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ABSTRACT: Graphene has received much attention as a supercapacitor
electrode material due to its chemical inertness in preventing reaction with
electrolytes and the large surface area due to its two-dimensional nature. However,
when graphene sheets are processed into electrodes, they tend to stack together
and form a turbostratic graphite material with a much reduced surface area relative
to the total surface area of individual graphene sheets. Separately, electrochemical
exfoliation of graphite is one method of producing single-layer graphene, which is
often used to produce graphene for supercapacitor electrodes, although such
exfoliated graphene still leads to reduced surface areas due to stacking during
electrode fabrication. To utilize the large surface area of graphene, graphene must
be exfoliated in situ within a supercapacitor device after the device fabrication.
However, graphitic electrodes are typically destroyed upon exfoliation, which is
largely due to the loss of electrical connectivity among small exfoliated graphene
flakes. Here, we report successful in situ exfoliation of graphene nanostripes, a type of quasi-one-dimensional graphene nanomaterial
with large length-to-width aspect ratios, as the anode material in supercapacitors. We find that the in situ exfoliation leads to over
400% enhancement in capacitance as the result of retaining the electrical connectivity among exfoliated quasi-one-dimensional
graphene nanostripes in addition to increasing the total surface area, paving ways to fully realizing the benefit of graphene electrodes
in supercapacitor applications.

■ INTRODUCTION

Extensively studied active materials for supercapacitors include
pure graphene,1 heteroatom-doped graphene,2,3 and graphene
composites (e.g., with metal oxide nanoparticles).4 Graphene is
attractive as a supercapacitor electrode material due to its large
surface area as a two-dimensional material and its high carrier
mobility and quantum capacitance.5,6 An additional advantage
is that graphene, as well as other carbon-based nanomaterials,
can be deposited on surfaces in precise configurations to make
interesting devices such as microsupercapacitors.7 However,
processing of graphene sheets into supercapacitor electrodes
typically leads to stacking of graphene sheets,8 reducing the
total surface area and decreasing the carrier mobility9 such that
the advantages of graphene are often not realized in practical
supercapacitor devices. Therefore, it is desirable to develop
methods to obtain single-layer graphene in practical super-
capacitor devices. Indeed, many reports have focused on
developing methods to increase the surface area of nano-
carbons.10

Methods of producing single-layer graphene in high yield
include oxidative unzipping of carbon nanotubes,11 oxidative
chemical exfoliation,12 liquid-phase exfoliation,13 and electro-
chemical exfoliation.14 Electrochemical exfoliation is the
process of separating graphite or multilayer graphene into

single-layer graphene sheets by applying a voltage to intercalate
large ions, separating graphite sheets to single-layer graphene.
This has been done in organic,14 aqueous,15 and ionic liquid16

solutions and has been used to produce graphene for field-
effect transistors,17 energy storage,18 transparent conductive
electrodes,19 and gas sensors.20 However, if single-layer
graphene is desired for these applications, researchers should
be cognizant that packaging the exfoliated graphene into a
device typically results in stacking of graphene sheets.8 Of
these, we find electrochemical exfoliation particularly interest-
ing because it can potentially be applied in situ in a packaged
supercapacitor electrode.
Although in situ exfoliation of graphitic electrodes typically

catastrophically degrades the electrode performance due to loss
of electrical contact as individual graphene sheets sepa-
rate,21−23 we demonstrate in this contribution that by
employing quasi-one-dimensional graphene nanostripes
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(GNSPs) as the active electrode material, the electrode
supercapacitor performance can be enhanced upon in situ
exfoliation due to the electrical conductivity maintained by the
percolating nature of one-dimensional materials. These
concepts, i.e., electrical percolation by quasi-one-dimensional
materials and in situ electrochemical modification of electro-
des, have actually been explored in other materials24,25 but
have not been simultaneously studied in carbon nanomaterials
to the best of our knowledge. GNSPs are a graphene
nanomaterial previously developed in our group that
demonstrate chemical purity, good crystallinity, high carrier
mobility, and quasi-one-dimensionality (e.g., GNSP dimen-
sions are ∼ 400 nm × 60 μm).26 In our study of in situ
exfoliated GNSPs, we employ X-ray diffraction (XRD) to study
structural changes in the material and electrochemical
impedance spectroscopy (EIS) to study the behavior of the
electrode at various degrees of exfoliation and conjecture that
the improved capacitance is due to an increase in surface area
while maintaining the electrical connectivity in the electrode.

