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A strategy to promote the energy density of graphene-based supercapacitors by a combination of dry
etching and chemical vapor deposition (CVD) techniques is demonstrated. A three dimensional (3D)
electrode is composed of vertically oriented graphene that is deposited on metalized silicon nanocones.
The design of the 3D electrodes improves specific surface area, electrolyte ion migration and electrical
contact, resulting in an enhancement of areal capacitance and rate capability. Furthermore, a solid-state
supercapacitor was prepared based on the 3D graphene electrodes and gel polymer electrolyte. The 3D
electrode with 10 min of CVD growth of graphene endows the electrical double layer capacitor with
the highest areal capacitance of 667.2 wFcm~2, which is larger than that of supercapacitors with flat

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Supercapacitors have become one of the most promising energy
storage systems for renewable energy applications due to advan-
tages over batteries in power density, cycling stability and cycle-life
[1-3]. However, a major shortcoming of supercapacitors is that the
energy density, which depends on the electrode capacitance and
the cell voltage, is at least one order of magnitude lower than that
of batteries, so it needs to be promoted for practical applications.
The trend of supercapacitor research and development is improv-
ing the energy storage capability of the supercapacitors without
sacrificing their power density and cycle life [4]. Generally, the
performance of supercapacitors is mainly determined by the elec-
trode materials. Recently, a great deal of research effort has been
made to promote the performance of supercapacitors by exploiting
nanostructured electrode materials [5-7]. However, the perfor-
mance of experimentally obtained supercapacitors of carbon-based
electrodes remains lower than expected, at given specific surface
area value.
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Graphene-based materials are promising candidates for elec-
trical double layer capacitors (EDLCs) due to their extraordinary
intrinsic properties [8,9] such as high conductivity, exceptional
chemical stability and extremely high specific surface area value
[10]. Up to now, several effective and convenient approaches,
including chemical or thermal reduction of graphene oxide, organic
solvent exfoliation of graphite, chemical vapor deposition (CVD),
have been developed to synthesize graphene-based materials as
electrode materials. Chemical reduction of graphene oxide is most
widely used process in chemistry labs to create active materials
for supercapacitors [11-13]. However, this method brings a lot of
defects such as pores, oxygen functional groups and impurities on
the surface of the graphene layer, which limits its electrochemical
performance [ 14]. Besides, there is strong -1 interaction between
graphene layers, which makes graphene layers tend to aggregate
with each other. That aggregation greatly reduces the active area of
graphene, affecting its electrochemical performance [15,16]. There-
fore, it is very important to develop a way to produce graphene
with high quality while keeping a large surface area at the same
time [17].

Graphene grown by CVD [1,18,19] is a class of graphene with
the characteristics of higher chemical purity and higher quality
when compared with reduced graphene oxide [20,21]. Thus, no
side electrochemical reactions are introduced during the electri-


dx.doi.org/10.1016/j.apsusc.2017.01.312
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2017.01.312&domain=pdf
mailto:czgu@iphy.ac.cn
mailto:jjli@iphy.ac.cn
dx.doi.org/10.1016/j.apsusc.2017.01.312

B. Quan et al. / Applied Surface Science 404 (2017) 238-245 239

cal double layer charge/discharge process, which leads to a high
response rate and high power density [22]. Moreover, the graphene
directly grown on the current collector possesses excellent con-
tact between electrode materials and current, which reduces the
contact resistance. However, the drawback of CVD grown two-
dimensional graphene for EDLCs is that it can produce only a
few layers, which cannot provide high capacitance per unit area.
To obtain large capacitance per unit area (Areal capacitance) is
quite important for real applications, especially for integrated cir-
cuits or on-chip device systems [23]. Although thicker graphene
layer can be obtained by prolonging the growth time, it brings a
restacking of graphene layers and hinders the ion diffusion, which
reduces the capacitance and rate capability of the supercapaci-
tors. But vertically oriented graphene with three-dimensional (3D)
configuration of graphene nanosheets can provide channels for
electrolyte ions to migrate freely between electrodes and hence
further reduce the ion diffusion resistance, which is highly desir-
able for graphene-based supercapacitor electrodes [24]. Ren et al.
used Ni foam substrate to further enhance the specific capacitance
without reducing the power level [12]. Qi et al. develop an 3D
vertically oriented graphene -nanocup hybrid structure for high-
performance supercapacitors [25]. Yang et al. discuss the edge
effect in vertically oriented graphene supercapacitor [26]. Since
the perpendicular grown graphene nanosheets provide a numer-
ous efficient transport pathway for the electrolyte ions, vertically
oriented graphene can minimize electronic and ionic resistances
and provide a high power level and an outstanding rate perfor-
mance. However, due to the flexibility of graphene, preparation of
vertically oriented graphene layers with film thickness in microns
is very difficult.

In order to address this issue, we propose an approach that
combines silicon nanocone with vertically oriented few-layer
graphene, which is directly deposited on metalized Si nanocone
arrays, to obtain 3D graphene-based electrodes. Furthermore,
this well-defined 3D graphene electrode is assembled to solid-
state graphene supercapacitor that shows large areal capacitance,
superior rate capability and cyclic stability. This novel electrode
structure with 3D nanostructured current collector and vertically
oriented graphene (Fig. 1a) can promote the main characteristics of
supercapacitors: energy density (i.e. capacitance) and power den-
sity (i.e. rate capability). The excellent performance is ascribed the
unique structure of the electrode. First, the silicon nanocone arrays
can efficiently enhance the surface area by a factor of ca. 6, which
improves the loading amount of active materials per unit area on
the Si chip. