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Abstract

Structural electrodes for supercapacitors based on woven carbon fiber were made from different
surface modification approaches, such as spray coating with carbon nanoparticles (graphene
nanoplatelets and multiwall carbon nanotubes, GNP and MWCNT, respectively) and direct
synthesis of carbon aerogel (CAG) on the surface of the carbon fabric. Suitability of the
different modification techniques was stablished based on the results from cyclic voltammetry
and single fiber tensile test. Highest capacitance was achieved by the synthesis of CAG
although mechanical properties were negatively affected. These treatments produced a good
combination of mechanical and electrochemical properties, which suggests these electrodes are
suitable for multifunctional applications. In particular, capacitance was improved by increasing
the surface area of commercial carbon fiber fabric while keeping its mechanical properties. The

best combination of properties was achieved by deposition of GNP by spray coating.
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Mechanical properties kept unaffected and capacitance was increased by an order of magnitude

compared with the pristine carbon fiber.
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1 Introduction

Carbon fiber has been extensively used for multiple structural applications for decades [1]. For
example, epoxy resin and woven carbon fiber composites are excellent options for structural
materials in the automotive, aerospace, and construction industries due to their outstanding
mechanical resistance and special features [2,3]. The combination of mechanical and electrical
properties also makes carbon fiber an ideal candidate for structural electrodes in multifunctional
energy storage devices [4]. Carbon based electrodes are commonly used in energy storage
applications such as supercapacitors and new modifications of carbon fiber to improve electrical
properties are being developed due to demands for smart and multifunctional materials for
energy storage [4—6]. In particular, electrical performance of supercapacitors is well known to
depend on a high surface area to ensure high concentration of ions at the interphase (electrode-
electrolyte) [7]. In order to increase the surface area of electrodes made of carbon fiber fabric,
several surface modifications have been implemented, such as etching with alkaline or acid
treatments [8,9], deposition and grafting of carbon nanotubes (CNTs) [10-15] or nanoparticles
with synthesis of carbon aerogel (CAG) [16], metal nanowires [17-19], new combinations of
these variations [20] and lithium phosphate [21]. However, the modification of carbon fibers
using some of these treatments increases the specific surface area at a cost of worsening the

mechanical properties of the fiber, in particular those procedures where high temperatures or



excessive oxidation procedures are involved. There are several examples in the literature where
it has been observed a decreased in tensile strength when CNTs are introduced by chemical
vapor deposition [22-24]. CNT growth conditions, fiber pretreatments and fiber morphology
are some of the parameters that influence the single fiber tensile properties. This represents a
serious drawback, especially when the carbon fiber fabric will be used as electrodes for
structural applications. Moreover, for structural applications using woven carbon fiber can limit
their complete surface modification on the faces of the fiber that are inside the fabric. Despite
enormous efforts, obtaining electrodes of woven carbon fiber with both good electrochemical
and mechanical properties is still far from being completely reached [4].

Most studies have focused on the macroscopic characterization of the carbon fiber fabric, and
often only on the finished electrical device [16,17,20,25]. However, the micro- and mesoscale
characterization are also crucial to assess the potential interfacial benefits of the fiber in the
composites and to predict their final properties. These characterizations are not always
performed as they required special equipment and it is more difficult to handle single fibers
than full bundles or fabrics [26,27].

Tests of modified carbon fibers for applications in structural energy storage have shown mixed
results. The characterization of single carbon fiber activated with an alkaline treatment showed
a higher mechanical strength of the activated fiber (3960 MPa) compared to the non-activated
one (3290 MPa) [8]. However, the tensile strength of single carbon fibers soaked in KOH
declined with exposure time from 3600 MPa after a few minutes to nearly 2600 MPa after
3 hours [9]. Moreover, detrimental effects were found when the carbon fibers were treated
under oxidative atmospheres. More recently, deposition of CNT on carbon fiber gave rise to an
increase of the surface area while maintaining mechanical performance if electrodes were

assembled on the final structural supercapacitor [10].



For other applications, carbon fibers modified with functionalized CNT were analyzed by single
fiber-composite fragmentation tests. The deposition process improved the fiber/matrix
interfacial adhesion [28]. In CNT modified-carbon fibers, single fiber tensile test showed that
CNT introduced with the PopTube Approach (microwave) reduced strength by 8-10% [29],
quite negligible in comparison with a 56 % reduction when CNT were introduced by chemical
vapor deposition (CVD) [30]. In contrast, the introduction of carbon nanotubes on carbon fibers
by a combination of alternating electric field with electrophoretic deposition process of amine-
functionalized CNT did not show a decrease in the tensile strength of the specimens, enhancing
the wettability and adhesion at the interphase in the reinforced composites [31].