■ RESULTS
The quasi-one-dimensional nature of GNSPs is demonstrated
in Figure 1. Figure 1a is a normal-incidence scanning electron
microscopy (SEM) image of GNSPs on the growth substrate
without further modification. Here, the one-dimensional
nature is not apparent, but the fabricated material can be
seen as a vertically oriented graphene material, where graphene
sheets grow vertically with respect to the growth substrate and
form a dense interconnected network. Detailed reviews of
vertically oriented graphene can be found in refs 28, 29. When

dispersed onto a substrate (Figure 1b), our GNSPs, which are
a particular class of vertically oriented graphene nanomaterial,
become apparently quasi-one-dimensional with large length-to-
width aspect ratios. Several GNSPs are visible in Figure 1b, but
a wider area image (Figure 1c) shows that the GNSP
dispersion contains a large amount of GNSPs (highlighted in
Figure 1c) with varying dimensions. An analysis of 177
individual GNSPs reveals that the average width and length of
GNSPs are ∼ 450 nm and ∼ 12 μm, respectively. A histogram
of analyzed GNSPs aspect ratios is provided in Figure 1d,
where the average aspect ratio is ∼ 34:1, and the most frequent
aspect ratio is ∼ 10:1. (Note: these GNSPs do not exhibit
quantum confinement effects as their typical width is ∼ 450
nm while quantum confinement effects begin at widths below
∼ 40 nm.30) The Brunauer−Emmett−Teller (BET) surface
area was 64 m2/g.
The successful fabrication of a graphene material was

confirmed by Raman spectroscopy and X-ray photoelectron
spectroscopy (XPS). The Raman spectrum is presented in
Figure 2a. The D (1361 cm−1), G (1589 cm−1), and 2D (2704
cm−1) peaks are characteristic of graphene, and the D′ (1609
cm−1) and D + D′ (2945 cm−1) peaks together with the G and
D′ peaks being well resolved classify the sample as a crystalline
graphene nanomaterial according to the three-stage defect
model.31,32 We also acknowledge that the D peak is very
intense in this nanomaterial, which may be partially due to the
abundant edges.
The XPS survey spectrum (Figure 2b) demonstrates the

chemical purity of the graphene material, as the only visible
peak (at ∼285 eV) corresponds to C 1s. To further investigate

Figure 1. (a) Normal-incidence SEM image of as-grown GNSPs. Scale bar: 8 μm. (b) SEM image of individual dispersed GNSPs. Scale bar: 16 μm.
(c) Wide-area SEM image of dispersed GNSPs with GNSPs highlighted by yellow circles. Scale bar: 200 μm. (d) Histogram of aspect ratios of 177
GNSPs.

Figure 2. (a) Raman spectrum, (b) XPS survey spectrum, and (c) high-resolution XPS C 1s spectrum of our fabricated GNSPs with fit residuals
R(BE). Inset: Fitting of the section of spectrum outside of the peak area to determine the intrinsic noise of measurement. Here, the binding energy
range for the inset is from 292.5 to 295.0 eV.
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the nature of the carbon in the material, we studied the C 1s
peak by a high-resolution narrow scan (Figure 2c). We fit the
C 1s spectrum with two components corresponding to sp2

hybridized C-C bonds (284.1 eV) and a π−π* satellite (290.5
eV) with a Tougaard background. The sp2 peak was fit to a
finite Lorentzian line shape with an asymmetry parameter of
0.18 and a full-width at half-maximum of 0.87 eV, consistent
with previous reports.33,34 Here, the finite Lorentzian line
shape refers to a convolution of the Lorentzian and Gaussian
functions, with the Lorentzian function asymmetrically raised
to different exponentials for binding energies above and below
the peak center. This approach therefore creates asymmetric
tails, which is useful for modeling conducting materials. We
further note that the finite Lorentzian line shape is an
established method for modeling the C 1s sp2 component,
whose use and practical applications have been discussed in
various sources,35−37 and that the specific function used for
this spectral analysis was defined as LF (0.53, 1.2, 240, 250,3)
in the CasaXPS software. The π−π* satellite was fit with a
symmetric Gaussian−Lorentzian function with a width of 3.6
eV. Given that the sp2 peak and the satellite were fairly well
resolved, we did not impose constraints on the peak widths
and peak positions. The fitted peak positions (i.e., the energy
separation of 6.4 eV between the sp2 and the satellite peaks38)
as well as the width of the sp2 peak thus obtained were found
to be consistent with the literature, which confirmed the
validity of our fit. The residuals spectrum in Figure 2c further
demonstrated that there was no need to consider additional
peaks in the fitting. The fit yielded an Abbe criterion of 0.67,
which was not ideal compared with the Abbe criterion of 1 for
perfect noise around a fit. However, a linear fit to the spectral
background (Figure 2c, inset) gave an Abbe criterion of 0.69,
suggesting that the Abbe criterion of the peak fit was
reasonable based on the intrinsic noise in this spectrum.39

