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ABSTRACT: Graphene nanostructures possess excellent physical proper-
ties such as high surface area, good mechanical stability, and good electric
conductivity, which make them attractive as electrodes for high-performance
energy storage devices. However, graphene-based nanomaterials have yet to
be materialized into commercial energy storage devices, mainly due to the
high cost in fabrication processes and the difficulty in achieving high mass
loading. In particular, the high mass loading of active materials on the
electrode represents an important step toward the translation of excellent electrochemical activity seen in the microscopic regime
into the practical applications. Here, supercapacitor electrodes made of vertical graphene nanosheets (VGNS) are fabricated from
a range of commercially available cheese precursors via green, low-temperature, plasma-based reforming processes. Taking
advantage of the fast solidification of cheese molecules and plasma−matter interactions, the produced VGNS exhibit a high mass
loading of 3.2 mg/cm2 and a high areal capacitance of 0.46 F/cm2. These results demonstrate a single-step, scalable,
environmentally benign, and cost-effective approach for the transformation of natural precursors into high-quality graphene
structures, which could be promising for a variety of advanced electronic and energy applications.
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■ INTRODUCTION

Research in electrochemical energy storage has recently seen a
drastic expansion due to the increasing energy demands for
portable electronics, electric vehicles, and utilization of
renewable energy resources.1−4 Of the various energy storage
devices, supercapacitors represent a particularly attractive
option, as they offer high power density, rapid charge/
discharge, and a long lifespan, which are critical for a number
of energy storage applications.5,6 Fundamentally, supercapaci-
tors operate by storing ions within the electric double layer
(EDL) or through redox reactions on the electrode surface.7

Such mechanisms allow supercapacitors to have better cycling
performance and power density as compared to other energy
storage devices such as batteries.6 Nevertheless, the widespread
applications of current supercapacitors are impeded by their
low energy density.
The physical properties of electrode materials are known to

dictate the performance of supercapacitors. In general, a large
surface area with easily accessible sites and high electrical
conductivity is required for an electrode to deliver high energy
and power densities. The advent of carbon nanostructures such
as carbon nanotubes and graphene has introduced materials
with intrinsically high surface area and excellent electrical
conductivity, which are highly promising for energy storage

applications.8,9 A good example is vertical graphene nanosheets
(VGNS), which recently emerged as a promising electrode
material owing to its highly favorable structural and electro-
chemical properties.10,11 VGNS possess a unique morphology
of few-layered graphene sheets self-organized in an open,
interconnected, and three-dimensional (3D) array structure.
While the open structure of VGNS can facilitate the rapid
formation of EDL, its structural rigidity enhances stability by
preventing the restacking of graphene nanosheets, a commonly
observed problem in horizontal graphenes when immersed in
liquid electrolytes.12−14 Supercapacitor electrodes made of
VGNS have shown many notable charge storage features, such
as high specific capacitance, stable charge retention capability,
and a low relaxation time constant τ0.

10,15

However, the biggest challenge of implementing VGNS into
practical supercapacitors is the low mass loading. VGNS grown
by chemical vapor deposition (CVD) usually have a mass
loading of <0.5 mg/cm2 (thickness <4 μm).16 As such, the high
specific capacitance (Cs) of the materials does not always lead
to a high areal capacitance (a more accurate measure for the
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practical supercapacitor devices) due to the limited quantity of
active materials present on the electrodes.17 This problem
cannot be mitigated by long growth time, as it often results in
the formation of undesired amorphous carbons rather than a
thicker VGNS structure. On the other hand, a few chemical-
based methods have recently reported a high mass loading of
graphene-based materials.18 However, in these chemical-based
syntheses, the extraction of graphene-based materials from
natural graphite precursors is not only precursor-specific but
also expensive and complicated, as well as energy, time, and
resource demanding. Moreover, these processes usually require
additional materials, such as binders or gels, to integrate these
nanostructures into functional electrodes, further complicating
the process of device fabrication and reducing the scalability
and sustainability.19−23 Therefore, there is a need for
developing a simple and green process that can directly
produce high-quality VGNS at high mass loading for
supercapacitor applications.
In our previous work, we have demonstrated the versatility

