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ABSTRACT: The development of nanoscale reinforcements, which can tailor
the interfacial strength and impart multiple functionalities on carbon fiber
reinforced polymer (CFRP) composites, remains a challenge for their large-
scale adoption in diverse applications ranging from aerospace to transportation
and construction industries. In this work radially aligned graphene nanoflakes
(GNFs), grown directly on carbon fibers (CFs) via a simple one-step
microwave plasma enhanced chemical vapor deposition method, without any
catalyst, were used as a novel nano-reinforcement interface. A remarkable 28%
enhancement in the tensile strength of the hybrid fibers was observed via single-
fiber tensile strength tests, whereas the interfacial shear strength (IFSS)
increased by 101.5%. Our results demonstrate that GNFs not only improve the
interfacial strength between the GNFs and the epoxy resin but also enhance the
in-plane mechanical strength of the CFsa well-known problem encountered
with the direct growth of carbon nanotubes on CFs. In addition, GNFs
provided embedded functionality via increased electrical conductivity (60.5% improvement for yarns and 16% for single fiber) and
electrochemical capacitance (157% for yarns). This work indicates the potential of GNFs as an interphase for the simplified and cost-
effective production of stronger multifunctional CFRP composite materials.

KEYWORDS: vertical graphene nanoflakes (GNFs), tensile strength, interfacial shear strength (IFSS), electrical conductivity,
electrochemical capacitance, multifunctional fibers, hierarchical structures

1. INTRODUCTION

Carbon fiber reinforced polymers (CFRP), made of carbon
fibers (CFs) reinforcing a resin matrix, are central to the
production of stronger yet lighter components for airplanes,
cars, trains, ship containers, and wind turbines. The ever
increasing requirements for cost efficiency and ecological
policies led to the gradual migration from metallic to
composite structures in these industries, as the reduction in
body mass reduces fuel consumption and greenhouse
emissions. The high specific in-plane mechanical properties
of CFs are the cornerstone of the superior performance of
CFRPs. However, this performance is significantly affected by
their reduced out-of-plane properties. These shortcomings are
largely governed by the interfacial strength between fibers and
polymer matrix, which in its turn is governed by the specific
surface area, the low surface energy, the nonpolar character-
istics, and the chemical inertness of CFs. The weak interfacial
bonding does not allow the effective transfer of stress from the
matrix to the CFs, leading to fiber debonding and pull-out
from the matrix, which deteriorate the properties of CFRPs.
Therefore, an appropriately engineered interface is essential to
ensure the efficient load transfer from the matrix to the

reinforcements and significantly enhance the mechanical
behavior of composites.
To counterbalance the poor bonding of matrix material to

CFs, many surface modifications have been introduced to
reinforce the interface at the macro and molecular level. These
approaches include surface modification of CFs to improve the
compatibility between CFs and polymer matrix, such as sizing,1

coating,2,3 oxidation,4 plasma treatments,5−7 chemical graft-
ing,8−12 and electrophoretic deposition.13−15 Popular efforts
include the incorporation of secondary nanoscale reinforce-
ments (e.g., graphene and carbon nanotubes) at the interface
between the fiber and matrix.16−20 One particularly promising
interface reinforcement route is the “roughening” of the fiber
surface via direct growth of hierarchical architectures on it. A
notable example of these reinforcement interphases includes
the radial direct growth of carbon nanotubes (CNTs) on CFs.
Because of the poor wettability of CFs in CNT growth catalyst
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solutions, past works have employed harmful surface treat-
ments to improve catalyst adhesion;21 with only few
exceptions,22 in the reported literature, the majority of efforts
have resulted in compromises of in-plane mechanical proper-
ties.23,24 Accelerated interdiffusion of the catalyst particles on
the CF surface, at the high temperatures used for the CVD
growth of carbon nanostructures, was identified by several
authors as the main mechanism, responsible for the
encountered in-plane strength losses,25 while Steiner et al.26

claimed that thermally activated mechanochemical changes in
the CF structure were mainly accountable for the reduction in
CF strength.
Recent efforts to overcome these challenges include

noncovalent functionalization routes to avoid direct contact
of the catalyst with the carbon fabric. These methods, in
conjunction with low growth temperatures, have shown to
preserve the interfacial properties of the CFs. However, it is
important that the fiber yarn is kept under tension during
growth, which complicates the manufacturing process.27

Nevertheless, the multiple processing steps render this
approach costly and not amenable to large-scale production.
A novel type of hierarchical reinforcing interface, almost

unexplored so far, is that of vertically aligned, self-assembled
3D network of graphene nanoflakes (GNFs). In the literature,
GNFs can also be found with other names, like carbon
nanowalls,28 graphene nanowalls,29 graphitic petals,30 or
graphene nanopetals.31 GNFs are multilayer systems of
graphene sheets, oriented perpendicular to a substrate’s
surface, forming a labyrinth network like pattern. They
encompass a number of important assets: (i) They can be
self-assembled on any type of surface without use of any metal
catalyst. Because no catalyst is required for the growth of
GNFs, it is expected that the in-plane strength of the fibers can
be maintained, provided that the CFs are not subjected to high
temperatures for long durations. Additionally, the elimination
of catalyst makes the manufacturing process much easier
compared to those used for the growth of CNTs. (ii) The
distribution of load-bearing graphene sheets is not uniform but
rather creates a gradient of layers, with the number of layers
being highest at the base and gradually lower at the top.32−34