The strong sp2 peak and the presence of the π−π* peak
verify the graphene crystallinity, i.e., domains with delocalized
p-orbitals.34,40 The combined results of Raman spectra and
XPS data confirmed that the GNSPs are highly crystalline and
chemically pure graphene material. Further characterization of
the GNSPs, including transmission electron microscopy,
energy-dispersive X-ray spectroscopy, selected area electron

diffraction, and ultraviolet photoelectron spectroscopy can be
found in ref 26.
The GNSPs were packaged into a supercapacitor in a coin

cell configuration, and the capacitance was measured by cyclic
voltammetry at various scan rates between 2 and 4 V, as shown
in Figure 3a1. The cyclic voltammograms were nearly
rectangular, indicating a fairly ideal electrochemical double-
layer capacitor process with little contribution from redox
processes.41 The nonidealities, such as the positive slope while
charging and negative slope while discharging, may arise from
slight changes in the intercalation state of Li+ or PF6

− (e.g., Li+

intercalation could occur at voltages as high as 2.5 V in
disordered graphene materials; for further discussion on the
matter, see Supporting Information Note 1), which had also
been reported previously in graphene supercapacitors.1 In
addition, these electrodes demonstrated the classic capacitor
behavior of increasing current response with increasing scan
rate.41

Graphene electrodes were electrochemically exfoliated in
situ by ramping the cell voltage to 1 V, holding the cell voltage
at 1 V for 3 h, then ramping the cell voltage to a high voltage,
holding the cell voltage at the high voltage for 3 h, then
ramping down to 2 V. The high voltages ranged from 5 to 10
V. The rationale for this voltage program was that a high
voltage caused intercalation of PF6

−,21,44 which, as a large
molecule, induced separation of graphene sheets (i.e.,
exfoliation), and the low voltage (1 V) caused intercalation
of a Li+−propylene carbonate complex, which also exfoliated
the graphene.22 We also performed these experiments without
the 1 V exfoliation step, and the capacitance of these electrodes
did not enhance as well as those that included the 1 V
exfoliation step (see Figure S2).
Mar̈kle et al.21 performed a similar exfoliation procedure

using the same electrolyte (1 M LiPF6 in propylene carbonate/
dimethyl carbonate), the same counter/reference electrode
(lithium metal), and similar cycling between relatively low (3
V) and high voltages (5.5 V) except employing a regular (not
quasi-one-dimensional) graphitic material in the working
electrode, but observed “[e]lectrical contact loss between the
graphite particles themselves and/or particles and the current
collector”. The only significant difference between the system

Figure 3. (a1) Cyclic voltammograms of a preexfoliated GNSP electrode. (a2) Cyclic voltammograms of a GNSP electrode exfoliated at 10 V. (b1)
Specific capacitance of each electrode as a function of scan rate. Here, the “initial” curve denotes the capacitance of preexfoliated GNSP electrode.
(b2) Capacitive enhancement of each exfoliated GNSP electrode with respect to the preexfoliated GNSP electrode as a function of scan rate.
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described in this contribution and the system studied by
Mar̈kle et al. is that we are employing quasi-one-dimensional
GNSPs while they did not, and, as demonstrated herein,
instead of observing catastrophic device failure, we observe
significantly enhanced capacitance due to exfoliation.
Before proceeding further, we remark that using high

exfoliation voltages may initially seem concerning since the
stability window of the electrolyte in this configuration is
reported as only 6 V.45,46 Indeed, we conjecture below that this
high voltage may cause some decomposition that affects ion
transport. Further, such high voltages may be dangerous.
However, in our experiments, we did not observe damages or
danger on a macroscopic scale, and the microscopic damages,
although present, were slight. We believe that these findings
were due to the relatively small voltage gradient at any point
within the cell despite the fact that the total voltage across the
entire coin cell may be large. This behavior is typical of
supercapacitors, as ions migrate to biased electrodes and screen
the total voltage,47 and ion intercalation into the bulk of the
GNSPs electrode may also provide additional screening.
After exfoliation, the capacitance was measured again by

cyclic voltammetry under the same conditions. The cyclic
voltammograms for graphene exfoliated at 10 V are shown in
Figure 3a2. The voltammograms of the electrode exfoliated at
10 V (Figure 3a2) revealed two differences from the
preexfoliated graphene (Figure 3a1): (i) the current at a
given voltage was much higher, demonstrating a higher
capacitance, and (ii) the nonideal behavior, i.e., the slope,
was more uniform through the voltammogram. The latter
phenomenon may be due to intercalation behavior through the
entire voltage range, which may be made possible by an
increase in interlayer spacing and a decrease in intercalation
potential. The cyclic voltammograms for graphene electrodes
exfoliated at 5, 6, 7, 8, and 9 V as well as the reduced-scale
cyclic voltammograms (to visualize lower scan rates) of all
electrodes are provided in Figures S2−S9.
We calculated the specific capacitance, C, of the electrode at

each degree of exfoliation (the preexfoliation capacitance and
the capacitance after each exfoliation step) according to eq 1

