
Carbon Nanotube/Reduced Graphene Oxide/Aramid Nanofiber
Structural Supercapacitors
Anish Patel, Dimitrios Loufakis, Paraskevi Flouda, Ian George, Charles Shelton, John Harris, Suyash Oka,
and Jodie L. Lutkenhaus*

Cite This: ACS Appl. Energy Mater. 2020, 3, 11763−11771 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Reduced graphene oxide/aramid nanofiber (rGO/ANF)
supercapacitor electrodes have a good combination of energy storage and
mechanical properties, but ion transport remains an issue toward achieving
higher energy densities at high current because of the tightly packed electrode
structure. Herein, carbon nanotubes (CNTs) are introduced to prevent rGO
flake stacking to improve the rate capability of the rGO/ANF structural
supercapacitor. The effect of CNTs on the rGO/ANF composite electrode’s
mechanical and electrochemical properties is investigated by varying the
composition. The addition of 20 wt % CNTs led to an increase in Young’s
modulus up to 10.3 ± 1.8 GPa, while a maximum in ultimate strain and
strength of 1.3 ± 0.14% and 55 ± 6.8 MPa, respectively, was found at a
loading of 2.5 wt % CNTs. At low specific currents, the electrodes performed similarly (160−170 F g−1), but at high specific currents
(5 A g−1), the addition of 20 wt % CNTs led to a significantly higher capacitance (76 F g−1) as compared to that of rGO/ANF
electrodes without CNTs (26 F g−1). In addition, the energy density also improved significantly at high power from 1.4 to 5.1 W h
L−1 with the addition of CNTs. The improvement in mechanical properties is attributed to the introduction of additional hydrogen-
bonding and π−π interactions from the carboxylic acid-functionalized CNTs. The increase in capacitance at higher discharge rates is
due to improved ion transport from the CNTs. Finally, in situ electrochemomechanical testing examines how capacitance varies with
strain in these structural electrodes for the first time.
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■ INTRODUCTION

Structural energy and power devices simultaneously store
energy and bear mechanical loads. These multifunctional
devices can allow for mass savings by replacing traditional
structural components in applications such as electric vehicles,
mobile electronics, and wearable electronics.1−4 For example, a
structural energy and power device may act as paneling for the
wing of an unmanned aerial vehicle. However, the inherent
trade-off between mechanical and electrochemical perform-
ances creates a significant challenge in fabricating multifunc-
tional materials.3−9 One common approach in structural
energy and power material selection is to use either a
composite material that consists of both structural and energy
storage components or an inherently multifunctional material
such as carbon fibers.10−18

Greenhalgh et al. fabricated carbon fiber-based structural
supercapacitors that possessed a good compression strength
(294.9 MPa) and modulus (52.0 GPa) but a poor specific
capacitance (5 mF g−1).7 Elsewhere, structural batteries have
been examined. Johannisson et al. developed a structural
battery using carbon fibers and structural electrolyte with a
longitudinal modulus of 52 GPa) and a good capacity (up to
232 mAh g−1).8 Meng et al. fabricated a structural nickel−iron

battery that possessed a high Young’s modulus (7.3 GPa) but a
low specific energy (1.4 W h kg−1).19 Finally, Shi et al.
designed an accordion-like lithium-ion battery that exhibited
enhanced stretchability (up to 29%) while maintaining high
energy density (233 W h L−1).20 While these results are
promising, they often present a significant trade-off between
mechanical and electrochemical performances or focus on
flexibility instead of structural support.
Previous work from our group demonstrated the multi-

functionality of a reduced graphene oxide (rGO) and aramid
nanofiber (ANF) composite electrode for structural super-
capacitors.21 rGO is a two-dimensional nanosheet or flake that
is commonly examined in supercapacitor electrodes for its
excellent electrical conductivity and surface area, which results
in a high reversible capacitance.22−25 ANFs are high-aspect-
ratio fibers derived from Kevlar thread that have demonstrated
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exceptional mechanical enhancements when used as a filler for
nanocomposites.26−30 These structural electrodes performed
well with an ultimate strength of 100 MPa and a specific
capacitance of 120 F g−1 for an rGO/ANF electrode
containing 25 wt % ANFs. With the goal of improving
multifunctionality, or both mechanical and electrochemical
performances, we further enhanced Young’s modulus and
strength of the rGO/ANF electrodes by installing hydrogen-
bonding or coordination bonding functional groups on the
rGO nanosheet’s surface.31−33