Such a graded interface emulates biological systems which
rarely exhibit discrete boundaries between two systems of
vastly different mechanical properties. This biomimetic graded
interface35 could effectively transfer load between the matrix
and the fibers and reduce stress concentrations. (iii) The
hybrid structure exhibits high porosity and robustness, which
are beneficial for ensuring efficient infiltration of resin. Because

of their robust structure, GNFs are more likely to retain their
shape under the action of forces generated by the resin
infusion process, in contrast to CNTs. (vi) Finally, the direct
contact of GNFs and CF at the GNFs/CF interface minimizes
Ohmic contact resistance, facilitating efficient out-of-plane
electrical and thermal transport,30,31 hence giving rise to
multifunctional capabilities.
GNFs have received significant attention over recent years

due to their conductive, porous morphology, and electron rich
edges, which make them well suited for a variety of fields
including electron field emission,36 blackbody antireflective
coatings,37 electrodes for sensing,38−40 and energy conversion
and storage (electrodes for fuel cells,41,42 batteries super-
capacitors,43−46 and solar cells47,48). However, their use as a
nano-reinforcement interface is an almost unexplored terrain
with only limited work reported so far49−51 on radio-frequency
plasma enhanced chemical vapor deposited (rf-PECVD) GNFs
on CFs. Furthermore, there are no studies that combine
electrical, electrochemical, and mechanical properties to assess
the potential for multifunctionality of the hybrid GNFs/CF
fibers on structural composite applications.
In this work, GNFs grown by microwave plasma enhanced

CVD (mw-PECVD) are used as a novel and quick one step
means to reinforce the interface of CFRP. To the authors’
knowledge, no other research groups have investigated the
tensile and interfacial strength of CF with directly grown GNFs
synthesized by mw-PECVD composites (Scheme 1). By
tailoring the synthesis parameters, so that minimal thermal
loading is imposed on the CFs, the tensile strength of the
original CFs was enhanced in the GNFs/CF hybrid, which is
first reported here. Additionally, with the GNF growth, an
increase in interfacial strength with the epoxy matrix was
observed and is hypothesized to arise from both an increased
surface roughness and a robust adhesion to the carbon fiber
surface, achieved by the energetic nature of the plasma
deposition. For the first time, the multifunctionality of GNFs
on CFs is demonstrated by showing interfacial reinforcement
and enhanced electrical and electrochemical properties.

2. MATERIALS AND METHODS
2.1. Direct Growth of GNFs on Carbon Fibers by Microwave

Plasma Enhanced CVD. The synthesis of graphene nanoflakes
(GNFs) was conducted in a 1.5K W, 2.45 GHz, SEKI Technotron
mw-PECVD system with N2 and CH4 as the primary feed gases
(Supporting Information section S2 and Figure S1). The CFs yarns
were placed on a 62 mm Mo holder. After pumping the chamber
down less than 6 × 10−3 Torr, we introduced N2 (30 sccm) to achieve
the desired total pressure of 15 Torr. At that point, the temperature of

Scheme 1. Schematic Illustration of GNFs/CF Hybrid Fabrication
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the holder was increased by using rf-inductive heating. This type of
heating allows high ramp rates of about 55−60 °C/min. When the
desired temperature was reached, CH4 (20 sccm) was introduced
inside the chamber and the striking process of the plasma started.
Three different microwave powers were selected: 500, 800, and 950
W. The total time of the procedure was kept at 5 min. Prior to
deposition the samples were etched with N2 plasma for 2 min. The
GNFs growth time was kept at 3 min. The substrate temperature was
kept at 300−600 °C. After the deposition the samples were cooled in
a constant N2 flow of 50 sccm. Other details of materials and methods
are described in the Supporting Information.
2.2. Mechanical Characterization of Hybrid Fibers via

Single Carbon Fiber Tensile Strength Measurements. Tensile
tests on single carbon fibers were performed on a Deben Ltd.
Microtester (Figure S7) with a load cell 5 N. The Young’s modulus,
ultimate strength, and failure strain were determined according to
ASTM C 1557-03.52 The motor speed was selected at 0.1 mm/min,
and the amount of time between each data acquisition was 100 ms.
The Microtester was controlled by the Deben MICROTEST software
version 6.3.30. The tensile strength of the fiber was calculated as
follows:

T
F
A

=
(1)

where T (Pa) is the tensile strength, F (N) is the force to failure, and
A (m2) is the fiber’s cross-sectional area at fracture plane (normal to
fiber axis). The fiber’s cross-sectional area (A) was calculated as
follows:

A
d
4

2
π=

(2)

where d (m) is mean diameter of coated fiber. The strain, ε, of the
fiber was calculated by

l
l0

ε = Δ
(3)

where Δl (mm) is the elongation of the gage length and l0 (mm) is
the gage length. The Young’s modulus of the fiber was calculated from
the slope of the linear region of the stress−strain curves.
2.3. Mechanical Characterization of Hybrid Fibers via

Single-Fiber Fragmentation Measurement. The interfacial
shear strengths (IFSS) of bare (bCF) and coated carbon fiber
GCF-2 with epoxy matrix were also evaluated by single fiber
fragmentation tests (SFFT). Dog-bone-shaped model-composite
specimens consisting of a single fiber aligned carefully in the middle
the resin were prepared and tested. A silicone rubber mold (Figure
S10) was used for the preparation of the specimens. The fibers were
stabilized on the pins of the mold with the aid of a superglue; then the
mold was filled with a two-part epoxy resin system, and the specimens
were cured for 2 h at 60 °C. After curing, the specimens were left to
cool to room temperature before removing them from the mold.
Subsequently, a postcuring cycle was performed at 120 °C for 1.5 h,
following cooling to ambient conditions. Subsequently, their surface
was subjected to sequential sanding with 800, 1000, 1200, 2400, and
4000 grit sandpapers and polishing with a 3 μm diamond paste. The
specimens were ready for microscopic characterization when the fiber
was at ∼0.2 mm from their surface.
During the fragmentation test, these specimens were loaded to