∫
ν

=
Δ

C
I V

m V

d

2 (1)

where ∫ I dV is the integrated area of the current response (I)
of the cyclic voltammetry curve with the voltage differential
(dV), ν is the scan rate, m is the mass of the graphene, and ΔV
is the voltage window of the cyclic voltammetry scan. The
capacitances are shown in Figure 3b1. These data follow the
classic supercapacitor behavior of decreasing capacitance with
increasing scan rate.41 For the lowest scan rate, the capacitance

increased steadily with increasing exfoliating voltage. For the
highest scan rate; however, exfoliation at 8 V resulted in the
best performance, while exfoliation at 9 and 10 V resulted in
lower capacitance for high scan rates. This decrease in
performance for exfoliation at 9 and 10 V may be due to
solvent decomposition on the electrode surface during
exfoliation,45,46 producing byproducts that impaired ion
transport to and from the electrode such that the capacitance
was impaired for high scan rates but not low scan rates.
To quantitatively compare the performance of each

exfoliated electrode with respect to the preexfoliated electrode,
we calculated the capacitive enhancement at each scan rate
(Eν) according to eq 2

= ×ν
ν

ν
E

C

C
100%exfoliated,

initial, (2)

where Cexfoliated,ν is the specific capacitance at a scan rate, ν, of
the exfoliated graphene and Cinitial,ν is the specific capacitance
at a scan rate, ν, of the preexfoliated graphene. Figure 3b2 plots
the capacitive enhancement at each scan rate and demonstrates
an enhancement of 418% for graphene exfoliated at 10 V. In
addition, for graphene electrodes exfoliated at 5 and 6 V, the
enhancement increases with increasing scan rate, whereas for
graphene electrodes exfoliated at 9 and 10 V, the enhancement
decreases with increasing scan rate. For graphene electrodes
exfoliated at 7 and 8 V, the enhancement first decreases and
then increases with increasing scan rate.
To further understand this increase in capacitance, we

investigated whether its origin was associated with an increase
in nonfaradic charge storage (i.e., double-layer capacitance) or
in faradic charge storage (i.e., redox reactions). An increase in
the double-layer capacitance would result from an increase in
the effective surface area, while an increase in faradic charge
storage would result from chemical activation of the graphene
material such that redox-active sites were created. Nonfaradic
and faradic processes can be distinguished by comparing the
cyclic voltammograms with fast and slow scan rates. Generally,
nonfaradic (capacitive) current dominates at fast scan rates,
and faradic current dominates at slow scan rates. Therefore, if a
faradic process is taking place at an electrode, then a redox
peak at some voltage will be visible at low scan rates but will be
hidden by the nonfaradic current at high scan rates.47 To
determine whether the increased capacitance observed here
involved faradic processes, we normalized the cyclic voltammo-
gram current response for each exfoliation step at the slowest
scan rate (Figure 4a) and the highest scan rate (Figure 4b). In
both plots, we observe that the current curves were similar and
quasi-rectangular for all electrodes exfoliated at 6−10 V for the
slowest scan rate and at 5−10 V at the highest scan rate,

Figure 4. Normalized current response for each electrode at 3.16 mV/s (a) and 1000 mV/s (b).
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suggesting that the electrochemical processes did not change
significantly with exfoliation. For further discussion of the
evidence for the increase of surface area during exfoliation, see
Supporting Information Note 2.
Next, we investigated the effect of the number of exfoliation

cycles on capacitance enhancement. For these experiments, the
capacitance was measured then the GNSPs electrode was held
at 1 V for 1 h, then at 6 V for 1 h, then returned to 2 V for a
cyclic voltammogram capacitance measurement. This process
was repeated for 20 cycles. Similar measurements were also
repeated using 10 V instead of 6 V. These voltages (6 and 10
V) were chosen because 6 V was the electrochemical stability
window of the electrolyte,45,46 and previous measurements
demonstrated the greatest enhancement at 10 V. The cycle-
dependent exfoliation using a high voltage of 6 and 10 V is
shown in Figure 5. In both cases, exfoliation always enhanced

the capacitance, but the number of cycles for maximum
enhancement differed: For exfoliation at 6 V, the capacitance
enhancement plateaued after two cycles and resulted in ∼300%
capacitance enhancement, whereas for exfoliation at 10 V,
enhancement maximized at ∼250% after nine cycles, then
decayed with increasing cycles.
The data shown in Figure 5 contrast with the results

