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W
ith the fast growing demand for
miniaturized and wearable elec-
tronic devices, the design and

fabrication of compatible energy storage
devices become new challenges.1�6 Super-
capacitors (SCs) in thin and flexible film are
attracting increasing attention in the field
of lightweight, ultrathin energy manage-
ment devices for wearable electronics due
to their higher power density and long cycle
life.7�9 However, the supercapacitors, stor-
ing charge in the electrochemical double
layers, can only achieve relatively low en-
ergy density compared to batteries, which
limits their further applications.10 The high
surface area allows the storage of large
amounts of charge in the double layers for
a given weight of the device, which results
in both high energy and power density.
Consequently, numerous studies have
been focused on introducing new material

systems with very high surface area, which
provides extensive interfaces between the
electrode and electrolyte.11�15 Recently,
some exciting work claimed that the energy
densities of graphene-based electrodes
for supercapacitors approached or even
exceeded that of batteries.16�19 However,
the actual device performance of these
works may be rather mediocre, because
the device includes not only activematerials
but also electrolyte, binder, separator,
current collectors, and packaging.20 The
energy density (Estack) based on the whole
supercapacitor stack, including two electro-
des, electrolyte, a separator between the
two electrodes, and current collectors
(substrates), was recently recommended
to be a more reliable parameter than that
based on two electrodes (Eelectrode) to eval-
uate the real potential of a material for
supercapacitors.21,22 Estack is related to the
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ABSTRACT A micrometer-thin solid-state supercapacitor (SC)

was assembled using two pieces of porous carbon nanofibers/

ultrathin graphite (pCNFs/G) hybrid films, which were one-step

synthesized by chemical vapor deposition using copper foil sup-

ported Co catalyst. The continuously ultrathin graphite sheet

(∼25 nm) is mechanically compliant to support the pCNFs even

after etching the copper foil and thus can work as both current

collector and support directly with nearly ignorable fraction in a SC

stack. The pCNFs are seamlessly grown on the graphite sheet with an

ohmic contact between the pCNFs and the graphite sheet. Thus, the

accumulated electrons/ions can duly transport from the pCNFs to graphite (current collector), which results in a high rate performance. The maximum

energy density and power density based on the whole device are up to 2.4 mWh cm�3 and 23 W cm�3, which are even orders higher than those of the most

reported electric double-layer capacitors and pseudocapacitors. Moreover, the specific capacitance of the device has 96% retention after 5000 cycles and is

nearly constant at various curvatures, suggesting its wide application potential in powering wearable/miniaturized electronics.
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specific capacitance of the active component in a
single electrode (C, F g�1), nominal voltage (U, V) of
the supercapacitor, and fraction of the electrodes in
the device stack (felectrode, %) as follows:

Eelectrode ¼ CU2

8

Estack ¼ Eelectrodefelectrode

Improvement in Estack requires maximizing the val-
ues of C, U, and felectrode. However, increasing felectrode
by the thickness of the electrodes, especially for
pseudocapacitors, is difficult without substantially
compromising the C and/or cycle life. To address this,
three-dimensional current collectors (nanoporous
metal) were recently introduced, which obviously im-
proved the volumetric performance of the device.23,24

However, the gravimetric performance of these
devices seems uncompelling due to the low loading
mass of active materials in the nanoporous metals.
Although macroporous graphene-based electrodes
show attractive gravimetric performance, their volu-
metric energy density is far from satisfactory due to the
large empty space in the electrodes.25,26 In some cases,
especially for the thin-film SCs, the gravimetric energy
density is almost irrelevant compared to the areal
or volumetric one because the weight of the active
materials used in a micrometer-thin film on a chip is
negligible.20

Herein, we assembled a micrometer-thin film SC
with ultrahigh device-stack performance using two
pieces of porous carbon nanofibers/ultrathin graphite
(pCNFs/G) hybrid films, which were one-step synthe-
sized by chemical vapor deposition (CVD) using a
copper foil supported Co catalyst (Figure 1A�C). In
the growth mechanism of the pCNFs/hybrid it was
assumed that Co nanoparticles catalyzed the pCNF
growth while the underneath Cu foil decomposed
the hydrocarbon feedback simultaneously to form a

graphite layer. The in situ formation of a CNF�graphite
heterojunction produced a seamless and ohmic
contact, similar to that of the CNT�graphene hybrid
synthesized by CVD.27,28 The resulting free-standing
pCNFs/G film, with an areal density of 0.75 mg cm�2

after removing the Cu foil and catalyst, was directly
used as an electrode in the SC without any addition of
either binder or metal-based current collector. The
ultrathin and continuous graphite sheet (∼25 nm) is
mechanically compliant to support the pCNFs even
after etching the copper substrate and thus can work
as both current collector and support with nearly
ignorable fraction in the SC stack, compared to the
activematerials (pCNFs). The large specific surface area
of the pCNFs/G hybrid (∼352m2 g�1)mainly originates
from themesoporous surface in the pCNFs, resulting in
fully accessible channels for ion transport. Conse-
quently, the accumulated electrons can be duly trans-
ported from the pCNFs to graphite (current collectors)
due to the ohmic contact at their junction, and the
solid-state SCs, assembled by gelled electrolyte sand-
wiching between two pieces of pCNFs/G (Figure 1D�F),
exhibit ultrahigh energy density (2.4 mWh cm�3)
and power density (23 W cm�3) based on the whole
device stack.

