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ABSTRACT

A multifunctional supercapacitor based on a graphene nanoplatelet (GNP) coated woven
carbon fiber (WCF) composite has been manufactured and its electrochemical and
mechanical performance has been evaluated. Specific capacitance from voltammetry
tests is about three times higher than the non-coated WCFs and several orders of
magnitude above neat polymer WCF composites. Furthermore, an electrochemical
impedance spectroscopy (EIS) analysis has been carried out in the coated and non-
coated WCF capacitors. The equivalent circuit consisted on a series/parallel
resistance/constant phase elements. EIS results show that the coated samples have
superior capacitor properties, confirmed by chronoamperometry tests. The values of
energy and peak power densities were also significantly higher in the coated WCFs,
proving higher capabilities as supercapacitors. In addition, mechanical performance of
structural supercapacitor is affected by the simultaneous addition of a polymer
electrolyte and GNPs, with a reduction of mechanical strength when compared to neat
polymer composites. However, and due to the lower viscosity of the electrolyte, there is
a higher compaction of the material promoting an increase of WCF volume fraction on
the LY-PEGDGE matrix samples, leading to similar values of Young Modulus. Despite
the detriment of mechanical properties, they were far above other WCF-based structural
supercapacitors. The proof of concept by illuminating a LED was highly successful,

proving promising capabilities as structural supercapacitors.
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1. INTRODUCTION

Nowadays, there is an increasing worry about world sustainability and energy
demand. More specifically, there are several efforts in reducing CO> emissions as they
are very harmful for human life and for the proper development of diverse ecosystems
[1,2]. In this context, there is a continuous interest in investigating alternative sources
of energy /3,4]/, such as solar [5-7]. In fact, the use of universal clean energy by
reducing green-house gas emissions is one of the main goals for a sustainable
development /§].

In this regard, battery electric vehicles (BEVs) are now attracting the interest of
industry as they significantly reduce urban air pollution /9/. In fact, BEV market has
been doubled in the last years in many developed countries //0] as they use cleaner and
recyclable energy /11]. However, the main issue is the low autonomy in comparison to
hybrid and conventional vehicles //2,13] so it is necessary to develop novel energy
sources or storage devices to make them economically efficient.

Herein, there is an increasing effort in developing multifunctional materials that are
able to satisfy the energy demand, as well as to maintain adequate structural
performances. In this context, carbon fibre reinforced polymers (CFRPs) seem to be a
promising solution as they exhibit some exceptional mechanical and physical properties
over conventional alloys. For example, they present much higher specific strength and
stiffness and are used for flexural strengthening of bridges /74,15]. In aircraft industry,
the use of CFRPs is now widely extended and comprises the key material in some major
structural parts /16,17]. For automotive applications, the use of CFRP materials has
been limited to sport or luxury vehicles due to their high cost. However, there are
emerging trends in this field in order to produce less expensive fiber reinforced

polymers for automotive industry //8].



Furthermore, there is an increasing effort in developing multifunctional
supercapacitors for energy storage. A supercapacitor is an intermediate system between
electrolytic capacitors and rechargeable batteries. They usually show much higher
values of energy per unit volume than electrolytic capacitors and tolerate much more
charge and discharge cycles than batteries /79/, being a compromise solution between
these systems. Here, Electrochemical Double Layer Capacitors (EDLC), based on two
electrodes separated by a dielectric media are now of interest, as they show a very high
specific power [20,21]. In this regard, CFRP-based supercapacitors have gained a great
deal of attention within energy storage applications /22]. This is explained by the higher
surface area of carbon electrodes, which is a crucial point for enhancing the capacitance
of electrodes /23]. In this context, the manufacturing of three dimensional vertical array
scaffolds based on carbon fibers onto conductive fabrics has demonstrated or the use of
carbon nanomaterials, such as graphene, have demonstrated excellent capacitance
values [24-26].