presented in Figure 3 in two aspects: In Figure 3, exfoliation at
10 V resulted in higher capacitance than exfoliation at 6 V; and
exfoliation at 10 V resulted in ∼ 420% capacitance enhance-
ment in Figure 3 rather than ∼ 250% enhancement in Figure 5.
We resolve this discrepancy by considering that the electrolyte
was not stable under a voltage gradient of 10 V45,46 so that
exfoliating at 10 V may have caused solvent decomposition
that was destructive to the capacitance. In addition, exfoliating
at lower voltages before exfoliating at 10 V may enable better
ion transport into the bulk of the electrode (e.g., via pores)
that helped screen the total voltage such that when a voltage
was applied to the electrode, there was a voltage gradient
across the electrode, and the voltage gradient at the solution−
electrode interface was not too intense. In other words, if the
electrode was partially exfoliated before applying a high
voltage, then counter ions in the bulk of the electrode would
help screen the voltage for the electrode−solution interface
when a high voltage was applied, leading to reduced electrolyte
decomposition while enabling further exfoliation.
To better understand the cause of increased capacitance in

exfoliated electrodes, we measured the X-ray diffraction (XRD)
patterns of our GNSP electrodes exfoliated at different voltages
(Figure 6). Specifically, we investigated the XRD spectra of an
as-grown GNSP electrode, a GNSP electrode exfoliated at 6 V
for 20 cycles, and a GNSP electrode exfoliated at 10 V for 20
cycles. Interestingly, for both the as-grown electrode and the
electrode exfoliated at 6 V, the position of the [002] peak was

similar, but for the electrode exfoliated at 10 V, the [002] peak
disappeared. According to Bragg’s law (d002 = nλ/2 sin θ, where
n is a positive integer, λ is the incident X-ray wavelength, and θ
is the diffraction angle), the interlayer spacings in the as-grown
graphene and graphene exfoliated at 6 V were 3.40 and 3.37 Å,
respectively. Given that the [002] peak indicated the interlayer
spacing, the presence of the [002] peak implied that applying a
voltage of 6 V did not fully exfoliate the graphene (i.e., separate
it into individual monolayers) even though the peak intensity
was reduced and linewidth broadened (suggesting partial
exfoliation). In contrast, applying a voltage of 10 V fully
exfoliated the GNSP electrode so that there was no longer
ordered c-axis stacking, hence the complete disappearance of
the [002] peak.
Finally, we used electrochemical impedance spectroscopy

(EIS) to further understand the changes taking place during
the exfoliation that led to increased capacitance. The Nyquist
plots for each exfoliation step are shown in Figure 7a. The
impedance data were fit to a modified Randles circuit (Figure
7b) with the fit parameters and mean-square errors (MSE)
provided in Table 1. In the equivalent circuit, the capacitor and
the Warburg diffusion elements are replaced with constant
phase elements (CPE1 and CPEW, respectively) to account for
the nonidealities.
Before interpreting the equivalent circuits and the model

parameters, we introduce the mathematical relations of the
circuit elements. The impedances of a capacitor (ZC), Warburg
element (ZW), and constant phase element (ZCPE) are defined,
respectively, in eqs 3−5

ω
=Z

C
1

iC (3)

ω
=Z

Q
1

iW
(4)

ω
=Z

Q
1

(i )nCPE
(5)

where i is the imaginary number, ω is the radial frequency, C is
the capacitance, R is the resistance, and n and Q are
constants.41−43 In the cases of n = 1 and 0.5, the constant
phase element (CPE) becomes mathematically identical to the
capacitor and Warburg element, respectively. Therefore, a CPE
is often used to model nonideal capacitors and Warburg
elements.41,48 For a CPE that is modeling a capacitor, the
extent to which n deviates below 1 can be interpreted as the
“leakiness” of the capacitor, and for a CPE modeling a
Warburg element, values of n deviating above 0.5 indicate
diffusion within a porous three-dimensional structure (as
opposed to diffusion near a perfect two-dimensional
plane).41,48,49

Figure 5. Cycle-dependent exfoliation capacitance enhancement using
high voltages of 6 and 10 V.

Figure 6. XRD pattern near the [002] peak for as-grown graphene,
graphene exfoliated at 6 V, and graphene exfoliated at 10 V.
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We provide the following interpretation of the modeling
parameters shown in Figure 7b. In the equivalent circuit, CPE1

represents the double-layer capacitance, R1 represents inter-
calation charge transfer resistance, and CPEW represents
diffusion behavior. In addition, the “leakage” from CPE1 may
represent some intercalation behavior.
Exfoliating to 5 and 6 V increased Q1 (which is often

interpreted as the capacitance41), decreased the intercalation
resistance (R1), and increased nW (implying three-dimensional
diffusion behavior). We physically interpret these parameter
changes as an increase in the surface area and decrease in the
intercalation energy barrier due to better electrolyte contact
and an increase in porosity of the material, respectively.
Exfoliating at or above 7 V nearly restored the diffusion
behavior to a Warburg element, which we interpret as the
material becoming sufficiently exfoliated such that pores were
large enough to behave quasi two-dimensionally.
For exfoliating voltages above 7 V, R1 increased substantially

