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Multifunctional structural power composites, which combine mechanical load-bearing and electrochemical en-
ergy storage, will transform electric vehicle design. This work focuses on structural supercapacitors, based on
carbon aerogel-modified carbon fibre electrodes with copper current collectors. In common with many structural
power embodiments, scale-up of these devices is currently limited by large internal resistances and the mass
associated with current collection. There is a trade-off between the overall resistive power loss and the additional
mass for the current collector material. However, in these devices, mechanical integrity is provided by the
structural electrodes, allowing a range of collector designs to be considered. Using finite element simulations,
these current collection strategies are explored quantitatively across a range of design space variables. The key
conductivity parameters were measured experimentally, using the best existing materials, to inform direct
current conduction simulations of the electrode/current collector assembly. For the present device configuration,
the performance trade-off is governed by the area of the current collector. The most effective near-term strategy
for power loss mitigation lies in reducing the contact resistance; however, improvements can also be obtained by
modifying the collector geometry. The findings of this paper can be generalised to other structural power
composites and monofunctional energy storage devices, which are relevant in many mass-sensitive electro-
chemical applications.

1. Introduction tolerance. This paper focuses [6] on carbon fibre/carbon aerogel

(CF/CAG) structural electrodes [6], glass fibre structural separators, a

Structural power composites (SPCs) [1-3] are an emerging class of
multifunctional composite materials which can store and deliver elec-
trochemical energy whilst bearing mechanical load. SPCs could be a key
enabling technology for a range of applications, most notably in the
electrification of transport, which is currently constrained by the rela-
tively low specific energy of batteries [4]. By replacing conventional
structural materials and energy storage devices with SPCs, dramatic
reductions in the system mass and volume could be achieved [5].
Structural supercapacitor composites (SSC) are one class of SPCs that
offer high power density, relevant to load-levelling and back-up power
functions, combined with potentially long cycle life and environmental

bicontinuous structural electrolyte [7] and copper current collectors
(Fig. 1). During the development of SPCs, little attention has been paid
to the design of the current collectors (CCs), which draw electric current
in/out of the electrochemical device. In conventional (monofunctional)
devices, the CCs are continuous metallic foils which also act as sup-
portive substrates upon which the active layer is deposited. However,
this additional mass can be more than 14% of that of the total device [8].
In contrast, SSC electrodes are self-supporting, providing an opportunity
to reduce the parasitic CC mass (and volume), by distributing additional
metal only where it is needed. The carbon fibres generally used in SPCs
provide a degree of multifunctional current collection, alongside their
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structural and electrochemical roles. It has often been tacitly assumed
that no additional CC is needed, simply a contact at the device edge. In
structural composite batteries, the assumption may be acceptable, at
least for smaller, model devices. However, supercapacitors are intrinsi-
cally high power devices, and imply greater currents, requiring addi-
tional conductivity, particularly over larger devices/components. The
common practice (Fig. 1) has been to use a narrow copper strip attached
along one edge of each electrode as the CC [9]. However, since this
configuration limits contact area and lengthens the path of charge car-
riers through the electrode, such a geometry may be detrimental to the
delivered power [10], increasing the device equivalent series resistance
(ESR). SSC devices have an area-normalised ESR (ca. 80 Q cm? [6]) at
least an order of magnitude higher than that of typical commercial
monofunctional supercapacitors (ca. 3 Q cm? [11]1). Such alarge ESRisa
hurdle to scale-up, since charge collection inefficiencies increase with
device area [12,13].

For conventional devices, as well as being highly electrically
conductive, the current collector needs to be (electro)chemically
compatible with the other device constituents and tolerate the
manufacturing conditions. For structural power composites, there are
the additional requirements since the device must carry significant
(structural) mechanical loads. The current collector must, therefore,
tolerate mechanical strain and adhere well to the electrodes and sur-
rounding encapsulation such that it can provide efficient load-transfer
across these interfaces. Design strategies for SPC current collectors
that do not cover the entire structural electrode surface offer good op-
portunities for integration. However, the current collector materials
must adhere well enough to facilitate infusion of liquid or structural
electrolyte after assembly of the electrodes and separator.

