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a b s t r a c t

Micro-supercapacitors (MSCs) hold great promise as highly competitive miniaturized power sources
satisfying the increased demand in microelectronics; however, simultaneously achieving high areal and
volumetric capacitances is still a great challenge. Here we demonstrated the designed construction of
binder-free, electrically conductive, nanoporous activated graphene (AG) compact films for high-
performance MSCs. The binder-free AG films are fabricated by alternating deposition of electro-
chemically exfoliated graphene (EG) and nanoporous AG with a high specific surface area of 2920 m2/g,
and then dry transferring onto the target substrates with a high-pressure mechanical densification
process. Remarkably, the resulting compressed AG films showed uniform morphology in lateral
dimensions, high conductivity (60 S/cm), nanoporous feature (o10 nm), and high packing density
(0.8 g/cm3). The all-solid-state MSCs (AG-MSCs) based on these AG films simultaneously delivered an
unprecedented areal capacitance of 89.5 mF/cm2 and volumetric capacitance of 147 F/cm3 for MSCs at
10 mV/s. Moreover, the fabricated AG-MSCs could be operated at a large scan rate of 10,000 mV/s, and
showed outstanding cycling stability (capacitance retention of 499.6% after 10,000 cycles). Our results
suggested that AG-MSCs are competitive for prospective applications of miniaturized energy storage
devices.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

Micro-supercapacitors (MSCs) hold promise as highly compe-
titive miniaturized power sources satisfying the increased demand
in portable, wearable and implantable microelectronics, since they
potentially integrate the unprecedented advantages of high power
density of electrolytic capacitor (102–103 W cm�3) and energy
delivery of lithium thin-film battery (10 mW h cm�3) [1–4].
The pseudocapacitive MSCs utilizing Faradaic reactions of metal
oxides, e.g., RuO2 [5], MnO2 [6], VS2 [7], and conducting polymers,
e.g., polypyrrole [8], and polyaniline [9,10], have been intensively
explored, but suffer from low power density, short cycle life, and
slow frequency response [11]. To overcome these drawbacks,
carbon-based MSCs store electric energy in a double layer at
Feng),
electrochemically stable, high specific surface area electrodes have
gained increased attentions, including activated carbon [12,13],
carbide-derived carbon [14,15], onion-like carbon [16], carbon
nanotubes (CNTs) [17,18], nanoporous carbon (NPC) [19], and
graphene [2,3,20–23]. In particular, high surface area of nano-
carbons for MSCs can provide an extensively accessible interface
between the electrode and electrolyte, and allow the large storage
of gravimetric capacitance, power and energy density. Unfortu-
nately, the volumetric metrics in both capacitance and energy
density (per volume of the active material) are not impressive due
to their low packing densities [24,25].

Simultaneously achieving high areal and volumetric capaci-
tances of MSCs remains a great challenge [1,26], because both of
them tend to vary oppositely with the increased thickness of
electrode films, in particular, composed of high surface area
nanocarbon materials. For instance, electrochemically deposited
films of onion-like carbon (OLC), with a specific surface area of
500 m2/g, for MSCs was able to cycle at a high scan rate of 200 V/s,
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but showed a low volumetric capacitance of 1.3 F/cm3 [16].
Recently, a 7.6 μm-thick film of laser-scribed graphene, with
exceptionally high surface area of over 1500 m2/g, for MSCs
demonstrated a high power density of 200 W/cm3; however, the
volumetric capacitance reported was only 3.05 F/cm3 [27].
Similarly, other nanocarbon films consisting of high surface area
NPC [19], reduced graphene oxide/CNTs (rGO/CNT) [28], vertically
aligned CNTs (VACNT) [29] exhibited impressive areal capacitance
of 45 mF/cm2, but in most cases presented relatively low
volumetric capacitance of o28 F/cm3 due to their low packing
densities (typically o0.5 g/cm3). Undoubtedly, the low volumetric
capacitance of these nanocarbon-based films for MSCs is attrib-
uted to the lack of advanced manufacture technologies that
efficiently process high surface area activated materials into high
packing density films. Currently, great efforts have been devoted to
introducing new nanocarbon materials for MSCs, however, the
reasonable design and manufacture of electrically conductive,
highly porous, densely compact, binder- and additive- free films
composed of high surface area nanocarbons have not been
reported for high areal and volumetric capacitance MSCs.