RESULTS AND DISCUSSION

Figure 2A displays the optical images of the free-
standing pCNFs/G hybrid film after removing the
copper foil. It can be seen that the film is highly flexible
and robust. The scanning electron microscopy (SEM)
image indicates that pCNF networks with a thickness of
∼10 μm were seamlessly grown on an ultrathin gra-
phite sheet (∼25 nm) (Figure 2B). Viewing the high-
magnification SEM (Figure 2C and D) and TEM images
(Figure 2E) reveals that the as-prepared CNFs with an
average diameter of ∼80 nm exhibit mesoporous
structure, ranging from 2 nm to over 10 nm. Moreover,
the underneath graphite sheet also is mesoporous

Figure 1. Schematic diagram of the fabrication process of the flexible solid-state supercapacitors based on pCNFs/G hybrid
films.
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(Figure 2F and G). High-resolution TEM images demon-
strate that the graphitic layers of the porous graphite
sheet are continuous, and dangling bonds are sel-
dom observed, although the orientation is somewhat
disordered (Figure 2G), inferring the good graphitiza-
tion of the porous graphite.29,30 The porous structure of
the pCNFs/G hybrid film was further confirmed by
nitrogen adsorption and desorption measurements
(Figure S1). A typical type-IV isotherm with a dis-
tinct adsorption hysteresis loop indicates that there
is a relatively large amount of micropores and meso-
pores in the porous CNFs (Figure S1 A). Brunauer�
Emmett�Teller (BET) and density functional theory
(DFT) analyses reveal that the G/pCNFs hybrid film
has a high specific surface area of ∼352 m2 g�1 and
the pore volume (0.539 cm3 g�1) mainly lies in pore
sizes of 1�10 nm, producing an ultrahigh external
surface area (∼305 m2 g�1) (Figure S1 B). The quality
of the G/pCNFs hybrid film was further investigated by
Raman spectroscopy (Figure S2). The obtained ID/IG
value of 0.75 indicates the high graphitization of the
as-prepared film, consistent with TEM observations.
Combined with the large surface area with suitable
pore size to allow ion transfer freely, the high-quality
pCNFs/G with mesopores are promising candidates as
electrodes for SCs.30

A symmetric solid-state SCwas assembled by attach-
ing two pieces of pCNFs/G hybrid films onto each side
of a H2SO4�PVA gel membrane. Macroscopically, the
entire device shows the superior mechanical prop-
erty of flexibility, which can be twisted (middle in
Figure 3A), folded (right in Figure 3A), and even rolled
up without any cracking. The SEM image of a thus-
assembled SC is shown in Figure 3B. The typical thick-
ness of the entire device was ∼26 μm, which is much
thinner than the commercial standard A4 print paper
(typically 100 μm measured by a screw micrometer).

To increase the wettability and active sites of pCNFs
with electrolyte, the hybrid film was treated by plasma
under an air atmosphere, which introduced abundant
�NO2,�NH2, C�O, and CdO groups on the surface of
the pCNFs (Figure S3, Figure S4) and improved the
wettability of the pCNFs without any morphology
changes observed. As a result, the pores in and gaps
between pCNFs were inclined to be filled in with the
polymer gelled electrolyte. High-magnification SEM
images, as shown in Figure 3C,D, confirmed that the
porous CNFs were fully penetrated with the gelled
electrolyte, inferring that the whole pCNFs/G hybrid
was well contacted with the electrolyte. The fast ion/
electron transport in the electrodes was further con-
firmed by electrochemical impedance spectroscopy
(EIS), as shown in Figure S5. The series resistance of
the device is estimated to be 2.1Ω, which is very close
to that measured in 1 M H2SO4 aqueous electrolyte
(1.7 Ω), inferring the good conductivity of the gelled
electrolyte and very low internal resistance of the
solid-state SC.31,32