While these results are promising in demonstrating an
improved multifunctionality, this body of prior work highlights
several challenges. First, the porosity of the electrode should be
improved so as to facilitate energy storage at higher discharge
rates and to improve accessibility of the electrolyte to the rGO
nanosheet’s surface. For example, interfacial interactions
proved beneficial for the mechanical properties but resulted
in a dense electrode that prevented electrolyte accessibil-
ity.31−33 Second, the mechanical properties of the electrodes
might be improved further by either increasing the ANF
content or by selecting a third material bearing the desired
mechanical properties. However, ANFs are electrochemically
inactive and insulating, so increasing their presence (>20 wt %)
causes severe reductions in capacitance.21 Finally, the
capacitance of rGO is limited due to rGO sheet agglomeration
and consequent ion transport issues, which might be addressed
by, again, adding a third active component.34,35 Carbon
nanotubes (CNTs) have been shown to improve the
electrochemical performance of composite electrodes by
facilitating electron transfer and by preventing agglomeration
between rGO sheets.36−39 Thus, we hypothesize that many of
these advancements might be addressed by adding CNTs to
the rGO/ANF electrode structure.
We are motivated by a cursory material informatics

investigation, in which a ternary composite consisting of
rGO, ANF, and CNTs exhibited improvements in both
Young’s modulus (increased by 78.8% to 18.9 GPa) and
ultimate strength (increased by 34.4% to 66.3 MPa).40 CNTs,
a commonly used conductive component in supercapacitor
electrodes, were chosen to prevent rGO sheet agglomeration
and to allow for electrical connectivity between layers of
rGO.41−47 It was hypothesized that improving the through-
plane electrical conductivity of the electrode and breaking up
agglomeration of the rGO sheets would result in improved
energy storage by promoting both ion diffusion and electron
conduction. However, this approach was limited in that it did
not examine the fundamental physical reasoning behind the
suggested improvements due to CNTs in the composite.
Further, this study, and many others in the area of structural
energy power, did not examine the in situ response of the
electrochemomechanical properties.
Herein, we study the effect of incorporating CNTs in rGO/

ANF composite electrodes with the goal of improving
electrochemical performance through the prevention of rGO
sheet agglomeration. We systematically vary the CNT loading
in graphene oxide (GO)/ANF/CNT dispersions and then
fabricate supercapacitor electrodes using vacuum-assisted
filtration and thermal reduction. These electrodes are then
mechanically characterized using tensile testing and electro-
chemically characterized using cyclic voltammetry (CV),
galvanostatic charge/discharge (GCD), and electrochemical
impedance spectroscopy (EIS). This work is unique in that we

also study the in situ mechanical and electrochemical
properties.

■ MATERIALS AND METHODS
Materials. Kevlar thread was purchased from Thread Exchange.

Carboxylic acid-functionalized CNTs were purchased from Cheap-
Tubes. Graphite was purchased from Bay Carbon. Potassium
permanganate (KMnO4), sodium nitrate (NaNO3), sulfuric acid
(H2SO4), hydrochloric acid (HCl), hydrogen peroxide (H2O2), and
dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich.
Potassium hydroxide (KOH) was purchased from Amresco.
Deionized (DI) water was obtained by filtration through a Milli-Q
system. Nylon membranes (47 mm diameter, 0.2 μm pores) were
purchased from VWR.

Preparation of ANF Dispersion. ANF dispersions were prepared
through the dissolution of Kevlar thread. Briefly, a mixture of 1 g of
Kevlar thread, 1.5 g of KOH, and 500 mL of DMSO was stirred for 1
week. The resulting dark red dispersion was diluted to 0.2 mg mL−1

by adding DMSO.
Preparation of CNT Dispersion. The as-received CNTs were

further functionalized with carboxylic acid groups and then dispersed
in DMSO. Two hundred milligrams of CNTs were added to a mixture
of 30 mL of HNO3 (70%) and 90 mL of concentrated H2SO4. The
mixture was stirred for 4 h at 60 °C and was then added to 800 mL of
DI water. The mixture was stirred for 1 h and then vacuum-filtered
through a nylon membrane. The CNTs were collected and
redispersed in 300 mL of DI water. The mixture was then dialyzed
to remove residual acid. Next, the mixture was dried in a conventional
oven at 70 °C and then a vacuum oven at 80 °C to remove any
residual water. Finally, the CNTs were collected and dispersed in
DMSO at 0.2 mg mL−1.