Although copper CCs were selected for this modelling study, as they
have been widely implemented in SPCs, the choice of CC material to use
for structural power composites depends on the application re-
quirements and the trade-offs between performance, cost and other
considerations. For mass critical applications, the CC should be as light
as possible, hence a high ratio of electrical conductivity to density may
be preferred in future, for example, aluminium or nanocarbon based
materials. The need for (electro)chemical compatibility places signifi-
cant limitations, and different current collectors may be needed at the
anode/cathode, particularly in battery or pseudocapacitive embodi-
ments of SPC. If inherent passivation is not sufficient, deliberately
engineered passivating coatings may be required. Finally,
manufacturing considerations will be important, such as the ability to
precisely deposit the CC in thin films that can conform well to the
electrodes, potentially patterned according to the strategies discussed in
this paper.

The design of current collectors in solar cells presents an analogous
problem [14,15] but, in this context, area minimisation (i.e. shading
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losses) must be balanced with resistive losses [12]. Optimised metallic
grids with parallel strips or ‘busbar and fingers’ designs [14] have been
developed and analytical solutions for the minimum spacing [15] and
width [14] of the grid elements based on the allowable losses have been
derived. Current collector design to mitigate resistive losses is an active
research area for many other electrochemical devices with low con-
ductivity electrodes, such as fuel cells, electrolysers, and flow batteries,
with both experimental [12,16] and computational [17-19] studies re-
ported. The most important design factors are the quality of the elec-
trode/CC interface [13,16] and the feature size of the CCs [17] but only
simple geometries, such as parallel strips or regular grids, have been
studied. Space-filling fractal grids [20] have the potential to enable
more efficient current collection with a minimal amount of material. The
fabrication of CCs with such complex architectures could use techniques
such as screen printing [21].

The design of efficient CCs for structural supercapacitors could be
explored through numerical direct current conduction models. Most
computational analyses of resistive losses in electrochemical devices
relate to the scalability of water splitting devices [17,18] using the
two-dimensional (2D) models. However, such an approach would
severely restrict the types of CC geometries that could be investigated.
Given the influence of CC shape on the current distribution across the
area of the cell, and considering the substantial thickness and aniso-
tropic electrical conductivity of SSC electrodes [22], this system is more
appropriately modelled as a three-dimensional (3D) domain. In addi-
tion, none of the prior studies consider CC mass (and volume), despite
economic use of raw materials being an important driver.

This paper investigates the influence of CCs on the trade-off between
resistive power losses and parasitic mass in structural supercapacitors,
based on CF/CAG electrodes with copper CCs. By using a dimensionless
design space diagram, the generalised current collection design problem
has been considered and outline design strategies for various parameter
regimes have been proposed. A 3D finite element model of direct current
electrical conduction was used to evaluate the resistive power losses. To
parametrise the model, the anisotropic electrode conductivity and
contact conductivity of the electrode/current collector interface were
characterised in four-probe resistance measurements. A series of para-
metric analyses were performed to evaluate the impact of active current
density, cell surface area, CC area fraction, thickness, and shape. The
data were used to generate Pareto fronts of optimum mass- and power-
efficient CC solutions, and numerically evaluate their potential effi-
ciency. Modifications to the electrode fabrication process are proposed
to reduce contact resistance. The findings of this work may be applied to
other SPCs, as well as conventional energy storage devices.

Current collectors:
Copper strips

Structural electrolyte:
Epoxy/ionic liquid

3

Separator:
Glass fibre fabric

Electrodes: Carbon aerogel
modified catbon fibre fabric

Fig. 1. Schematic of structural supercapacitor (SSC) device architecture (left), with partial cross-section illustrating electron paths from the electrode/electrolyte

interface to the current collector (right).
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2. Current collector design strategies for structural
supercapacitors

The electrical resistance associated with current collection includes
contributions from the electrode, the CC, and the contact interface be-
tween these two components. The design of efficient CCs, which co-
minimise the total resistive power loss factor, P*, and the current col-
lector mass, m,., requires the designer to select appropriate values for
the CC thickness, t., its area fraction, Ay, (defined as Ay = A/ Acen,
where A.. and A, are the geometric areas of the CC and the cell,
respectively), and the bulk electrical conductivity of the CC material, o..
The bulk electrical conductivity of the electrode, o., the contact con-
ductivity of the electrode/CC interface, oc, the current density, js, the
length of the cell, L., and its area, A, will further impact the design.
Taken together, these CC and cell variables form the design domain.
Subsequent sections of this paper will interrogate this design space
quantitatively through detailed modelling; however, the parameter re-
gimes, which can be expected to produce efficient solutions, may also be
identified by considering the basic principles of conduction.