Cyclic voltammogram (CV) curves of the pCNTs/G
hybrid at various scan rates are shown in Figure 4A and
Figure S6. The rectangular shapes of the CVs, even at
a high scan rate of 500 mV s�1, were retained, infer-
ring their excellent rate performance. At a scan rate of
5mV s�1, the calculated gravimetric capacitance of the
electrode (including active materials and current
collector) achieves 128 F g�1 (Figure 4B), while the
specific capacitance still stays at 90 F g�1 at a high scan
rate of 500 mV s�1, which falls in the upper range of
the reported capacitance values for carbon-based
solid-state SCs.33 The high rate performance of the
device can be accounted for by the porous structure
of the pCNFs/G hybrid and seamless bonding nature
between pCNFs and G, which can effectively absorb
the gelled electrolyte and minimize the diffusion
resistance of the electron/ion transport. Moreover,

Figure 2. (A) Photograph of a pCNFs/G hybrid film, demon-
strating its integrity and flexibility. (B) Low-magnification
SEM imageof themicrostructure of the hybridfilm. (C) High-
magnification SEM image of the porous CNFs and (D) the
area where porous CNFs are connected with the ultrathin
graphite sheet. (E) TEM image of the porous CNFs. (F) TEM
and (G) high-magnification TEM images of the porous
graphite sheet. The color of the imageswas enhanced using
Photoshop software.

Figure 3. (A) Digital pictures of the solid-state device (size
∼1 cm � 2 cm) under normal (left), twisting (middle), and
folded condition (right). (B) SEM image of the cross section
of the ultrathin solid-state device, which was obtained by
cracking the sample in liquid nitrogen (N2). (C, D) High-
magnification SEM images of the local area in B, indicating
that the porous CNFs were well bonded with the solid-state
H2SO4�PVA gelled electrolyte. The color of the images was
enhanced using Photoshop software.
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the plasma-treated doping of the p-CNFs by oxygen
and nitrogen also contributes to the high capacitive
performance of the device.34,35 In addition, the volu-
metric capacitance against the whole device stack is
calculated to be ∼37 F cm�3 (∼96 F cm�3 for a single
electrode) (Figure 4B), which is an order of magnitude
higher than that of the graphene-based SCs36�38 and
even higher than that of the pseudocapacitive solid-
state thin SCs.39�43 It is more interesting that the
gravimetric felectrode in this device reaches up to 26%.
Thus, the gravimetric specific capacitance of the whole
device (∼33 F g�1) is also competitive for commercial
applications.

To further investigate the capacitive performance of
the G/pCNFs hybrid, the charge/discharge behavior of
the solid-state device was examined by its responses in
the voltage range between 0 and 1 V at various current
densities (Figure 4C). The largest specific capacitance
of the G/pCNFs per one electrodemass is∼120 F g�1 at
a current density of 1 A g�1 (Figure 4D), which is
substantially higher than those of the previously re-
ported CNT-based solid-state devices (50�115 F g�1 at
1 A g�1).44,45 When the current density is increased
from 1 A/g to 20 A/g, the solid-state device exhibits a
higher rate performance (∼88 F g�1 at 20 A g�1, 73%
retention, Figure 4D), consistent with the CV results.

Figure 4. (A) Typical cyclic voltammograms of the flexible solid-state device at different scan rates from 30 to 500mV s�1. (B)
Gravimetric specific capacitance and stack capacitances against the whole device versus the scan rates. (C) Galvanostatic
charge/discharge curves at different current density and (D) the specific capacitances versus current density. (E) Energy and
power density of the pCNF/G SCs with a comparison with the previously reported devices. (F) Cycling stability of the device at
a current density of 5 A/g.
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The volumetric power and energy densities against the
device stack, as well as a more comprehensive compar-
ison with the previously reported devices, are plotted in
the Ragone plot in Figure 4E and listed in Table S1.
The maximum energy density is up to 2.4 mWh cm�3

(6.24 μWh cm�2), which is orders higher than that of
most recently reported electric double-layer capacitors
and pseudocapacitors.37,46�49 The maximum volu-
metric power density is 23 W cm�3 (59.8 mW cm�2),
which is almost 1 order ofmagnitudehigher than that of
CC/GPs/NANI14 and MnOX/Au multilayers43 and laser-
scribed graphene-based SCs,37 2 orders of magnitude
higher than that of polypyrrole-coated paper,47 VN/CNT
hybrid,48 and titanium dioxide@polypyrrole-based
SCs,49 and 3 orders of magnitude higher than that of
graphite/polyaniline46-based SCs.
Designed for ultrathin wearable devices, we further

evaluated their flexibility under various bending
angles. Interestingly, the CV curves obtained at various
bending angles show nearly the same capacitive
behavior (Figure S7), displaying excellent capacitance
stability at different bending curvatures. To demon-
strate the application prospect for these materials, we
assembled three SCs in series, and after charging at 3 V,
the device could power a light-emitting diode (LED) as
shown in Figure S8.
The cyclic stability of the device was explored by a

charge/discharge test at a current density of 5 A g�1.
After 5000 cycles, the capacitance still remained at 96%
of the initial capacitance, demonstrating excellent

long-term performance durability (Figure 4F). Even in
a bending state, the device shows similar behavior,
which is attributed to the high mechanical flexibility
of the electrodes along with the interpenetrating
network structure between the pCNFs/G electrodes
and the gelled electrolyte. In order to comprehensively
evaluate the performance of the as-prepared SCs, a
radar plot summarizing the performance in this work
and in the literature was drawn, Figure S9. The larger
area encompassedwithin a radar plot further indicated
the better overall performance of the p-CNFs/G-based
SCs than that in the litetature.9