These studies have explored new modifications on carbon fiber for different applications, but
research comparing the electrochemical and mechanical properties of carbon fiber after
deposition and carbon particles growths (CNT, graphene nanoplatelets (GNP) or CAG) for
structural energy storage applications remains limited.

In the present work, the viability of different carbon fiber modification approaches and the
establishment of their suitability for structural supercapacitor application are analyzed. The
mechanical and electrochemical properties of the most promising carbon-based modifications
on carbon fibers were studied: GNP, MWCNT and CAG. First, the increase in BET area for
each modification was assessed. Then, the increase in capacitance related to the increase in BET
was analyzed. Finally, the effect of capacitance increase on the mechanical properties of the

fiber was evaluated.

2 Experimental procedure

2.1 Materials
AS4C 3k 5H (Five Harness satin weave) fabric, manufactured by Hexcel, was used in this work.

Graphene nanoplatelets grade C with a surface area of 500 m?/g (GNP500) and 750 m?/g



(GNP750) were provided by XG Science Ltd. Multiwall carbon nanotubes NC7000 (MWCNT)
with a surface area up to 300 m*/g were purchased from Nanocyl. N,N-Dimethylformamide
(DMF), resorcinol, formaldehyde (37 wt% in H>O) and KOH were purchased from Sigma-

Aldrich. The binder polyvinylidene fluoride (PVDF HSV900) was supplied by Kynar.

2.2 Preparation of structural electrodes

Electrodes were prepared modifying the surface of carbon fiber by deposition of different
nanoparticles (GNP or MWCNT) or by synthesis of a carbon aerogel.

2.2.1 Spray Coating (SC) of nanoparticles

Solvent dispersions of 3 wt% GNP500, 3 wt% GNP750 or 1 wt% MWCNT were prepared in
DMF by ultrasonication for 30 min and sprayed on the surface of a 14 x 7 cm carbon fiber
fabric with a manual spray gun Kripxe 840-LP at 1 bar and 20 cm distance. Fabric was washed
with acetone before any particle deposition. Additionally, 1 wt% of PVDF was added to all
dispersions before ultrasonication to ensure adhesion of nanoparticles to the carbon fiber.
Deposition was performed once on one side on the fabric and dried at 100 °C for 10 min. Then
the process was repeated on the other side. Finally, fabric was dried at 100 °C until solvent
evaporation.

2.2.2 Synthesis of carbon aerogel

Carbon aerogel (CAG) and carbon aerogel reinforced with nanoparticles (CAG-GNP750 or
CAG-MWCNT) were synthesized on the surface of carbon fiber fabric following a method
adapted from previous studies [10]. Resorcinol-formaldehyde (RF) resin was synthesized using
resorcinol (R) and formaldehyde (F) solutions as precursors with KOH as a catalyst (C). An
aqueous solution was prepared with a R:C molar ratio of 1:50. Formaldehyde was added to

form a R:F solution with a molar ratio of 1:2. Distilled water was added to keep the RF



concentration at 40 wt.%. After 2 h of agitation, 3 wt.% of GNP750 or 1 wt% of MWCNT were
added to the RF resin and dispersed in a sonication bath for 15 min.

Carbon fiber fabric of 6 X 4 cm was soaked in the RF mixtures for 2 h and then pressed between
two steel plates fixed with clamps. Then, fabric was placed in an oven at 80 °C for 24 h for
curing. After polymerization, coated fabric was dipped in acetone for 48 h and then dried at
60 °C. Organic aerogel on carbon fibers was carbonized at 800 °C for 30 min in a vacuum

atmosphere (< 10 mbar).

2.3 Surface morphology and area characterization

Specific surface area of the modified carbon fiber fabric was calculated by Brunauer, Emmett
and Teller (BET) method based on N adsorption-desorption isotherms recorded with a
Micrometrics ASAP 2020 analyzer. Fabric surface characterization was also performed
evaluating the images form Scanning Electron Microscopy (SEM, S-3400N from Hitachi) and
Field Emission Gun SEM (FEG-SEM, Nova NanoSEM FEI 230 from Philips). Samples were

previously coated by a 6 nm layer of gold for proper characterization.

