to extend the classical
planar EDL models (generally applicable for macropores over 50 nm)
into cylindrical or spherical, and ‘slit-shaped’ models to capture the
significant curvature effects in meso- (2-50 nm) and micro- (<2 nm)
pores [39,40], respectively.

Recently, multiscale models of SCs with porous electrodes [21,41,
42] that consider both macroscopic dynamic transport within the entire
device and microscopic ion adsorption at the EDL have been proposed.
However, the microscale modelling for the EDL within these studies
either employed the classical GCS model for dilute aqueous electrolytes
[21,41] or the MPB model for symmetric concentrated electrolytes [42],
with none specifically considering RTILs with asymmetric ionic sizes
and their interactions with porous electrodes with different micro-
structures and pore sizes. Besides, the macroscale models constructed in
these models are 1D and assigned with isotropic material properties,
which makes them no longer applicable for electrodes with hierarchical
structure and anisotropic properties, e.g., CAG-modified WCF-rein-
forced electrodes in SSCs. SSCs are particularly complex, due to the hi-
erarchical structure of constituents and the pronounced
voltage-dependent EDL behaviour in RTIL electrolytes at porous elec-
trodes. To date, there has been no work on modelling supercapacitors
with such a configuration.

This study, therefore, proposes a pseudo 4D (P4D) multiscale model
to understand the fundamental electrochemical behaviour of SSCs, and
SCs more generally, exploiting porous electrodes in RTIL electrolytes. A
3D macroscopic dynamic model for the full cell was established based on
the PET and coupled with a pseudo 1D mean-field theory-based equi-
librium EDL model for asymmetric ILs in cylindrical mesopores. The
numerical model was assigned boundary conditions according to the
classical cyclic voltammetry (CV), galvanostatic charge and discharge
(GCD), and electrochemical impedance spectroscopy (EIS) experimental
tests; the results were compared and validated with experimental data
from the previous study by Asfaw et al. [18]. In addition, a range of
factors pertinent to the design of both SSCs and general SPCs were
studied extensively, including the separator thickness and porosity,
electrode thickness and fibre volume fraction. The reported electro-
chemical model will later be coupled with a mechanical model to
develop a fully coupled electrochemical-mechanical modelling



S. Qian et al.

framework for SSCs.

2. Methodology

2.1. Model definition and assumptions

A multiscale modelling framework was established for SC cell de-
vices with hierarchical structure, e.g., SSCs with CAG-WCF electrodes
(Fig. 1a), in an RTIL electrolyte (Fig. 1b). The three-dimensional (3D)
macroscopic dynamic model considered electrodes composed of cylin-
drical electrical conductors embedded within a porous, high surface
area, electrically conductive matrix, through which an ion conducting
electrolyte interpenetrates. The electrodes were separated by a porous
electrically insulating separator, which also has an interpenetrating ion-
conducting electrolyte passing through it.

Due to the geometric complexity of the electrodes considered, two
types of macroscale models were generated, including a 3D full cell (FC)
homogenous model and a high-fidelity 3D representative volume
element (RVE) model with explicit fibre domains (denoted as 3D-H FC
model and 3D-F RVE model, respectively, in Fig. 1b). The 3D-H FC
model featured the same geometrical configuration (Fig. S1) as a real 4
x 4 cm? SC pouch cell device and consisted of three main domains:
current collector Q¢c, porous electrodes Qﬁc and separator Qggp. The 3D-
F RVE model had a cross-sectional area of 50 x 50 ym? and excluded the
current collector domain. In this high-fidelity model, the electrode
domain Qp = QE° UQEC was further divided into the cylindrical elec-
trical conductor domain QEC and porous carbon domain Q€.

The macroscale model was coupled with a pseudo (without physical
geometry, elements or nodes) one-dimensional (P1D) microscopic
equilibrium cylindrical EDL model (Fig. 1b). The mass and charge
conservation were solved within the macroscale model, and the resolved
local solid- and liquid-phase potentials were input into the microscale
EDL model. The EDL model then determined the local double-layer
capacitance and returned it to the macroscale model for solving bal-
ance equations in the next time step. The multiscale coupled device-level

(a) Supercapacitor with hieratical structure (b)

Structural supercapacitor cell device

full cell del
Carbon aerogel (CAG) modified plain (full cell) model

3D-H (homogeneous) FC
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homogenous and high-fidelity RVE model was denoted as P4D-H FC and
P4D-F RVE model, respectively.

The following simplifying assumptions were adopted in the proposed
multiscale models.

(1) The porous electrodes were assumed to be ideally polarisable,
where no Faradaic current crosses the electrode/electrolyte
interfaces.

(2) In the macroscopic model, the EDL was excluded from the quasi-
neutral electrolyte region within the porous electrodes [21,41].
The EDL was treated as the source or sink of the net excess
counter-ions.

(3) When a certain number of anions/cations were drawn to the EDL,
an equal number of cations/anions were repelled from the EDL.
Although this assumption may not be valid for the negatively
polarised electrodes, for which the charge storage in the EDL was
dominated by cation adsorption, rather than the ion exchange
mechanism for the positive polarisation charging [43].

(4) The interactions between the ion species were only considered
within the thin EDL region and were neglected in the macroscale
ion transport modelling [44].

(5) The porous carbon was assumed to exhibit isotropic material
properties and a mesopore structure and to fully occupy the void
region of the electrical conductor scaffold.

2.2. Governing equations

The porous electrodes were considered as the superposition of two
continuous phases, i.e., a solid conducting porous carbon phase and a
pore-filling liquid IL electrolyte phase, at any point in the domain
x € QFF (Fig. 1b). Volume-averaged variables and parameters over the
pores were utilised in this model, without considering the actual geo-
metric details of the pores. Three main time-continuous variables were
solved in the time interval t € [0,t,q4], including the solid-phase potential

¢s(x,t) in the porous electrodes domain x € QF¢, the liquid-phase

Multiscale modelling framework
Governing equations .
: Input the solved local electrode potential

i+ Mass conservation s and clectrolyte potential ¢,.

0 H
10° weave spread tow carbon fibre (STF) fote oc +V-N; = agju,x € QEC
electrodes : 3% e
c
107! Esep at +V-Ni=0,x€Qgep Returned the local double layer
1 i »  Charge conservation capacitance Cy; (@5, ¢;) to
i V-ig=—agiq,x € QF° determine the interfacial ion
V-ip = acig,x € OF¢ transfer rate j4; and double layer
1072 Separator . Current collector Veip=0,% € Qgep charging/discharging current
- ce) V -ig=0,x € QL density ig.
107 r
3D-F (fibres) RVE model Pseudo 1D cylindrical EDL model
. Porous carbon Q5¢ 16
E 107 - Electrical e ~ Asymmetric voltage
e conductor QE¢ y ; (¢s — ¢1) - double
—_ ° = layer capacitance
L : ] Ly P
; 75 - 7 Negative electrode Qg , Il ° Cau profile
8 107 3 Separator Qs i :.‘?\Un 5T
§ Overscreening at  Ion crowding at
2 moderate voltage high voltage
T L ey s e T
a b A > || s R )
Quasi-neutral | 1 ¢ Ry [ 1
electrolyte 1+ I
I+ 1
107 [ [
20 |
+ 1
e 149
10°® 1 ENNEaLSsheeeevepas | WM L S e> 4, || T T
[TFSIT @
Volume (dV)-averaged electrode potential ¢, O ) 4
107 = electrolyte potential ¢b;, and ion concentration ¢, = Sl 434 r%g e oA
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EDL was treated as the source or sink of counter-ions. 16A 194
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Fig. 1. (a) Illustration of a laminated SSC cell device as a case of SCs with hierarchical structure; (b) a multiscale modelling framework that couples a 3D macroscopic

full cell or RVE model with a pseudo 1D microscopic cylindrical EDL model.