and effectiveness of plasmas as a simple and green nano-
fabrication tool for the efficient transformation of natural
precursors into VGNS electrodes.24−26 Notably, by utilizing
precursors such as butter, this enabled the growth of VGNS
with a high Cs of about 200 F/g and excellent stability of more
than 8000 cycles. However, the areal capacitance (CA) of these
electrodes remained unsatisfactory due to limited mass loading.
In this work, we solve this problem by employing cheese as the
natural precursor in the plasma-based fabrication process. We
demonstrate a single-step, plasma-based reforming process to
produce VGNS electrodes with a high mass loading up to 3.2
mg/cm2 and excellent areal capacitance, which are superior
compared to other graphene-based materials obtained by the
conventional fabrication techniques such as chemical or thermal
processing. Our results thus represent significant progress
toward translating the excellent capabilities of graphenes into
functional high-performance energy storage devices.

■ EXPERIMENTAL SECTION
Fabrication of VGNS from Cheese Precursors. The single-step,

plasma-enabled transformation of cheese precursors into VGNS was
carried out in a RF inductively coupled plasma CVD system.
Commercially available processed cheese, cream cheese, and fat-free
processed cheese were used as precursors. In order to provide a
uniform coating on the Ni foam substrates, the cheese precursors were
first melted at 80 °C. This allowed the substrates to be evenly coated
with the liquefied cheese. The cheese−laden substrates were then
removed from the heater so that the cheese could resolidify prior to
loading in the plasma reactor. A gas mixture of 5 sccm Ar and 20 sccm
H2 was then fed into the reactor, where the plasma was ignited at a
pressure and RF power of 2.0 Pa and 1000 W, respectively. Although
no external substrate heating was used, during the 10 min plasma
process, the substrate temperature reached approximately 400 °C due
to the plasma-heating effects. To reduce the amount of amorphous
carbon formed in the growth process, the as-grown samples were
treated in air at 300 °C for 1 h.
Material Characterization. Field-emission scanning electron

microscopy (FE-SEM) images were obtained by a Zeiss Auriga
microscope operated at 5 keV electron beam energy with an InLens
secondary electron detector. Raman spectroscopy was performed using
a Renishaw inVia spectrometer with laser excitation at 514 nm (Ar
laser) and a probing spot size of about 1 μm2. X-ray photoelectron
spectroscopy (XPS) spectra were recorded by a Specs SAGE 150
spectroscope with Mg Kα excitation at 1253.6 eV. Both survey and
narrow scans were conducted. The mass of the electrode was
determined by weighing a 10 cm long sample on a ultrasensitive

balance (Δ ± 0.1 μg; Mettler Toledo UMT2) and calculating the
fractional mass submerged into the electrolyte. N2 adsorption−
desorption isotherms of VGNS were measured by using a Micro-
meritics 3Flex analyzer at the temperature of 77 K. Brunauer−
Emmett−Teller (BET) analysis was used to determine the surface area
and was calculated using the isothermal points at a relative pressure of
P/P0 = 0.05−0.25.