tension, with a loading rate of 0.1 mm/min, up to ∼6% strain by using
a custom-made horizontal tensile testing stage, which was placed
under the optical microscope (Figure S11). All the coupons were
loaded at incremental strain levels until saturation. Each experiment
was paused every 0.2% of applied strain, and the fragments of the CFs
were measured from the birefringence patterns via polarized optical
microscopy. Five samples were tested for each category, and each fiber
diameter was evaluated before testing by averaging at least 10 optical
measurements along its active length.
During SFFT testing of a model-composite specimen, the stress is

transferred by the resin to the CF through the interfacial region. As

the externally applied load increases, the CF breaks into increasingly
smaller fragments at locations, where the CF axial stress reaches its
tensile strength. This fragmentation process is continued by further
stressing of the specimens until reaching saturation whereby all the
CF fragments are too small to reach their tensile strength for further
fragmentations to occur. The mean fragment length, lf, is the average
fragment length achieved at the saturation stage and is used for the
calculation of the critical length, lc, through the equation lc = (4/3)lf.
Then, the IFSS (τ) can be calculated by using the Kelly and Tyson
model:53

d l( /2)( / )f cτ σ= (4)

where σf is the tensile strength of the fiber at the critical length lc and
d is the diameter of the fiber.

For the calculation of the strengths of the CF and the GCF-2 at the
small values of the critical lengths observed during SFFT a Weibull
analysis was performed using the Weibull distribution function:
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P L1 exp

m

0

σ
σ

= − −
(5)

where σ is the applied stress, σ0 is a scale parameter, and m is the
dimensionless Weibull modulus.

By rewriting this equation in the linear form, we can then plot the
ln(−ln(1 − P)) against ln(σ); then the Weibull modulus was
calculated from the slope of the curve while the scale parameter was
estimated from the value of the intercept through the equation

e m
0

intercept/σ = − (6)

The probability of failure was calculated in this study by the maximum
likelihood estimator (P = σ − 0.5/n), where σ is the failure stress of
each CF and n is the number of tested CFs. After evaluation of the
Weibull shape and scale parameters, the fiber strength at the short
critical lengths observed during SFFT was calculated according to the
following equation:54

L m(1 1/ )m
0

1/σ σ⟨ ⟩ = Γ +− (7)

where Γ is the gamma function.
The Weibull plots and results derived from this analysis are

presented in Figure S12 and Table S3.
2.4. Electrical Conductivity Measurements. Electrical con-

ductivity measurements were performed on the GNFs/CF yarns and
single fibers via a Keithley 2611B system source meter utilizing two
probes. Conductive silver paint was placed at the edges of the yarn,
and copper tape was placed above the silver paint providing in this
way a more uniform and conductive contact between the crocodile
clips and the carbon fiber yarn. For the calculation of the electrical
conductivity the following equation was used:

G
L
A

σ =
(8)

where σ is the electrical conductivity (S/cm), L is the length between
the two contacts, G is the conductance (S), and A is the cross-
sectional area (cm2).

2.5. Electrochemical Characterization. Electrochemical char-
acterizations were performed on an Autolab PGSTAT/FRA system,
employing a typical three-electrode configuration with a platinum wire
(Pt, CHI. Instrument, Inc.) as a counter electrode (CE) and Ag/AgCl
(3 M KCl, CHI. Instrument, Inc.) as a reference electrode (RE). The
working electrode (WE) was fabricated by paint-drying Ag-
conducting paste at one end of the bare (bCFs) or graphene
nanoflake-coated carbon fiber yarn (GCF) and wrapping it with Cu
adhesive tape to ensure stable electrical contact.

Capacitance measurements were made in fresh 1.0 M H2SO4 (pH
0) and 1.0 M NaClO4 (pH 7.4) electrolyte solutions by employing
cyclic voltammetry (CV), recorded in a three-electrode configuration.
Prior to the actual capacitance measurement, every CF electrode was
subjected to continuous potential cycling at a rate of 10 mV/s until
stable CVs were achieved. Every CF electrode was first subjected to
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the measurement of capacitance, via scan rate dependent CV study, in
1 M H2SO4 solution, followed by the same test in 1 M NaClO4
solution. Finally, the same electrode was subjected to a redox activity
study (via CV and EIS) in 5 mM K4Fe(CN)6 of 0.1 M KCl solution.
Electrochemical impedance spectroscopy (EIS) was performed in the
frequency range from 100 kHz to 0.01 Hz with an AC perturbation
amplitude of 10 mV. Notably, all electrodes were carefully and
thoroughly washed in DI water and completely dried before each step.
The highly concentrated sodium perchlorate (NaClO4) aqueous

solution was chosen as a neutral electrolyte because of its extremely
high solubility in water and extremely slow evaporation rate due to the
strong hydration of Na+ and ClO4

− ions. As a result, it exhibited a
wider operating voltage window of 1.15 V (−0.15 to +1.0 V)
compared to 1.0 V (0.0 to +1.0 V) observed in 1.0 M H2SO4
electrolyte.55

2.5.1. Analysis of Capacitance Measurements. The areal specific
capacitance (Csp), derived from cyclic voltammetry, in a three-
electrode configuration, was calculated by integrating the area under
the positive (Qi

+) and negative (Qi
−) sweep of the CV cycle and by

using eq 9:

C
Q Q

U A2
i i

sp ν
=

+
× Δ × ×

+ −

(9)

where ΔU is the potential window (V) difference between lower and
upper voltage limits, ν is the potential scan rate, and A is the
geometric area of the working electrode (WE) immersed into the
solution during measurement.
The energy or Coulombic efficiency (ηE) was calculated via the

expression

Q

Q
100%i

i
Eη = ×

−

+
(10)

where Qi
+ and Qi

− are charges stored and released during the charging
(positive) and discharging (negative) phases of the CV cycle,
respectively.
2.5.2. Analysis of Redox Activity Study. The linear relationship of

the redox peak currents (Ip) with the square root of scan rates (ν1/2)
of potential suggests diffusion-controlled mass transport, following the
Randles−Sevcik equation

I n D C(2.69 10 ) ESAp
5 3/2 1/2 1/2ν= × × × × × × (11)

where n is the number of electrons participating in the redox reaction
(1 for Fe(CN)6

3−/4−). D and C represent the diffusion coefficient (7.6
× 10−6 cm2/s) and concentration (5 × 10−6 mol/cm3) of K4Fe(CN)6
in solution. ESA is the only parameter of the working electrode
material, representing the electroactive surface area of electrode
(cm2).
The electrocatalytic efficiency for redox activity of the working

electrode material was estimated by

i
k
jjj

y
{
zzz

ESA
GA

100%SAη = ×
(12)

where ESA and GA are electroactive and geometric surface electrode
areas (cm2), respectively. The ESA value was estimated from the
linear fitting of Ip vs ν

1/2 plot using eq 11.

3. RESULTS AND DISCUSSION
The growth of graphene nanoflakes (GNFs) was performed in
a mw-PECVD system with a mixture of gases of 60% nitrogen
in methane. The GNFs were grown as a function of different
microwave powers between 500 and 950 W at two different
growth temperatures of 300 and 600 °C. In the following
discussion GCF-1 denotes the GNFs/CF hybrid fibers
fabricated at a growth temperature of 600 °C and microwave
power of 500 W (600 °C at 500 W). Similarly, GCF-2 is
fabricated at 600 °C and 800 W (600 °C at 800 W), GCF-3 is
fabricated at 600 °C and 950 W (600 °C at 950 W), and GCF-
4 is fabricated at 300 °C and 800 W (300 °C at 800 W). The
effect of GNFs on the mechanical performance of CFs was
examined through single carbon fiber tensile strength tests,
whereas interfacial shear strength (IFSS) was measured by
single-fiber fragmentation tests (SFFT). The electrical
conductivity was evaluated through a two-probe method with
applied voltage in the range 1−10 mV on both single-fiber and
yarns of CFs. Also, the capacitance of the CF yarns was
measured in two different electrolytes, 1 M H2SO4 (acidic, pH
0) and NaClO4 (neutral, pH 7.4) solutions, through
electrochemical tests. The properties of coated CFs were
benchmarked against those of as-purchased bare carbon fibers
(bCFs).

3.1. SEM Observations of GNFs/CF Hybrid Yarns. The
morphology of the GNFs on carbon yarns was characterized by
field emission scanning electron microscopy (SEM, Figure 1).
Surprisingly, it was found that at the low growth temperature
of 300 °C (GCF-4) the nanoflakes were uniformly radially
erected from the CFs surface (Figures 1i,j), whereas at the
higher temperature of 600 °C (GCF-2, Figures 1e,f) and
higher plasma power of 950 W (GCF-3 Figures 1g,h), the
nanoflakes were assembled in a spherule-like morphology with
a diameter of approximately 0.5−2 μm. Similar spherule-like
morphology was observed on as-purchased unsized CF yarns
(12K CF yarn from Goodfellow, C 005722) under identical
deposition conditions, indicating that their formation is not
related to the sizing. Figure S5 provides lower and higher
magnification images of spherules’ formation on the unsized
carbon fibers. They seemingly are made of a network of
interconnected GNFs of slightly different heights, giving rise to

Figure 1. Observations on the morphology of the grown GNFs on the CFs: SEM photographs of (a, b) bare (bCF) and GNFs/CF hybrid yarns:
(c, d) GCF-1 (500 W at 600 °C), (e, f) GCF-2 (800 W at 600 °C), (g, h) GCF-3 (950 W at 600 °C), and (i, j) GCF-4 (800 W at 300 °C).
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the distinctive spherule-like morphology. The GNF spherules
are coalesced into a continuous coating covering the CF
surface. Their growth most probably is related to increased
nucleation sites on both the initial and subsequent growth
stages, at high power conditions (800−950 W). In the case of
GCF-1 (500 W at 600 °C), although spherules were
distributed throughout the carbon surface, they were not
vividly apparent due to their small size (Figures 1c,d). The
highest growth rate was observed for GCF-2 (∼1.10 μm thick)
when compared to other hybrids (GCF-1: ∼280 nm; GCF-3:
∼315 nm; and GCF-4: ∼65 nm). At the same time the length
of graphene flakes in GCF-2 sample (Figures 1f) was the
largest among the four hybrids (Figures 1d,f,h,j), providing an
increased amount of gaps between the flakes, which
corroborates with the lowest ID/IG ratio (= 1.23) observed
in the Raman results (Figure 2b). Similarly, a good agreement

was observed between the graphene network density and the
ID/IG ratio. The GCF-3 (950 W at 600 °C) demonstrated a
higher network density than GCF-2, accompanied by a higher
ID/IG ratio 1.72. The GCF-1 (500 W at 600 °C) exhibited the
highest network density, which was reflected by the highest ID/
IG ratio of 2.00.
3.2. Raman Characterization of GNFs/CF Hybrid