S. Qian et al.

potential ¢;(x,t) and ion molar concentration ¢;(x,t) i = + , — ,
referring to cation and anion, respectively) over the entire porous
electrodes (pore-volume averaged) and the separator domain x € QECU
Qsep. Given the electroneutrality assumption, the molar concentration of
the cations and anions was equal in the pore-electrolyte (outside of the
EDL) and bulk, i.e., c, =c_ =c.

The mass conservation of ions in the liquid phase of the porous
electrodes follows:

dac . PC
é‘glea + V:N; = aja,x € Qp (D)
where ¢, is the average porosity, a, = A.as is the electrolyte accessible
specific surface area (SSA) per unit volume of the electrode, A, is the
electrolyte accessibility, and a; is the theoretical maximum SSA of the
porous electrode obtained using the Brunauer-Emmett-Teller (BET) test.
N; is the mass flux density averaged over the cross-sectional area of the
electrode, describing the average number of moles of species i moving
per unit time (i.e., average velocity v;) across a plane of 1 m2 The
divergence of N; determines the species at the point x to move towards
(if V-N; < 0) or away (if V-N; > 0) from that point. jg is the pore-wall
flux density averaged over the solid-liquid interfacial area, which is
the normal component of the ion flux density at the pore wall, repre-
senting the number of moles of ions moving from the solid to liquid
phase of pores per unit time per unit interfacial area, i.e., interfacial ion
transfer rate per unit surface area. The pore-wall flux can stem from
Faradaic processes, capacitive processes, or a combination of both (ji; =
Jfaradaic + ja)- In this study, Faradaic processes were not considered
(assumption (1)), thereby, the pore-wall flux density only accounts for
the EDL charging/discharging flux density jg. Therefore, A.asjg de-
scribes the ion transfer rate (per unit volume) within the EDL region,
from the solid to liquid phase (j4 > 0) or vice versa (jg < 0) [27]. That s,
double layer charging/discharging on the pore surfaces was considered
as a volumetric source/sink term in the macroscopic volume-averaged
transport equation [21,24,42].

The charge conservation within the porous electrode domain gives:

Vi, = —Qig,Xx € Qgc 2
Vi, = QAclg, X € ngc 3)

where i; and i; are the electronic and ionic current densities, respec-
tively. iy is the average EDL charging/discharging current density
(positive in the direction from the solid to the liquid phase). The
divergence of the total current equals zero (i.e., V-(is + i) = 0),
resulting from the electroneutrality assumption [27].

Similarly, the mass and charge conservation for the bulk electrolyte
within the separator domain are expressed as:

dc
Esps, + VN = 0,X € Qsep 4

V'il = O.,x € ngp (5)

where &, is the porosity of the separator. Since the separator is elec-
trically insulating, no electronic current flows within it.

In the case where carbon fibre domains were explicitly constructed,
fibres were treated as charge conductors with charge conservation,
which yields:

Vi, =0,x € QF (6)

2.3. Constitutive law

The mass flux density N; in the mass balance equation (1) was
described by the Nernst-Planck equation, where the movement of the
species i at a point x with a velocity v; is driven by both the concen-
tration gradient V¢; and potential gradient in the electrolyte V¢, as:
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. F
N, =cv; = —Diff (Vc — ziﬁ,cVz/;,) (@]

where z, = —z_ =1 is the number of electronic charges carried by an
ion i, F is the Faraday’s constant, R is the universal gas constant, and T is
the absolute temperature. Any interactions between the ions during the
ion transport are neglected in this model. The effective diffusion coef-

ficient fof of species i in a porous medium is determined by the porosity
em and the tortuosity factor 7,, of the medium, and the bulk diffusion
coefficient D?“*, following:

p¥ = i_:D?ulk 8)
where m = ele, sep refers to the porous electrode and separator, respec-
tively. Based on Bruggeman’s model, the porosity-tortuosity relation-
ship follows 7, = 2¢,, /", where n = 2 for spherical obstructions (for
m = ele, applied for porous CAG electrodes) and n =1 for cylindrical
obstructions (for m = sep, applied for separators with fibre type re-
inforcements) [45]. A factor of two was applied to mitigate the under-
estimation issue when using Bruggeman estimation for the battery
electrodes and separators [46]. The current density in the electrolyte i is
defined in terms of the ion flux by:

il = FZZiNi (9)

Simply, the current density in the solid phase of the electrodes i;
follows Ohm’s law as:

i, = —o, Ve, (10)

where o, is the electrical conductivity of the solid electrode.

The double layer (pore-wall) flux j4 in the phenomenological source/
sink term in the equation (1) is calculated from the double layer
charging/discharging current density iy, following [24]:

. dg;.
ziFjq = *df((l]ldz an

A (s — )

===Cgq——+ 12
Ldl ot dl ot 12)
where z;F is the charge per mole on a species i, dq, /dq = dq_/dq = —0.5
indicates an equal contribution of cation and anion on the change of the
surface charge g on the EDL.

The differential double layer areal capacitance Cy = dq/0(¢p; —¢;) =
CSK (in F/m?) for porous CAG in IL was predicted by the Kornyshev-
Goodwin model [37,38] based on the mean-field theory with further
modifications accounting for the pore curvature effect based on the
electric double-cylinder capacitor model (Fig. 1b) in Ref. [39] for mes-
opores (2-50 nm). The correlation between the double-planer capaci-
tance Cg{_; and double-cylinder capacitance C5X follows:

d
- % 13
Ry Tn (R (R, — ) 4 2
where R, is the average radius of the CAG pores, d ~ a;/2 is the distance
between the pore wall and the centre of the ion i (with ion size of a;), and
C§Y, is given by:

() 2ysinf ()
. % (15)
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74]5_4717}7(4)5_4}1)
u= o = RT (16)

where Cy = \/aCy is the Debye capacitance with the rescaling factor a <
1 accounting for the short-range ion correlations. u is the dimensionless
potential drop across the EDL, normalised by the thermal potential ¢ =
RT/F =26 mV. y <1 is the ion compacity parameter, presenting the
average number of ions in the bulk to the maximum capacity of ions in a
mean-field lattice-gas model [35,36], and y, and y_ are the ion fractions
of cations and anions, respectively.