Electrochemical Measurements. The electrochemical measure-
ments were performed in 1 M Na2SO4 electrolyte. Both three- and
two-electrode cell configurations were employed. The three-electrode
cell used the VGNS sample as the working electrode, Pt foil as the
counter electrode, and Ag/AgCl reference electrode; while the two-
electrode cell used two identical VGNS samples as the electrodes.
Cyclic voltammetry (CV), galvanostatic charge/discharge, and electro-
chemical impedance spectroscopy (EIS) measurements were con-
ducted using a BioLogic VSP 300 potentiostat/galvanostat device. CV
tests were performed in the potential range of 0−0.8 V at scan rates of
5−100 mV s−1. Galvanostatic charge/discharge curves were obtained
at current densities of 6, 5, and 4 mA/cm2 for VGNS derived from
processed cheese and 3, 2, and 1 mA/cm2 for VGNS derived from
cream cheese. EIS measurements were performed in the frequency
range from 0.01 Hz to 100 kHz. The specific capacitance of the single
electrode, Cs, was calculated from the CV curves of two-electrode
measurements by integrating the discharge current against the
potential, V, according to Cs = 2∫ [I dV]/νmΔV, where ν is the
scan rate (V s−1), m is the mass of the active material in a single
electrode, and ΔV is the operating potential window (0.8 V). The
mass loading was 3.2, 0.8, and 2.8 mg/cm2 for VGNS derived from
processed cheese, cream cheese, and fat-reduced cheese, respectively.
Similarly, Cs was calculated from the CV curves of three-electrode
measurements by the equation Cs = ∫ [I dV]/νmΔV.

■ RESULTS AND DISCUSSION
Figure 1 shows the schematic of the single-step, plasma-enabled
reforming of cheese into VGNS. Ni foam was chosen as the

substrate for VGNS as it provides a porous 3D scaffold for the
growth of VGNS. Furthermore, due to its good electrical
conductivity, Ni foam also functions as the current collector.
The VGNS were grown from the cheese precursors by a 10 min
exposure to plasmas in an argon and hydrogen gas mixture to
enable the growth of VGNS. Commercially available processed
cheese was used as the carbon source. Processed cheese is made
via blending natural cheese of different age and maturity.27 As
the production of processed cheese is a standardized industrial
process, this will ensure that variation between different cheese
cultures, which might affect the experimental reproducibility,
can be minimized.
Processed cheese consists of fats, proteins (mostly casein),

and water in 30, 22, and 40 wt %, respectively.27,28 In contrast,
cream cheese possesses a significantly higher water content, and
the fat, protein and water content of cream cheese are 30, 10,
and 55 wt %, respectively.29 In both cheeses, there exist a small
quantity of salt, emulsifying agents, and other addictives.
During the early growth process, the cheese precursor was

Figure 1. Schematics of the experimental process that transforms the
cheese precursor into vertical graphene nanosheets (VGNS).
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promptly dehydrated by the low pressure environment and
plasma heating effects. Subsequently, the heterogeneous carbon
precursors (i.e., fat and protein groups) were broken down into
simple hydrocarbon building units by the rapid plasma
dissociation of the material. These building units then self-
organized into VGNS on the plasma-exposed surfaces. Such
plasma-specific effects can be attributed to the strong plasma−
matter interactions in the plasma sheath. The plasma process
made it possible to achieve a high mass loading of VGNS,
which could also be extracted as high-quality graphene powder
(Figure S1a−c, Supporting Information). The typical SEM
image also confirmed VGNS with total coverage on the nickel
foam substrate (Figure S1d, Supporting Information).
Owing to the above-mentioned advantages, VGNS produced

with the two cheese precursors, i.e., processed and cream
cheeses, showed mass loadings of 3.2 and 0.8 mg/cm2,
respectively, which are higher than what is normally obtained
from gaseous or other solid state precursors in a similar plasma
process.24−26 Previously, we have demonstrated the growth of
VGNS from gaseous, liquid, and solid state natural precursors.
In these experiments, we noticed that the growth of VGNS
from liquid precursors enabled a strong adhesion to the
substrate and minimized the undesired formation of amorphous
carbon. These properties are highly attractive for the
integration of VGNS in supercapacitor electrodes.26 However,
due to their fluidic nature, liquid-based precursors may lead to a
significant loss of precursor material during the growth process.
The loss may result from the initial growth stage when the
precursor was undergoing a transformation from the liquid
(precursor) to the solid state (VGNS), as well as from the
plasma dissociation and etching stage. Consequently, this leads
to poor efficiency of VGNS growth with a relatively low mass
loading. Therefore, to fabricate an electrode with a high mass
loading while maintaining the favorable properties as exhibited
from liquid-based precursors, we searched for a semi-liquid
precursor that can rapidly solidify upon losing its water content.
A strong intermolecular bonding in the precursor was also