Single Fibers and Yarns. Raman characterization was
performed on yarns to assess the quality and uniformity of
GNFs coating on the CF surface (Figures S3 and S4, Table
S2). All the spectra (Figure 2a) contained prominent
vibrational modes (Table S1) near 1346, 1580, and 2691
cm−1 that correspond to the D, G, and the 2D bands,
respectively.56−58 The D band is due to the presence of defects

such as distortion, vacancies, and strain in graphitic networks
arising from finite crystallite size and is associated with
transverse optical (TO) vibrations near the K point. The G
band is representative of sp2 bonding and originates from first-
order Raman scattering. The 2D band results from a double-
resonance Raman process.
The knee in the G band (D′) is a band indicative of finite

graphite crystals and graphene edges. Both the appearances of
sharp D and distinctive D′ peaks are characteristic signatures of
graphene nanoflakes and are associated with the prevalence of
graphene edge defects.56

As the microwave power increases from 500 to 950 W, a
blue-shift on the D, D′, and 2D bands, normalized to the G
band position, can be observed in Figure S2 and Table S1,
demonstrating that the plasma power is playing a crucial role
to the quality of the produced GNFs. This upshift could be
related to the oxygen induced hole doping of graphene sheets57

since oxygen radicals are expected to be more dominant at
higher plasma powers. Alternatively, this blue-shift of the 2D
band58 could also be attributed to the increased number of
graphene layers expected at higher plasma powers.
The intensity ratio of the D band to the G band (ID/IG) is

commonly used to evaluate crystalline quality of graphitic
structures and is ideally zero for highly ordered pyrolytic
graphite.59 The lowest ID/IG ratio of 1.23 observed for GCF-2
(800 W at 600 °C) (Figure 2b) indicates the lowest amount of
defects and correlates well with the lower density of the
nanoflakes. Notably, GCF-2 displayed the lowest values of
standard errors for ID/IG illustrating a uniform GNF coating. A
high I2D/IG ratio greater than or equal to 2 is indicative of a
single-layer graphene, whereas lower values are associated with
multilayer graphene.60,61 Hence, the low I2D/IG ratio values
observed for all hybrids (<1) reveal a large number of
graphene layers in the nanoflakes.

3.3. Single-Fiber Tensile Strength Measurement of
GNFs/CF Hybrids. Single-fiber tensile strength tests were
performed to examine the effect of the grown GNFs on the in-
plane mechanical properties of the CFs. The gauge length
(Figure S8) for every specimen was selected at 20 mm. The
tensile strength values were calculated via eq 1, while the
corresponding Young’s modulus values were estimated from
the slope of the linear region of the stress−strain curve (Figure
S9 and Table S3). The tensile strength of bCF was estimated
as 3.2 ± 0.32 GPa. At microwave powers of 500 and 800 W a
significant increase up to 28% was observed on the tensile
strength of the GNFs/CF hybrid fibers ((3.6−4.1) ± 0.35
GPa) (Figure 3a), while the Young’s modulus values (Figure
3b) were similar for all samples when compared to bCF. It can
be postulated that at microwave powers ≤800 W the induced
thermal loading on CFs is not sufficiently high to inflict
detrimental effects to the mechanical integrity of them;
however, it is adequate for the self-assembly of graphene
crystals that can restrict crack propagation and hence be a
source of increased tensile strength. GCF-2 (800 W at 600 °C)
displayed the highest tensile strength, and this can be
attributed to the high crystalline quality of GNFs as well as
to the good uniformity that the coating presented along the
fiber length. Subjecting the fiber to intense plasmas (GCF-3
(950 W at 600 °C)) was found to slightly reduce the tensile
strength value (2.8 ± 0.23) due to higher temperatures
developed by the high-power plasmas. It should also be noted
that the whole mw-PECVD process took place within only 5
min (2 min etching and 3 min deposition), and the targeted

Figure 2. Raman characterization of graphene nanoflakes (GNFs) on
carbon fiber (CFs) yarns: (a) Raman spectra of a bare (bCF) and
GNFs/CF hybrids, denoted as GCF-1 (500 W at 600 °C), GCF-2
(800 W at 600 °C), GCF-3 (950 W at 600 °C), and GCF-4 (800 W
at 300 °C). (b) ID/IG and I2D/IG intensity ratios measured at the
center of a 40 mm yarn. Error bars represent standard deviation from
at least 20 independent measurements.
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temperatures were attained within <10 min. This is in contrast
to rf-PECVD process for the growth of GNFs62−64 or thermal
CVD process for the growth of CNTs,65,66 where large
ramping times are required for achieving the external targeted
temperature and substantially longer growth durations (30−60
min) are needed to achieve the desired coating thickness, both
of which may impose a substantial thermal loading to the CFs
and hence induce a decrease in the plane mechanical
performance of the fibers. This hypothesis is supported by
two recent works,50,51 where a decrease up to 19% was
observed on rf-PECVD GNF/CF hybrids compared to as-
purchased sized CFs. In addition to considerably reduced
thermal loading, another important factor that contributed to
the enhanced tensile strength in our work is the elimination of
harmful chemical treatments that were conducted at past
works21 to achieve better adhesion between the catalyst and
the CF surface, necessary for CNT growth. However, it is
worth noting that recent efforts to overcome these challenges,
including thickness control of the catalyst coating22 and
reduction of interaction time between the CFs and the
catalyst,67 led to enhancement of the tensile strength up to
14%. Here, GNFs were self-assembled directly on as-purchased
CFs without any prior chemical treatments, since no catalyst is
required for their growth. The enhancement obtained in our
work is remarkably higher than those reported for CNTs (up
to 14%)22,67 or non- carbon-modified CFs such as ZnO
nanowire coatings on CFs (0.2%).68