In this work, we demonstrated the construction of binder-free,
electrically conductive, highly porous, activated graphene (AG)
compact films with remarkable areal capacitance and volumetric
capacitance for high-performance MSCs. The binder-free AG
compact films were fabricated by alternating deposition of two
different graphene materials, e.g., electrochemically exfoliated
graphene (EG) and nanoporous AG with a high specific surface
area of 2920 m2/g (Fig. 1a–e), and then dry transferring onto the
target substrates (e.g., Si wafer) with a high-pressure mechanical
densification process (Fig. 1f and g). Afterwards, the resulting
Fig. 1. Schematic illustration of binder-free AG compact films for in-plane MSCs. (a) Vac
AG dispersion on the top of EG film. (c) Vacuum filtration of EG dispersion on the top of
film. (e) Dry transfer of the alternating deposited AG film (EG/AG/EG/AG/EG) on the surf
after peeling off the PTFE membrane. (g) Thermally evaporation of gold micropatterns as
interdigital electrodes. (i) An all-solid-state AG-MSC achieved.
compressed AG films exhibited uniform morphology in lateral
dimensions, high conductivity (60 S/cm), nanoporous feature
(o10 nm), and high packing density (0.65–0.8 g/cm3). The all-
solid-state planar MSCs (AG-MSCs) manufactured by litho-
graphical micropatterns of the as-produced AG films on silicon
wafers (Fig. 1h and i), delivered an unprecedented areal capaci-
tance of 89.5 mF/cm2 and volumetric capacitance of
147 F/cm3 for MSCs. Moreover, the fabricated AG-MSCs could be
operated at a large scan rate of 10,000 mV/s with a significant
capacitance of 19.4 F/cm3, and showed excellent long-life cycling
stability (99.6% after 10,000 cycles).
2. Experimental

2.1. Synthesis of AG

The AG was fabricated by the KOH activation of graphene oxide
(GO) derived from natural graphite flake by a modified Hummers
method [30,31]. Typically, 50 mL GO with a high concentration of
7 mg/mL and 2100 mg KOH powder (mass ratio of GO:KOH is 1:6)
were first dispersed into 50 mL water and strongly stirred for 1 h
at a speed of 300 rpm. Then, the water in the mixed solution was
naturally evaporated at 100 °C until black slurry of GO/KOH was
formed. Afterward, the mixed slurry was directly transferred into a
stainless steel tube and put into a furnace, and kept for 30 min in a
N2 gas flow of 300 ml/min, and heated at 110 °C for 1 h to dry the
slurry. Further, the activation of GO was conducted at 700 °C for
1 h with a heating rate of 3 °C/min. After cooling down, the
mixture was washed with 1 mol/L HCl to completely remove
uum filtration of EG dispersion on a PTFE membrane filter. (b) Vacuum filtration of
an AG/EG film. (d) Repeated filtration of the AG layer and EG layer on the EG/AG/EG
ace of SiO2/Si wafer under high pressure. (f) A compressed AG film on SiO2/Si wafer
current collector. (h) Oxygen plasma etching and drop-casting of gel electrolyte on



Fig. 2. (a) Low-magnification SEM image, and (b) AFM image (Inset: height profile) of EG nanosheets, showing the size of up to 10 mm, and a uniform flat thickness of less
than 1.5 nm. (c) Low magnification SEM image of the AG. (d) High-magnification SEM image of the AG, showing the nature of thin edge in AG. (e) High-resolution TEM image
of the AG, demonstrating the presence of micropore (indicated by arrows) and mesopore (indicated by red circles). (e) Isotherm plot and BJH pore distribution (inset) of AG
confirm a high BET surface area (2920 m2 g�1) and narrow nanopore size distribution (2.6 nm). (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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residual KOH in ambient condition. The resulting AG powder was
collected by simply filtering the above solution through a poly-
tetrafluoroethylene (PTFE) membrane filter (pore size¼0.2 μm,
47 mm in size), followed by water washing for three times. Finally,
the AG powder was obtained after drying at 90 °C overnight.
2.2. Fabrication of the AG films