2.4. Electronic perturbation boundary conditions and initial conditions

Zero mass flux and electrical insulated boundary conditions were
applied on the entire exterior surfaces 0£2,, of the cell RVE (Fig. 1b):

—TMN;=0,—T-i;=0,—T iy = 0,X € 020y an

where 7 is the outward unit normal vector on 0Q2y.
The outer surface of the negative electrode perpendicular to the
thickness direction was connected to the electrical ground, which gives:

b, =0,x € 002, (18)

The corresponding outer surface on the positive electrode was con-
nected to the input signal according to the electrochemical test per-
formed by setting.

e Galvanostatic charge and discharge (GCD) test

// i,-ndS = Iop(t) 19)

where dS is the surface boundary where the electronic perturbation was
applied, Igcp(t) is the input cell charging/discharging current defined as:

I, for2(n—1)tgep <t<(2n—1)z
Igep(t) = { o o , X € 082y (20)

71:]17 fOr (2". — 1)TGCD <t< znT(;CD
where I;, is the input charging current, n is the cycle number, z¢p is the

cycle period accounting for the time to charge to the operating cell
voltage Vo and then discharge to the minimum cell voltage Viyn.

e Cyclic voltammetry (CV) test
@y = doy(t),x € 02 21)

where ¢¢y(t) is the prescribed potential varied linearly with time ac-
cording to:

Vmin + ut,

fOr 2(71 — 1)TCV <t< (2n — 1)TCV
bey(t) = {
Vinax — l/[t - (271 - 1)]TCV7

fOr (2n — ]-)TCV <t < 2ntey
(22)

where v is the scan rate, ¢y = 2(Vinax —Vmin)/v is the cycling period.

e Electrochemical impedance spectroscopy (EIS) test

bs = ¢ps(t), x € 02, (23)

where the imposed electric potential ¢g(t) consists of a direct current
(DC) potential ¢, and a sinusoidal oscillating potential with a small
amplitude ¢,, written in complex notation as:

bus() = bac + o> (24)

where f is the frequency.
The initial conditions for the solid electrode and electrolyte poten-
tial, as well as the electrolyte concentration are given:
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¢s:¢50=x€Q§7t:O (25)
& = i, X € QLU Qg t =0 (26)
€ = Cpu, X € Qb U Qg t =0 27)

where cpy is the bulk concentration of the IL electrolyte.
3. Finite element (FE) implementation and model validation
3.1. FE implementation

The model was implemented within COMSOL Multiphysics 6.2,
using the Tertiary Current Distribution, Nernst-Planck interface with the
electroneutrality charge conservation option and solved with a time-
dependent solver. The 3D and 1D macroscopic models were dis-
cretised by quadratic tetrahedral elements and quadratic edge elements,
respectively. The input physics constants and material parameters are
summarised in Table A.3. In the high-fidelity RVE model, the actual
material properties of the electrically conductive scaffold and the porous
carbon were assigned to the corresponding domains separately. In the
macroscopic homogeneous FC model (Fig. 1b), the effective homoge-
nised properties of the entire electrodes were assigned to the porous
electrode domain. Mesh convergence studies were conducted for each of
the numerical models established in this study to ensure mesh inde-
pendence of the finite element results.

3.2. Model validation

The proposed electrochemical model was validated by comparing
the numerical results with the experimental results of an SSC pouch cell
with a liquid electrolyte [18] which had undergone a series of electro-
chemical tests, including CV, GCD and EIS. The pouch cells consisted of a
pair of CAG-modified plain weave spread tow carbon fibre fabrics
(STFs). The parent fabric was TeXtreme 43 PW HS40 12 K, Oxeon AB,
Sweden, and the CAG loading was 22 wt%; the detailed manufacturing
process for this structural electrode was reported in Ref. [18]. The
electrodes were 4 x 4 cm? in size and 107 + 4 pm thick, with a total mass
of 179 mg for a pair. These electrodes sandwiched a non-woven glass
fibre fabric separator (Optiveil® E-glass 20103A, Technical Fibre
Products), which was 6 x 6 cm? and 240 pm thick. A graphite strip was
placed on the outer surface of the CAG-STF electrodes as the current
collector and the assembly was then infused with 2-5 mL 1-ethyl-3-me-
thylimidazolium bis(trifluoromethylsulfonyl)imide ([EMIM][TFSI],
>98 %, Sigma Aldrich) ionic liquid electrolyte (see ESI for detailed
geometrical configurations).

The performance of the cell model was evaluated according to
several critical metrics, including the equivalent series resistance (ESR)
Rgsgr, specific capacitance Cs, time constant 7, specific energy I's and
power P (see ESI for detailed calculation methodology). The gravi-
metrical performance indices of a cell device were normalised by the
mass of the two structural electrodes to be comparable with the exper-
imental data in Ref. [18], according to the protocol of reporting the
performance of SPCs [47].

4. Results

The numerical results of conducting CV, GCD and EIS simulations on
the full cell homogenous models presented in this work were delivered
and compared with the previous experimental results [18]. In GCD
simulations, which aim to predict cell performance in a practical
context, the P4D-H FC model featuring the same geometrical configu-
ration as the real pouch cell (Fig. S1) was employed, while other elec-
trochemical test simulations and subsequent parametric studies were
performed with the P2D-H FC model.
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4.1. Cyclic voltammetry (CV)

The numerical model replicated the rectangular-shaped cyclic vol-
tammograms characteristic of real supercapacitors, with a distortion
associated with internal resistance increasing as the scan rate increased
from 5 to 200 mV/s (Fig. 2a and b). A lower level of resistive distortion
was observed in the numerical curves at varying scan rates compared to
the corresponding experimental results. Furthermore, the slight redox
peak near the maximum voltage in the experimental curve of 5 mV/s
was not captured by the models.

With an increasing scan rate v, the response current i at a particular
cell voltage was predicted to increase linearly, whereas a non-linear
response was observed in the experimental i-v profile (Fig. 2c¢). Simi-
larly, the specific capacitance Cs predicted by the numerical model
decreased linearly with increasing scan rate. In contrast, the experi-
mentally measured C; showed a more rapid decline at low scan rates,
followed by a more gradual, near-linear decrease at higher scan rates
(Fig. 2f). Besides, the maximum specific capacitance obtained from the
numerical simulation (CI*™ = 4.5 F/g at 5 mV/s) was underpredicted by
9.5 % compared to the experimental result (C;¥ = 5.0 F/g at 5 mV/s).

Additionally, the specific capacitance of the positive electrode (Cg,"
=19.6 F/g at 5 mV/s) was predicted to be over 10 % higher than that of
the negative electrode (C}%5" = 16.5 F/g at 5 mV/s) (Fig. 2f). As a result,
the potential window of the negative electrode (AV, =1.09 V at 5mV/s)
was inversely higher than that of the positive electrode (AV, = 0.91 V at
5 mV/s) to maintain the charge balance (Fig. 2d and e). With the in-
crease of the scan rate, the electrode asymmetry tended to decrease,
with the difference in specific capacitance at the two electrodes reduced
from around 16 % to just over 10 % (Fig. 2f).

