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e GNP-coated structural supercapacitor
composites perform well under tensile
loading.

e In-situ electrochemical testing under
mechanical loading shows stable
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GRAPHICAL ABSTRACT

GNP-coated Structural Supercapacitor Composite

ABSTRACT

A structural supercapacitor composite (SSC) is a multifunctional device that can perform load-bearing operations
simultaneously while storing electrical energy. In this study, the impact of high loading graphene nanoplatelet
(GNP) on carbon fibre (CF) electrodes on the electromechanical performance of SSC was studied. A stable GNP
coating at the fibre/matrix interface with poly-tetrafluoroethylene (PTFE) binder was obtained. GNP loading
enhances the surface wettability of CF electrodes with the structural electrolyte, improving the electrochemical
performance. The developed SSC demonstrated a specific capacitance of 123.5 mF g}, with a 77 % improve-
ment. In addition, after GNP loading, the tensile strength increased to 254.4 MPa, the modulus reached to 18.0
GPa, and the flexural strength improved to 48.9 MPa. In-situ mechano-electrochemical tests of SSCs showed over
60 % capacitance retention with no significant difference until mechanical failure occurred. These findings
provide essential knowledge for further improvements of next-generation multifunctional energy storage
composites.
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1. Introduction

Currently, many composite material researchers are developing
multifunctional polymer composites that offer additional capabilities
beyond their primary functions, such as specific strength, lightweight
and durability. These added functionalities include energy storage and
harvesting, electromagnetic interference shielding, and radar absorp-
tion. Incorporating several functions into one material is an ideal solu-
tion to increase the overall efficiency and usability of the material [1,2].
Among the multifunctional materials, structural energy storage com-
posites have attracted considerable attention due to their potential to
significantly reduce the weight and volume of devices, which currently
rely on conventional energy storage devices and load-bearing structural
materials [3,4]. Herein, the structural supercapacitor composite (SSC)
has gained much attention in the industry, as this device can be readily
integrated into structural components such vehicle body parts or
buildings, providing mechanical support while simultaneously storing
energy [5,6].

On the other hand, ever-growing environmental consciousness,
increasing fuel costs, and continuous depletion of oil reserves have
escalated the demand for renewable and sustainable energy sources
[7-9]. Using renewable energy resources constantly urges people to
explore advanced energy storage technologies [10]. In this context, the
SSCs provide an excellent opportunity to integrate energy generation
directly into structural components, thereby enhancing the overall ef-
ficiency of the entire energy system. Carbon fibre reinforced polymer
composites (CFRC), widely used in many industries, has emerged as a
promising candidate for developing SSC [4,11].

CFRC has been extensively used in automobiles [12], structural parts
such as wind turbines [13,14], buildings, and civil constructions for
decades owing to its exceptional mechanical and physical properties
[15,16]. There is a growing interest in broadening the range of CFRC
applications by developing multifunctional materials [1,17,18]. There-
fore, much research aims to develop SSC using CFRC [19-22]. However,
the energy storage capability of CFRC is still at its inception since pris-
tine carbon fibre (CF) cannot deliver the expected electrochemical
performances because of chemical inertness and limited active-surface
area [23,24]. Though highly challenging, surface activation of CF fab-
ric was very effective in tackling this issue [25]. Different methods, such
as activation, heteroatom doping, and surface deposition, are available
for enhancing the surface area of carbon fibres [26]. Among these
methods, the deposition of electrochemically active nanomaterials on
CF surfaces and modifying the fibre/matrix interface have improved the
electrochemical properties substantially [4]. Carbon nanomaterials,
such as activated carbon [27], CNT [28,29], carbon aerogel [30], gra-
phene nanoflakes [24], graphene aerogel (GA) [31], and graphene
nanoplatelets (GNP) [32,33], can be coated on the surface of CF to
enhance the electrochemical performance.

Recent studies reveal that GNP is one of the best candidates for
enhancing the electrochemical properties of CF-based SSCs. GNP can
enhance supercapacitor performance by elevating energy density,
power density, and cycle life [34]. Meanwhile, the engineered fibre/
matrix interface in the composites can improve the mechanical prop-
erties by effectively transferring the load between the matrix and rein-
forcement [35,36]. Thus, the surface treatment of CF using GNP coating
can enhance the mechanical properties by strengthening the interphase
region and limiting the movement of the epoxy [37]. In addition, it is
believed that the fibre surface characteristics, such as porosity [23] and
roughness [2], are changed after GNP coating, which directly affects the
electromechanical properties of the SSC. Therefore, developing GNP-
modified CF electrodes is a plausible solution for acquiring high elec-
tromechanical properties.