CONCLUSION

In summary, a flexible, solid-state supercapacitor
was designed and fabricated with a total thickness of
∼26 μm, using two pieces of novel pCNFs/G hybrid
films as electrodes and H2SO4�PVA gel as solid-state
electrolyte. The symmetric SC thus produced offers
ultrahigh energy density (2.4 mWh cm�3) and power
density (23 W cm�3) based on the device stack and
exhibits almost identical performance at various
curvatures, which suggests its wide application poten-
tial in powering wearable/miniaturized electronics.
Moreover, the performance of the device will be
further improved by depositing high-performance
pseudocapacitive materials (such as conducting poly-
mers or transition metal oxides) on the pCNFs or
constructing an asymmetric SC model where the
voltage range would be greatly expanded.

EXPERIMENTAL SECTION
Synthesis of the pCNFs/G Hybrid Structure. pCNFs/G were synthe-

sized by CVD using a Co catalyst supported on copper foil with a
thickness of 25 μm (Alfa Aesar). The copper foil was pretreated
by plasma in an Ar atmosphere, and the pretreatment voltage
and current were 50 V and 2A, respectively. A Co catalyst
precursor, supported on copper foil, was prepared by a
dip-coating technique using Co(NO3)2 3 6H2O (0.01 mol L�1)
solution. The supported Co catalyst precursor was transferred
into the horizontal tube furnace and calcined at 400 �C for 1 h in
an Ar atmosphere. Then, the furnace was directly heated to
the reaction temperature under Ar flow. The pCNFs/G growth
was performed at 800 �C with a mixture of C2H2 (10 sccm), Ar
(400 sccm), and H2 (100 sccm) for 10 min. Finally, the furnace
was cooled to room temperature under the protection of argon
gas (100 sccm). To increase the wettability and active sites of
pCNFswith an electrolyte, the hybrid filmwas treated by plasma
for 1 min under an air atmosphere. The pretreatment voltage
and current were 70 V and 0.5 A.

Assembly of the Flexible Solid-State Supercapacitors. First, 6 g of
H2SO4wasmixedwith 60mL of deionizedwater, and then 6 g of
polyvinyl alcohol (PVA) powder was added. The whole mixture
was heated steadily up to 85 �C under vigorous stirring until the
solution became clear. Then the solution was kept at 85 �C
without stirring. Second, two pieces of the obtained pCNFs/G,
grown on copper foil, were treated by plasma under an air
atmosphere, immersed in the hot solution for 2 min, and then
picked out. After that, the electrode with a thin solution coating
layer was left in the fume hood at room temperature for 4 h to
vaporize the excess water. Then the two pieces of electrode
were pressed together under a pressure of 1MPa for 30min by a

sheeting presser to assemble a supercapacitor. The electrolyte
was solidified and functioned as a glue that held all the device
components together, improving themechanical integrity. Third,
the assembled device was immersed into a methanol solution of
ferric chloride (1mol L�1) for 24 h to corrode the copper foil. Then
the final device without the copper substrate was immersed into
themixture solution (6 g of H2SO4þ 60 mL of methanol) for 24 h
to remove the residual ferric chloride. Finally, the solid-state SC
was left in the fume hood at room temperature for 2 h to dry.

Characterization. The structure of the pCNFs/G was character-
ized by scanning electron microscopy (SEM, Hitachi S4800) and
transmitting electron microscopy (TEM, Philps Tecnai G2 F20).
A micro-Raman spectrometer (Renishaw, InVia microscope)
with a 532 nm laser was used in the Raman study. The CV,
galvanostatic charge/discharge, and EISwith frequency ranging
from 0.01 Hz to100 kHz were conducted with an electrochemi-
cal station (CHI 660D). Nitrogen adsorption isotherms of
G/pCNFs were measured at 77 K using an Autosorb iQ instru-
ment (Quantachrome U.S.). The total surface area was calcu-
lated with the BET method, and the pore size distribution data
were calculated using the DFTmethod based on the adsorption
and desorption data. The functional group on the surface of the
G/pCNFs was characterized by FT-IR (Thermo Scientific Nicolet
6700) and X-ray photoelectron spectroscopy (XPS, Axis Ultra
DLD) with an Al KR (mono) anode at an energy of 120 W in a
vacuum of 5 � 10�9 Torr.
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