The design domain can be simplified by introducing the non-
dimensional variables o./0.. and ocLc/0.. These ratios describe the
relative importance of the resistive loss components in the system
studied. For simplicity, this design domain analysis assumes an isotropic
electrode conductivity and a square electrode geometry. It is also
assumed that the density of the CC is greater than that of the electrode,
as is typical for electrochemical cells. Further, the approach explores, at
present, only solutions for CCs of constant thickness (as might be laid
down with tape or patterned foil) and assumes a constant electro-
chemical current per unit area at peak current (a reasonable assumption
if the electrode is homogeneous). Several regimes of interest were
identified (Fig. 2).

In the theoretical limit . /6. > 1, assuming good contact between
the electrode and the external circuit connections, no current collector is
needed at all. In practice, the use of a current collector is necessitated by
the limited conductivity of most electrode materials. In the limits o,/
0..—0 and/or ocLc/0.—0, a plate CC is necessary to minimise bulk

oc Lcell/ O¢

No coverage

0

Uc/ Occ

Fig. 2. Schematic representation of current collector design space, illustrating
the parameter regimes where strip (green) or grid (blue) geometries are
preferred. Solid arrows indicate recommended parameter selection; dash ar-
rows indicate parameter influence over the size of the design regions.
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electrode and contact losses, respectively. In such cases, mass reduction
can only be achieved by reducing the CC thickness, as far as permitted by
the CC conductivity and practical fabrication methods. For intermediate
conductivity ratios, it is possible to optimise the CC area fraction and
thickness by considering the tradeoff between CC mass and resistive
losses. In the regime of low active current density, simple strip CC ge-
ometries (Fig. 2, green) may ensure resistive power losses remain low.
The conductivity ratios of the specific system dictate the most appro-
priate design strategy. In the regime of high active current density,
current collection is more demanding (P* «j; ); therefore, more complex,
grid current collector geometries (Fig. 2, blue) are advantageous. Large
cell areas also increase the need for grid solutions (P*«xAc). At very low
CC thicknesses, CC geometries with a hierarchical structure, which
minimise losses within the CC grid elements may emerge as more
efficient.

3. Materials and characterisation methods

The as-received woven fabric was a 200 g/m? carbon fibre plain
weave (C-WEAVE™ 200P 3K HS, Chomarat), containing Toray FT300B
carbon fibres. The preparation of the CF/CAG electrodes and their
application in structural supercapacitors are detailed elsewhere [6]. The
electrode thickness (t.) was 320 pm. The CC was a 10 mm wide copper
tape with a one-sided conductive acrylic adhesive (AT526, Advance
Tapes International), 35 pm foil thickness (t.). The copper tape was
bonded to the as-produced electrode and cured inside a vacuum bag, at
1 bar and 130 °C held for 2 h. In this work, the above configuration is
denoted ‘Case I'.

Additional studies focused on two potential fabrication strategies for
improving the contact properties between the CAG-modified carbon
fabric electrodes and the CC foils. The first strategy used selective
masking of the CAG-modified fabric electrodes [23] to enable direct
contact of the CC material to the carbon fibres (‘Case II’). To model the
potential improvement of this strategy, the contact and intrinsic con-
ductivities of the carbon fabric which had been exposed to the same
heating protocols as that used for the CAG synthesis, as described in
Ref. [6], were characterised to provide the local material input param-
eters. The second strategy considered an electrically conductive surface
treatment containing colloidal copper, which had shown promising re-
sults for Li-ion batteries [24] (‘Case III’). The electrical design of cells
involves co-optimisation of several resistive components [25]. In the
case of SSC electrodes and CCs, this design requires knowledge of the
conductivity of the electrode/current collector contact interface (oc)
and the intrinsic conductivity of the electrode material (o). However,
the anisotropic electrical conductivity of the electrode necessitated
characterisation along both the lateral (c.x) and transverse (i.e.,
through-thickness) (o..) fabric directions (Fig. 3). Details of the mea-
surements are in the ESI, whilst the results are in Table 1.