However, CF electrodes coated with active materials face challenges
in maintaining structural integrity, as the active material may detach
following electrochemical cycling [21]. Therefore, improving the
interface stability of the electrode following such modification is crucial
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for enhancing the performance of structural supercapacitors. In this
regard, various researchers have used different binders (e.g., PVDF,
PVA) to ensure the adhesion of GNP particles onto the electrodes [33].
These binders promote the mechanical integrity and durability of CF
electrodes. However, researchers have underestimated the role of
binders during the past few years and made fewer efforts to boost the
capacitive behaviour via exploring and developing novel binders.

A Binder is a critical component of an electrode, which acts as a
dispersion agent to connect the active materials and ensure adherence to
the CF current collector [38]. It modifies the wettability and facilitates
ion transport at the electrode/electrolyte interface. Therefore, selecting
a proper binder for the adhesion of GNP on CF is vital for optimizing the
electromechanical properties.

Zhu and co-workers [39] demonstrated that poly-(tetrafluoro-
ethylene) (PTFE) is one of the best binders for supercapacitors assessed
from the comprehensive electrochemical performances such as specific
capacitance, stability, rate capability with significant capacitance
retention over 80 %. PTFE enhances adhesive strength between the
active material particles and the current collector, helping to prevent the
active material from leaching during charging and discharging cycles
[34]. However, no significant study has explored the effect of GNP
coating with PTFE binder on the electromechanical performance of
structural supercapacitors. Therefore, this research systematically
investigated the outcome of GNP coating with PTFE binder on multi-
function properties, focusing mainly on electrical and mechanical
properties.

In this study, the GNP loading on CF was varied to investigate its
influence on the electromechanical properties of SSC. The results
revealed that the optimized CF/GNP 20 SSC achieved a specific capac-
itance of 123.5 mF g~ ! and an energy density of 38.6 mWh kg™!, with
exceptional cycling stability exceeding 5000 cycles. CF/GNP 10 SSC
shows the highest mechanical properties, with a tensile strength of
254.4 MPa and a flexural strength of 48.9 MPa, demonstrating its ca-
pacity to withstand significant external mechanical load. In addition, the
in-situ mechano-electrochemical tests demonstrate that the electro-
chemical behaviour of the developed SSC remains stable even under
mechanical load.

2. Experimentation
2.1. Materials and chemicals

This research utilized pristine woven carbon fibre HexForce™ 282
(3 K wrap/fill yarn, 33MS]I), a bi-axial 0/90 fabric (200 gsm, 2/2 Twill),
with a + 45 fibre orientation serving as the electrodes. E-glass fibre
fabric (120 gsm, plain weave) was employed as the separator of the
structural supercapacitor. GNP (750 m?/g, Sigma Aldrich) was used here
for surface modification of CF electrode. The PTFE (60 wt% dispersion in
H20, Sigma Aldrich) acted as a binder when making GNP slurry with
IPA solvent (98 %, FG, Sigma Aldrich). Triton X-100 (Sigma Aldrich)
was used as the surfactant for better dispersion of GNP.

The resin matrix was Bisphenol A epoxy resin Araldite GY 191 with
Triethylenetetramine hardener (TETA, 97 %, purchased from Sigma
Aldrich). 1-Ethyl-3-methylimidazolium bis(trifluoro methylsulfonyl)
imide (EMITFSIL, 98 %, purchased from Sigma Aldrich) was used as the
ionic liquid. Bis(trifluoromethane) sulfonamide lithium salt (LiTFSI,
purchased from Sigma Aldrich), propylene carbonate (PC, 99.7 %,
purchased from Sigma Aldrich), and industrial-grade TiO» (99 %, 20-40
nm, XFNANO China) were mixed with the ionic liquid of EMITFSI for
preparing liquid electrolyte. All chemical reagents were used without
further purification.

2.2. Preparation of the GNP slurry

The GNP slurry was prepared by mixing 3 wt% GNP, 0.6 wt% PTFE
and 0.2 wt% Triton-X in IPA solvent. The PTFE binder fixed the GNP on
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the surface of the CF fabric, and Triton X-100 acted as the surfactant. The
slurry was ultrasonicated using a tip sonicator (Sonoplus ultrasonic
homogenizers, power 200 W) for 30 min (50 % amplitude, on 5 s and off
55).