Electrochemically EG nanosheets were prepared according to
our previous work [32,33]. 0.5 mg/mL of AG dispersed in N,N-
Dimethylformamide (DMF) and 0.1 mg/mL EG dispersion in DMF
were sonicated for at least 30 min. To fabricate the alternating
stacked film, 5 mL EG dispersion was firstly filtrated to form the
first bottom EG layer on the PTFE membrane. Afterwards, a con-
trolled volume (e.g., 1, 3, 5 mL) of AG solution was immediately
deposited on the top of the EG layer. Then, the same volume of EG
dispersion was continuously added and filtered to obtain the
second EG layer on the top of the AG/EG layer. Subsequently, AG
layer and EG layer with the same volume and concentration were
alternating deposited in sequence to form the AG films. After-
wards, the as-filtered AG film on PTFE membrane sandwiched by
two pieces of PTFE plates was directly dry-transferred on the SiO2/
Si wafer with this home-made mechanical densification equip-
ment (See the equipment in Fig. S1) overnight. Note that the
pressure was applied until we could not rotate the top rotating
handle by hand. Finally, the PTFE membrane was carefully peeled
off to form a highly continuous AG film on Si wafer.
2.3. Fabrication of AG-MSCs

To fabricate AG-MSCs, 30 nm gold (99.9985% metals basis, Alfa
Aesar) was thermally evaporated (EDWARDS FL400) on the AG film
with a rate of �1.0 Å s�1 and a chamber pressure of �1�10�6 Torr
using a home-made mask (widths of 210 μm, interspaces of 70 μm).
Then, the microelectrode patterns of AG film on the SiO2/Si wafer
were created by oxidative etching of the exposed AG film in an O2-
plasma cleaner with 20 sccm O2 flow for several minutes and
100�200W rf power (Plasma System 200-G, Technics Plamsa
GmbH). After that, a polymer gel electrolyte of PVA/H2SO4 was
carefully drop-casted onto the surface of microelectrodes and soli-
dified overnight. Finally, AG-MSCs with in-plane geometry were
obtained. The gel electrolyte was prepared by mixing 6 g PVA
(molecular weight 89,000–98,000, Sigma-Aldrich) and 6 g H2SO4 in
60 ml water, and heated at 85 °C for 1 h under stirring.
2.4. Materials characterization

The morphological and structural characterizations of samples
were performed by scanning electron microscopy (SEM, Gemini
1530 LEO), transmission electron microscopy (TEM, FEI Tecnai T20
G2, 200 kV), optical microscopy, atomic force microscopy (AFM,
Veeco Dimension 3100), surface profiler (KLA Tencor P�16þ),
nitrogen adsorption and desorption and pore-size analysis at 77 K
(Micromeritcs Tristar 3020 analyzer). The electrical conductivity of
the films was measured by a standard four-point probe system
with a Kiethley 2700 Multimeter.
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2.5. Electrochemical characterization

Cyclic voltammerty (CV) measured at the different scan rates
ranging from 1 mV/s to 10,000 mV s�1, and electrochemical
impedance spectroscopy (EIS) recorded in the frequency range of
0.01–100 kHz with a 5 mV ac amplitude was carried out by a CHI
760D electrochemical workstation. The detailed calculation of the
areal capacitance, volumetric capacitance, energy density and
power density is given in Supplementary material.
Fig. 3. (a) Optical image of the AG films transferred on SiO2/Si wafer. (b) Low-magnificat
inset), showing the uniform thickness and compact structure. (c) High-magnification of th
(d) The top, (e) middle, and (f) bottom view of SEM images of AG films, showing the tig
compact AG film with a densely layer-stacked structure.
3. Results and discussion