4. Finite element model
4.1. Geometry and boundary conditions

To understand the importance of electrical resistive losses in isola-
tion, the analysis was restricted to the domain including a single elec-
trode/CC assembly with a square device geometry (Fig. 3). The domain
was modelled in 3D to account for the finite electrode thickness and
material orthotropy, modeling the electrode as a continuous layer with
homogenised properties. A uniform surface current density, j;, acted
over the electrode/separator interface plane, to represent the active
current density. The separator was assumed to have negligible lateral
conductivity. The effect of modifying the CC geometry could therefore
be assessed by analysing the current distributions and heat dissipated
within this domain. In most practical applications, several cells would be
stacked, so the following design constraints were assumed: (i) uniform
thickness of CCs, and (ii) external connection made through a single
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Fig. 3. Domain and boundary conditions for the current collection model
(electrode in light grey, and current collector in dark grey).

Table 1
List of electric conductivities used in the three case studies.
Symbol  Quantity Value Unit
Case I Case II Case III
Cex Lateral conductivity of 156 156 156 S/cm
electrode
Oey Transverse conductivity 0.17 0.15¢ 0.17 S/cm
of electrode
Occ Conductivity of CC 5.95 x 5.95 x 5.95 x S/cm
10° 10° 10°
oc Effective contact 0.95 3.58¢ 14.45 S/
conductivity cm?

junction at the cell edge (referred to as the end-tab). An electrical ground
was specified at the end-tab, whilst all other external surfaces were
assumed to be electrically insulated. The geometric parameters of the
assembly are listed in Table 2. In mass-insensitive applications, where
CC design is only driven by minimising resistive loss, a planar sheet
collector with full area coverage (Fig. 4e) is the optimal solution [26].
However, in mass-sensitive applications, where the CC mass and power
losses must simultaneously be minimised, geometries with partial
coverage can be advantageous. In this case, it is possible to co-optimise
by modifying the geometric design of the CC.

Parametric studies considered a ‘basic’ set of geometries (Fig. 4),
including a ‘side-strip’ (as used in existing devices), ‘centre-strip’,
‘busbar and fingers’, ‘simple grid’ and ‘side-tabbed plate’. These para-
metric studies analysed the influence of: the CC area fraction (Ay), the
CC thickness (t..), the active current density (js), the geometric side
length of the cell (L) and the contact conductivity (oc), with the range
of values given in Table 2 (nominal values in bold). The nominal CC
thickness (35 pm) was chosen to reflect the copper tape material, with

Table 2
List of geometric and cell parameters used in the current collection models.
Symbol Quantity Value Unit
t. Electrode thickness 320 pm
tec Current collector thickness 1,2, 5,10, 35 pm
Leen Cell length 0.9, 10, 25 cm
Af Current collector area fraction 10 ... 100 %
Js Active current density 1,10 mA/cm?
Vr Rated voltage 1 \Y

Nominal parameter values in bold.
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lower thicknesses (down to 1 pm) investigated as potentially more
efficient solutions: it should be noted that thicknesses lower than 5 pm
require a change of application method. Nevertheless, these low thick-
nesses may be beneficial not only for reducing the parasitic CC mass, but
also result in improved contact properties if conductive particles are able
to ingress into the electrode surface. The electrical conductivities were
assumed to be invariant with CC thickness, with the influence of the
electrical conductivities investigated independently. The lengths were
chosen to reflect device geometries which have been experimentally
characterised [6]: equivalent to a 1 cm diameter coin cell (0.886 cm)
and an A4 sheet (25 cm), whilst an intermediate value of 10 cm was also
chosen which gave a straightforward numerical conversion between
resistance and power loss. The active current density was kept constant
for the different device sizes to permit performance comparisons (that is,
scale-up analysis). The nominal active current density of j, = 1 mA/cm?
was representative of those used in experiments [6] and j; = 10 mA/cm?
(Section 5.1) was chosen to represent a more demanding electrical
loading condition, such as constant voltage charging of demonstrator
components [27]. The CC performance across all of the ‘basic’ geome-
tries were compared under three contact configurations Case I, II, and III,
representing different values of contact conductivity at the electro-
de/current collector interface.