4.2. Galvanostatic charge and discharge (GCD)

The predicted GCD curves (solid lines) of the P4D-H FC model for a
two-electrode symmetrical supercapacitor system replicated the typical
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SC-like response observed experimentally (dotted curves) [18], showing
a symmetric triangular-shaped voltage-time profile during varying
constant current charging and discharging processes (Fig. 3a). A slight
deviation from the linear voltage-time relationship for the modelled SCs
was observed in the numerical curves. A more pronounced nonlinear
response was observed in the experimental devices, where the GCD
curves started to level off at higher potentials during charging, espe-
cially at small current densities (e.g., 0.625 mA/cm?, or 10 mA/16 cm?,
Fig. 3a). The ohmic drop (IR drop) at the transition of charging and
discharging was predicted to increase linearly with increasing current
density, giving an ESR of 2.1 Q (34 Q crnz) and 2.7 Q (43 Q crnz) for
P2D-H FC and P4D-H FC models, respectively, about 20 % and 40 %
lower than that of the experimental value of 3.6 Q (58 Q cm?) (Fig. 3b).

The Ragone plot (Fig. 3c) summarises the specific energy and power
of both P2D-HFC and P4D-H FC models undergoing GCD at varying
current density from 0.125 to 18.75 mA/cm?2 A constant electrolyte
accessibility A, was initially assumed in the numerical models, and the
value of 0.31 was calibrated based on the experimental CV curve at 5
mV/s (see ESI for detailed calibration procedure). At the lower current
densities (0.125-1.25 mA/cmz, or 2-20 mA/16 cmz), a generally
acceptable error of less than 30 % was obtained between the numerical
and experimental results in both specific energy and power for both
models (Fig. 3c). However, at higher current densities (over 6.25 mA/
em?, or 100 mA/16 cmz), the tendency to overestimate the specific
energy became more pronounced, which associated with the over-
predicted specific capacitance (Fig. 3d). As the charging rate decreased,
both simulation and experimental data exhibited an approximately
linear increase in specific capacitance at elevated current densities.
While the experimental device demonstrated a more abrupt capacitance
boost when the charging rate was reduced to the lower current density
range, eventually reaching a maximum cell specific capacitance of 2.6
F/g at 0.125 mA/cm?, about 20 % higher than the corresponding nu-
merical value of 2.1 F/g.

To explore the effects of electrolyte accessibility on the overall cell
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Fig. 2. (a) Cyclic voltammetry graphs and (b) specific capacitance response of a two-electrode symmetrical cell model (P2D-H FC), in comparison with the
experimental data from Ref. [18]. (c) The relationship between the response current and scan rates at different cell voltages. (d)-(e) Voltammograms of positive and
negative electrodes at a slow (5 mV/s) and fast (200 mV/s) scan rate predicted by the numerical model, with the resulting specific capacitance for both cell and

individual electrode summarised in (f).
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discharge which determines the ESR, (c) the specific energy and power presented in the form of a Ragone plot, and (d) the specific capacitance. A constant electrolyte

accessibility A. was assumed in the above numerical models.

performance, a rate-dependent electrolyte accessibility A.(i) was
defined and calibrated from experimental data across a range of
charging rates and subsequently fitted with a logarithmic function
(Fig. 4c; see ESI for detailed calibration procedure). The models were
then tested at a different set of charging rates (Fig. 4c), using a fitted
rate-dependent A.(i). Significant improvements were achieved in the
accuracy of cell performance predictions, with errors of less than 10 % in
both specific energy (Fig. 4a) and specific capacitance (Fig. 4b) pre-
dictions while a consistent error of around 20 % was obtained for spe-
cific power (Fig. 4a), when the charging rate did not exceed 3.75 mA/

em? (60 mA/16 cm?).

During the galvanostatic charging/discharging (Fig. 5a), when the
cell reached the quasi-equilibrium state (~0.7s after the reverse of
current direction), the electronic current density i; presented a linear
decrease/increase within the porous electrodes along the cell thickness
direction from the current collector/electrode (CC/E) boundaries on
both sides towards the centre, and reached zero at the electrode/sepa-
rator (E/S) boundaries (Fig. 5b). The solid phase electrode potential ¢,
increased/decreased linearly with time during constant rate charging/
discharging, and was constant in the thickness direction due to the
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Fig. 5. (a) GCD response curve of the symmetric cell model (P2D-H FC) at a current density of 1.25 mA/cm? and the predicted spatial distribution of (b) electronic
current density i; and ionic current density i; (c) solid electrode potential ¢, (d) liquid electrolyte potential ¢;, (e) potential drop u = ¢, — ¢, (f) differential double
layer capacitance Cy;, (g) and (h) cation and anion concentration within the EDL along the thickness direction, as well as (i) the relationship between the double layer

capacitance and the potential drop across the EDL, i.e., Cy4-u profile.

comparably good electrical conductivity of CAG (0.4-4.46 S/cm [48])
(Fig. 5¢). To preserve a constant total current density throughout the
entire cell, the ionic current density i; along thickness direction exhibi-
ted a reverse linear distribution within the porous electrodes and kept
constant within the separator domain, equal to the input current density.
The overall electrolyte potential ¢; consistently increased over time.
Spatially, it decreased in a quadratic manner within the porous electrode
and linearly within the separator along the thickness direction from the
positive to the negative electrode during charging, and vice versa during
discharging (Fig. 5d). The resulting absolute potential drop |u| = |¢; —¢|
between the solid and liquid phase of the porous electrodes presented
the same quadratic increase from the CC/E boundaries to the E/S
boundaries (Fig. 5e). Naturally, the same number of excess charges were
stored at the EDL at each electrode to preserve the charge balance of the
system (Fig. 5g and h). However, the absolute potential drop at each
electrode was asymmetric, at a given cell voltage, with a larger value
predicted at the negative electrode than the positive electrode (Fig. 5e).
This was associated with the asymmetric voltage-dependent differential
double layer capacitance Cy solved by the microscale model, showing a
reverse higher capacitance at the positive electrode (Fig. 5f). The rela-
tionship between the Cy and the potential drop u within the whole
porous electrode domain during GCD was summarised as a Cy-u profile
(Fig. 5i), which exhibits the signature “camel” shape for RTILs [49,50].

The Cy4 started from the Potential of Zero Charge (PZC) and increased
exponentially with |u|, until it reached the maxima of the humps, and
then dropped with the square root of the |u| at higher potentials [35].

4.3. Electrochemical impedance spectroscopy (EIS)

The Nyquist plot (Fig. 6a) generated by the numerical model dis-
played a 45° line starting directly from the intersection point with the
real axis of the impedance at the highest frequency, followed by a 90°
vertical line at lower frequencies. This profile is characteristic of porous
carbon electrodes and can be effectively described using a finite-length
transmission line model with a reflective boundary [51]. The 45° line
region is associated with a semi-infinite linear diffusion process within
the porous electrode at high frequencies. As the frequency decreases, the
response transitions into a vertical line, characteristic of an ideal
capacitor, due to charge saturation at the end of the impermeable pore
wall. For the experimental SC device, the Nyquist plot shows a com-
pressed semicircle directly after the ESR point, followed by a nearly
linear region with slopes below 45° at intermediate frequencies. At low
frequencies, the plot ends with a straight line tilted approximately 6°
from the vertical.