with increasing exfoliating voltage. This may be due to
electrolyte decomposition, which impeded ion transport45,46

and likely responsible for the degraded performance at high
scan rates for graphene electrodes exfoliated above 7 V (see
Figure 3). In addition, n1 decreased to 0.67, indicating a very
leaky capacitor. It is interesting, however, that these electrodes
demonstrated an increased capacitance (at low scan rates, see
Figure 3) despite electrolyte decomposition. On the other
hand, for exfoliating voltages above 7 V, the MSE of the fit
increased substantially, indicating that the device no longer
complied with a Randles circuit model, which may be
attributed to nonidealities caused by electrolyte decomposi-
tion.

■ DISCUSSION

Our capacitance measurements demonstrate that GNSP
electrodes can be exfoliated in situ to substantially enhance
their capacitance (Figure 3), which is made possible by the
quasi-one-dimensional nature of GNSPs (Figure 1). Compar-
ison of the current responses of each electrode at both fast and
slow scan rates indicates that the charge storage processes in
the GNSP electrodes are nonfaradic (Figure 4), which suggests
that the increase in capacitance is due to structural rather than
chemical changes (e.g., chemical functionalization). Compar-
ing the cycle-dependent exfoliated GNSP electrode (Figure 5)
with the gradually exfoliated GNSP electrode (Figure 3)
demonstrates that when exfoliating at 10 V, initial exfoliation at
a lower voltage results in better capacitance. Our XRD data
(Figure 6) reveal that an applied voltage of 6 V does not fully
exfoliate the GNSP electrode, whereas applying a voltage of 10
V completely exfoliates the electrode. Finally, our EIS data
(Figure 7) suggest that the electrochemical processes have
fundamentally altered with exfoliation: the diffusion behavior
first shifts from a two-dimensional to a three-dimensional
diffusion behavior, suggesting that the material becomes
porous upon exfoliation. In addition, the double-layer
capacitance increases and the intercalation resistance de-
creases, suggesting better electrolyte contact with the material.
As the material becomes sufficiently exfoliated, the diffusion
returns to a two-dimensional behavior. The EIS data also
suggest that some intercalation charge transfer has taken place.
However, noting that the electrochemical processes are
nonfaradic based on the cyclic voltammetry data, the
intercalation charge transfer is likely minimal, although it
may account for the observation of nonideal capacitive charge
storage.
We acknowledge that our reported capacitances (55 F/g, see

Figure 3b1) are not particularly good, even for the best-

Figure 7. (a) Nyquist plots for electrode exfoliated at the indicated high voltage in the range of 0.1 MHz to 1 Hz. (b) Equivalent circuit model for
the Nyquist plots data.

Table 1. Model Fitting Parameters of the Data in Figure 7a According to the Circuit in Figure 7b

initial 5 V 6 V 7 V 8 V 9 V 10 V

Resr (Ω) 0.6 2.3 2.1 4.6 1.5 1.9 4.8
R1 (Ω) 509 226 178 332 694 1001 1254
n1 0.74 0.74 0.68 0.75 0.67 0.67 0.68
Q1 (S s∧n1) 1.7 × 10−5 2.5 × 10−5 4.4 × 10−5 2.2 × 10−5 3.8 × 10−5 3.4 × 10−5 2.9 × 10−5

nW 0.51 0.83 0.80 0.42 0.62 0.57 0.42
QW (S s∧nW) 6.4 × 10−4 7.4 × 10−4 1.2 × 10−3 1.4 × 10−3 8.3 × 10−4 8.6 × 10−4 9.0 × 10−4

MSE 17.2 3.3 2.4 10.8 67.3 56.7 37.7
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performing devices (Liu et al.,1 for example, report a
capacitance of 154 F/g for a graphene electrode). However,
obtaining a high capacitance was not the purpose of this study
per se; rather, the purpose of this study was to determine
whether graphene electrodes could be exfoliated in situ to
enhance their capacitance. To meet this purpose, we designed
experimental conditions to probe this phenomenon rather than
obtain a high capacitance. For example, our cyclic voltammetry
window was 2−4 V, whereas it could have been 1−6 V (the
stability window of the electrolyte), which would have
increased the measured capacitance but would have also
affected the exfoliation. In addition, our choice of electrolyte
(LiPF6/propylene carbonate/dimethyl carbonate) may not
have resulted in the highest capacitance (e.g., previous studies
have shown higher capacitance in aqueous electrolytes1), but
we chose this electrolyte because exfoliation of graphene/
graphite in LiPF6/propylene carbonate solutions is been a well-
studied phenomenon.14,21−23 Noting that electrochemical
exfoliation of graphite has been demonstrated in other organic
solvents, aqueous solvents, and ionic liquids,14−16 similar
procedures could be applied to other supercapacitor systems
with one-dimensional graphene electrodes to optimize the
enhancement of capacitance. In addition, quasi-one-dimen-
sional graphene electrodes for supercapacitors could be
exfoliated prior to being assembled in a final device to further
improve on capacitance.