An ‘extended’ set of geometries (ESI: Fig. S1) were also investigated,
which included a selection of space-filling fractal grids [20]. Three grid
densities were considered for each geometry. To minimise the number of
simulations, this analysis only considered Case III (i.e., high contact
conductivity), with the remaining parameters fixed at: L.; = 10 cm, j; =
10 mA/cm?, As =10%, and t.. = 35 pm.

4.2. Domain discretisation

The 3D nature of the problem and the anisotropic nature of the
electrodes meant that the model was not tractable to a closed form
analysis, and therefore finite element models for the detailed analysis of
the CC performance were pursued. Using Abaqus [28], the geometries
were discretised using solid quadratic (20-node) hexahedral
thermal-electric elements (DC3D20E) to capture the potential gradients
accurately. The meshes were structured using the volume partitioning
technique to ensure a rectangular element shape and solved in a coupled
thermal-electrical analysis. Mesh sensitivity studies were performed to
ensure solution convergence and the numerical results were verified
against 1D analytical solutions for the plate and side-strip geometries
[23].

4.3. Constitutive model

Based on the electrode conductivity measurements (see ESI), ortho-
tropic conductivity was assumed in the electrode domain whilst an
isotropic material model was assumed in the CC domain. A surface-
based contact interaction [28] was used to specify uniform contact
conductivity at the electrode/current collector interface. For the base-
line model (Case I), the contact conductivities measured for the CF/CAG
and the cured copper CC were used. Additional case studies focused on
the effects on CC performance of selective masking of the CF/CAG (Case
II), and the use of an electrically conductive surface treatment (Case III).
The measured and reported values of the contact conductivities were
used to define the electrical contact. For Case II, the electrode conduc-
tivity in the regions underneath the contact zones were locally modified
to reflect those measured on the heat-treated fabric. All constitutive
parameters are in Table 1.

4.4. Performance evaluation

The methodology to evaluate the performance is detailed in the ESI,
leading to the power loss coefficient being defined as P* = 2P;/i,Vx
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(d) (¢)

Fig. 4. ‘Basic’ set of current collector geometries investigated: (a) side-strip, (b) centre-strip, (c) busbar and 4 fingers and (d) simple 4x4 grid with As = 10%, and (e)

side-tabbed plate with A; = 100%.

where Py was the total power dissipation due to resistive losses (Joule
heating), i is the total active current and Vj is the rated voltage of the
cell. The CC mass fraction was defined as my = 2m/Mciive, Where my is
the mass of a single current collector and M,y is the mass of active
materials in the cell: the two electrodes, separator, and electrolyte filling
the pore space.

5. Results and discussion
5.1. Relative contributions to resistive loss and effect of current density

The power loss contributions due to the effective resistances of the
electrode, CC, and the electrode/CC contact interface were calculated
for the ‘basic’ geometries (Fig. 4). The corresponding power loss co-
efficients for the nominal model parameters are shown in Fig. 5(a).
Contact resistance was the dominant source of power dissipation in all
cases, and scaled inversely with the CC area fraction, leading to a contact
power loss coefficient ca. 0.2% and ca. 2% for the full and partial (Af =
10%) coverage current collector geometries, respectively. Amongst the
partial coverage geometries, lateral resistive losses in the electrode
varied significantly, decreasing by 98% between the ‘side-strip’ and
‘simple grid’ geometries. Total losses remained significantly lower for
the 3.5 pm thick side-tabbed plate CC (referred to in the Figures as side-
tabbed plate' to differentiate with the thicker embodiment) compared to
all 35 pm thick 10% coverage geometries. The former solution therefore
represents a more efficient material use, provided it is practical to use
such a low thickness foil. When the current density was increased from 1
mA/cm? to 10 mA/cm? (Fig. 5(b)), the relative contributions of the loss
components remained constant, and the power losses were directly
proportional to the current density. At j, = 10 mA/cm? contact

0 0.1 0.2

resistance accounted for over 20% of the losses, illustrating the
increasing importance of CC design at higher currents.