Equivalent circuit (EC) fitting was conducted on both numerical and
experimental impedance spectra to interpret the underlying mecha-
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nisms (see ESI for details). The EC for the simulation can be simply
represented as a resistor R; for ESR in series with a restricted linear
diffusion element Mj, i.e., Ry + M;. To fit the experimental impedance
spectrum, a constant phase element (CPE) Q; was needed in parallel
with a resistor Ry, along with another CPE Q; in series (Fig. 6a). The first
component Q;/ Ry created a flattened semicircle in the Nyquist plot at
high frequencies, while the second CPE Q, contributed to a constant
phase distortion in the 90° straight line region at low frequencies.
Additionally, an inductor L; is included in series to account for the
positive imaginary impedance at high frequencies. This configuration,
R; + L1 + Q1/(R2 + M1) + Q2, represented the entire RC circuit for a real
pouch cell device.

The ESR determined from the numerical impedance spectrum was
2.1 Q, closely aligned with the experimental value of 2.4 Q (Fig. 6a and
b). Both measurements were about 20 % lower than the ESR obtained
from the GCD tests, both experimentally and numerically (Table 1). The
specific capacitance predicted by the numerical model was 2.0 F/g,
based on the real capacitance value at 10 mHz (Fig. 6¢). This prediction
was consistent with the GCD test result of 2.2 F/g (Table 1); however, it
was less than half of the corresponding experimental value of 4.7 F/g at
10 mHz, The time constants derived from the frequency at maximum
imaginary capacitance were in the same range, showing numerical and
experimental values of 1.1 s and 2.5 s, respectively.

4.4. Homogeneous and high-fidelity model

To validate the effectiveness and accuracy of the simplified homog-
enous model, a GCD test at 1.25 mA/cm? was performed on the P4D/
P2D homogenous full cell (P4D/P2D-H FC) model and the high-fidelity
P4D RVE (P4D-F RVE) model with electrodes adopting single, random
and aligned fibre representations with the same total equivalent fibre
volume fraction V;.

The GCD curves for all the models analysed displayed minimal dif-
ferences (Fig. 7a). Although the P4D-H FC model with strip current
collectors (Fig. 1b) exhibited about 30 % higher ESR (2.8 Q) as
compared to the other four models (~2.1 Q) considered, no significant

Table 1

difference was observed among all models regarding the specific
capacitance, specific energy and power, given their inherently low ESR
values (Fig. 7b). Amongst the high-fidelity RVE models, the simulation
results demonstrated that the fibre geometry and distribution can affect
the path of ion flow but had a relatively minor effect on the eventual ion
concentration distribution along the thickness direction (Fig. 7c).
Nevertheless, the P4D-F RVE model with random fibres showed the
overall longest and most tortuous ion flow path and therefore presented
the highest ESR (Fig. 7b). Based on the above observation, the para-
metric studies described in the next Section were performed on the P2D-
H FC model to save computational time.

4.5. Parametric study of constituent parameters

Separators serve to electrically isolate the porous electrodes from
each other whilst permitting ion transportation between them. The
separator should be as thin and porous as possible to reduce the ion
transport distance and tortuosity, and to minimise parasitic weight.
However, if the separator is too thin or too porous, there is an increased
risk of short-circuiting due to fibre or CAG penetration. The parametric
study indicated that for higher porosity (esep > 0.35) separators, the cell
performance was much less sensitive to the variation in separator
thickness as compared to those with lower porosity (gsp < 0.3)
(Fig. 8a—c). In the cases of higher porosity separators with thicknesses
ranging from 20 to 240 pm, the cell held a consistently good perfor-
mance, achieving specific power over 140 W/kg, specific energy over
2.0 Wh/kg and time constant lower than 1.6s (with electrode thickness
of 100 pm and fibre volume fraction of 31 %). Alternatively, comparable
cell performance can be achieved using less porous but thin-ply sepa-
rators (<50 pm), which consistently outperformed their thicker coun-
terparts (>100 pm).

The electrode thickness in the symmetric full cell model was varied
from 50 pm to 200 pm, according to the typical thickness range for ultra-
thin plain weave STFs, used as the basis of the structural electrodes in
SSCs. A thinner electrode thickness also benefits cell performance,
doubling the specific power on halving the electrode thickness from 100

A summary of the numerical predicted and experimental measured [18] electrochemical performance of SCs with symmetric CAG-STFs electrodes in [EMIM][TFSI]
electrolyte. The performance obtained from the GCD test was predicted by the P4D-H FC model with rate-dependent electrolyte accessibility. The gravimetrical

performance indices were normalised by the total mass of the two electrodes.

Characterisation Equivalent Maximum specific Maximum specific energy I'; (Wh kg™1) from Maximum specific power P; (kW kg™!) from Time
method series capacitance C; (F GCD GCD constant 7

resistance g (s)

Resr (Q

cmz)

GCD  EIS CGD Ccv EIS CGD  EIS
Numerical 43 34 21 45 20 2.4 0.66 1.1 1.1
Experimental [18] 58 38 2.6 5.0 47 2.6 0.44 1.7 2.5
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pm to 50 pm in all fibre volume fractions (Fig. 8e); however, the numerical models before applying them for more advanced device
improvement in specific energy was less than 2 % (Fig. 8d). On the other design and optimisation tasks. Among the five key cell performance
hand, for a given electrode thickness, the specific energy of the cell indicators evaluated in this study, i.e., ESR, specific capacitance, time
decreased rapidly as the fibre volume fraction of the electrode increased constant, specific energy and power, the former two are more funda-
(Fig. 8d). mental and inherent to the device materials and structure, and they
determine the latter three performance indices.
5. Discussion The ESR accounts for the resistances of the bulk electrolyte, the
electrode, and the contact resistance between the electrode and the
5.1. Model accuracy and error analysis current collector [52]. Therefore, given the accurately measured mate-
rial properties input, the established physics-based continuum model
Accurate prediction of the device performance is the prerequisite for can give an overall accurate prediction. Overall, the P4D-H FC model,
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featuring anisotropic material properties and geometric structures
identical to actual devices, provided the most accurate prediction of ESR
among all numerical models with different configurations considered in
this study (Figs. 3b and 7b), although still presenting about 20 % un-
derestimation. This underprediction of the ESR can steam from the
uncaptured manufacturing defects in the CAG and difficulty of matching
appropriate parameters to the heterogeneous system.

Due to the low overall internal resistance of the current system
employing liquid electrolyte, the effects of the underpredicted ESR on
the overall cell performance were small when the cell was charged at
slow rates (0.125-1.875 mA/cmz), where the differences in specific
energy and specific power predicted by P4D-H FC and P2D-H FC models
were less than 3 % (Figs. 3c, 4a and 7b), even though their ESRs differed
by 20 %. However, as the charging rate increases, the discrepancy be-
tween the experimentally measured and predicted ohmic drop (Vo =
2Rgsrlp) increase linearly (Fig. 3b), and this variation is amplified
VZ

max>

quadratically by the term thereby inducing an increasing over-
prediction of the specific energy (I's = %csv,%m) (Fig. 4a). Therefore, it
can only be justified to use the reduced-dimension P2D FC model with
isotropic material properties and fully covered CCs for cell performance
estimation when the cell internal resistance was relatively low and
charged at relatively slow rates. While in systems with solid electrolytes
or those exhibiting significant contact resistance between the CCs and
electrodes, the accuracy of the P2D model should be reevaluated.