desired as this could minimize the possible loss of precursor
material during the plasma reforming process. To meet these
requirements, cheese represents a particularly promising
candidate for the improved efficiency of reforming natural
precursors into functional VGNS structures with high mass
loading. Indeed, as cheese can quickly transform into the solid
state after losing its water content, its unique intermolecular
structure can minimize possible loss of material during the
transformation process.
Panels (a) and (d) of Figure 2 show the high-resolution SEM

images of VGNS derived from processed and cream cheeses,
respectively. These images show a uniform, dense, 3-D network
of thin graphene nanosheets. Such uniform transformation
demonstrates the merits of plasma as a nanofabrication tool to
build functional nanostructures from heterogeneous natural
precursors.25 Panels (b) and (e) of Figure 2 show the Raman
spectra of VGNS derived from processed and cream cheeses,
respectively. The Raman spectra reveal the high graphitic
content of the VGNS. For both the processed and cream
cheeses, three distinct Raman peaks were present, namely, the
characteristic disorder peak (D-band) arising from the defects
within the sp2 carbon materials at 1350 cm−1, graphitic peak
(G-band) from the in-plane vibrational E2g mode of the
graphitic lattice at 1579 cm−1, and second-order 2D-band due
to the three-dimensional interplanar stacking of hexagonal
carbon networks at 2700 cm−1.30−33 By examining the ratios of
intensities between the peaks, the quality of VGNS can be
determined. Specifically, the ID/IG ratio reflects the degree of
defects present within the graphene lattice, whereas the I2D/IG
ratio indicates the thickness of the graphene sheets. VGNS
from processed cheese showed an ID/IG ratio of 0.7 and an I2D/
IG ratio of 1.2, whereas the one from cream cheese had an ID/IG
ratio of 1.4 and an I2D/IG peak ratio of 0.95. The thickness of
VGNS can also be deduced from high-resolution SEM (Figure
S2, Supporting Information) and Raman features. According to
the Raman features, the I2D/IG ratios suggest that our VGNS
derived from cheese consists of few-layered graphene sheets

Figure 2. Typical SEM images of VGNS produced from processed cheese (a) and cream cheese (d) precursors. Raman spectra of the VGNS
obtained from processed cheese (b) and cream cheese (e). (c,f) XPS spectra of both cheese precursors showed that the resulting nanostructures
were composed of carbon with a trace amount of oxygen.
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(bi- to tri-layer in the edge planes with a thicker basal
plane).34,35 Moreover, the high transparency of VGNS as
shown in the SEM image is usually observed for few-layered

graphenes (Figure S2, Supporting Information).36,37 These
results thus demonstrate the formation of high-quality VGNS
from cheese precursors.

Figure 3. Electrochemical activity of the high mass loading VGNS as obtained from processed and cream cheeses in the two-electrode configuration.
Cyclic voltammetry (CV) curves of both processed and cream cheeses at various scan rates are plotted in panels (a) and (c) respectively. Similarly,
Galvanostatic charge/discharge curves are plotted in panels (b) and (d).