For these reasons, the interest on surface modified carbon fibers in this application is
now gaining attention. For example, the development of graphene modified carbon
aerogels have demonstrated good capacitance properties (near 0.3 F/g) without
comprising the mechanical performance of CFRP laminates /27-29]. Furthermore, Z.
Xie et al. observed an important increase in the specific capacitance of supercapacitors
with the addition of graphene-based aerogels with different chitosan contents [30]. In
addition, it is known that monolayer graphene also improves the absorbance in the
infrared spectrum, which can be used for biosensors [31]. Moreover, the synthesis of
other nanostructures, such as, CuO and copper cobalt selenide nanowires, have also

proved interesting properties for energy storage applications /32-34].



On the other hand, the matrix should give the proper mechanical performances to the
composite as well as providing a dielectric media for a sufficient ion mobility.
However, these two facts are usually in discordance. Usually, stiffness increases with
crosslinking degree whereas ionic transport decreases so most of structural polymers do
not allow ionic conductivity /35/. Thus, the development of proper structural polymer
electrolytes (SPEs) is also of interest. In this regard, several studies developed high-
performance epoxy systems with ionic liquid based electrolytes to achieve the desired
purpose [36].

Therefore, the present study is focused on the development of a multifunctional
supercapacitor based on graphene nanoplatelet (GNP) coated woven carbon fiber
composites, by following a facile processing route that would allow to obtain a
structural supercapacitor with good energy storage properties without inducing a
detrimental of mechanical properties. In this regard, woven glass fiber will be used as
separator to promote ionic transport without inducing electrical conductivity. The use of
glass fiber is explained because of its good mechanical and insulating properties /37].
This separator should be as thinner as possible to improve dielectric and capacitance
properties but ensuring the electrical insultation of electrodes /38-40/. A high
performance epoxy system with an ionic liquid electrolyte will be selected as SPE for
the composite structure.

The supercapacitors were manufactured by Vacuum Assited Resin Infusion Moulding
(VARIM) due to their cost-efficiency and good final properties. Mechanical
performance was evaluated by tensile testing of several samples and energy storage
capabilities were evaluated by cyclic voltammetry (CV) tests by comparison to
reference CFRP structures as well as by Electrochemical Impedance Spectroscopy (EIS)

analysis. Finally, a proof of technology is carried out by lightning a LED using the



fabricated supercapacitor. In this regard, it is important to point out that the main
novelty of the present work is the development of a structural supercapacitor with
outstanding energy storage capabilities, demonstrated by the proof of concept of

lightning a LED.

2. EXPERIMENTAL

2.1. Materials

Woven carbon fiber is a bi-axial 0/90 HexTow®™ AS4C 5H 3k satin weave, supplied by
Hexcel. Fiber diameter is 6.9 um, weight/length ratio is 0.2 g/m and a Young Modulus
of 231 GPa. Layer thickness is 0.2 mm and specific weight is 280 g/m?.

Separator is made of glass fiber (GF), E-Fiberglass Woven Roving, supplied by
Castro Composites®. This separator is chosen by its good reinforcement properties. It
presents a specific weight of 500 g/m? and a humidity content below 0.15 %.

GNPs used in this study are xGnP® 750 Grade C ones, supplied by XGScience®. They
have an average diameter and thickness of 2 um and 2 nm, respectively. They are
selected because of their high specific surface of 750 g/m?. In addition, a surfactant
called Triton™ X-100, supplied by SigmaAldrich® is used to achieve a better dispersion
of GNPs as well as an activating system of WCFs.

Structural resin is an epoxy-based Araldite® LY 556 with an amino-hardener XB3473,
supplied by Huntsman, in a stoichiometry of 100:23, monomer to hardener. It has a
viscosity of 10-12 Pa-s. The structural polymer electrolyte is prepared by a 33.75 wt. %
of LY, a 33.75 wt. % of a PEGDGE based resin (60-110 mPa-s viscosity) with a

hardener DDS in a proportion 100:35, a 30 wt. % ionic liquid (IL) EMITSFI and TiO>



nanoparticles to improve the ionic transport and structural properties with an average

diameter below 25 nm.