■ CONCLUSIONS
We have demonstrated, in this work, a significant increase in
the capacitance of quasi-one-dimensional graphene electrodes
by in situ electrochemical exfoliation and provided exper-
imental evidence for a substantial increase in the total surface
area of the graphene electrode after exfoliation. This
development overcomes the typical restacking problems of
graphene electrodes that suffer a significant reduction of the
effective surface area and affect the advantages of using
graphene electrodes in supercapacitors. Through in situ
electrochemical exfoliation, we observe more than 400%
capacitance enhancement relative to the control samples.
Thus, the method of in situ electrochemical exfoliation of
quasi-one-dimensional graphene nanostripes as electrodes
together with further optimized electrolyte solutions and/or
exfoliation protocols is expected to be a promising approach
toward fully realizing the benefits of graphene as superior
supercapacitor electrode material.
While the developments in this work are encouraging,

practical implementation of this in situ exfoliation procedure
will require further research due to the low specific capacitance
and uncertainty in the long-term performance of in situ
exfoliated GNSPs supercapacitor electrodes. In particular, the
long-term cycling stability of in situ exfoliated GNSPs will be a
subject of future studies. Although long-term cycling is
typically a routine analysis for supercapacitor electrodes, in
this case, a study of long-term cycling is a time-intensive
multidimensional endeavor because the cycling stability will
likely be influenced by the exfoliating voltage, the voltage range
during cycling, and the electrolyte solution.
Future studies will also investigate improving the specific

capacitance of in situ exfoliated supercapacitor electrodes. For
example, we are interested in mixing GNSPs with high
capacitance carbon materials (e.g., 2% GNSPs in activated
carbon) and performing the exfoliation procedure, which may
improve the surface area of the activated carbon while

maintaining the electrical connectivity with GNSPs. We are
also interested in using exfoliated GNSPs to form percolating
networks among high capacitance metal oxide nanoparticles.
Overall, we consider in situ exfoliation of electrode materials
together with the incorporation of quasi-one-dimensional
GNSPs a promising research direction for achieving sub-
stantially improved supercapacitors.

■ EXPERIMENTAL SECTION
GNSP Fabrication. GNSPs were fabricated by plasma-

enhanced chemical vapor deposition (PECVD) described
previously.26,27 Specifically, a microwave-induced hydrogen/
methane plasma with trace 1,2-dichlorobenzene (Alfa Aesar,
99%) yielded GNSPs on a ∼(0.75 cm × 1.25 cm) copper foil
(McMaster-Carr, 99.9%) in a 1/2″ outer diameter quartz tube.
The PECVD growth system was custom built and consisted of
eight parallel deposition chambers each fitted with an Evenson
Cavity (Opthos Instruments Inc., Frederick, MD) excited by
70 W of 2.45 GHz microwave power source (ENS 4 × 200 W
CPS, Sairem, Dećines-Charpieu, France). The plasma volume
was ∼1 cm3. H2 (MATHESON, 99.999%) and CH4
(MATHESON, 99.999%) gases were introduced to the
chambers by mass flow controllers (MC series, Alicat
Scientific, Tuscon, AZ), and 1,2-dichlorobenzene was placed
in a vacuum-sealed vial and introduced to the chamber through
a leak valve. The pressure in the chamber before splitting into
eight chambers was held at 4.8 Torr, the total flow rates of H2
and CH4 were 48 and 5 sccm, respectively, and the ratio of
CH4 to 1,2-dichlorobenzene (3-chloropyridine) was ∼2:1 as
measured by a residual gas analyzer (RGA; XT300M, Extorr
Inc., New Kensington, PA) placed upstream of the deposition
chamber and connected via a capillary. The plasma was
maintained for ∼3 h to synthesize sufficient graphene material
for use as a supercapacitor electrode.