Figure 4. Specific capacitance (a, c) and areal capacitance (b, d) at different scan rates of the high mass loading VGNS electrodes derived from
processed and cream cheeses.
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Panels (c) and (f) of Figure 2 illustrate the XPS
measurements of VGNS derived from processed and cream
cheeses, respectively. In both spectra, a strong C 1s peak
positioned at the binding energy (BE) of about 284.5 eV was
observed, together with a small amount of oxygen at the BE of
532 eV.38 This indicates that the cheese-derived structures were
predominantly composed of carbon atoms with a small amount
of oxygen. Chemical composition analysis of VGNS derived
from processed and cream cheeses revealed C atoms at 98.4
and 95.3 atom % and O atoms at 1.6 and 4.7 atom %,
respectively. Panels (a) and (b) of Figure S3 of the Supporting
Information show the C 1s narrow scans of VGNS derived
from processed and cream cheeses, respectively. Both C 1s
spectra can be deconvoluted into three distinct peaks
corresponding to the C−C (BE ∼ 284.5 eV), oxygenated
carbon (BE ∼ 285.4 eV), and shakeup energy-loss feature (BE
∼ 290.2 eV).24,39,40 Importantly, all VGNS samples featured a
high fraction of sp2-hybridized carbon, suggesting the high
quality of the graphene sheets. To demonstrate the specific
surface area and materials texture of the VGNS electrodes, BET
measurements were also performed. The results revealed a
surface area of 448 m2/g with a typical mesoporous structure
(Figure S4, Supporting Information). Consequently, this
favorable morphology is expected to facilitate the adsorption
of ions for the EDL formation and enable the cheese-derived
VGNS to deliver good electrochemical properties.
The electrochemical performances of VGNS derived from

processed and cream cheeses was then investigated by
potentiostat/galvanostat with the two- and three-electrode
configurations. Panels (a) and (c) of Figure 3 show the cyclic
voltammetry (CV) curves of VGNS derived from processed
and cream cheeses in 1 M Na2SO4 aqueous electrolyte,
respectively, measured in the two-electrode configuration. It is
noticeable that the CV shapes were rectangular and symmetric
at low scan rates (5−20 mV/s), reflecting that both electrodes
exhibited an efficient formation of EDL and fast ion transport.
Nevertheless, the CV curves became skewed at high scan rates
(e.g., >100 mV/s). Panels (b) and (d) of Figure 3 show the
galvanostatic charge/discharge curves of VGNS at different
current densities from 1 to 6 mA/cm2. Both cheese-derived
VGNS exhibited a linear dependence of charge/discharge
potential with time, suggesting the dominance of the EDL
mechanism.41 Correspondingly, the specific capacitance Cs was
calculated from the CV curves at different scan rates, as shown
in panels (a) and (c) of Figure 4. Both VGNS derived from

processed and cream cheeses exhibited a high specific
capacitance of 156 and 151 F/g at 5 mV/s, respectively. The
values were obtained from the two-electrode measurements as
it avoids the possibility of overstating the results that may arise
from the three-electrode system. The two-electrode test is more
commonly used in real supercapacitor devices.42 Nevertheless,
we have also calculated the specific capacitance from the three-
electrode system because it characterizes the full potential of a
specific nanomaterial. The results obtained from the three-
electrode measurement showed good agreement with the two-
electrode measurements (Figure S5, Supporting Information).
Typically, as the mass loading of the electrode material

increases, the specific capacitance of the supercapacitor
decreases due to the inaccessible surface areas and the impaired
ion diffusion. However, this trend was not evident for VGNS
obtained by the plasma reforming of cheese precursors in the
present case. Despite a significant increase in the mass loading
(from 0.8 to 3.2 mg/cm2), a relatively constant Cs was obtained
(from 151 to 156 F/g). As the graphene sheets are vertically
oriented with respect to the growth substrate, our VGNS
structures maintain the accessible surface area and facilitate the
diffusion of ions even at high mass loadings. This unique
feature is important for future developments in high-capacity
graphene-based supercapacitors. Furthermore, VGNS derived
from cream cheese showed a 53% capacitance retention when
the scan rate increased from 5 to 100 mV/s (Figure 4c),
whereas the one derived from processed cheese also retained
41% (Figure 4a). Such rate capabilities of cheese-derived VGNS
remained superior as compared to other graphene-based
electrodes. These results suggest that ion accessibility and ion
transport are greatly facilitated by the vertical alignment of
graphene nanosheets in the electrode materials.
Panels (b) and (d) of Figure 4 show the areal capacitance of