Both the modulus and strength of the GNF/CF hybrid fibers
are mainly governed by the properties of the CFs. The high
modulus of carbon fibers originates from the high crystallinity
and the well alignment of crystals in the fiber direction. As a
result, the growth of GNFs does not affect these bulk
characteristics of the carbon fiber.69,70 However, the strength
of the CF is affected primarily by the defects and crystalline
morphologies in fibers.
Three main factors, we hypothesize, contribute to the

increased tensile strength. First, the intrinsic defects on the CF
surfaces are repaired during the initial stages of microwave
-PECVD GNF growth process. Second, the initial graphitic

layers formed at carbon fiber/GNF interface provide resistance
to crack propagation by offering a longer load-carrying
pathway for the cracks to propagate. Third, the strong
adhesion of the CF with the interconnected 3D-GNF crystal
network possessing a gradient morphology reduces interfacial
stress concentrations and improves load transfer between the
rigid CF and the hierarchical structure.
For carbon fibers the existence of surface flaws is considered

a critical determinant of fiber tensile strength.71,72 The increase
of 28% indicates that the growth of GNFs does not introduce
defects on the fiber but in fact serves to heal any defects
present on CF, leading to the enhancement of tensile strength.
This healing process is connected with the growth mechanism
of GNFs. Previous studies73,74 revealed that the growth of
vertical graphene nanoflakes starts with the formation of a
buffer layer consisting of amorphous carbon and graphitic
layers parallel to the substrate surface. Lattice and thermal
mismatches between the substrate and the graphitic layers
cause the creation of upward curling graphitic edges, which act
as nucleation sites for the vertical graphene growth. GNFs
continue to grow in the vertical direction by the attachment of
a high number of carbon species at the active edges. The GNFs
have tapered structures, with a few graphene layers at the top
(Figure S6) and progressively more layers toward the bottom.
The initial stage of growth helped to heal defects or flaws at

the fiber surface, thereby reducing premature failure at stress
concentration points. The high energetic nature of the plasma
process offers the opportunity to diffuse into any voids and
cracks on the CF surface, providing a reinforcement effect.
Additionally, the initial graphitic crystals formed parallel to the
CF surface help to restrict crack propagation.22 It is also
assumed that, similar to biological materials,35 the gradient
thickness of graphene layers in the flakes reduces the stress
concentration and consequently enhances the energy dis-
sipation.
To demonstrate the strong bonding between the CF and the

directly grown GNFs, a knife adhesion test was performed to
remove the GNFs. Figures 4a and 4b show the CF’s surface
after mechanically scraping the GNFs with the help of a high-

Figure 3. Single-fiber tensile strength test: (a) tensile strength and (b) Young’s modulus of bare (bCF) and GNFs/CF hybrid single fibers: GCF-1
(500 W at 600 °C), GCF-2 (800 W at 600 °C), GCF-3 (950 W at 600 °C), and GCF-4 (800 W at 300 °C). Error bars represent standard deviation
from at least 20 independent measurements.
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precision surgical blade. The SEM observations revealed that
the majority of the GNF coating remained unaffected,
demonstrating a strong adhesion between the CF and the
GNFs. Two regions (Figure 4, regions a and b) can be readily
identified from the SEM analysis. In region a, the upper GNFs
were compressed or removed by the scraping process whereas
in region b the top surface coating was removed, with a
substantial amount of GNFs remaining adherent to CF.
Overall adhesion tests demonstrated very good bonding
characteristics between the GNFs and the CFs, indicating a
strong GNFs/CF interface capable to promote increased
tensile strength.
3.4. Interfacial Shear Strength (IFSS) Measurement of

Single-Fiber GNFs/CF Hybrids. To determine the interfacial
adhesion between the fibers and the matrix, interfacial shear
strength (IFSS) was measured by single-fiber fragmentation
test (SFFT), following the methodology described in section
2.3. The IFSS was analyzed by the Kelly and Tyson model53

given in eqs 4−7. Photoelastic birefringence patterns, induced
by stress concentrations at the fiber/matrix interface, in the
vicinity of fiber fragments, were observed by polarized optical
microscopy, and their lengths were measured. It can be seen in
Figure 5 that the introduction of a GNFs interface significantly

increases the fracture density in the GCF-2 (800 W at 600 °C)
specimen, which indicates improved fiber/matrix interfacial
shear strength. The calculated IFSS was found to increase from
15.10 ± 3.61 MPa for the bare fiber (bCF) to 30.43 ± 4.30
MPa with the GNFs interface (GCF-2 (800 W at 600 °C)
hybrid), indicating an enhancement by 101.5% (Figure 6 and
Table S3). This increase is in good agreement with recent
results of rf-PECVD grown GNFs49−51 as well as with other
nanomaterials like CNTs8,75 or ZnO nanowires68,76 grown on
CFs. Improvement of IFSS could be attributed to the following
reasons: (i) The dense labyrinth-like network of the GNFs
creates a higher surface area on CFs, which leads to improved
mechanical interlocking. (ii) The large number of edge defects
present in GNFs promotes strong bonding with the epoxy. (iii)
The gradient distribution of graphene layers along the
nanoflakes’ height (progressively reducing from the bottom
to the top of nanoflake) produces essentially a gradient

between the fiber and matrix, which can effectively transfer
load and thus reduce stress concentration at the interface.
SEM fractography analysis (Figure 7) was carried out to

investigate the failure mechanisms at the interfaces and
simultaneously examine whether the existence of the GNFs
coating could possibly lead to enhanced interfacial adhesion.
An epoxy resin/CF bundle, in dog-bone shape, was broken via
a universal tensile strength tester to simulate a typical pull-out
test.
Bare fibers displayed significant fiber pull-out from the