2.3. Preparation of GNP-coated CF electrodes

Initially, CF fabrics were cleaned with acetone to remove sizing
agents and dried in an oven. Then, the prepared GNP slurry was sprayed
onto the CF surface, layer by layer, using a manual spray gun at a 2-3 bar
pressure range while maintaining a 10-15 cm distance between the
fabric and the spray gun. After applying each GNP layer, the CF fabric
was dried in an oven for 5-10 min before applying the next layer. This

(a)
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process was repeated for both sides of the fabric, which was then oven-
dried at 100 °C for 3 hrs to ensure complete evaporation of all solvents.
The active GNP mass loading on the CF electrode was determined from
the mass increment of the CF/GNP fabrics relative to the pristine CF
fabrics (Eq. S1). The GNP loadings approximately varied from 0 wt%
(CF/GNP 0), 5 wt% (CF/GNP 5), 7.5 wt% (CF/GNP 7.5), 10 wt% (CF/
GNP 10) and 20 wt% (CF/GNP 20).

2.4. Preparation of structural electrolyte

Following the process suggested in previous works [40,41], 11.8 g
EMIMTEFSI, 0.1 g PC, and 1 g LiTFSI were mixed using magnetic stirring
for 30 min to obtain the liquid electrolyte (LE). The prepared LE was
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Fig. 1. A schematic illustration of (a) single-cell and double-cell configurations, (b) GNP electrode preparation, (c) SSC fabrication.
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mixed with 3.65 g DGEBA for 20 min until it became a homogeneous
solution. Then added 0.5 g of TiO3 and stirred for another 30 min.
Finally, TETA hardener was added to the mixture in a mass ratio of
DGEBA to TETA 7.81: 1, and the mixture was stirred for five minutes at
room temperature to form the structural electrolyte (SE) solution. The
prepared SE solution contains 75 % LE and 25 % structural resin matrix.

2.5. Manufacturing of structural supercapacitor composite

The GNP-coated CF fabric was cut into a rectangular of 50 mm x 80
mm, and a copper sheet was attached to the surface to provide electrical
contacts for subsequent electrochemical testing. Then, single-cell and
double-cell structural supercapacitors were fabricated with each type of
GNP-coated CF electrode. The lay-up configuration of the single-cell
supercapacitor was CF-GF-GF-CF, and the double-cell configuration
was CF-GF-GF-CF-GF-GF-CF-GF-GF-CF, as shown in Fig. 1(a). The
effective GNP-coated surface area of SSC was 50 mm x 50 mm (as shown
in figure S1(a-c)). The structural electrolyte mixture was evenly coated
on CF electrodes and GF separators in a fully open environment and
mechanically pressed for curing at room temperature (25 °C) for 48 h.
Then, it was heated for three hours in an oven at 65 °C for the post-
curing process. The GNP uncoated part of the CF electrodes was not
impregnated with the structural electrolyte to connect them to the
potentiostat.

Fig. 1(b) and 1(c) schematically illustrate the GNP coating and
structural supercapacitor fabrication. The thicknesses of single-cell and
the double-cell SSC were measured at approximately 1.2 mm and 2.5
mm, respectively.

2.6. Investigation of surface properties of CF electrodes

2.6.1. Surface morphology

The surface morphology of CF electrodes after GNP coating and the
surface morphology of cured structural electrolyte in bulk, prior to re-
inforcements, were characterized using scanning electron microscopy
(SEM, JEOL JCM-6000).

2.6.2. Investigation of surface wetting behaviour

The effect of increasing GNP loading on the hydrophilicity of the CF
fabric surface was investigated using contact angle measurements in
relation to two solutions (i.e., IL or polymer resin). Therefore, the con-
tact angels of pristine (CF/GNP 0) and GNP-coated CF electrodes (CF/
GNP 5, CF/GNP 7.5, CF/GNP 10, and CF/GNP 20) with IL and polymer
resin were studied according to ASTM D7334 [42]. Here, a 20 uL droplet
of polymer resin or IL was dropped on different types of CF electrodes,
and then the images of contact angles of the droplets were captured by a
camera at different elapsed times. Finally, the contact angles of droplets
were analysed using ImageJ software to study the wettability change.