VGNS derived from both processed and cream cheeses at
different scan rates. In particular, VGNS derived from
processed cheese demonstrated a very high areal capacitance
of 0.46 F/cm2 at 5 mV/s, whereas the one from cream cheese
also exhibited 0.12 F/cm2 at the same scan rate. The lower areal
capacitance of the latter reflects the lower mass loading in that
case. Notably, our results show that a 4-fold increase in mass
loading leads to an approximately 4-fold increase in the areal
capacitance. This proportional increase in areal capacitance may
be attributed to the vertical alignment of graphene sheets. The
obtained areal capacitances are among the highest values
achieved so far for pure graphene- and carbon-based super-

Figure 5. Cycle stability of the high mass loading VGNS electrodes derived from processed (a) and cream (b) cheese precursors for 4,000 cycles at a
scan rate of 400 mV/s.
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capacitors (Table S1, Supporting Information).16,18−21,43−46

For instance, Zhou et al. reported a value of 0.152 F/cm2 for
chemically processed graphenes.19

The stability tests of VGNS-based electrodes are shown in
panels (a) and (b) of Figure 5, where the electrodes were
performed for over 4000 cycles at a scan rate of 400 mV/s.
Notably, VGNS derived from cream and processed cheeses
exhibited the capacity retention of 99% and 94%, respectively.
This stability is comparable to the many other graphene- and
carbon-based supercapacitors with high mass loadings as
reported elsewhere (Table S1, Supporting Information).20,47−49

For instance, Maiti et al. reported a 97.8% retention after 5000
cycles for graphene-based supercapacitors.20 Zhang et al.
obtained a 98% stability after 1000 cycles for CNT-integrated
electrodes,44 and Puthusseri et al. demonstrated a 90%
retention after 5000 cycles with 3D porous carbons.49

The electrochemical impedance spectra (EIS) for VGNS
obtained from the plasma reforming processes are shown in
Figure S6 of the Supporting Information, where the frequency-
dependent impedance is plotted as the real (Z′) and imaginary
(Z″) components. Both samples displayed a linear line with a
high slope at low frequencies, indicating a near-ideal capacitive
behavior. The presence of amorphous carbon in the basal plane
of VGNS structure may result in the deviation from a vertical
line in the spectra. In the high-frequency range, a semi-circle
was observed to intersect with the real (Z′) axis in both spectra,
which could be attributed to charge transfer at the electrode−
electrolyte interface. The equivalent series resistance can be
extrapolated from the point of intersection, which was about 4
Ω for both VGNS electrodes. The good conductivity of
electrodes can be attributed to the high quality of VGNS and
the good binding of VGNS to the growth substrate, as enabled
by the single-step plasma transformation process. In addition,
we have also performed the three-electrode cell measurements
to better evaluate the potential of cheese-derived VGNS
electrode materials (Figure S7, Supporting Information).
Overall, our VGNS exhibit energy storage capabilities that are
among the best for carbon-based devices (Table S1, Supporting
Information). While the fabrication of carbon-based electrodes
often involves complex and resource-consuming processes, this
single-step plasma reforming of cheese precursors is clearly an
energy efficient, potentially scalable, and chemically green
alternative for the direct assembly of high-performance VGNS-
based supercapacitors.
To further understand the effects of precursor composition

on the resulting VGNS nanostructure, we also utilized fat-
reduced processed cheese as the precursor. Compared to the
normal processed cheese, fat-reduced processed cheese
typically contains 8−10 wt % water and includes fat substitutes
and mimetics as replacers.50 After the same single-step plasma
process, fat-reduced processed cheeses were also transformed
into VGNS with a mass loading of 2.8 mg/cm2. However, the
resulting nanostructure contained more defects and thicker
graphene sheets, as compared to the VGNS derived from
processed cheese precursor (Figure S8, Supporting Informa-
tion). In addition, the fat-reduced cheese precursor resulted in
VGNS with notable deposits of amorphous carbon. From the
XPS elemental analysis, VGNS derived from fat-reduced
processed cheese were comprised of carbon, oxygen, and
potassium at concentrations of 72.9, 15.5, and 11.6 atom %
(Figure S8c, Supporting Information). The high K and O
contents of the structure were in contrast to the VGNS grown
by either processed or cream cheeses. This difference most