Specific capacitance is the other crucial performance metric that
determines the specific energy and is largely determined by the intrinsic
double layer capacitance and electrolyte accessible SSA. In the cases
where a constant electrolyte accessibility was utilised, an approximate
linear reduction in the cell specific capacitance was predicted as the
charging rate increased (Fig. 3d). The reduced capacitance was attrib-
uted both to the linear increase in ohmic drop (Fig. 3b) and the
increasingly pronounced ion transport limitations within the electrodes
(Fig. S3), where the outer region of the electrodes exhibited a lower
potential drop across the EDL (Fig. S3c) and consequently lower local
double layer capacitance (Fig. S3d) at high charging rates (>6.25 mA/
cm?). However, with the constant electrolyte accessibility assumption,
the models cannot capture the nonlinear increase of capacitance at very
slow charging rates observed in real devices, which can be associated
with the enhanced accessibility of the electrolyte to micropores [53]. To
address this issue, a calibrated rate-dependent A (i) was employed
instead (Fig. 4c), which was demonstrated to provide accurate pre-
dictions (<10 % error) for the specific energy and specific capacitance at
slow to moderate fast charging rates (Fig. 4a and b). However, as dis-
cussed above, the underestimated ESR still induced a considerable
overestimation of the specific energy and power at high charge rates
(Fig. 4a). Additionally, although the A.(i) function may vary across
different supercapacitor systems, the A (i) calibrated in this study re-
mains applicable for exploring the effects of mechanical loading/-
damage on the electrochemical response of SSCs with the current
material system.

5.2. Effects of constituent parameters

One of the attractions of the numerical modelling is that it allows an
exploration of the materials design parameters, saving experimental
resources and labour. In general, homogenisation methods have proved
effective and efficient for numerical simulation of macroscopic ion
transport within porous media, including porous electrodes, structural
electrolytes, and separators [54,55], by assigning them with a proper
effective geometrical parameter, e.g., porosity and tortuosity. While
porosity is a well-defined parameter that is relatively easy to measure,
quantifying tortuosity poses more challenges. Therefore, tortuosity is
often derived from porosity through various functions tailored to
different material types and microstructures [45,46]. The parametric
study of the separator porosity (Section 4.5) was based on a modified
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Bruggeman relation with the cylindrical microstructure assumption for
the glass fibre separator. To obtain a more accurate value of the
McMullin number (e¢/t) or tortuosity as the model input parameter,
experimental characterisation methods such as impedance spectroscopy
[46] may be required in the future. On the other hand, the influence of
thickness is consistent for different components, since a thinner layer of
separator/electrode facilitates a shorter average transport path for ions
to reach the pore walls of the active material, thereby promoting faster
charging/discharging and enhancing the cell specific power (Fig. 8b and
e). As the electrode thickness increases, diffusion limitations become
more pronounced, resulting in higher internal resistance, reduced uti-
lisation of the outer electrode regions, and lower overall energy effi-
ciency (Fig. S4).

Increasing fibre volume fraction V;, systematically decreases in the
specific energy of CAG-STF electrodes (Fig. 8d), due to the loss of active
CAG volume fraction. Since the carbon fibres have an SSA several orders
of magnitude smaller than that of the CAG, they were modelled as
current conductors with negligible capacitance. Additionally, since the
density of the CFs is much higher than that of the CAG, the effect of the
gravimetrically normalised electrochemical performance is even more
significant than the relative volume fractions imply.

5.3. Surface versus diffusion-controlled kinetics

The EDL dis/charging is generally regarded as a surface-controlled
non-Faradaic process [56]. In an ideal SC, the total charge stored at
the electrode/electrolyte interfaces is independent of the scan rate when
tested via voltammetry [57]. This response is observed for the SC models
developed in this study, where the current i depends linearly depends on
the applied scan rate v at a given voltage (Fig. 2c). However, the
nonlinear response observed in the experimental studies indicates that
real devices may exhibit kinetics that are not solely surface-controlled.
To better understand the electrode kinetics involved, the i-v relation-
ship can be fitted to the power law dependency based on the empirical
equation i = a® [58,59]. If b is unity, it suggests a surface-controlled
behaviour; and if it equals 0.5, the response current is proportional to
the square-root of the scan rate, which is associated with the
diffusion-controlled (non-capacitive, Faradaic) kinetics [57]. The fitting
result of the experimental curves showed a b value between 0.86 and 0.9
in the voltage range from 0.6 to 2.0 V (Fig. 2c), suggesting a
co-contribution of both surface-controlled and diffusion-controlled
processes while the former still dominated (if b >0.85) [57].

These mixed kinetics were also demonstrated by the EISs (Fig. 6a),
where the experimental Nyquist plot was sloped (less than 45°) and an
approximately linear region at intermediate frequencies, compared with
the 45° straight line at high frequencies for the numerical models under
pure surface-controlled conditions. The non-vertical line with a slope
less than 45° at intermediate frequencies is associated with the mixed
control of ion transfer crossing the EDL and diffusion within the active
material, which has been studied both experimentally [56] and
numerically [52]. This impedance spectrum can be replicated by
incorporating CPEs into the baseline EC model for numerical SSC
models, as described in Section 4.3. One physical interpretation for the
CPEs is the mixed surface-diffusion-controlled kinetics [51], consistent
with the above analysis. The origin of the diffusion-controlled process
could be the parasitic redox reaction of the function groups or impurities
on the CAG surface [57], which can be considered in further models.
Another physical interpretation for the CPE element is the interfacial
impedance at the current collector/active material (CAG) interfaces
[57], which could generate the semi-circle at high frequencies, as well as
shift the imaginary part of the impedance at low frequencies from the
theoretical 90° line (Fig. 6a).
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5.4. Non-linear voltage-charge dependency

In an ideal dielectric capacitor or SC, the amount of charge stored in
the cell is linearly dependent on the cell voltage, resulting in linear or
triangular GCDs and rectangular CVs. The non-linear GCDs (Fig. 3a) and
peak-shaped CVs (Fig. 2b) of a real SSC cell, could stem from several
aspects.