2.6.3. Investigation of thermal properties of SSC

The thermogravimetric analysis (TGA) and dynamic mechanical
analysis (DMA) were carried out for double-cell configuration to
determine the thermal property changes due to GNP coating on CF
electrodes. TGA was performed using a TA Instruments Discovery SDT
650. The temperature was raised from room temperature to 600 °C at a
rate of 10 °C min~! under a continuous flow of Ny, gas. The viscoelastic
properties of the structural supercapacitors were analysed using the
DMA test conducted with a TA instrument HR-2 Discovery Hybrid
Rheometer in a dual cantilever fixture. The specimen dimensions were
45 mm x 8 mm, and the test was conducted over a temperature window
of 20 °C to 150 °C at a rate of 5 °C/min, with a displacement of 25 pm
applied at a frequency of 1 Hz.

2.7. Mechanical testing of SSC

The mechanical properties of developed GNP-coated SSCs (double-
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cell configuration) were evaluated by tensile and bending tests accord-
ing to the ASTM D3039 [43] and ASTM D790 [44] standards [45],
respectively. All specimens were prepared using a water jet cutter in
accordance with the relevant standards. A slight reduction in structural
properties is anticipated due to the exposure of the IL to water during the
cutting process. Structural properties were evaluated using an MTS 10
kN (Insight Electromechanical) uni-axial testing machine. To enhance
the grip of the machine clamps, glass fibre composite end tabs with 50
mm X 50 mm dimensions were bonded to the tensile test specimens. An
extensometer with a gauge length of 25 mm (figure S2(a)) was used, and
Young’s modulus was calculated by analysing the trendline on the
stress—strain curve, using strain data recorded by the extensometer. Five
measurements were taken for each test to ensure accuracy and reliability
of the results. The fibre weight fractions of the five types of structural
supercapacitors (CF/GNP 0, CF/GNP 5, CF/GNP 7.5, CF/GNP 10, and
CF/GNP 20) were measured according to ASTM D3171 [46].

2.8. Electrochemical testing of SSC

All electrochemical measurements were taken using an Autolab
electrochemical interface instrument (PGSTAT 302 N) in the two-
electrode configuration. The electrochemical performance was
expressed with respect to the total device mass which includes the CF
electrodes with copper sheets, GF separators and structural electrolyte.
Cyclic voltammetry (CV) tests at different scan rates in a voltage window
of 0 V to 1.5 V for single-cell and double-cell SSCs were conducted for
qualitative study. The electrochemical impedance spectroscopy (EIS)
was performed for single-cell structural supercapacitors at an amplitude
of 100 mV in a frequency range of 0.01 Hz-100 kHz (30 measuring
points) to obtain the Nyquist plot. The variation of specific capacitance
and energy density were evaluated with galvanostatic charge-discharge
(GCD) tests at 0.2 mA g~ ! current density according to the GNP loading
on CF fabric at room temperature (25 °C). The fabricated double-cell
SSCs were also cycled 5000 times through CV at 10 mVs ™! for the life-
time measurement.

2.9. In-situ mechano-electrochemical test

The in-situ mechano-electrochemical tests were performed in this
study to characterize the multifunctionality of SSC. Here, three-point
bending tests investigated the electrochemical properties of SSC under
different static loads. The electrochemical performance test is measured
when the external load is applied to the CF/GNP 10 double-cell SSCs. As
shown in Fig. 2, a force was applied at the midpoint of the specimen,
inducing different bending deformations (from 0 mm to 10 mm) until
reaching mechanical failure. Subsequently, CV measurements at a scan
rate of 5 mVs~! were conducted for each deflection (8). In addition, the
electrochemical performance was recorded by conducting a CV test at 5
mVs ™! scan rate with respect to the three different bending and releasing
cycles (50, 100, and 150) at five deflections (0 mm, 1 mm, 2 mm, 3 mm,
and 5 mm).

3. Results and discussion

The mechanical properties of SSC were evaluated using tensile and
flexural test results, while electrochemical performance was investi-
gated based on CV, GCD and EIS test results. The results of in-situ me-
chano-electrochemical performance evaluated the multifunctionality of
the developed SSC. Finally, a proof-of-concept was conducted by light-
ing up a commercial LED to demonstrate the device’s suitability for
practical applications.

3.1. Microstructural analysis of CF electrode

Fig. 3(a)-3(d) present the scanning electron microscopy (SEM) im-
ages of CF surface with varying GNP loadings. A relatively uniform,
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Fig. 2. In-situ mechano-electrochemical test under different bending deformation.

thick layer of GNP coating was observed on the fibre surfaces. Increased
GNP loading formed a continuous graphene layer on top of the CF sur-
face without enclosing individual fibres. The crimps and gaps between
carbon fibres and within the fibre bundles were fully occupied with
nanostructured GNP (Fig. 3(d) and 3(e)), providing more surface area to
store ions at the electrode/electrolyte interface.