Preparation of GO Dispersion. The GO dispersion was
prepared using a modified Hummers method. First, 3 g of graphite
powder was added to 120 mL of cold, concentrated H2SO4 and 2.5 g
of NaNO3 while stirring for 5 h in an ice bath. Next, 15 g of KMnO4
was slowly added over the course of 30 min while the temperature was
kept below 20 °C using an ice bath. The mixture was stirred at 35 °C
for 2 h and then added to 250 mL of DI water in an ice bath. After
stirring for 20 min, the mixture was added to 700 mL of DI water and
stirred for 20 min. Next, 20 mL of 30 wt % H2O2 was added to the
mixture and was then stirred for another 20 min. The mixture turned
brown upon the addition of H2O2. One liter of 5 wt % HCl was added
to the mixture, which was then stirred overnight. The oxidized
graphite was collected using vacuum filtration and dispersed in 250
mL of DI water. The dispersion was dialyzed to remove impurities
and residual acid. The dispersion was filtered, and the collected
graphite oxide was dried under vacuum at 60 °C for 6 h. 200 mg of
graphite oxide powder was then dispersed in 100 mL of DI water and
ultrasonicated for 1 h to yield GO. Finally, 200 mL of DMSO was
added to the mixture and the water was removed using rotary
evaporation yielding a 1.0 mg mL−1 dispersion of GO in DMSO.

Fabrication of rGO/ANF/CNT Electrodes. rGO/ANF/CNT
electrodes were fabricated using vacuum-assisted filtration and
thermal reduction. First, the GO and CNT dispersions were bath-
sonicated for 1 h. Next, the ANF, CNT, and GO dispersions were
mixed in the desired ratios (Table 1) and stirred for 1 h. The total
solid mass in the mixture was kept at 40 mg, and the mass ratio of
ANF to GO was held to 1:19 for all vacuum-filtered electrodes.
Previous work in our lab indicated that this ratio was ideal for high
multifunctionality.21 The amount of CNT dispersion added was
varied to obtain electrodes with 0−20 wt % CNTs. Higher CNT
content was not explored to avoid having too little mechanical
nanofiller or too little rGO, which provides more energy storage. After
stirring, DI water was added to the mixture (1 mL of DI water for
every 1 mg of ANF) and the mixture was heated to 80 °C and stirred
for 2 h. The mixture was then cooled to 40−50 °C and vacuum-
filtered through a nylon membrane. The electrode was then washed in
DI water twice and air-dried for 30 min. The electrode was peeled
from the nylon membrane, placed in between two glass slides to
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prevent wrinkling, and dried under vacuum at 80 °C for 3 days. The
electrodes were cut into the desired shapes for characterization.
Finally, thermal reduction was used to reduce GO to rGO. The GO/
ANF/CNT electrodes were thermally reduced under vacuum at 200
°C for 2 h to yield rGO/ANF/CNT electrodes. During reduction, the
electrodes were placed between heavy tiles to prevent bubble
formation. The final compositions for the electrodes are listed in
Table 1, and the electrode density is listed in Table S1. The
nomenclature “rGO/ANF/CNT” represents the relative mass
fractions of the respective components.
Electrode Characterization. The morphology of the electrodes

was characterized using scanning electron microscopy (SEM, JEOL
JSM-7500F) and transmission electron microscopy (TEM, JEOL
JEN-2010). Atomic force microscopy (AFM) images of rGO flakes
were obtained on a Bruker Dimension Icon AFM in tapping mode. X-
ray photoelectron spectroscopy (XPS) was used to confirm the
reduction process. XPS spectra were obtained on an Omicron ESCA
Probe (Omicron Nanotechnology) with a monochromated Mg Kα
radiation (1253.6 eV). XPS survey scans were performed with an
analyzer pass energy of 100−1100 eV (1.0 eV steps, 50 ms dwell
time), while high-resolution scans of carbon (C 1s) and nitrogen (N
1s) were performed with a pass energy of 150 eV (0.05 eV steps, 200
ms dwell time). All spectra were calibrated with the C 1s
photoemission peak for sp2-hybridized carbons at 284.5 eV and the
FWHM was constrained. Curve fitting of C 1s and N 1s spectra was
conducted using a Gaussian−Lorentzian peak shape after Shirley-type
background correction. X-ray diffraction (XRD) was used to confirm
the reduction process and to examine layer spacing with increased
CNT content. XRD spectra were obtained using an X-ray
diffractometer (Bruker-AXS D8 Advance) with Cu Kα (λ = 1.541
Å) and 2θ range of 5−50°. Raman spectra were obtained on a Horiba
Jobin-Yvon LabRam HR Raman Spectrometer.
Mechanical Characterization. Tensile testing was conducted