GNSP Characterization. The resulting GNSP material was
characterized by scanning electron microscopy (SEM),
Brunauer−Emmett−Teller (BET) surface area method,
Raman spectroscopy, X-ray photoelectron spectroscopy
(XPS), and X-ray diffraction (XRD). SEM was performed
using a Hitachi S-4100 (Hitachi, Tokyo Japan) with an
accelerating voltage of 5 kV. Individual GNSPs were obtained
for imaging by sonicating the copper growth substrate with
GNSPs grown on it in N-methyl-2-pyrrolidinone (NMP,
Sigma-Aldrich, 99.5%)13 for 30 min, centrifuging the
dispersion to remove undispersed chunks of graphitic material
at 850 rpm for 90 min, extracting one drop of dispersion, and
evaporating it over a silicon wafer in low vacuum at 70 °C. The
BET surface area was measured in a BELSORP-max
volumetric instrument (BEL-Japan, Inc.) via equilibrium N2
adsorption isotherm at 77 K. Raman spectroscopy was
performed in a Renishaw M-1000 Micro-Raman (Renishaw,
Gloucestershire, U.K.) spectrometer operating with a 514.5 nm
argon-ion laser with a spectral resolution of 1 cm−1 and a spot
size of ∼20 μm. A dual-wedge polarization scrambler was
inserted to depolarize the laser. XPS data were collected using
a Kratos AXIS Ultra spectrometer (Kratos Analytical, Man-
chester, U.K.). The instrument was equipped with a hybrid
magnetic and electrostatic electron lens system, a delay-line
detector, and a monochromatic Al Kα X-ray source (1486.7
eV). Data were collected at a pressure of ∼5 × 10−9 Torr with
photoelectrons collected at 0° with respect to the sample. The
analyzer pass energy was 80 eV for the survey spectrum and 10
eV for all other spectra. The instrument energy scale and work
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function were calibrated using clean Au, Ag, and Cu standards.
The instrument was operated by Vision Manager software v.
2.2.10 revision 5. The data were analyzed using CasaXPS
software (CASA Software Ltd). XRD data were collected in a
PANalytical X’Pert Pro X-ray powder diffractometer using the
Cu Kα1 line (λ = 1.5406 Å) with a tube voltage and current of
40 kV and 20 mA, respectively.
Coin Cell Preparation. Supercapacitor working electrodes

consisted of GNSP material and polyvinylidene fluoride
(PVDF, MTI Corporation, ≥ 99.5%) binder in an 88:12
ratio and were mixed in N-methyl-2-pyrrolidinone (NMP,
Sigma-Aldrich, 99.5%) in a centrifugal mixer (AR-100 Thinky
U.S.A., Inc., Laguna Hills, CA) at 5000 rpm for 10 min. A thin
layer of the resulting slurry was spread across a stainless-steel
spacer (MTI Corporation) with a spatula and dried at 120 °C
in vacuum for 16 h. Two-electrode 2032-coin cells were
assembled in an argon-filled glovebox (O2: < 0.1 ppm, H2O: <
0.1 ppm). The counter/reference electrode was lithium foil
(Sigma-Aldrich, 99.9%, 0.75 mm, mechanically cleansed
immediately before cell assembly), and the separator was a
propylene separator (Celgard 2400). The electrolyte was 1 M
LiPF6 in propylene carbonate/dimethyl carbonate (1:1 mixture
by volume, both Sigma-Aldrich, ≥99%, stored over molecular
sieves, 3 Å, Beantown Chemical), and about eight drops of
electrolyte were used in each coin cell. The electrolyte was
mixed in a dried HDPE bottle.
Electrochemical Characterization. All electrochemical

measurements were performed on a Reference 600 (Gamry
Instruments, Warminster, PA). Capacitance was measured by
cyclic voltammetry between 2 and 4 V at scan rates of 3.16, 10,
31.6, 100, 316, and 1000 mV/s. Electrochemical impedance
spectroscopy measurements were taken potentiostatically at 2
V with an rms voltage of ±5 mV. All voltages are with respect
to Li/Li+.
Electrochemical Exfoliation. Three in situ exfoliation

procedures were investigated as follows. (I) The voltage of the
graphene electrode was ramped from open-circuit potential
(∼2.7 V) to 1 V at a rate of 1 mV/s, held at 1 V for 3 h,
ramped to a high voltage at a rate of 1 mV/s, held at the high
voltage for 3 h, then ramped to 2 V at a rate of 1 mV/s. Then,
the cyclic voltammetry and electrochemical impedance spec-
troscopy measurements were performed at 2 V. This process
was repeated for one cell such that the high voltage on the first
cycle was 5 V, then the high voltage on the second cycle was 6
V, as so forth until the high voltage on the last cycle was 10 V.
(II) The voltage of the graphene electrode was ramped from
open-circuit potential to 1 V at a rate of 10 mV/s, held at 1 V
for 1 h, ramped to 6 V at a rate of 10 mV/s, held at 6 V for 1 h,
then ramped to 2 V at a rate of 10 mV/s, then the capacitance
was measured by cycled voltammetry. This process was
repeated 20 times. (III) The voltage of the graphene electrode
was ramped from open-circuit potential to 1 V at a rate of 10
mV/s, held at 1 V for 1 h, ramped to 6 V at a rate of 10 mV/s,
held at 10 V for 1 h, then ramped to 2 V at a rate of 10 mV/s,
then the capacitance was measured by cycled voltammetry.
This process was repeated 20 times. All voltages are with
respect to Li/Li+.
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