Fig. 3(f) shows the microstructure of the structural electrolyte ana-
lysed by SEM. Before SEM observation, ionic liquid in structural elec-
trolytes was removed by acetone extraction to avoid image distortion. As
shown in Fig. 3(f), the ionic liquid creates a separated phase inside the
structural resin matrix and forms a bi-continuous structure, providing
channels for ion movement inside the matrix. However, due to the
change of wettability on the surfaces of CFs, particularly after GNP
coating, the microstructure of the structural electrolyte changes at the
surface, as explained in the next section (3.2).

(b) |

—200 pm

Highvac, ~ SEl PC-std. ~ 10KkV x 100 14/05/2024. SEl, PC:std

A0 kY. < ‘ 14/05/2024

SEI PC-std.
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3.2. Change of CF surface wettability

Contact angle measurements provided detailed information about
the surface wettability in relation to the solution. Fig. 4 shows the
contact angles of the pristine and GNP-modified CF electrodes with the
polymer resin (Fig. 4(a)) and ionic liquid (Fig. 4(b)) which were used for
preparing the structural electrolyte. The contact angles for all samples
decreased to zero after some time due to capillary force, but the rate of
decrease depends on the GNP loading.

First, the wetting behaviour of pristine CF with polymer resin and IL
was studied. The initial contact angles of pristine CF electrodes are 41°
with polymer resin and 68° with ionic liquid, as reported in Table 1. The
contact angles drop to below 20° within milli seconds, supporting the
argument that both the polymer resin and ionic liquid in the bi-
continuous structural electrolyte equally wet the pristine CF electrode
surface.

Next, the change of contact angles of CF electrodes with ionic liquid
and polymer resin was tested after GNP coatings. The contact angles of

5100 14/05/2024 " SEl PC-std, . 10KV 14/05/2024

14105/2024

Fig. 3. SEM images. (a) CF/GNP 0, (b) CF/GNP 5, (c) CF/GNP 7.5, (d) CF/GNP 10, (e) CF/GNP 20, and (f) Structural electrolyte (after ionic liquid extraction

by acetone).
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CF/GNP 7.5 CF/GNP 10 CF/GNP 20
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Fig. 4. The initial contact angles with (a) IL and (b) polymer resin with increasing GNP loading on CF electrodes.

Table 1
Contact angle of CF electrode with polymer resin and liquid electrolyte.

Type of CF electrode IL Polymer resin
CF/GNP 0 41 68
CF/GNP 5 58 65
CF/GNP 7.5 59 66
CF/GNP 10 62 72
CF/GNP 20 65 79

GNP-modified CF electrodes with ionic liquid were consistently lower
than those of polymer resins after GNP coating. Further, the elapsed time
for completely wetting the GNP-modified surface (contact angle < 20°)
by ionic liquid slightly increased with GNP loading, i.e., less than 3 min,
for all GNP-modified CF surfaces. However, the elapsed time for
completely wetting the GNP-modified surface (contact angle < 20°) by
polymer resin significantly increased with GNP loading; it took over 10
min to wet the GNP-modified CF surfaces completely. Therefore, the
wettability of CF electrodes with the structural electrolyte has improved
due to GNP coating. Hence, it is possible to conclude that ionic liquid
wets the GNP-modified CF surfaces more effectively than polymer
resins. Consequently, GNP coating on CF electrodes enhances the con-
tact between the electrode and the IL compared to polymer resin. This

(2)
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X
= 80
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reduces the area covered by polymer resin while increasing the area of
direct contact between the electrodes and the ionic liquid.

3.3. Effect of GNP loading on thermal properties

The thermal stability of SSCs with increased GNP loading, from 0 wt
% to 20 wt%, was assessed by conducting a TGA test under a continuous
flow of Ny gas. Fig. 5(a) shows the weight change as a function of the
increasing temperature. Decomposition has two stages. The first region
occurs in the temperature range between 275 °C and 325 °C, followed by
the second region with a temperature range of 325 °C to 475 °C. The first
degradation of the SSCs with increased GNP loading has been shifted
slightly to higher temperatures compared to the SSC without GNP
coating (Fig. 5(a) inset). This specifies the positive effect of GNP on the
thermal stability of the nanocomposites. Both GNP and CF are degraded
during the second region, while the glass fibre remains as the residue
when the temperature exceeds 500 °C. In summary, the CF/GNP 20 has
increased the first degradation temperature by 7 % compared to the
controlled SSC due to the addition of GNP, confirming the enhancement
effect on the thermal stability of the composite.