The fabrication process of AG-MSCs is schematically illustrated
in Fig. 1 (See details in Supplementary material). The binder-free
compact film was firstly manufactured by alternating deposition of
high-quality electrochemically exfoliated graphene (EG) nanosh-
eets (Fig. 2a and b and Fig. S2) and high surface area nanoporous
AG dispersion in sequence (Fig. 1a–e). Note that both the bottom
layer and top layer of the films are the thin EG layers with a
thickness of 20 nm (Fig. 1d and e), and the thickness of the AG
layer as major component are fixed in micrometer scale. Then, the
fabricated filmwas directly dry transferred onto the target Si wafer
by a high-pressure mechanical densification process (Fig.1f).
It should be emphasized that this mechanically compress process
ion SEM images of AG films with a layer-by-layer stacked structure (as indicated by
e AG films with an alternating stacked structure consisting of EG layer and AG layer.
htly stacked structure of the EG and AG layers. (g, h) Cross-section SEM image of a
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is of great importance to overcome the low density of high surface
area AG electrodes [34], which is responsible for the achievement
of final high volumetric capacitance (See below). After peeling off
the filtration membrane, a highly compact AG film was obtained
on silicon wafer (Fig. 1g). Afterwards, the interdigital micro-
electrodes of the AG films were patterned by thermal evapora-
tion of Au layer with a customized mask (Fig. 1h) and subsequently
treated with oxygen plasma etching (Fig. 1i, Fig. S3). Finally, after
drop casting and solidification of a polymer gel electrolyte of
polyvinyl alcohol/H2SO4 (PVA/H2SO4) on the project area of the
device, an all-solid-state in-plane AG-MSC was fabricated (Fig. 1i).

The AG material was prepared using KOH chemical activation
of GO, followed by thermal annealing at 700 °C for 1 h, and by
neutralizing KOH with HCl. The nanopores and high surface area of
AG were disclosed in Fig. 2c–f and Fig. S4. The low-magnification
scanning electron microscopy (SEM, Fig. 2d, and Fig. S4a and b)
and transmission electron microscopy (TEM, Fig. S4c) images show
the typical morphologies of AG with a nanoporous structure,
composed of ultrathin nanosheets as identified by the exposed
edges of the stacked AG powder (Fig. 2d). High-resolution TEM
(HRTEM) image (Fig. 2e, Fig. S4d) of AG further disclosed the
highly curved, predominantly atom-thick sp2-bonded carbon walls
that present numerous nanopores of 1–10 nm in size. The extre-
mely high specific surface area of up to 2920 m2/g and narrow
porous size distribution (average size of 2.6 nm) of AG materials
were further confirmed by nitrogen adsorption and desorption
measurement and pore size analysis (Fig. 2f), which are consistent
with SEM and HRTEM characterizations. Therefore, these unique
Fig. 4. (a, b) CV curves of AG-MSCs obtained at different scan rates, (a) from 10 to 1000
capacitance for AG-MSCs and RG-MSCs.
characteristics of AG can guarantee numerous available nanos-
paces for the fast accessibility of electrolyte ions during the elec-
trochemical process [35].

To overcome the intractable issue of low packing density
(0.36 g/cm3) and volumetric capacitance (60 F/cm3) of AG for
supercapacitors [35,36], we developed the technique of alternating
deposition with high-pressure dry transfer process to fabricate
layer-stacked, high packing density, binder-free carbon films. Fig. 3
shows the morphology and microstructure of the as-prepared AG
films alternatively deposited with three EG layers and two AG
layers. Fig. 3a represents a completely transferred AG film covered
on silicon wafer (a size of 3�2 cm2), exhibiting a large area yet
highly continuous film. Low-magnification SEM images unravel
the formation of uniform thickness and flat structure in the films
(Fig. 3b and Fig. S5), and good contact of the film with the
underlying Si wafer. Cross-section SEM images of a 20-μm-thick
film (Fig. 3c) showed a typical layer-stacked structure, constructed
by three EG layers in nanometer thickness and two AG layers in
micrometer thickness (Fig. 1d–f). Notably, the thickness of the
films can be readily controlled from 2 to 20 μm by varying the
deposited volume of the AG dispersion (Fig. S6) and the number of
alternating deposition sequence. It should be emphasized that the
top, middle and bottom layers (Fig. 3d–f) of the thin EG layers with
a thickness of 20–50 nm, act as "an elastic and flexible network"
that can significantly confine the loose AG powder into the con-
tinuous and densely packed films. Clearly, micro-meter sized AG
particles can be well encapsulated by the adjacent EG layers with a
densely layer-stacked structure (Fig. 3g and h). Furthermore, the
mV/s, and (b) from 2000 to 10,000 mV/s. (c) Areal capacitance and (d) volumetric



Z.-S. Wu et al. / Energy Storage Materials 1 (2015) 119–126124
resulting AG films (4 μm thick) presented a high electrical con-
ductivity of 60 S/cm, due to the co-operative effect of layer-stacked
EG and AG layers. Importantly, the continuous AG film has a high
packing mass density, e.g., ranging from 0.65 to 0.8 g/cm3 when
the AG content in the films, in comparison with the AG powder
(typically, 0.36 g/cm3) [35], was increased properly from 40% to
80% (Fig. S7), suggestive of highly compact nature.