polymer matrix (Figure 7a), presenting a large quantity of
holes, indicative of poor adhesion between the CFs and the
epoxy resin surrounding them, when compared to coated ones
(Figure 7d). Figures 7b,c revealed significant fiber debonding
or adhesive failure of the interface between bare CFs and the
polymer matrix, while Figures 7e,f disclosed that the presence
of GNFs established bridging effects between the coated CFs
and the polymer matrix, transferring in this way stresses in the
region between the CF and the epoxy resin. The growth of
GNFs on the surface of carbon fibers led to the formation of
two interfaces: one between the CF and GNFs and a second
one between the GNF and the epoxy matrix. The increased
interface strength resulting from the GNFs implies that both
interfaces were stronger than that between the bCF and epoxy
of the bCF composite. The increased strength of the GNFs/
epoxy interface is attributed to increased bond area due to the
high surface area of the GNFs, whereas the increased adhesion
between the carbon fiber and GNFs is associated with the
energetic nature of the plasma.

3.5. Electrical Conductivity (σ) of GNFs/CF Hybrid
Single Fibers and Yarns. The electrical conductivity of CF
yarns before and after the introduction of GNFs is shown in
Figure 8a. The electrical conductivity of the yarns was
calculated by multiplying the measured conductance with the
distance between two electrode contacts and dividing the
resultant product with the cross-sectional area of the fiber
(cylindrical shape assumption, eq 8). The calculated value was
then multiplied by the number of individual fibers consisting
the yarn (12000) to evaluate the yarn’s conductance. The as-
received carbon fiber yarn had a conductivity of ∼160 S cm−1,
which increased for almost all hybrid yarns. The highest

Figure 4. Adhesion tests on the grown GNFs. (a, b) Removal of the
GFNs with a blade.

Figure 5. Representative photoelastic birefringence patterns of (a)
bare (bCF) and (b) GCF-2 (800 W at 600 °C) hybrid fiber, observed
by polarized optical microscopy during the single-fiber fragmentation
test (SFFT). Scale bar = 50 μm.

Figure 6. Interfacial shear strength (IFSS) results for (a) bare (bCF)
and (b) GCF-2 (800 W at 600 °C) hybrid fiber conducted via single-
fiber fragmentation test. Error bars represent standard deviation from
at least 20 independent measurements.
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electrical conductivity value was observed for GCF-2 (800 W
at 600 °C), 257 S cm−1, displaying an increase of ∼60.5%.
Hybrid yarns fabricated at high microwave power (GCF-2,
GCF-3, and GCF-4) exhibited increased electrical conductivity
when compared to GCF-1 (500 W at 600 °C) synthesized at
the lowest microwave power, which behaved like the bare yarn.
This enhancement in electrical conductivity can be attributed
to the better crystallinity of the GNFs associated with intense
plasmas, achieved at higher microwave powers, as evident from
the lower ID/IG ratio (Figure S13). Single fiber electrical
conductivity measurements were also performed on the best
sample (GCF-2). The conductivity of the hybrid fiber (Figure
8b) increased from 511 to 592 S cm−1, indicating an increase
of about 16%. It is noteworthy that there is no relative work on

the literature that reports on the electrical conductivity of
GNFs/CF hybrids.

3.6. Electrochemical Capacitance Measurements of
GNFs/CF Hybrid Yarns. Bare and GNFs/CF yarns were
characterized by electrochemical methods that are aligned with
electrochemical storage application. It should be noted here
that these initial electrochemical studies reported here serve
only as preliminary work toward implementation of GNFs/CF
in structural power applications. Capacitance measurements
were made in fresh 1.0 M H2SO4 (pH 0) and 1.0 M NaClO4
(pH 7.4) electrolytes by employing cyclic voltammetry (CV),
recorded in a three-electrode configuration. Notably, CV
studies exhibited a slightly wider operating voltage window of
1.15 V (−0.15 to +1.0 V) in NaClO4 electrolyte compared to
1.0 V (0.0 to +1.0 V) in 1.0 M H2SO4. In both electrolytes, the
specific capacitance (Csp, Figure 9a) and energy efficiency (ηE,
Figure 9b), derived by using eqs 9 and 10, respectively,
exhibited a similar magnitude and trend for the various GNF
coatings on CF yarns, demonstrating nonsensitivity to the
electrolyte pH. The GNFs/CF hybrid electrodes (Figures
S14b−e and S15b−e) exhibited distinctive surface redox
activity (Supporting Information section S9 and Figure S16)
originating from the formation of quinonoidal (CO) groups
on graphitic edges surfaces of GNFs77−80 and contributed to
positive efficiency ηE values at increasing scanning rates
(Figures S14g and S15g). In contrast, bare CF electrodes
presented inclined CV envelops (Figures S14a and S15a),
exhibiting negative efficiency (ηE) values (Figures S14g and
S15g), most probably due to the insulating nature of the sizing,
undoubtedly indicating inaptness for supercapacitor applica-
tion.
The best performance was observed for the GCF-2 (800 W

at 600 °C) hybrid yarn, exhibiting >2 times higher Csp (0.65
mF/cm2) and almost ideal ηE value (≈100%), in both
electrolytes, in comparison to bCF (Csp ≈ 0.27 mF/cm2 and
negative ηE), demonstrating the potential of GNFs/CF hybrid
yarn electrodes for electrochemical energy storage. Such
enhanced capacitance of GNFs/CF hybrids over the bCFs
yarn electrodes is attributed to the improved electrical
conductivity and hierarchical porous structure of GNFs,
endowing higher charge transfer and accessible electroactive
surface area (ESA) for ion adsorption, respectively.