The DMA test was conducted to study the change of viscoelastic
properties over a range of temperatures in relation to GNP loading. Fig. 5
(b) illustrates the storage moduli versus temperature curves for SSCs
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Fig. 5. (a) TGA and (b) Storage modulus curves of double-cell SSC with increasing GNP loading on CF electrodes.
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with increased GNP loading. A significant increase in the storage moduli
(E”) from 2.2 GPa to 3.5 GPa occurred when GNP loading was increased
to 20 wt% at room temperature.

3.4. Effect of GNP loading on mechanical properties

The mechanical performance of the structural supercapacitor device
is of utmost importance for real-world utilization. The fibre weight
fractions of the five types of structural supercapacitors (CF/GNP 0, CF/
GNP 5, CF/GNP 7.5, CF/GNP 10, and CF/GNP 20) were calculated as
51.6 %, 51.4, 52.6 % 51.8 %, and 53.1 % for CF/GNP 0, CF/GNP 5, CF/
GNP 7.5, CF/GNP 10, and CF/GNP 20, respectively. Since there is no
significant difference in weight ratios of fibre to resin, the reinforcement
does not have a substantial impact on the variations of mechanical
properties among the five structural supercapacitor composites.

The tensile and flexural behaviour of the developed double-cell SSCs
were studied for each types of SSCs. Fig. 6(a) and 6(b) present stress—
strain curves. The ultimate tensile strength and flexural strength values
(Table 2) were calculated based on Eq. S2 and Eq. S3. The Young’s
modulus was evaluated from the trendline of the stress—strain curve,
based on the extensometer readings. To understand the failure mecha-
nisms in tensile testing, the failure modes of the tested specimens were
analysed. All SSC specimens exhibited delamination failure during ten-
sile testing, in accordance with the tensile failure guidelines outlined in
ASTM D3039. The failure code defined in the standard characterises the
failure type (1st character), failure area (2nd character) and failure
location (3rd char acter). Accordingly, failure mode of the SSCs can be
categorised as “DGM (Edge delamination-Gage-Middle)”.

Additionally, the tensile data of specimens shows a distinct change in
tensile properties after coating GNP on the CF surface, and tensile
strengths of SSCs were significantly increased after GNP coating on CF
surface. Control specimens produced without GNP coating showed the
lowest tensile strength and Young’s modulus with values of 109.5 MPa
and 9.7 GPa, respectively.

GNP coating improved the fibre/matrix interface, significantly
enhancing the tensile properties such as Young’s modulus and ultimate
tensile strength. However, tensile properties barely changed with
different GNP loading, and no significant changes were observed with
varying GNP loading. Maximum modulus of 18.8 GPa was reported at 5
% GNP loading, which shows a twofold increase compared to the control
specimen. Ultimate tensile properties slightly increased from 5 wt% to
10 wt% GNP. At 10 wt% GNP loading, tensile strength was 254.4 MPa.
When GNP loading reached 20 wt%, tensile strength showed a small

300
——CF/GNP 0
——CF/GNP 5
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reduction, with a value of 227.6 MPa. All GNP-coated SSCs failed due to
delamination (figure S2) with high strains during the tensile test,
consistent with findings reported in the existing literature [47,48].
Notably, the low ultimate tensile strength and modulus values, as well as
the high strain values, are attributed to the use of 0/90 woven CF fabric
and the off-axis tensile loading at a 45° angle.

The flexural performance is evaluated to study the structural
behaviour of the SSCs when subjected to bending forces (Fig. 6(b)).
Applying a bending load provides critical insights into the flexural
properties and overall performance of the materials under realistic
loading conditions. While the GNP coating on the CF surface signifi-
cantly enhances tensile strength but does not result in a significant
improvement in flexural strength. The lack of enhancement of flexural
strength is attributed to a reduction in interlaminar shear strength,
which can lead to delamination (Figure S3). Notably, delamination
occurred without complete fracture, indicating that the material main-
tained structural integrity and robustness despite layer separation.
Therefore, it can be concluded that the developed structural super-
capacitor devices have the potential to be used for energy storage ap-
plications without significantly compromising the structural integrity.