using a dynamic mechanical analyzer (DMA, TA Instruments Q800)
in thin film tensile mode. Electrodes were cut into rectangular shapes
prior to reduction with a length of ∼10 mm and a width of ∼2.5 mm.
Thickness was obtained using a height gauge (TESA μ-hite).
Electrodes were clamped with a preload force of 0.02 N and then

strained at a strain rate of 0.1% min−1 until failure. Three to five
samples were tested per composition.

Electrochemical Characterization. Through-plane electronic
conductivity was obtained using electrochemical impedance spectros-
copy (EIS). The electrodes were placed between two stainless steel
blocking electrodes in a Tom cell with no electrolyte. Conductivity
when immersed in electrolyte was also obtained using EIS. A
symmetric Tom cell was assembled using two electrodes, carbon
paper as the current collector, and 400 μL of 6 M KOH as the
electrolyte. A perturbation voltage of 10 mV was used at the open-
circuit potential with a frequency range of 5 mHz to 1 MHz. A control
coin cell consisting of only stainless steel electrodes was used to
obtain the resistance of the cell and connectors.

Electrochemical performance was evaluated using a symmetric coin
cell with 6 M KOH and Celgard 3501 as the separator. Cyclic
voltammetry was performed with a voltage range of 0−1 V at 1, 5, 10,
20, 50, 100, and 200 mV s−1. Galvanostatic charge/discharge
measurements were conducted at a voltage window of 0 to 1 V.
Rate capability studies used specific currents of 0.1, 0.5, 1, and 5 A
g−1. eq 1 was used to calculate capacitance from cyclic voltammetry,
and eq 2 was used to calculate capacitance from galvanostatic charge/
discharge. C is the capacitance, I is the specific current, ΔV is the
voltage window, v is the scan rate, m is the total electrode mass, and
Δt is the discharge time. Finally, the electrodes’ cycling stabilities were
characterized by cycling the symmetric coin cell for 5000 cycles at 0.5
A g−1.

∫
=

Δ
C

i V

v Vm

2 d
(1)

= Δ
Δ

C
I t
V

4
(2)

In situ testing was conducted using a three-dimensional (3D)-
printed cell that allowed the electrode to be in contact with a 6 M
KOH electrolyte while being clamped to a tensile stage. Silver wires
were attached to the electrode and connected to a Gamry Interface
1000 for electrochemical testing. A symmetric rGO/ANF/CNT
electrode was used as the counter/reference electrode.

■ RESULTS AND DISCUSSION
rGO/ANF/CNT electrodes were fabricated using vacuum-
assisted filtration and thermal reduction for 2 h at 200 °C. The
electrodes are designated by their composition (see Table 1),
where the electrode name indicates the mass fraction of each
component. SEM images (Figure 1a,b and Figures S1 and S2)
show that the resulting electrodes possessed a well-layered
structure, where rGO flakes lay parallel to the substrate, and
ANFs and CNTs appear between the rGO flakes. High-
resolution SEM images in Figure S1 confirm the presence of
CNTs in the 76/4/20 rGO/ANF/CNT electrode. rGO flakes
were 0.2−0.55 nm in thickness and 150−600 nm in lateral size
(Figure S3). From prior work, ANFs are 30−40 nm in
diameter and 5−10 μm in length.48 CNTs are 13−18 nm in
diameter and 3−30 μm in length,49 confirmed by the TEM
image shown in Figure 1c.