Figure 7. SEM photographs of the fracture surfaces after the fragmentation test: (a−c) represent specimens of bare (bCF) fibers in polymer matrix
and (d−f) represent specimens of GNF-coated CFs surface (GCF-2 (800 W at 600 °C) hybrid) in a polymer matrix.

Figure 8. Electrical conductivity (σ) measurements. (a) Electrical
conductivity of bare (bCF) and GNFs/CF hybrid yarns: GCF-1 (500
W at 600 °C), GCF-2 (800 W at 600 °C), GCF-3 (950 W at 600 °C),
and GCF-4 (800 W at 300 °C). (b) Electrical conductivity
measurements of bare (bCF) and GCF-2 hybrid single fibers. Error
bars represent standard deviation from at least 20 independent
measurements.
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3.6.1. Electrochemical Redox Activity Study on GNFs/CF
Hybrid Yarns. To evaluate the improvement in ESA, the
electrocatalytic properties of bCF and GNFs/CFs yarn
electrodes were probed for Fe(CN)6

3−/4− redox activity. As
expected, all GNFs/CF hybrid yarn electrodes exhibited
obvious redox peak currents with narrow peak potential
difference, ΔEp, indicating a higher ESA and enhanced catalytic
performance (Figure S17), relative to the sluggish redox
performance of bCF (Figure S17a).
Both bCF and GNFs/CF hybrid electrodes displayed linear

relationship of the redox peak currents (Ip) with the square
root of potential scan rates (ν1/2), as displayed in Figure S17f,
suggesting a diffusion-controlled mass transport. To compare
the electrocatalytic efficiency of GNFs/CF hybrid yarn
electrodes, the measured efficiency parameter, ηSA = (ESA/
GA) × 100% (derived from eqs 11 and 12), was introduced,
where ESA and GA are electroactive and geometric surface
area of electrode (cm2), respectively (Table S4). Both high ηSA
(Figures 9c) and low ΔEp (Figures 9d) values reveal
electrocatalytic performance for GNFs/CF hybrid yarn
electrodes superior to bCFs, supporting the same trend
observed for the capacitance studies (Figure 9a,b).
Improvement in the interfacial conductivity between the

deposited graphene (GNFs) and the CFs template could easily
be evidenced from the electrochemical impedance study,
illustrated in Figure S18. The mw-PECVD-synthesized GNFs
improved the interfacial electron-transfer resistance signifi-
cantly, as observed in the Nyquist plots (Figure S18a),

reducing the overall impedance magnitude (Bode plot, Figure
S18b). The improved interfacial conductivity is attributed to
the low contact resistance between the directly grown GNFs
and the carbon fiber yarn.

4. CONCLUSIONS
In summary, graphene nanoflakes (GNFs) grown by a
microwave plasma enhanced CVD (mw-PECVD) process in
a few minutes were investigated for the first time as a novel and
simple route to reinforce the interface of CF composites and
simultaneously impart multifunctional attributes. Hybrid
carbon fiber composites with a GNF interphase were
developed, and the role of the GNFs morphology on in-
plane mechanical properties was assessed through single-fiber
tests, while their electrical and capacitive performance was
assessed via electrical and electrochemical tests on single fibers
or yarns. Our results showed that under optimized conditions
the growth of GNFs not only avoids the deterioration of the
in-plane mechanical properties usually met in CF reinforce-
ments by other nanomaterials but also leads to a remarkable
improvement of ∼28% in tensile strength compared to control
bare fibers. Such enormous enhancement in tensile strength is
much higher than any previously reported improvement. This
tremendous increase in tensile strength is associated with (i) a
reduced thermal loading on the CF due to quick GNF growth
of only few minutes, (ii) the elimination of harmful chemical
procedures prior to growth as no catalyst is required, and (iii)
the highly crystalline quality of GNFs that helps to restrict

Figure 9. (a) Specific capacitance (Csp) of bare (bCF) and GNFs/CF hybrid yarn electrodes: GCF-1 (500 W at 600 °C), GCF-2 (800 W at 600
°C), GCF-3 (950 W at 600 °C), and GCF-4 (800 W at 300 °C), derived from the CV curves recorded at the potential scan rate (ν) of 300 mV/s,
in acidic (1.0 M H2SO4) and neutral (1.0 M NaClO4) electrolytes. (b) Corresponding energy efficiency (ηE) values. The 300 mV/s is chosen to
represent the data here because the estimated Csp and ηE values reach a saturation level around this high ν (Figures S14f,g and S15f,g). (c)
Electrocatalytic efficiencies (ηSA) of bCF and GNFs/CF hybrid yarn electrodes. (d) Corresponding redox peak potential difference (ΔEp, recorded
at ν of 300 mV/s), derived from the redox activity of Fe(CN)6

3−/4−, in 5 mM K4Fe(CN)6 in 0.1 M KCl solution.
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crack propagation. Single carbon fiber fragmentation tests
(SFFT) revealed that the GNFs give rise to a 101.5%
enhancement in the interfacial shear strength over the control
bare carbon fiber, indicating a strong coupling between the
GNFs and the epoxy matrix. The increased surface, the
abundance of edge defects, and the gradient interface of GNF
network were considered as important factors that led to the
improved interlocking between the GNF and epoxy matrix.
Moreover, the direct contact between the GNFs and CF
contributed to reduced contact resistance, leading to significant
improvements in electrical conductivity (60.5%) and electro-
chemical capacitance (157%) over as-purchased control fibers.
Consequently, all these improvements in tensile and interfacial
shear strength as well as electrical conductivity and electro-
chemical capacitance demonstrate the significant potential
GNFs as a reinforcement interface for the manufacturing of
future multifunctional carbon fiber reinforced polymer
composites.
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