2.4 Electrochemical characterization

Cyclic voltammetry (CV) tests on modified carbon fibers were performed at room temperature
with a three-electrode cell, using a Ag/AgCl reference electrode and a platinum counter
electrode in 3M KCl aqueous electrolyte. The working electrode consisted of a single tow partly
immersed into the electrolyte and electrically contacted at the dry end. Tows were measured
and weighted before the test and active mass (m,) of the working electrode was determined
from the immersed length.

Experiments were conducted using an Autolab PGSTAT302N system. Different scan rates

(from 1 to 100 mV/s) were tested on a representative specimen from each condition. Specific



capacitance (Cyp) was calculated with Equation (1). Representative capacitance results were
calculated using a potential window (4V) from -0.1 V to 0.1 V and a scan rate (s) of 5 mV/s.

J1adv
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Csp (1)

Electrochemical capacitance behavior of the structural electrodes was also compared using a
quantitative assessment of the CV curves [32]. Hysteresis index (HI) along the potential
window of the CV curve describes the capacitor behavior. It was calculated at the maximum
difference in current at the same potential (HI1) and the average different in current along the

CV curve (HI2). Values of HI1 and HI2 range from 0 (no hysteresis) to 1 (ideal capacitor).

2.5 Mechanical characterization

Single fiber tensile tests were performed to mechanically characterize the electrodes. Tests were
carried out according to the standard ASTM C1557-14 using an in-situ tensile test machine
from Deben UK Ltd. with a load cell of 2 N.

Following the standard protocol, a single fiber was separated from the bundle with extreme care
and glued with LOCTITE 401 at either end onto a paper tab (Figure 1). A mounting platform
was designed to ensure the alignment of the single fiber on the paper tab. The platform consisted
of a central alignment area where the paper tab was fixed with two lateral supports aligning the
fiber. It was manufactured by FFF 3D printing (FFF, Fused Filament Fabrication) with 100 um

layer thickness to achieve the level of precision required.



Gripping area
1 Glue area

Hole

Speciment

Fig. 1 Paper tab (left) and mounting platform (right) for single fiber tensile test

After the fiber was glued, the tab was removed from the mounting platform, placed on the
tensile test machine and the lateral tab areas were cut. Tests were performed at a crosshead
speed of 1 mm/min to achieve strength of fracture within 30 s and a gauge length of 15 mm. At
least 15 measurements were conducted for each condition. Compliance of the system was
calculated with carbon fiber specimens at gauge lengths of 10, 12 and 15 mm. At least three
tests were performed for each gauge length.

Statistical evaluation of tensile strength results was performed with two-parameter Weibull
distribution [33], described by Equation 2. Cumulative probability of failure (Pr) of single
carbon fiber depends on specimen length (L), tensile strength (oy), Weibull scale parameter (o,)

and reference gauge length (L,).

Pr=1—exp [— f—o (Z—Z)m] 2)

The Weibull shape parameter or modulus (m) was determined by plotting of the rearranged

two-parameter Weibull distribution of Equation 3 [34].
1 L, Ym
In (ln [1 — PF]) =mln(of) —min| o, <T> 3)

Due to the variability in mechanical properties of advanced ceramics, the test procedure was

evaluated on the non-treated carbon fiber with single fiber tensile tests on 40 specimens. As the

statistical evaluation of the tensile test for non-treated carbon fibers shows expected values,



sample preparation and test procedures were considered suitable for mechanical
characterization. Therefore, the number of tested specimens was reduced to 15 for the other

conditions studied in order to allow faster characterization.

3 Results

3.1 Surface morphology of electrodes

Both the nanoparticle type and the deposition technique influenced surface morphology
(Figure 2). As supplied, the carbon fiber had a uniform texture with almost no defect or pore
on the surface (Figure 2a).

In general, particles deposited by spray coating were homogeneously distributed on the fabric
surface (Figure 2b, ¢ and d), although some agglomerates were observed in the gaps between
fibers. The GNP did not strongly increase the surface area of the fabric, because the particles
tended to lay with their basal plane facing the fiber surface (Figures 2b and c). Similar results
were found in previous studies of GNP deposition on glass fabric [35]. On the other hand,
MWCNT particles tended to tangle (Figure 2d) reducing the exposed area and increasing the
presence of agglomerates.

Direct synthesis of CAG on the fabric produced a rough surface (Figure 2e), with a uniform
layer of CAG covering the fibers and the inter-fiber gaps. Nanoparticles (GNP750 or MWCNT)
added to the CAG showed a good dispersion, producing some agglomerates in located regions

(Figures 2£-21).