Table 1. Composition of Electrodes (in wt %) Used in This
Study with the Amount of Material (in mg) Used during the
Dispersion Step in Parentheses

rGO content wt %
(mg)

ANF content wt
% (mg)

CNT content
wt % (mg) Referred to as

95 (38) 5 (2) 0 (0) 95/5/0 rGO/
ANF/CNT

92.6 (37.05) 4.9 (1.95) 2.5 (1) 92.6/4.9/2.5
rGO/ANF/
CNT

90.3 (36.1) 4.7 (1.9) 5 (2) 90.3/4.7/5 rGO/
ANF/CNT

85.5 (34.2) 4.5 (1.8) 10 (4) 85.5/4.5/10 rGO/
ANF/CNT

80.8 (32.3) 4.2 (1.7) 15 (6) 80.8/4.2/15 rGO/
ANF/CNT

76 (30.4) 4 (1.6) 20 (8) 76/4/20 rGO/
ANF/CNT

Figure 1. Cross-sectional SEM images of (a) 95/5/0 and (b) 76/4/20 rGO/ANF/CNT electrodes. (c) Transmission electron micrograph of drop-
casted CNTs.
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XPS was used to verify the thermal reduction of GO to rGO.
The carbon-to-oxygen ratio (C/O ratio) (Figure 2a) increased
from 3.5 for GO to 7.3 for rGO, which confirms the loss of
oxygen-containing groups on GO. In addition, high-resolution
C 1s spectra (Figure 2b) show the disappearance of the peak
attributed to oxygen groups at ∼286.1 eV. XPS also indicated
the presence of ANFs and CNTs within the rGO/ANF/CNT
electrodes. High-resolution N 1s spectra (Figure S5a−c)
indicate a lack of nitrogen in a pure rGO electrode (without
ANFs) and an appearance of nitrogen in both 95/5/0 and 76/
4/20 rGO/ANF/CNT electrodes, confirming the presence of
ANFs. High-resolution C 1s spectra (Figure S5d−g) show an
increase in the peak area associated with carboxylic acid groups
for the 76/4/20 rGO/ANF/CNT electrodes, arising from the
CNT’s -COOH functional groups. Finally, Raman spectrosco-
py also confirmed the reduction of GO to rGO with a decrease
in ratio of the D-to-G band intensities from 1.12 to 0.97
(Figure S4).
XRD was used to examine the effect of CNTs on the

interlayer spacing in the composite electrodes (Figure 2c). The
unreduced electrodes were examined here because resolving
the peaks affiliated with the interlayer spacing in reduced
electrodes proved difficult. The d-spacing of the GO electrode
was 8.0 Å, whereas the d-spacing of the composite electrodes
ranged from 7.1 to 7.9 Å with no clear trend in composition.
This is likely because rGO exists as flakes, rather than
individual sheets, and the ANFs and CNTs reside between
flakes (not sheets).
Stress−strain curves were obtained from tensile testing of

the composite electrodes to estimate Young’s modulus,
ultimate strain, and ultimate strength (Figure 3 and Table
S1). Overall, there was no clear trend with composition in the
mechanical properties, but we observe a few interesting
features. First, the highest Young’s modulus (10.3 ± 1.8
GPa) occurred for the electrodes containing the largest
amount of CNTs (76/4/20 rGO/ANF/CNT). Second, the
highest ultimate strain (1.3 ± 0.14%) and ultimate strength
(55 ± 6.8 MPa) were obtained for 92.6/4.9/2.5 rGO/ANF/
CNT electrodes, which possessed an intermediate CNT
composition. Finally, the poorest mechanical properties
resulted from 90.3/4.7/5 rGO/ANF/CNT composite elec-
trode, having Young’s modulus, ultimate strain, and ultimate
strength of 3.4 ± 0.6 GPa, 0.5 ± 0.10%, 14 ± 2.9 MPa,
respectively. These results show that adding CNTs (up to 2.5
wt %) to the rGO/ANF electrode improves the mechanical
properties.
We compare here these results with our past work on pure

rGO electrodes that possessed Young’s modulus, ultimate
strain, and ultimate strength of 3.7 ± 0.4 GPa, 1.0 ± 0.1%, and
34.4 ± 0.1 MPa, respectively.21 Here, the incorporation of both
ANFs and CNTs resulted in a 200% increase in Young’s

modulus, a 30% increase in ultimate strain, and a 62% increase
in ultimate strength compared to 92.6/4.9/2.5 rGO/ANF/
CNT. For further comparison, rGO/ANF electrodes showed
mechanical performance intermediate to that of pure rGO vs
rGO/ANF/CNT electrodes.
The reason for the rGO/ANF/CNT electrode’s improved