3.5. Effect of GNP loading on electrochemical properties

According to Fig. 7(a) and Table 2, the GNP coating on CF signifi-
cantly improves the capacitance performance of SSC. The specific
capacitance values of the structural supercapacitor based on the CV and
GCD curves were calculated by applying Eq. S4 and Eq. S5, respectively.
The energy density was calculated by using Eq. S6. The pristine CF-based
SSC has the lowest specific capacitance due to the limited availability of
the surface area for the ions to accumulate at the electrode/electrolyte
interface. The highest specific capacitance (123.5 mF g~!) was achieved
when 20 % of GNP was loaded on the CF surface, exceeding some pre-
viously reported values in the literature as summarized by Greenhalgh
et al. [22]. This provides a useful benchmark for comparing the per-
formance of the developed SSC with other devices.

The increased specific capacitance with increasing GNP loading on
CF electrodes is due to the increasing surface area, which enhances ion
accumulation at the electrode/electrolyte interface. However, when
increasing GNP loading, the CV curves display lilted loops, indicating
high resistive behaviour due to the high resistance of the electrode/
electrolyte interface. As shown in figure S4, the slopes of the loops in-
crease with increased scan rate in each SSC type due to the insufficient
time for ions to diffuse into the internal electrode pores [24]. As a result,

(b)
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40 o \
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Fig. 6. (a) Tensile properties and (b) Flexural properties.
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Table 2

Effect of GNP loading on mechanical and electrochemical properties of structural supercapacitors.

Composites Part A 190 (2025) 108617

Sample Csp, cv (mF Csp, cep (mF Egcp (mWh R, (ESR) (Q. R, (Q) CPE Tensile strength Tensile modulus Flexural strength
gh gh kg cm?) ) (MPa) (GPa) (MPa)
CF/GNP 0 2.3 1.6 0.5 1.17 62.04 0.35 109.5 9.7 45.8
CF/GNP 5 8.9 5.8 1.8 0.30 8478  0.54 237.9 18.8 46.0
CF/GNP 13.5 25.4 7.9 0.41 95.72  0.47 242.5 18.4 48.2
7.5
CF/GNP 27.6 109.9 34.3 0.44 27.96  0.57 254.4 18.0 48.9
10
CF/GNP 59.2 123.5 38.6 0.16 2227  0.32 227.6 18.0 43.0
20
(a) (b)
20 30
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Fig. 7. Cyclic voltammetry curves of single-cell SSCs with pristine CF electrodes and GNP coated-CF electrodes with increasing loadings of GNP (a) at 5 mVs~%; (b) at

10 mvs~V

the CF/GNP 5 and CF/GNP 7.5 SSCs exhibit low area under the CV
curves compared to CF/GNP 0 SSC at high scan rates (Fig. 7(b)).

The change in surface wettability of CF electrodes with the bi-
continuous structural electrolyte explains the increased specific capac-
itance with increased GNP loading. As described in Section 3.2, GNP
loading on the CF electrode enhances the contact of the electrode with IL
than polymer resin. This reduces the CF surface area covered by polymer
resin and increases the area with IL being in direct contact with the
electrodes, thus improving the electrochemical performance.

The EIS analysis was conducted for each type of GNP-coated SSC to
evaluate the effect of GNP loading on electrochemical parameters. Fig. 8
(a) illustrates Nyquist plots for different types of SSCs. All the Nyquist
plots exhibit semicircles in high-frequency regions, while linear plots in
low-frequency regions. Electrical characteristics were evaluated based
on the Randles electrical equivalent circuit (Fig. 8 (b)) by electro-
chemical circuit fit using Nova 2.1.4 software. This model consists of an
equivalent series resistance (ESR), represented by Rs, in series with a
parallel combination of a constant phase element represented by CPE
and the parallel charge transfer resistance represented by Rp. According
to the fitting parameters, the smallest semicircles of CF/GNP 10 and CEF/
GNP 20 SSCs are attributed to the nano-porous network structure of the
GNP that improves the specific surface area of the CF electrodes and
reflects a faster redox rate at the electrode/electrolyte interface. How-
ever, the CF/GNP 5 and CF/ GNP 7.5 SSCs have larger semicircles than
CF/ GNP 0 SSC. This can be explained by the increase of parallel charge
transfer resistance, as shown in Table 2, which is attributed to the

CPE
160 CF/GNP 0 Rs
CF/GNP 5
140 CF/GNP 7.5
CF/GNP 10 4
120 - CF/GNP 20
~ 1004
<)
N 80
60 -
40 ..-"‘. .I"..‘
d o
20 - : el
0 T T T T T T T T
0 20 40 60 80 100 120 140 160
7'(Q)

Fig. 8. (a) EIS results with Randles electrical equivalent circuit.

surface modification with GNP and PTFE binder coating at low
concentrations.