2.2. Manufacturing of WCF composites

Four different WCF composites have been manufactured: as received and GNP coated

WCF with neat polymer matrix and a solid electrolyte. They are summarized in Table 1.

Table 1: Summary of nomenclature for the different tested supercapacitors.

Manufacturing conditions Nomenclature

Neat epoxy resin (LY) with uncoated LY-WCF
woven carbon fabric

Neat epoxy resin (LY) with GNP coated LY-GNP-WCF
woven carbon fabric

Solid electrolyte (LY-PEGDGE-IL) with LY-PEGDGE-IL-WCF
uncoated woven carbon fabric

Solid electrolyte (LY-PEGDGE-IL) with  LY-PEGDGE-IL-GNP-WCF
GNP coated woven carbon fabric

Electrode preparation consisted in a spraying coating of an aqueous solution of GNPs
over the WCF, which was previously washed in acetone. This aqueous solution was
carried out by the dispersion of GNPs by ultrasonication during 30 min using a 7Triton
X-100 surfactant to achieve a more stable GNP dispersion, in a similar way than
previously stated in other studies /47,42]. In this case, the weight contents of GNPs and
surfactant were 3 and 5 wt. %, respectively. After spraying, GNP coated WCFs were
dried in an oven at 70 °C for 15 min, prior to resin impregnation. The schematics of
spraying process is given in Figure 1 (a).

Simultaneously, polymer electrolyte was prepared by following a three-route step

procedure: (1) Araldite LY 556, PEGDGE and the ionic liquid EMITSFI are mixed and
7



degasified under vacuum conditions in a magnetic mixer during 1 hour at 80 °C in order
to remove the entrapped air. (2) TiO> particles are dispersed in the prepared mixture by
means of ultrasonication for 1 hour and finally (3), the nanofilled mixture is degasified
for 10 min at 80 °C under vacuum conditions and the XB and DDS hardeners are added
in 100:23 and 100:35 proportion, respectively.

The manufacturing of structural supercapacitors was carried out by means of Vacuum
Assisted Resin Infusion Moulding, VARIM, processing. The supercapacitors were
composed by two layers of WCF electrodes with a two-layer GF separator between
them. Copper sheets were also attached to each CFRP electrode by using silver ink to
ensure a good electrical contact. The set-up of VARIM process and layer sequence is

shown in the schematics of Figure 1 (b).

2.3. Electrochemical tests

Cyclic voltammetry tests have been carried out in the four prepared WCF- based
composites, by using a potentiostat AUTOLAB PGSTAT302N with a software Nova 2.1.
Working and counter electrodes are connected to each copper sheet, respectively.

Electrochemical response is recorded in a voltage window of -0.5 to 0.5 V at a voltage
scan rate of 1 mV/s. Each sample was subjected to 5 consecutive voltammetry cycles in
order to determine its specific capacitance. In addition, coated WCF-IL-PEGDGE
samples were subjected to CV tests at different scan rates (5, 30, 60 and 100 mV/s).

Chronoamperometry charge-discharge tests and EIS tests were carried out in the LY-
PEGDGE based composites to characterize in depth their capacitor capabilities.
Chronoamperometry tests were conducted with a voltage step of 1 V applied during 10
s to characterize the initial transient behavior in a similar way than other studies /37]

and then a discharge window of 1000 s was selected. EIS was performed in 29x19x2



mm? samples in a frequency range of 10°-0.1 Hz. Both tests were also performed in an

AUTOLAB PGSTAT302N module with a software Nova 2.1.

2.4. Mechanical and microstructural characterization

Tensile tests were done in three specimens of each condition accordingly to ASTM
D3039 at a test rate of | mm/min in a universal tensile machine Zwick with a 100 kN
load cell.