Fig. 2 FEG-SEM images of (a) reference carbon fiber, as well as carbon fiber modified with (b) SC-GNP500, (c)
SC-GNP750, (d) SC-MWCNT, (e) CAG, (f,g) CAG-GNP750, (h,i) CAG-MWCNT

Increase of surface area was achieved with the modification of the carbon fiber (Table 1). Initial
surface area in WCF was low without significant contribution from micro and mesopores.
Particles with higher initial surface area (GNP750) increased the surface area of carbon fibers
significantly more than GNP500 and MWCNT. The greatest increase of surface area was

achieved with the synthesis of CAG.

10



Table 1 Specific surface area (Sget), micro- and mesopores surface area (Smicro, Smeso) and specific capacitance
(Csp) of reference fiber and modification conditions.

Sample SBeT (M?%/g) Smicro (M2/g)  Smeso (M?/g) Csp (F/g)
WCF 0.04 - - 0.017
SC-GNP500 2.29 0.37 1.92 0.073
SC-GNP750 4.72 0.11 4.61 0.408
SC-MWCNT 0.53 0.44 0.09 0.015
CAG 54.61 23.46 31.15 4.35
CAG-GNP750 63.95 28.18 35.78 2.55
CAG-MWCNT 66.18 27.93 38.26 3.95

Our results suggest two factors are important for the use of nanoparticles modification of carbon
fiber. 1) Agglomerates of particles reduced the increase in surface area. Use of binder improve
the adherence of the nanoparticles but also promotes this undesired reduction of exposed area.
2) An excess of particles also reduces the increase in surface area. MWCNT were particularly
prone to both factors, which created a more compact coating and reduced the formation of
mesopores on the surface. GNP performed best by showing less agglomerates and excess of
particles. The synthesized CAG layer also had a good morphology, but it is important to keep
the CAG layer thin to improve the ion diffusion and electrolyte penetration [36].

Agglomerates also limited the increase of surface area of CAG-GNP750 and MWCNT. The
dispersion of particles during the CAG preparation was not enough to break all the
agglomerates. Longer dispersion time will start the curing process of the RF resin due to the

heat generated by ultrasonication.

11



3.2 Electrochemical properties of electrodes

An increase in scan rates from 1 to 100 mV/s caused a decrease in the capacitance (Figure 3a).
Shapes of CV curves were symmetric and smooth. This indicated a behavior of the electrodes
typical of capacitive materials and the absence of redox peaks, i.e., a lack of electrochemical
reaction on the carbon electrodes [37]. The decrease of capacitance with the scan rate is typical
from carbon-based electrodes and is associated with micropore blocking and their ionic

resistance [38,39].
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Fig. 3 CV curves of SC-GNP750 at different scan rates (a) and carbon fiber modifications at 5 mV/s (b)

A comparison of the different surface modification techniques at a scan rate of 5 mV/s
(Figure 3b) showed that non-treated carbon fibers had very low capacity to store energy, as
expected due to its small surface area. Deposition of nanoparticles on the surface of the carbon
fiber fabric increased both its surface area and specific capacitance (Table 1). The deposition
of GNP significantly increased capacitance more than MWCNT because carbon nanotubes tend

to tangle and agglomerate. The mesopores contributed significantly to the capacitance increase.
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The lack of mesopores that connect with micropores reduced the exposed area to the electrolyte.
The highest increase of capacitance was achieved with the synthesis of CAG on the surface
(Table 1), due to its higher surface area and a better contribution of both micro and mesopores.
The addition of GNP750 or MWCNT to the CAG did not cause an additional increase of
capacitance maybe due to these particles could be blocking some of the channel that connect
different pores.

The type of particle influenced the increase of capacitance. Theoretically, this increase should
be related to the increase in specific surface area [7]. In line with this, deposition of any of the
tested GNP led to a higher increase in capacitance than MWCNT. GNP particles have a greater
number of edges than MWCNT, which enhances the specific capacitance because
electrochemical interaction with the electrolyte is higher on the edges of the carbon sheets than
on the basal plane [40]. Polymeric PVDF binder added to sprayed particles limited the
capacitance results, as it reduced electrical conductivity of the layer deposited on the electrodes.
The highest values of capacitance and surface area were achieved by CAG. Capacitance
obtained with CAG was close to the values achieved by previous studies, regarding the surface
area of the samples [16]. Despite the high initial surface area of GNP750 and MWCNT, their
addition to CAG did not show increase of capacitance due to the negative effect of agglomerates
on the increase in capacitance. Addition of well dispersed GNP particles to CAG has shown
increase in capacitance of supercapacitors structures [20].