The first and most fundamental factor is that the EDL is in fact not
intrinsically linear, contrary to common assumptions. The differential/
double-layer capacitance Cg of porous carbon electrodes in IL may
vary as a function of the voltage u (the potential drop across the EDL),
resulting in a non-constant slope (dV/dt = —I.;/Cq) in the GCD curves.
Numerous experimental studies have shown that the Cy4-u curve for IL on
a charged planar surface is bell-shaped (as can be replicated in the
Kornyshev model [35-37] with compacity factor y > 1/3) [60] or more
commonly camel-shaped (y < 1/3) [49,50,61], rather than U-shaped in
dilute electrolytes [61], due to the two competing regimes of behaviour
for the EDL in ILs. At small voltages, the EDL is dominated by the ion
overscreening regime induced by the electrostatic interactions between
densely packed ions near the solid plane [36,38], leading an exponen-
tially increasing Cq4 with increasing voltage (Fig. 5i). At large voltages,
ion crowding prevails over the overscreening due to the strong steric
interactions of ions [36,38], resulting in a square root decay of Cy4 with
voltage. When y—0, the Kornyshev model retrieves to the classic
Gouy-Chapman model [35], thereby the proposed multiscale model
could also be applied to diluted electrolytes, given the fact that the
employed Nernst-Planck model for charge transport remains valid.
However, the applicability of the Kornyshev model to moderately
concentrated or concentrated aqueous/organic electrolytes remains
unexplored, thereby limiting the scope of the current multiscale model.

The second source of non-linearity is more conventionally under-
stood: the mixed surface-controlled (capacitive non-Faradaic) and
diffusion-controlled (non-capacitive Faradaic) kinetics, as discussed in
Section 5.3, distort the electrochemical response of a real SSC cell from
the ideal SC behaviour. A third common origin of non-linear GCDs and
peak-shaped CVs in supercapacitors occurs on charging beyond its
maximum voltage window. Parasitic reactions, associated either with
direct electrolyte decomposition or side reactions with adventitious
oxygen, water, or other contaminants, reduce both the columbic effi-
ciency and the energy efficiency [56]. Further detailed experimental
studies of the maximum effective stability window for CAG electrodes in
[EMIM][TFSI], operated as symmetric two-electrode devices, are
underway.

5.5. Asymmetric electrode performance

An asymmetric electrochemical response of the pair of symmetric
electrodes was predicted by the numerical models in both GCD (Fig. Se
and f) and CV (Fig. 2d-f) tests, with a consistently higher level of
polarisation and lower capacitance at the negative electrode as
compared with the positive electrode. This phenomenon has also been
observed in an experimental study [49,62], which tested the operating
potential window (OPW) of the same IL used in this study, i.e., [EMIM]
[TFSI], on pore-free onion-like carbon electrodes. This asymmetric
behaviour of symmetric cells is usually attributed to mobility and size
differences between anions and cations [62], although the identity of the
mobile species can be complicated by the structure of the double layer at
the PZC [43]. The position of the open circuit potential relative to
non-linearities discussed in the previous section is also important.

During the charging/discharging of an SSC or a more general SC, the
amount of charge Q stored on the two electrodes is equal (Fig. 5g and h).
Given Q = CV, the electrode with the smaller capacitance (the negative
electrode in the system studied) will require a larger polarisation to
reach the charge balance. Since the electrodes were symmetric and had
identical properties in the numerical models, the imbalance in the
electrode capacitance stems from the asymmetric behaviour of the
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double layer at positive and negative polarisations (Fig. 5i). The asym-
metry of the predicted capacitance-potential (Cy4-u) curve is associated
with the ion compactness (parametrised by y(u)) of the IL in response to
the positive and negative polarisation, which are determined by the
anion and cation size, as well as their excluded volumes [37]. A
semi-phenomenological explanation for the effects of ion size on the
double layer capacitance can be: when the cation size is substantially
larger than the anion size, the maximum local concentration cpq, of
cations in the cation-rich region of the EDL is smaller than that of the
anion [28,35]. Consequently, a larger ion compacity y«cpyi/Cmax Will
occur at the negative electrode rather than at the positive electrode,
which suppresses the capacitance of the negative electrode and even-
tually induces larger negative polarisations than the positive polar-
isations. A case study in the ESI provided further support, where two
other ILs, i.e., [PYR;3][TFSI] and [N7114][TFSI], with different cation
and anion capacity relationship, were tested by the P2D-H FC model.
The results also revealed that a higher ion capacity led to a lower
capacitance on the electrode side that adsorbed the respective ion spe-
cies. Besides, this case study demonstrated that different combinations
of anions and cations could impact the IL self-diffusion coefficient,
double layer capacitance at PZC, as well as asymmetric behaviour at the
positive and negative electrodes, subsequently influencing the overall
supercapacitor cell performance.

In addition to the ion-size asymmetry in [EMIM][TFSI] (7.6 Ax43
Aand 7.9 A x 2.9 A for cation and anion, respectively), factors such as
functional groups on the electrode surface, pairing and short-range re-
pulsions [37], as well as electrode microstructural configurations [63]
and pore sizes [64] could also affect the double layer capacitance and
the asymmetric behaviour of the electrodes. The porous carbon elec-
trodes considered in this study, e.g., CAG, typically feature a hierar-
chical pore structure, comprising micropores, mesopores, and even
macropores. Among these, micropores have been found to promote an
anomalous capacitance increase for porous carbon in electrolytes with
either solvated ions [65] or non-solvated ions (i.e., ILs) [64]. Moreover,
the highest double layer capacitance was achieved when the pore size
closely matches the ion size, enabling optimal ion packing with minimal
free space [64,66]. Although the calibrated rate-dependent electrolyte
accessibility somewhat reflects the increasing contribution of the mi-
cropores at slower charging rates, the established multiscale model,
however, only considered an average mesopore size. This simplification
represents one of the main limitations of the current model.

To improve the symmetry of the electrode response such that
enhancing the cell performance, several strategies can be adopted, e.g.,
balancing the electrode masses, utilising different materials for the
positive and negative electrode, and formulating electrolyte with mixed
ILs [62]. Among these approaches, the design and optimisation process
for asymmetric electrodes can be accelerated using the multiscale model
proposed in this paper, which evaluates the effects of the intrinsic
asymmetric behaviour of the microscale EDL at polarised electro-
de/electrolyte interfaces on macroscale cell performance.

6. Conclusions

In this study, a physics-based continuum multiscale electrochemical
model was developed for SCs with porous carbon electrodes in an RTIL
electrolyte. The proposed P4D multiscale model coupled a 3D macro-
scopic homogeneous model that solved the dynamical transport across
the full cell, with a 1D equilibrium cylindrical mesopore EDL model,
which determined the local double layer capacitance with respect to the
local potential drop across the EDL solved in the macroscale model.

The multiscale model was validated by comparing the numerical and
experimental results [18] of CV, GCD and EIS tests conducted on an SSC
pouch cell with CAG-modified carbon fibre-reinforced electrodes in an
RTIL electrolyte. An overall good accuracy was achieved in predicting
various performance indices, achieving an error less than 10 % for
specific energy and capacitance, and around 20 % for specific power, at
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slow and moderately high charging rates (<3.75 mA/cm?). Further-
more, the proposed multiscale model captured the effects of inherent
asymmetric response of the microscale EDL during positive and negative
polarisation on the macroscale cell behaviour. The model predicted an
asymmetric electrochemical response of a pair of symmetric electrodes
in both GCD and CV tests, where the positive electrode exhibited over
10 % higher capacitance and an inversely narrower potential window as
compared with the negative electrode. Additionally, a good consistency
in the cell performance prediction was achieved between the
high-fidelity and homogeneous model, enabling a series of parameter
studies to be conducted on the homogeneous model with low compu-
tational cost and high accuracy to determine optimal constituent
parameters.