Microstructural characterization was done by means of Scanning Electron
Microscopy (SEM) using a §-3400N apparatus from Hitachi. Moreover, for a more
detailed analysis of GNP dispersion, Field Emission Gun SEM (FEG-SEM)
characterization was carried out by using a Nova NanoSEM FEI 230 model from
Philips. In both cases, samples were coated by a thin layer of gold for a proper

characterization.

3. RESULTS AND DISCUSSION

3.1 Electrochemical analysis

Figure 2 (a) shows the cyclic voltammetry results for the different tested conditions.
Firstly, no significant distortions in the shape of the curve are observed for any
condition. This non “duck” shape indicates that there are not redox reactions inside the
material /43], meaning also a capacitive behaviour and a charge propagation at the
electrode interfaces in a same way as an Electric Double Layer Capacitor (EDLC) [44].
Moreover, when comparing CV curves, it is observed that the maximum area
corresponds to the LY-PEGDGE-IL-GNP-WCF condition due to the higher surface area

of the electrodes explained by the addition of GNPs. From these curves, it is possible to



calculate the specific capacitance, Cjy, of the structural supercapacitor by applying the

following formula [39]:

C ! “1av
» =m0, 0

Where m is the mass of the electrodes, v the scan velocity rate, fixed at 1 mV/s and
V. — V, the voltage window, set at 1 V.

Therefore, Table 1 summarizes the Cg, for the different conditions. As expected, LY-
WCF composites present almost negligible values of capacitance, as seen in the blue
curves of Figure 2 (a), especially when comparing to SPE based ones (LY-PEGDGE-
IL). Here, GNP anchored WCF materials show a specific capacitance of more than three
times over the uncoated WCFs. This is explained by the higher specific area of GNPs,
inducing an increase of the specific capacitance over the uncoated WCFs. In addition,
Figure 2 (b) summarizes the CV curves at different scan rates. Here, it can be observed
that the value of Cy, decreases with scan rate. This is a common effect which is
explained by the decreasing ion diffusion coefficients at higher scan rates, resulting in
an overall detriment /34,45].

For a deeper understanding, Figure 3 summarizes the EIS curves for both the coated
and the uncoated LY-PEGDGE composites. It is used to determine the equivalent series
resistance (ESR) of the capacitor. Here, it can be observed that EIS curves follow a
depressed semicircle at high frequencies followed by an apparent linear slope at low
frequencies.

Firstly, the presence of a depressed semicircle indicates that the fitting equivalent
circuit of the supercapacitor does not consist in a parallel resistance-capacitance as the

resulting curve would be a perfect semicircle. It is correlated to a non-ideal capacitive
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behaviour [46,47]. For this reason, a constant phase element (CPE) instead of a
capacitance is selected.

A CPE is a capacitive element with a constant phase. The impedance is defined by
7Z=1/(Qo(jw)"), where Qo is a normalization factor and # is an exponent indicating the
capacitive behaviour of the element. For a value of n=0 it denotes a pure resistive
element and n=1 indicates a pure capacitive element. By looking at the measured EIS
curves, it can be observed only one depressed semicircle and a linear slope. However,
the high frequency region can be composed by the superposition of several depressed
semicircles depending on the nature of the system. Furthermore, the linear slope at high
frequencies can be also fitted to a depressed semicircle with a high resistance,
depending on the diffusion mechanisms /46].

For these reasons, the equivalent circuit used to fit the EIS curves will be based in
three parallel resistance-CPE elements, as shown in the schematics of Figure 3 (b) The
first one is correlated to the carbon fibre electrodes, the second one corresponds to the
double layer capacitor and the third one is related to the GF separator. In addition, the
first resistance in series corresponds to the measuring system. Here, the values of the
parallel resistances give us an idea of the ionic conductivity capabilities of the electrode
and solid electrolyte while the n value of the CPE talks about the capacitive or resistive
behaviour of each layer.