5.2. Effect of current collector area fraction and thickness

The power loss coefficient and mass fraction performance indices
were calculated for the different partial coverage current collector ge-
ometries with Ay = 10%, across a range of area fractions and thicknesses
(Fig. 6(a)). For a given CC thickness, reductions in power loss could be
made by switching to a more efficient geometry, for example, from a
side-strip to a busbar and fingers grid at t,. = 35 pm. Fig. 6(a) also
demonstrates that it is possible to achieve mass savings at no significant
penalty to the power loss coefficient by reducing the CC thickness. For
example, by switching from the 35 pm thick side strip to a 5 pm thick
busbar and fingers grid, the CC mass can be reduced by 86% with a
reduction in resistive power losses (compared to a 35 pm thick side
strip). By considering a range of area fractions, in addition to thick-
nesses, Pareto fronts of optimal solutions (Fig. 6(b)) were constructed by
selecting the minimum total power loss solution at each current col-
lector thickness and area fraction.

5.3. Device scale-up

For a constant current density and CC area fraction, the power
dissipation due to contact resistance was directly proportional to cell
area: Py cxAcen, since Rex1/Ace and isxAcen. Based on initial analysis of
the limiting case where current is collected from one cell edge, the
lateral power dissipation in the electrodes and CC scales as Py, xA2;

and Pj..xA2,. In the limiting case where transverse current in the
electrode is uniformly collected across its surface area, P;. xAc. For

2Req () (2)

0.3 0.4 0.5

Side-strip
Centre-strip

Busbar & fingers (4)
Simple grid (4x4)
Side-tabbed plate
Side-tabbed plate’

0 0.1 0.2
T T

Side-strip
Centre-strip

Busbar & fingers (4)
Simple grid (4x4)
Side-tabbed plate
Side-tabbed plate’

1 1

T
js =1 mA/em?

Il Electrode, lateral
[ Electrode, transverse|-
[ ] Current collector
[ Contact.

3 4 5
2P;[isVr (%)
2Rz (Q) (b)
0.3 04 0.5
Js = 10 mA /cm?
1 1
30 40 50

0 10 20

2P /iy Vi (%)

Fig. 5. Power loss coefficients for different partial coverage current collector geometries with Ay = 10% (with side-tabbed plate solutions shown for comparison)
computed at (a) j, =1 mA/cm?, and (b) js =10 mA/cm?. Case I, Loy = 10 cm, t.. = 35 pum unless otherwise indicated.
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80 : : : : ;
—o— Side-strip
70 —+— Centre-strip
I Busbar & fingers (4)|
—s—Simple grid (4x4)

[=2]
S
T

tee=1 pun

2P;/isVr (%)

tee= 20 pm tee= 35 pam

% [

30+ 1
20 | . I L .

0 2 4 6 8 10

my (%)
(b)
—o— Side-strip
40 —o— Centre-strip

Busbar & fingers (4)
—o— Simple grid (4x4)
e Side-tabbed plate

‘/3."; i

O —— 20
0 20 mﬁﬂ 19 tec (llIIl)
my (%)

Fig. 6. (a) Total power loss coefficient and current collector mass fraction for
partial coverage current collector geometries with Ay = 10%, across a range of
thicknesses. (b) Pareto frontiers across a range of current collector thicknesses.
Case L, j, = 10 mA/cm? and Le; = 10 cm.

the partial CC geometries studied here, the proportionality was expected
to be approximately linear for P, and Pj ., whilst P}, and Pj. were
expected to stay relatively constant with area.