In conclusion, the multiscale model developed in this work has
several potential uses: most tangibly, it provides predictions of key
electrochemical performance indicators as a function of device constit-
uents and geometry, helping to accelerate the design and optimisation of
SSCs and other general SCs with porous electrodes and RTIL electrolytes.
In addition, it identifies some less obvious complexities, thus shedding
light on fundamental phenomena that underpin observed performance.
In the longer run, a practical modelling framework may also contribute
to virtual certification.

Future work will focus on enhancing the model’s physical fidelity
and broadening its scope of applications. Improvements may involve
incorporating a realistic distribution of pore sizes or statistical pore size
variability instead of relying on an average value, as well as considering
ion adsorption in both micro- and mesopores to better represent the
hierarchical pore structure in porous electrodes [67]. Additionally, by
incorporating Faradaic processes, the model can be adapted for pseu-
docapacitors and hybrid ion capacitors. In the near term, efforts will
focus on developing the model for a fully structural SC with a
bi-continuous structural electrolyte. The modified model, especially in
its high-fidelity configuration, could be employed to predict the elec-
trochemical response of SSCs subjected to various types of mechanical
damage, such as fibre breakage, CAG cracking, CF/CAG debonding, and
electrode/separator delamination.

Appendix A. Supplementary data
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Table A.1
List of abbreviations and acronyms.
Abbreviations/Acronym Description
BET Brunauer- Emmett-Teller
CAG Carbon aerogel
CAG-STF Carbon aerogel modified spread tow carbon fibre fabric
CcC Current collector
CPE Constant phase element
Ccv Cyclic voltammetry
CAG Carbon aerogel
DC Direct current
E Electrode
EC Equivalent circuit
EDL Electric double layer
EIS Electrochemical impedance spectroscopy
ESR Equivalent series resistance
FC Full cell
FE Finite element
GCD Galvanostatic charging and discharging
GCS Gouy-Chapman-Stern
H Homogenous
MPB Modified Poisson-Boltzmann
OPW Operating potential window
P1D/P2D/P4D Pseudo one/two/four-dimension
PET Porous electrode theory
RTIL Room temperature ionic liquid

(continued on next page)
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Table A.1 (continued)

Journal of Power Sources 665 (2026) 238956

Abbreviations/Acronym

Description

RVE
S

SC
SPC
SSA
SSC
STF
WCF

Representative volume element
Separator

Supercapacitor

Structural power composites
Specific surface area

Structural supercapacitor
Spread tow carbon fibre fabric
Woven carbon fibre

Table A.2
List of symbols.

Symbol Unit Description

a - Rescaling factor

T Jkg! Specific energy

4 - Ion compacity

€m - Porosity

A Sm! Electrode conductivity tensor

aleff Sm™! Effective electrolyte conductivity

Tm - Tortuosity

T H Time constant

s \4 Solid phase potential

P \ Liquid phase potential

Q - Domain

0Q - Boundary

Ac - Electrolyte-accessibility

as m?m~3 Specific surface area of the electrode
a. m?m3 Electrolyte accessible specific surface area
a m Ion size

c mol m~3 Molar concentration

Ca Fm 2 Differential/double layer capacitance
G Fm2 Debye capacitance

il m?s! Effective diffusion coefficient

d m Distance between the pore wall and the centre of the ion
F Cmol! Faraday’s constant

f Hz Frequency

i Am 2 Electronic current density vector

i Am2 Tonic current density vector

ig Am™ Double layer current density

ja mol m~2 57! Double layer flux density

N mol m2s7! Mass flux density vector

P w kg’1 Specific power

q C Charge

R JK ' mol™! Universal gas constant

R, m Average pore radius

T K Temperature

t s Time

tm m Thickness

u - Dimensionless voltage normalised by thermal voltage
v v Cell voltage

Vo \Y Operating cell voltage

Vinax v Maximum cell discharging voltage
Vinin \% Minimum cell discharging voltage
Vr - Fibre volume fraction

v ms™! Velocity vector

v vs! Scan rate

x m Spatial position vector

2 - Valence number of species i
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Table A.3

List of input parameters for the electrochemical model of the SSC cell.
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Parameters Symbol Value Unit Description
Physics constants
Faraday’s constant F 96485.3 Cmol!
Universal gas constant R 8.314 JK ! mol™
Temperature T 298 K
Electrode properties
Electrode thickness tele 100 pm CAG-STFs
Fibre volume fraction Vs 0.308 - CAG-STFs
Electrode porosity Eele 0.205 [18] - CAG-STFs
0.296 - CAG
Specific surface area (SSA) ag 1.38 x 10° [18] m?m~3 CAG-STFs (BET)
2.00 x 10° [18] m?m—3 CAG (BET)
Electrolyte-accessibility coefficient A 0.31 -
Electrode conductivity o 1.45 x 10* [68] Sm! CAG-STFs, in-plane
580 [68] Sm™! CAG-STFs, out-of-plane
446 [48] Sm! CAG, isotropic
7.69 x 10* Sm! Carbon fibre, longitudinal
1.54 x 10* [69] Sm! Carbon fibre, transverse
Electrode tortuosity Tete = 2€ee /> 4.41 - CAG-STFs
1.78 - CAG
Average pore radius R, 1.9x107° m CAG
Separator properties
Separator thickness teep 2.4 x 1074 [18] m Non-woven GFs
Separator porosity Esep 0.40 - Non-woven GFs
Separator tortuosity Tyep = 2650y " 5.0 - Non-woven GFs
Electrolyte properties [EMIM][TFSI]
Bulk IL concentration Chulk 3884.4 mol m~3
Bulk diffusion coefficient of cation Dhulk 3.60 x 1071 [70] m?s7!
Bulk diffusion coefficient of anion phulk 2.45 x 1071 [70] m?s!
Cation size a; 0.76 [64] nm
Anion size a_ 0.79 [64] nm
EDL parameters
Debye capacitance Co 0.12 [49] Fm2
Rescaling factor a 0.112 [49] -
Cation fraction 74 0.26 [49] -
Anion fraction 7 0.087 [49] -
Current collector properties
Electrical conductivity Occ.in 1 x 10° [71] Sm ! Graphite
Gecout 500 [71] Sm! Graphite
Data availability [8] F. Danzi, R.M. Salgado, J.E. Oliveira, A. Arteiro, P.P. Camanho, M.H. Braga,
Structural batteries: a review, Molecules 26 (8) (2021).
[9] N. Shirshova, T. Rogaume, H. Najmi, M. Poisson, The combustion behavior of
All underlying data to support the conclusions are provided within epoxy-based multifunctional electrolytes, Fire Mater. 46 (1) (2021) 192-204.
the manuscript and Supplementary information. [10] L.M. Schneider, A. Riazanova, D. Zenkert, G. Lindbergh, Effect of electrolyte
composition on biphasic structural electrolytes for laminated structural batteries,
ACS Appl. Energy Mater. 7 (19) (2024) 8838-8850.
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