The adjustment by Nova 2.1 measuring software is represented as solid lines in Figure
3 (a) showing a very good agreement with measured values. In this regard, the values of
the resistance and CPEs of the equivalent circuit are summarized in Table 1. Here,
several facts can be observed. The first one is that the values of the parallel resistance
are significantly higher in case of uncoated WCF capacitor. It is explained by a lower

ionic conductivity than the GNP coated supercapacitor, explained by the higher specific
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surface of the coated fibres, which was reflected in a superior specific capacitance, as
stated before. Moreover, it can be observed that the CPE presents a mostly capacitive
behaviour in the electrode and double layer regions, as expected whereas the GF
separator acts as a mostly resistive element with a very high parallel resistance.

Furthermore, to get a deeper knowledge of supercapacitor characteristics; energy and
power density can be calculated attending the chronoamperometry tests.

In this context, Figure 4 summarizes the charge and discharge curves during
chronoamperometry for the different structural supercapacitors. Here, the results of neat
epoxy systems are not shown as they do not have any capacitor capabilities, as seen in
the CV tests. From these tests, it is possible to estimate the energy and peak power
densities by using the following formula from N. Shirshova et al. /37]:

1 Upne”
E =2 CopUine’ P=— @
S

2

Where Cg,, is the specific capacitance, previously calculated and Uy, =

_Bp
Rp+Rg

Uappliea 18 the internal voltage of the capacitor. Here Ugppiieq is the applied
voltage during the chronoamperometry tests and R, is the resistance of the electrode,
given by the value of the parallel resistance of the electrode region and R,, the resistance
of the double layer region.

The values of energy and peak power densities are also summarized in Table 1. Here,
it can be stated that both energy and peak power densities of uncoated WCFs are
significantly lower when comparing to GNP coated ones, so the last one demonstrates
superior capacitor capabilities. Moreover, although peak power density is quite low, the

values of specific capacitance and energy densities are significantly higher than other

found in the literature for WCF based structural supercapacitors /37].
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Table 1: Electrochemical values of structural supercapacitors (samples with neat

epoxy resin were not subjected to EIS and charge-discharge chronoamperometry tests).

Electrode Double- GF
layer separator
Condition Cg,(mF R(2g) R(2g) R(2g) E P
/9) /CPE(n) /CPE(n) JCPE(n) (mWh/kg) (W/kg)
LY-WCF  2.9-107 - - - - -
LY-GNP- 2.95-10° - - - - -
WCF 7
LY- 3.07 435/0.86  510/0.71  1.1-10'%/0.3 0.89 0.168
PEGDGE-
IL-WCF
LY- 9.6 116/0.87  309/0.797 1.1-10'%/0.46 2.86 1.139
PEGDGE-
IL-GNP-
WCF

3.2 Mechanical performance

Figure 5 shows the stress-strain curves for the different conditions tested. It is
observed that Young Modulus barely changes with the GNP addition onto WCF as well
as by using the SPE or the neat epoxy matrix. On one side, these results indicate that the
GNP coating does not significantly affect the load transferring between WCF and SPE.
However, at first sight, GNP addition should enhance the mechanical properties of the
bare WCF composites due to the increase of interfacial adhesions between the carbon
fiber and the polymer matrix /29,34] as their higher specific area. In fact, a slight
increase of Young’s Modulus and tensile strength is observed when comparing the
pristine polymer matrix when coating WCF with GNPs, where no lack of interfacial
adhesion is observed between the fiber and the matrix, as observed in the SEM