likely originated from the artificial additives and fat replacers
used in the production of fat-reduced cheese. Electrochemically,
VGNS derived from fat-reduced cheese exhibited a Cs of 153 F/
g at 5 mV/s and an areal capacitance of 0.38 F/cm2, similar to
those obtained from processed cheese precursors. However,
only 34% capacitance retention was observed when the scan
rate was increased from 5 to 100 mV/s. This was significantly
lower than those obtained from the processed and cream
cheese precursors. Moreover, nonideal capacitor behavior was
observed, as evidenced by the skewed charge/discharge curves
(Figure S8g, Supporting Information). The resulting VGNS
also demonstrated a higher equivalent series resistance, as
compared to VGNS derived from the processed and cream
cheeses (Figure S8h, Supporting Information). These results
reveal that the presences of artificial additives and fat-replacers
in cheese precursor can reduce the graphitic content of VGNS
and significantly impede their electrochemical performance.
Overall, we have demonstrated a good supercapacitor perform-
ance using VGNS-based structures derived from cheese. In
addition, as VGNS has a porous structure, it can act as a
versatile platform material to accommodate heteronanostruc-
tures. Therefore, by decorating these areas of VGNS with other
nanostructures that exhibit good electrochemical properties, it
may be possible to significantly enhance the performance of
VGNS-based supercapacitors due to the as yet unexplored
synergistic effects.
We denote that in the conversion of natural precursors using

plasmas, the plasma parameters also play a critical role in
determining the resulting properties.51 Therefore, to demon-
strate the plasma-related control and understand the temporal
dynamics of the transformation of cheese into VGNS, we
performed many experiments to find the optimum conditions.
Over the course of experiments, the plasma treatment time and
hydrogen concentration were found to be critical for the
growth of VGNS. When the plasma processing time was
prolonged or an excessive hydrogen concentration was used,
the presence of graphitic nanostructures dramatically reduced,
as evidenced by the microstructural observations and Raman
spectra (Figure S9, Supporting Information). Similarly, when
the plasma processing time was reduced beyond the threshold
or the hydrogen concentration was too low, we observed the
transformation process to be incomplete (Figure S9, Support-
ing Information). Therefore, our experiments show that the
transformation of natural precursors into VGNS requires
precise control over the plasma processing parameters. This
is the key for obtaining good quality graphene sheets with
favorable electrochemical properties for energy storage devices.

■ CONCLUSION
In summary, we have developed a single-step, low-temperature
plasma process to produce high-quality VGNS structures with a
high mass loading using cheeses as the precursors. Moreover, a
direct integration of VGNS with the growth substrates was
successfully demonstrated. As a result of the direct integration
of high-quality VGNS with high mass loading, one of the
highest-to-date areal capacitances (0.46 F/cm2) of VGNS-based
electrodes was achieved. VGNS also exhibited minimum
degradation in electrochemical properties despite a significant
increase in mass loading of the electrode. Furthermore, we have
demonstrated that nonequilibrium low-temperature plasmas are
effective and versatile nanofabrication tools that break down
and rebuild diverse forms of precursors of different chemical
compositions and states of matter into functional VGNS

ACS Sustainable Chemistry & Engineering Research Article

DOI: 10.1021/sc500806s
ACS Sustainable Chem. Eng. 2015, 3, 544−551

549

http://dx.doi.org/10.1021/sc500806s


structures. These results thus provide a critical step in the
development of graphene-based, high-performance energy
storage devices.
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