mechanical properties is attributed to enhanced interfacial
interactions that accommodate load transfer. For example,
there are hydrogen-bonding interactions among the COOH-
functionalized CNTs, ANFs, and oxygen-containing functional
groups on the rGO nanosheet surface. There also exists π−π
stacking among the three components, further enhancing the
interfacial bonding.21,48,50−52 The benefit of adding CNTs was
observed up to 2.5 wt % for which the ultimate strain and
strength were increased (but Young’s modulus remained fairly
constant). At higher CNT loadings, the electrode became
more brittle as the modulus increased, but the strain and
strength generally decreased. This may possibly indicate a shift
from hydrogen-bonding (∼320 meV)51 and π−π interactions
(∼50−90 meV)50 among the three components to π−π
interactions dominating among the CNTs and rGO nano-
sheets.
We next considered the electronic properties of the

composite electrodes because conductivity impacts electro-
chemical performance. Through-plane conductivity (Figure 4)

Figure 2. (a) XPS survey scans, (b) high-resolution C 1s spectra, and (c) XRD spectra for GO (gray), rGO (black), 95/5/0 (blue), and 76/4/20
(red) rGO/ANF/CNT electrodes.

Figure 3. (a) Representative stress−strain curves, (b) Young’s
modulus, (c) ultimate strain, and (d) ultimate strength for 95/5/0
(black), 92.6/4.9/2.5 (red), 90.3/4.7/5 (blue), 85.5/4.510 (green),
80.8/4.2/15 (purple), and 76/4/20 (orange) rGO/ANF/CNT
electrodes. The error bars represent the standard deviation of three
to five experiments.
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was obtained using EIS in a coin cell configuration composed
of two stainless steel blocking electrodes with no electrolyte.
The electronic conductivity for the rGO/ANF/CNT electro-
des ranged from 0.02 to 0.11 S m−1 with no clear trend with
composition, where 95/5/0 rGO/ANF/CNT showed the
highest conductivity. However, the addition of CNTs led to a
decrease in electronic conductivity. This may be attributed to
the highly functionalized CNTs, where carboxylation intro-
duces defects in the sp2-hybridized carbon lattice. This is
supported by Raman spectroscopy (Figure S4), which revealed
an increasing ratio of D-to-G band intensities as CNT content
increased (from 0.95 for 95/5/0 rGO/ANF/CNT to 1.21 for
76/4/20 rGO/ANF/CNT). Also, the CNTs introduce contact
resistance, which may decrease the overall electronic
conductivity.
Electrochemical testing was carried out using a two-

electrode symmetric coin cell with 6 M KOH as the electrolyte
(Table S1). CV was performed between 0 and 1 V at varying
scan rates (Figure 5a). At a scan rate of 0.001 V s−1, the
specific capacitance decreased with increasing CNT content,
from 169 to 134 F g−1 for 95/5/0 to 76/4/20 rGO/CNT/

ANF, respectively. However, at a scan rate of 0.2 V s−1, the
specific capacitance showed a maximum with a CNT content
of 5 wt % (79 F g−1 for 90.3/4.7/5 rGO/ANF/CNT).
Galvanostatic cycling was used to examine rate capability

and cycling stability (Figure 5c,d and Figure S9). For rate
capability testing, all electrodes exhibited a decrease in
capacitance retention as specific current increased, which was
attributed to diffusion limitations. However, similar to CV
results, the capacitance retention increased with the addition of
CNTs, for which the electrode with the highest CNT loading
(76/4/20 rGO/ANF/CNT) exhibited the highest capacitance
retention. Specifically, for 95/5/0 rGO/ANF/CNT, the
capacitance retention was only 19.4 ± 0.7% for increasing
specific current from 0.1 to 5.0 A g−1. For 76/4/20 rGO/
ANF/CNT, the capacitance retention was 58.3 ± 0.1%. At the
highest specific current evaluated (5 A g−1), 76/4/20 rGO/
ANF/CNT electrodes had a capacitance 190% higher than that
for 95/5/0 rGO/ANF/CNT electrodes (75.8 ± 0.2 vs 26.2 ±
1.0 F g−1, respectively), emphasizing the important role of
CNTs in promoting charge storage. The inclusion of CNTs
allows for greater capacitance at both higher scan rates and
faster charge/discharge rates. For long-term cycling stability,
the rGO/ANF/CNT electrodes possessed capacitance reten-
tions ranging from 87.1 to 96.6% at 5000 cycles. The 95/5/0
rGO/ANF/CNT electrodes possessed the worst capacitance
retention, whereas the addition of CNTs improved capacitance
retention up to 96.6% for the 76/4/20 rGO/ANT/CNT
electrode. The initial increase in capacitance retention can be
attributed to insufficient preconditioning, and the decrease at
later cycles is likely due to electrode degradation that might
result from changes in the pore structure during cycling.
Together, these results highlight the beneficial role of CNTs