micrographs of Figure 6 (a) and (b). However, in the case of polymer electrolyte matrix,
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there is a decrease of tensile strength of about 10-15 %. This is due to a poor interfacial
adhesion between WCF and polymer matrix that can be observed in several areas
(Figures 6 (c) and (d)). This lack of adhesion can be explained attending the low
viscosity of the polymer electrolyte that, according to Darcy’s Law, leads to a higher
velocity of fluid, inducing a dragging effect over the GNPs. In this context, FEG-SEM
images of fracture surfaces of Figure 7 show an irregular distribution of GNPs in case of
LY-PEGDGE-IL samples, promoting areas without GNP coating (Figure 7 (a)) and
others with a high aggregation of nanoparticles (Figure 7 (b)). This dragging effect
could cause the reaggregation of GNPs, promoting this lack of interfacial adhesion
observed as well as the presence of GNP rich areas that could lead to a reduction of
mechanical properties [48,49]. This dragging effect could also explain the lower values
of R, previously observed, as it would induce areas with much higher amount of
nanoparticles acting as electrical connections between electrodes and, thus, reducing the
electrical resistance between electrodes. However, this dragging effect is not so
prevalent in the pristine matrix, as observed in a much more regular GNP distribution
over the WCF surface (Figures 7 (¢) and (d)). This is explained because of the viscosity
of neat resin LY that is much higher than LY-PEGDGE-IL and, therefore, the velocity
during infusion is much lower, leading to a much better interfacial adhesion between the
polymer matrix and WCFs as there is not prevalent dragging effect of the GNPs, similar
to that observed for the uncoated WCFs.

Moreover, Young’s Modulus of composites does not significantly changes when
comparing the neat epoxy system and SPE. These results can be surprising at first sight
as the mechanical performance and, specially, the stiffness of the LY-PEGDGE is much
lower than neat epoxy due to a drastic reduction of the cross-linking degree /50,51].

However, the thickness of the samples with electrolyte is much lower, as summarized in
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Table 2. As the amount of WCF and GF separator is kept constant, it induces an
increase of the volume fraction of WCF over the neat polymer composites as can be
observed in the values estimated from the specific weight and layer thickness. This
increase in the volume fraction can be explained by a higher compaction at vacuum
conditions during manufacturing, due to the lower viscosity of the resin, which induces

a higher resin bleeding during the cure cycle.

Table 2: Mechanical properties and thickness of the different specimens.

Condition Young Tensile Thickness Vi
Modulus Strength (mm)
(GPa) (MPa)

LY-WCF 241+£09 426 +29 1.20 £ 0.04 0.338
LY-GNP-WCF 23.8+1.5 457+3 1.18 £ 0.04 0.339
LY-PEGDGE- 23.7+0.3 337+21 0.84 £0.03 0.476

IL-WCF
LY-PEGDGE- 24.0+1.6 294 +9 0.86 +£0.03 0.465
IL-GNP-WCF

When comparing the mechanical properties of the developed structural supercapacitor
with others found in the literature, a good overall performance is observed. More
specifically, it shows very good mechanical properties (Young Modulus’s increasing
from 18 to 24 GPa) than some developed supercapacitors based on activated carbon
fibers /37] and significantly superior when comparing to another kind of
supercapacitors based on CNT coated stainless steel electrodes, where a Young
Modulus of 5 GPa and a tensile strength of 85 MPa were achieved /52/, far below the

values obtained in the present study.
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Therefore, from the mechanical point of view, it can be said that the developed GNP
coated WCF based supercapacitors have a good potential and could be used in structural

applications without significantly compromising the overall mechanical performance.

3.3 Proof of concept

A proof of concept in the GNP coated structural capacitor (LY-PEGDGE-IL-GNP-
WCF) was carried out by doing a simple electrical arrangement. The aim was to
illuminate a LED as long as possible. To achieve this purpose, the structural
supercapacitor was charged by a 4.5 V for 2 hours, then disconnected from the battery
(Figure 8 (a)) and finally connected to a LED. The measured voltage of the device was
about 1.8 V and the LED was continuously illuminated for more than an hour (Figures 8
(b) and (c)) as can be seen in the Supplementary Video File. During this period, the
voltage generated by the device fell from 1.85 to 1.75 V, demonstrating very high
power and energy densities. At the last stages of the test, the luminescence of the LED
decreases, as observed in Figure 8 (c).