The charging and discharging capacity of the double-cell SSCs were
studied ((Fig. 9(a)) and presented in Table 2. The specific energy density
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Fig. 9. (a) Charge-discharge test results and (b) Stability test results.
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of SSC was increased to 38.6 mWh kg ! with 20 wt% GNP coating. Fig. 9
(b) shows the capacitance retention after 5000 cycles. A minor variation
in specific capacitance was noted after 5000 CV cycles. The stable spe-
cific capacitance values at repetitive cycles of the fabricated SSCs
demonstrated the high reversibility of the charge storage mechanism,
occurring at the active surface of GNP/CF electrodes.

The in-situ mechano-electrochemical testing results were further
demonstrated, and figure S5 is the photograph of the experimental set-
up. Different static loads were applied at midpoint of the specimens to
induce different bending deflections. Results showed excellent in-situ
mechano-electrochemical performance. There is no significant varia-
tion in electrochemical behaviour at various deflections until delami-
nation occurs, as shown in Fig. 10(a). The low thickness and flexibility of
the SSCs under flexural loads prevented immediate disruption of elec-
trochemical pathways, contributing to this behaviour. Similar observa-
tions have been reported in several studies [48-50]. However,
delamination at higher deflections has adversely affected for the long-
term stability of the device, as shown in the Fig. 10(b). A gradual
reduction in capacitance retention was observed with increasing
deflection, reaching approximately 60 % at a deflection of 5 mm after

Capacitance retention %

(b)
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(a) In-situ electromechanical performance and (b) capacitance retention after different bending cycles.

140 cycles.

3.6. Proof of concept

The developed double-cell SSC was utilized to light up a LED
(Standard red, 5 mm, 2.3 V, 20 mA nominal current, 30 mA maximum
current) to demonstrate SSC’s use in a potential application. The double-
cell device fabricated with CF/GNP 10 electrodes was used for this
demonstration. First, the SSC was charged using a laboratory power
supply of up to 5 V for 15 min, followed by measuring time durations
that powered the LED ((Fig. 11(a)). The time duration while applying a
three-point loading (at § = 3 mm) was also measured (Fig. 11(b)). In
both cases, the LED intensity decreased after 10 min, as shown in Fig. 11.
The successful LED operation with and without loading confirmed the
functionality of the developed structural supercapacitor.

In addition, a 300 mm x 300 mm large double-cell SSC was manu-
factured (figure S6) and compared the performance with 50 mm x 50
mm SSC. It demonstrated that energy storage can be increased propor-
tionately to the structural supercapacitor size. Therefore, the proposed
supercapacitor shows promising capabilities in energy storage
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(a)

At beginning

(b)

At beginning
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After 10 minutes

After 10 minutes

Fig. 11. Proof of concept of structural supercapacitor (50 mm x 50 mm) (a) without loading (b) with three-point loading.

applications.
4. Conclusion

A CF structural supercapacitor with high loading GNP has been
developed and characterized. The developed CF structural super-
capacitor has shown outstanding electromechanical performance. The
GNP loading significantly enhanced the electrochemical and mechanical
properties by increasing the surface area at the electrode/electrolyte
interface. Additionally, GNP coating improved the surface wettability of
CF electrodes with structural electrolytes, further improving the elec-
trochemical performance. The optimized CF/GNP 20 double-cell struc-
tural supercapacitor demonstrates a remarkable specific capacitance of
123.5 mF g}, an energy density of 38.6 mWh kg !, and exceptional
cycling stability up to 5000 cycles, exceeding some previously reported
values. CF/GNP 10 double-cell structural supercapacitor has also shown
the highest mechanical properties, with a tensile strength of 254.4 MPa
and a bending strength of 48.9 MPa, demonstrating its ability to with-
stand significant structural load. In situ mechano-electrochemical tests
revealed that SSC’s electrochemical behaviour is unchanged under
constant flexural load. Moreover, it maintained its electrochemical
performance even after a mechanical failure, which underpins the
robustness and suitability of the developed SSC for practical applica-
tions. Finally, a proof-of-concept was conducted to demonstrate the
device’s suitability for a practical application. Therefore, these findings
can open up a new window of multifunctional composites and provide a
new direction to furthering structural supercapacitor technology.
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