in promoting charge storage in the rGO/ANF composite
electrodes. The question is, then, what CNT loading is
required to gain or retain these benefits. Without CNTs, the
composite electrodes exhibited the lowest capacitance and
capacitance retention. The addition of up to 2.5 wt % CNTs

Figure 4. Through-plane electronic conductivity for 95/5/0, 92.6/
4.9/2.5, 90.3/4.7/5, 85.5/4.510, 80.8/4.2/15, and 76/4/20 rGO/
ANF/CNT electrodes.

Figure 5. (a) Typical CV curves at 0.01 V s−1, (b) specific capacitance vs scan rate, (c) rate capability during charge/discharge, (d) cycling stability
up to 5000 cycles with an inset showing the charge/discharge curves for cycles 2000−2010 of 76/4/20 rGO/ANF/CNT, and Ragone plots of (e)
specific energy vs specific power and (f) energy density vs power density for electrodes with varying CNT loading. The legend in (b) applies to all
other figures: 95/5/0 rGO/ANF/CNT in black squares, 92.6/4.9/2.5 rGO/ANF/CNT in red circles, 90.3/4.7/5 rGO/ANF/CNT in blue
triangles (pointing up), 85.5/4.5/10 rGO/ANF/CNT in green triangles (pointing down), 80.8/4.2/15 rGO/ANF/CNT in purple diamonds, and
76/4/20 rGO/ANF/CNT in yellow triangles (pointing left).
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did not significantly affect the capacitance of the electrode at
varying scan rates. However, a higher CNT loading (> 5 wt %)
drastically improved the rate capability of the electrodes
(Figure 5b). As for discharge capacitance, electrodes
containing 5 wt % CNTs exhibited the highest capacitance
in CV measurements, but those containing 20 wt % CNTs
performed best in galvanostatic charge/discharge measure-
ments and cycle stability, especially with regard to energy and
power density. Considering that capacitors are more practically
operated under galvanostatic conditions, we place higher
emphasis on results obtained under those conditions. All
together, these results suggest that CNTs alleviate mass
diffusion limitations that are more prevalent at higher scan
rates or discharging rates. The CNTs might be lending more
porosity to the overall electrode by separating rGO flakes from
one another. This idea is supported by the lower electrical
resistance of 76/4/20 rGO/ANF/CNT electrodes when
immersed in electrolyte (6800 ± 160 Ω) as compared to
that of 95/5/0 rGO/ANT/CNT electrode without CNTs
(8100± 140 Ω); see the EIS of full cells in Figure S6. This
result indicates that CNTs enhance either the number of pores
or the pore size by preventing aggregation of rGO flakes.
In the preceding results, we observed that CNT additives

yielded improved capacitance and capacitance retention for
rGO/ANF-based electrodes due to a likely increase in porosity,
but mechanical properties did not follow the same trend. For a
multifunctional application, a trade-off in electrochemical and
mechanical performances is expected; thus, it is important to
identify some optimal combination of the two desired
properties. Accordingly, the Ashby plot in Figure 6 compares

the energy density and ultimate strength of the electrodes in
this work (red stars) with other structural electrodes in the
literature.31−33,53−69 When compared to other supercapacitors,
the rGO/ANF/CNT electrodes performed well with both a
good energy density and strength. When compared to similar

materials from our group (purple, blue, and orange squares),
this work showed a slight improvement in energy density at a
small cost in strength. Figure S7 shows Ashby plots comparing
specific energy, capacitance, and strength.
Finally, in situ testing of the electrodes (Figure 7) was