To evaluate the electrochemical properties of AG-MSCs, we first
carried out cyclic voltammetry (CV) measurement at scan rates of
from 10 to 10,000 mV s�1 (Fig. 4a and b). It was observed that
AG-MSCs exhibited a typical double-layer capacitive featuring
with a nearly rectangular CV shape in the scan rate range from
10 to 1000 mV/s (Fig. 4a), and maintained an impressive electro-
chemically charge storage at high charge and discharge of
10,000 mV s�1 (Fig. 4b). Remarkably, a linear dependence of the
discharge current vs. the scan rate was recorded up to 2000 mV s�1

(Fig. S8), indicative of a high instantaneous power capability.
To further highlight the superiority of high specific surface area

of AG for the performance enhancement of AG-MSCs, we fabri-
cated in-plane MSCs (denoted as RG-MSCs) based on the alter-
nating stacked film of low surface area reduced graphene oxide
(RG) and EG, while keeping the mass loading of the film and cell
assembly the same as for AG-MSCs. Noted that the RG powder in
our previous work [37,38] presented a relatively low specific sur-
face area of 190 m2/g (Fig. S9), and seriously aggregated yet
stacked morphology [38]. Nevertheless, the fabricated RG film
with aid of thin EG layer showed the similar layer-stacked mor-
phology to AG film, accompanied with highly uniformity and
Fig. 5. (a) Electrochemical impedance spectroscopy of AG-MSCs and RG-MSCs. (b) Areal c
the AG films. (c) Cycling stability of AG-MSCs and RG-MSCs. Inset is the 1st, 5,000th, and
MSCs, RG-MSCs, lithium thin-film battery (4 V/500 μA h) and electrolytic capacitor (3 V
continuity (Fig. S10). The CV curves of RG-MSCs were examined at
the scan rates ranging from 10 to 5000 mV/s (Fig. S11). The areal
capacitance and volumetric capacitance for AG-MSCs and RG-
MSCs were compared in Fig. 3c and d. Remarkably, the areal
capacitance and volumetric capacitance of the AG-MSCs reached
�89.5 mF cm�2 and �147 F cm�3, respectively, both of which
were superior to those of RG-MSCs (�70.3 mF cm�2 and
�115 F cm�3; Fig. 4a and b), and the most reported carbon-based
MSCs (Fig. S12), making them more competitive for prospective
applications of miniaturized energy storage devices. Furthermore,
it was disclosed that AG-MSCs exhibited much better rate cap-
ability than that of RG-MSCs. The areal and volumetric capaci-
tances of the AG-MSCs dropped very slowly upon increasing the
scan rates. For instance, areal capacitance of 40.4 mF cm�2 and
volumetric capacitance of �66.3 F cm�3 of AG-MSCs were main-
tained at a fast rate of 1000 mV/s, which are two times higher than
those of RG-MSCs (14.5 mF cm�2 and �23.8 F cm�3). In particular,
AG-MSCs even at 10,000 mV s�1 still delivered a significant areal
capacitance of 11.8 mF cm�2 and volumetric capacitance of
19.4 F cm�3. In contrast, RG-MSCs could not function at such high
rate. The superior performance of AG-MSCs over RG-MSCs is
intrinsically attributed to high specific surface area and nanopor-
ous structure of AG powder.