The power losses and effective resistances for surface areas equiva-
lent to those of a 1 cm diameter coin cell up to an equivalent A4 sized
sheet using partial versus full coverage current collectors are plotted in
Fig. 7(a) and (b), respectively. These results confirmed that the above
relationships held for the electrode/CC assemblies. The relative increase
in the power loss coefficient with cell area was more severe for CC ge-
ometries with less efficient lateral collection, such as the side strip

Side-strip (d)
10 100
I Electrode, lateral
I Electrode, transverse
8 Current collector 80
. I Contact NE
= 6 60 S
5 <
= 4 40 <
& E
o ]
2 260 <N
0
100 200 300 400 500 600
A(:cll (le)
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collector (Fig. 7(a)), where lateral losses in the electrode outstripped
contact losses for Ae > 200 cm?. Full coverage CCs did not accumulate
lateral losses (Fig. 7(b)), and the slight increase in the power loss coef-
ficient was due to power dissipation within the CC.

5.4. Effect of contact properties

As illustrated in Fig. 8, the contact resistance was inversely propor-
tional to the contact conductivity. Therefore, the effect of modifying the
contact conductivity was to change the importance of contact losses,
relative to the other sources of resistive loss in the electrode/CC as-
sembly. While contact losses could be reduced by ca. 74% through se-
lective masking (Case II) [23], these contact losses still dominated the
overall losses (at the nominal thickness) in all but the least efficient CC
geometry (side-strip). Reducing contact losses by ca. 93% through using
the colloidal copper surface treatment (Case III) depressed the contact
losses to on par with that of the other sources of loss.

The ‘extended’ set of geometries (ESI: Fig. S2) was examined under
Case III to understand the impact of the CC geometric design in the
regime of low contact losses. However, the differences in overall power
loss between the various grids were marginal. The busbar and finger
design generally performed better than the simple or space-filling fractal
grids. Whilst the simple and fractal grids generally had lower lateral
electrode losses, this improvement was offset by higher CC losses. The
latter were exacerbated as the grid density was increased due to the
reduced width of grid elements (illustrated in Fig. 9(b) and (c)). The
opposite was true for the lateral losses.

5.5. Design implications for structural supercapacitors

This work demonstrated that power performance of the present SSCs
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is limited chiefly by the poor contact conductivity of the electrode/CC
interface, and somewhat by the lateral electrode conductivity (Fig. 5).
Therefore, the most effective route to minimise resistive power losses is
to maximise the CC area fraction (Fig. 2, green region). To ensure
parasitic mass is kept low, the foil thickness should be simultaneously
reduced. The numerical results suggest that resistive losses would
remain acceptably low for 1 pm foil thicknesses. However, practical
considerations, such as durability and scalability, may prevent the use of
ultra-thin foils. For the present SSCs [6], post-infusion of the electrodes
with ionic liquid is required and so full coverage CCs are unsuitable. In
this case, geometries with partial area fractions can offer a good
compromise between mass and power losses, provided they are appro-
priately designed.

These findings challenge the prevailing design strategies for CC in
reported SPC embodiments [1,2], demonstrating that the widely used
side-strip collectors are an inefficient solution, due to high lateral losses
in the electrode (Fig. 5). For a 10% CC area fraction, these losses could
be reduced by 98% by replacing the side-strip with the simple grid,
which can be attributed to the reduced lateral current path. This
reduction is slightly offset by an increase in CC resistance in the nar-
rower grid elements. This width is particularly important where the
current is largest, such as near end tabs.

To obtain a simultaneous reduction in the CC mass, alternative de-
signs with hierarchical structures are advantageous. Fig. 6(a) shows
that, with a busbar and fingers design, which is wider near the end tab,
thicknesses as low as 5 pm could be used (a CC mass reduction of 86%
compared to that for the nominal thickness) without significantly
increasing overall power loss. This analysis explains why the Pareto
fronts (Fig. 6(b)) show that as the thickness reduces, the minimum
power loss solutions transition from the ‘simple grid’ to ‘busbar and
fingers’, to ‘centre-strip’ geometries, eventually collapsing to the plate
solution. Section 5.4 demonstrated how the design problem changes if
contact resistance ceases to be the dominant source of loss. When dense

grids were considered, the fractal grids were not advantageous over
busbar and fingers grids.