Maximum and average HI for CAG modified fabric were 0.84 and 0.77, respectively, for CAG
modified fabric, 0.61 and 0.50 for SC-MWCNT and 0.33 and 0.30 for SC-GNP750. The HI
index of the different electrodes prepared with CAG were similar to the values of other carbon
fiber electrodes studied before [9] but spray coated electrodes were not close to the ideal values

for supercapacitors [32].
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3.3 Mechanical properties of electrodes

Mean values of strength and elastic modulus (Table 2) were similar to the properties published
by the manufacturer. Tensile strength was the mechanical property with higher standard
deviation, up to 22% deviation from the mean value. Statistical evaluation of tensile strength
with Weibull modulus (Figure 4) showed values expected for non-treated carbon fiber tensile

test results [41].

In(In(1/(1-P)))

7.4 76 7.8 8.0 8.2 8.4 8.6 8.8
In ()

Fig. 4 Statistical distribution of single fiber tensile test results for pristine carbon fiber

Mechanical properties were not affected by most of the modifications of the fibers (Table 2).
Sprayed particles were anchored by PVDF binder that created an adhesive bond without
creating defects on the surface that would compromise mechanical behavior. A reduction of up
to 32 % of tensile strength was caused by the synthesis of CAG on the surface of the fibers.
This could be due to defects on the carbon fiber surface created during the calcination process.
For example, RF resin used as base for the CAG contains oxygen on its chemical structure that
could react with the carbon fiber at the high temperatures used during the process. Tensile

strength of CAG-carbon fiber electrodes has not been studied, but previous studies of shear
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strength [16,20] suggest improvements of the interface strength that might improve the overall
mechanical behavior.
Standard deviation of tensile strength was considered suitable as the Weibull modulus for all

the samples were similar between them and close to the expected values [41].

Table 2 Mechanical properties and Weibull modulus () of carbon fiber and modification conditions

Sample or (MPa) E (GPa) m
WCF 4035 + 830 200 £ 25 5.0
SC-GNP 500 3614 £429 193 +22 10.4
SC-GNP 750 3848 + 859 191 +12 5.1
SC-MWCNT 3789 + 830 194 £8 4.9
CAG 2475 + 547 180 £ 14 53
CAG-GNP750 3048 + 517 202 £ 15 6.5
CAG-MWCNT 2992 + 674 196 £ 13 4.5

3.4 Multifunctional electrode suitability

Multifunctional electrodes for structural applications require a combination of good capacitance
and mechanical properties. SC-GNP750 electrodes presented a good combination of both
properties. Capacitance of these electrodes was lower than the CAG, but mechanical properties
were similar to those of the original carbon fiber. The advantages of SC deposition are that (1)
it did not affect mechanical properties and (2) it is a technique that allows more flexibility than
direct synthesis, e.g., modification on a larger surface of fabric is possible without a high
increase of manufacturing costs. It is also easier to adapt the geometry of the electrodes to the

requirements of the final component.
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By contrast, CAG electrodes face four significant limitations. First, they have reduced
mechanical properties, although the tensile strength values achieved are still high enough for
other structural applications. Second, the size of the electrodes is small for a structural
component. Third, its implementation is difficult and expensive, as it required calcination at
800 °C in a vacuum atmosphere. And fourth, geometry of the electrodes is limited by the rigidity

of the CAG layer on the fabric.

4 Conclusions

Multifunctional electrodes for structural applications were produced using carbon fiber. Surface
modification of carbon fiber fabric increased energy storage capacitance, by overcoming the
lack of surface area of the original carbon fiber. Particle size and modification technique had a
high influence on the increase in surface area, which drove increased capacitance. Electrodes
produced by spray deposition of GNP750 showed enough capacitance for energy storage while
maintaining the mechanical properties of the original carbon fiber. Further optimization of the
limiting effect of the polymeric binder on the capacitance would produce good electrode
candidates for structural applications such as in electric vehicles. CAG surface modification
showed the highest capacitance, which made them good electrodes for supercapacitors.
However, reduction on its mechanical properties limited its structural applications although its
multifunctionality cannot be completely discarded, as its mechanical properties remained

sufficient.
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