conducted using a custom-built tensile stage in conjunction
with a potentiostat. A schematic representation of the in situ
setup is shown in Figure 7a. The working electrode is attached
to tension clamps and the potentiostat while in contact with
the electrolyte. The overall configuration was a two-electrode
capacitor in which a second identical sample was used to
complete the electrochemical circuit. The capacitance
retention of the electrode was measured at different strains
on the electrode to evaluate the electrode’s ability to store
energy under mechanical loads. In addition, a tensile test was
performed while the electrode was charged and discharged to
evaluate the electrode’s mechanical performance while being
cycled. Digital image correlation (DIC) was conducted to
confirm the lack of grip slip (Figure S8). The 92.6/4.9/2.5
rGO/ANF/CNT electrode composition was chosen as it
possessed the best mechanical performance.
The capacitance of the electrode was tested initially under

no strain. Next, the electrode was stretched at 0.2% strain
intervals until failure. At each interval and after failure, the
capacitance was again measured and compared against the
initial capacitance (Figure 7b). The capacitance retention for
the 92.6/4.9/2.5 rGO/ANF/CNT electrode at failure was 60.8
± 16.4%. Next, the electrode was strained at 0.2% strain
intervals again with three charge/discharge cycles at 50 mV/s
in between until failure (Figure 7c). The sharp drop in stress at
each interval is due to electrolyte uptake and potential
structural changes in the electrode during the charge and
discharge cycles. These structural changes are not accounted
for when calculating stress. The resulting Young’s modulus,
ultimate strength, and ultimate strain during cycling for the
92.6/4.9/2.5 rGO/ANF/CNT electrode were 740 ± 230 MPa,
7.6 ± 1.2 MPa, and 1.2 ± 0.62%, respectively. The rGO/ANF/
CNT electrode retains ∼75% of its capacitance despite being
stretched up to 0.8% strain (∼66% of the ultimate strain). This
indicates that the electrode can store energy despite being
under significant strain. However, Young’s modulus and
ultimate strength decreased drastically under in situ testing
conditions as compared to those under dry conditions
(Young’s modulus = 4.8 ± 0.4 GPa and ultimate strength =
54.8 ± 6.5 MPa for the dry electrode; Figure 3). We speculate
that this reduction is attributed to plasticization from the
aqueous electrolyte. However, the ultimate strain was
unchanged from the dry state despite immersion in electrolyte
and charge/discharge cycling. From these results, it is clear that

Figure 6. Ashby plot with energy density vs strength for this work and
electrodes from the literature. Table S3 summarizes the values shown.

Figure 7. (a) Schematic representation of the in situ testing setup (side view). (b) Capacitance retention of the composite electrode at different
strains and (c) the stress−strain curve during electrochemical cycling with three charge/discharge cyclic voltammetry (CV) cycles (fourth set of CV
curves shown in the inset) at every 0.2% strain interval.
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the structural electrode can store energy and withstand high
strains under mechanical deformation and charging/discharg-
ing, respectively.

■ CONCLUSIONS
Improved structural electrodes were successfully fabricated
using a combination of rGO, ANFs, and CNTs. The addition
of CNTs improved electrolyte accessibility by preventing rGO
sheet agglomeration and by probably increasing the number of
pores or size of pores, resulting in improved capacitance
retention and energy density. With the incorporation of 2.5 wt
% CNTs, improvements in ultimate strength and strain were
realized relative to similar electrodes without CNTs. However,
higher CNT loadings (20 wt %) resulted in increased
brittleness with a higher Young’s modulus. This may possibly
be ascribed to a shift to weaker π−π interactions (CNT−CNT
and CNT−rGO contacts) from stronger hydrogen-bonding
interactions (ANF−CNT, ANF−rGO) as the CNT content
increased. Overall, the rGO/ANF/CNT electrodes possessed a
good trade-off of electrochemical and mechanical properties
with improved capacitance as compared to previous work on
rGO/ANF electrodes (without CNTs). Finally, the rGO/
ANF/CNT electrodes demonstrated improved capacitance
retention and mechanical performance under in situ conditions.
Looking at the future, new approaches are needed to

develop structural electrodes that significantly increase the
specific energy and power further without sacrificing modulus
or strength. As noted, rGO-based supercapacitors are limited
in capacitance due to mass diffusion limitations that arise from
rGO sheet stacking. One way to mitigate this is to engineer
highly porous, 3D rGO networks with high surface area and
sufficient porosity for improved energy storage, but mechanical
properties often suffer.70 Our future work may focus upon
combining the mechanical robustness of carbon fiber super-
capacitors2,7 with the concepts learned herein to balance
energy, power, and mechanical properties through design of
the electrode’s morphology, density, and porosity.
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