The busbar and fingers class of geometries are, therefore, considered
the ideal candidate for future SSC CCs, and future work should aim to
reduce the foil thickness. Grid elements with a tapered geometry or
variable thickness could be also explored, perhaps using new fabrication
routes. The choice of route should consider material cost and sustain-
ability, as well as the material adhesive properties, conductivity and
compatibility with the electrolyte. It should be noted that improved
conformal contact should inherently be enhanced through adopting
printing techniques.

5.6. Model limitations and remaining research questions

The present model assumes a uniform electrode geometry and uni-
form active current density applied at the electrode/electrolyte plane.
The model assumed a simple transversely isotropic material model for
the electrodes, which was parametrised using the effective lateral con-
ductivity measured from 0°/90° fabric specimens. Despite these sim-
plifications, the numerical results represent a useful initial estimate of
resistive losses in the electrode/current collector assembly, and de-
viations from the assumed behaviour are expected to be low. Future
work could improve the model by employing either (a) a constitutive
model that has a fibre orientation-dependent conductivity, or (b) a
mesoscale geometric fabric model. The latter would be more challenging
because it would require constitutive data to be measured for single
yarns and their interfaces.

To validate the models, experiments should be conducted on full
devices (containing the same constituents modelled with either a liquid
or structural electrolyte) using a selection of current collector geome-
tries that encompasses the most important geometries studied, as shown
in Fig. 4. Although the models did not include an electrolyte, the elec-
trolyte would be necessary to characterise the electrochemical
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performance with various current collectors. Electrochemical imped-
ance spectroscopy [6] and equivalent circuit analyses would be used to
determine the resistances associated with the current collection and the
electrolyte. The main comparison between the models and the experi-
mental results would focus on the effect of the current collection ar-
chitecture on the power losses associated only with the current
collection.

Finally, it should be noted that this study has not considered the
durability and mechanical aspects of the current collection. In partic-
ular, making the current collector very thin may lead to durability and
bonding issues, particularly under cyclic loading. Furthermore, the
current collector needs to provide good mechanical load transfer across
the electrode/current collector/encapsulation interface. This interaction
is vital to realise the mechanical contribution of the structural power
device to the overall system.

6. Concluding remarks

Structural supercapacitors must provide high gravimetric electrical
and mechanical properties; however, their scale-up to real applications
(i.e., m?) is limited by high internal resistance and the CC mass, where
the aspiration is to deliver multifunctional components fabricated from
large cells with minimal joints/interfaces between them. Considering
the vital role of CCs, new design strategies have been sought to maximise
power- and mass-efficiency by considering the CC design. A generalised
design space analysis was presented and strategies for lightweight and
power-efficient CCs for different regimes were outlined. 3D direct cur-
rent conduction simulations for quantitative evaluation of CC perfor-
mance in structural supercapacitors based on CF/CAG and copper CCs
was then undertaken.

High contact resistance was the principal performance limiting fac-
tor for CCs in existing structural supercapacitors, and therefore the most
effective near-term strategies for mitigation of the losses lies in
improving contact conductivity, increasing the area fraction and
reducing the foil thickness. This strategy challenges the prevailing ‘side-
strip’ CC design, which is associated with large lateral losses in the
electrode and could be reduced by 98% by using a ‘simple grid’ CC.
Significant mass reductions of 86% could be obtained by using thin
‘busbar and fingers’ CCs. The benefits of CC grids with greater width
near the end tabs increase with current densities and device areas.

Though formal optimisation of individual CC geometries was outside
the scope, future work will focus on optimising geometries of interest.
Future work is also planned to exploit the findings through manufacture
of the proposed CC grids reported here.

The trade-off analysis methodology presented here can be applied to
other SPCs, such as structural batteries, and is relevant to many mass-
sensitive energy storage applications. The present numerical model is
readily applicable to a wide range of electrode chemistries, as well as
non-metallic or anisotropic CCs. In future, analysis could consider
additional relevant performance characteristics, such as cost and sus-
tainability to better inform current collector material choice and design.
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