To examine the fundamental behavior of MSCs, electrochemical
impedance spectra (EIS) of AG-MSCs and RG-MSCs were measured
in the frequency range from 0.1 Hz to 100 kHz at an open circuit
voltage with an ac perturbation of 5 mV (Fig. 5a). The complex plane
plot of AG-MSCs showed a more closed 90° slope than RG-MSCs,
apacitance and volumetric capacitance of AG-MSCs as a function of the thickness of
10,000th CV curves of AG-MSCs measured at 2000 mV s�1. (d) Ragone plot of AG-

/300 μF).
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indicative of a better capacitive characteristic of AG-MSCs. At high
frequency region, AG-MSCs exhibited a lower equivalent series
resistance (ESR) of 8.2Ω than RG-MSCs (18.0Ω), taken from the
intercept at real part. It is known that the ESR represents a combined
resistance of both electrical resistance of the electrodes and ion
diffusion resistance inside the electrodes. Therefore, the lower ESR
value of AG-MSCs highlights the superiority of AG film with high
conductivity and micro-/meso-porous structure over RG film for
high-rate MSCs. Another major difference is a visible small semi-
circle of RG-MSCs followed by a short 45°Warburg region appearing
at high-frequency range, corresponding to the charge-transfer
resistance of 12Ω. Notably, this semicircle is not observable from
AG-MSCs, suggesting the shortened ion diffusion pathway and low
resistance from the external electrolyte to the interior surfaces.

The electrochemically cycling stabilities of AG-MSCs and RG-
MSCs were further investigated for 10,000 cycles at a scan rate of
2000 mV s�1 (Fig. 5c). The CV shapes of AG-MSCs kept almost
unchanged at different cycles (inset of Fig. 5c), indicative of out-
standing electrochemical stability. Remarkably, it was evaluated
that �99.6% of the initial capacitance was maintained for
AG-MSCs, which is better than that of RG-MSCs with retention of
�99.0% after 10,000 cycles (Fig. 5c).

The Ragone plot shown in Fig. 5d was further employed to
compare the volumetric energy density and power density of
AG-MSCs and RG-MSCs. It was revealed that the maximum volu-
metric energy density of AG-MSCs obtained at a discharge time of
100 s was 4.0 mW h/cm3, which is higher than that of RG-MSCs
(3.1 mW h/cm3), and superior to most reported high surface area
nanocarbon-based MSCs (Fig. S13), e.g., VACNT (0.3 mW h/cm3)
[29], rGO/CNT (0.68 mW h/cm3) [28], NPC (1.9 mW h/cm3) [19],
laser written graphene oxide film (0.43 mW h/cm3) [20], onion-
like carbon (1.6 mW h/cm3) [16], laser scribed graphene film
(2.0 mW h/cm3) [27], methane plasma reduced graphene
(2.5 mW h/cm3) [3], inkjet-printed carbon (2.3 mW h/cm3) [13],
and carbide-derived carbon (3.2 mW h/cm3) [39]. Further,
AG-MSCs exhibited a high power density of 18.9 W/cm3, accom-
panied with an impressive energy density of 0.52 mW h/cm3

achieved at a short discharge time of only 0.1 s. In sharp contrast,
the RG-MSCs showed a fast degradation of energy density with
increased high power density, e.g., a maximum power density
with a low value of 3.1 W/cm3 at 0.17 mW h/cm3.

The excellent performance of AG-MSCs are substantially attri-
butable to the reasonable utilization of the advantages of two type
different graphene based materials (AG and EG) and efficient
manufacture technique of processing the compact binder-free film
[26]. Firstly, the AG with high specific surface area and micro/
meso-porous structure can guarantee high double layer capaci-
tance and excellent cycling stability. Secondly, the thin EG layer
not only offers the elastically spatial confinement effect for the
adjacent AG layers to promote the formation of the continuous
films, but also acts as electrically conductive backbone pathway for
rapid electron transport as well as capacitive contribution. Thirdly,
the resulting films are high conductivity, nanoporous and compact
structure, yet without added polymer binder and conductive
additives, which can synergistically ensure rapid ion diffusion and
electron transport [34,40], leading to high volumetric capacitance,
energy and power densities [14,39].
4. Conclusion

In summary, we demonstrated the fabrication of binder-free
EG-assisted AG compact films with exceptionally high areal
capacitance and volumetric capacitance for high-performance
MSCs, associated with excellent rate capability and cycling stabi-
lity. This new densely layer-packed film endowed fast ion diffusion
and electron transport throughout the binder-free film electrode,
which would open up numerous opportunities for the promising
applications, e.g., high- volumetric supercapacitors, lithium ion
batteries, sensors, actuators, gas storage.
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