Additionally, the same tests were carried out in the non-coated WCF/LY-PEGDGE-
IL composites. Here, the measured voltage after the disconnection from the battery
ranges from 0.3 V at the beginning to 0.1 V after 10 min. This voltage was not enough
to illuminate the LED. As expected, the neat polymer-based composites did not show
any energy storage capability, as they do not allow ionic transport.

Supplementary Video File
Therefore, the results of the proof of concept test revealed a higher potential for

energy storage purposes of the proposed GNP coated structural supercapacitors.
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4. CONCLUSIONS

The electrochemical and mechanical properties of woven carbon fiber (WCF)
composite structural supercapacitors has been investigated. To achieve this purpose,
several combinations of non-coated and graphene nanoplatelet (GNP) coated WCF with
neat epoxy and polymer electrolyte have been tested.

It has been observed that the neat epoxy system presents negligible values of
capacitance as the polymer does not allow ionic transport. When comparing the two
systems using a structural polymer electrolyte it has been noticed that the GNP coated
WCF based one shows capacitance values three times higher than the non-coated due to
the increase of specific surface area induced by the nanoparticles. EIS analysis show a
higher capacitive behaviour of the coated WCF capacitor with a closer oppressed
semicircle. In this regard, the equivalent circuit shows a series-parallel R/CPE elements
with higher resistance values in case of uncoated WCF capacitors. The values of energy
and peak power density are also significantly higher in the coated specimens and
comparable to other studies.

Mechanical properties are affected by the addition of a polymer electrolyte as well as
by GNPs. In the first case, the lower viscosity of the structural electrolyte leads to a
higher compaction during curing and thus, a higher volume fraction of WCFs.
Simultaneously, the lower stiffness of the electrolyte could promote a detrimental of
mechanical properties. In the second case, GNPs promote a reduction on mechanical
strength due to the dragging effect during VARIM process. It can induce a
reaggregation of nanoparticles, acting as stress concentrators. However, the mechanical
performance is better than most of WCF based structural supercapacitors found in the

literature.
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Finally, a proof of concept has been carried out by using a LED. Excellent
supercapacitor properties have been proved by continuously illuminating the LED for
more than 1 hour after charging the WCF structure with a 4.5 V battery. Therefore, a
good potential and applicability as structural supercapacitors have been demonstrated.
In this regard, this system would be, thus, suitable for energy storage applications (i.e. a
possible future application in electric vehicles). However, a deeper analysis focused on
EIS performance with varying the WCF coating method as well as the solid electrolyte

would be needed in order to develop a more efficient structural supercapacitor.
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Figure 1: Schematics of (a) GNP dispersion and spraying over the WCF surface and

(b) vacuum bag during VARIM process.
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Figure 2: Cyclic voltammetry of WCF based composites showing (a) the behaviour of
the different composites at 1 mV/s and (b) the behaviour of LY-PEGDGE-IL-GNP-

WCEF at different scan rates.
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Figure 3: (a) EIS curves for the uncoated and coated LY-PEGDGE-IL-WF samples

where solid lines denotes the estimations by using (b) the equivalent circuit.
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Figure 4: Charge-discharge curves of chronoamperometry tests.
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Figure 5: Stress-strain curves for the different WCF based composites.
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Figure 6: SEM images of transversal sections of (a) LY-GNP-WCF, (b) LY-WCEF,
(c) and (d) LY-PEGDGE-GNP-WCEF specimens (circular spots correspond to individual

carbon fibers).
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() (d)

Figure 7: FEG-SEM images of a fracture surface of GNP-WCEF of (a), (b) LY-

PEGDGE-IL and (c) and (d) neat LY resin.

Figure 8: Proof of concept of multifunctional supercapacitor (LY-PEGDGE-IL-GNP-
WCEF) by illuminating a LED showing (a) the LED disconnected, (b) the LED initially
illuminated (2 min after disconnection of supercapacitor from the battery) with a high

luminescence and (c) the LED illuminated after 1 hour of test.
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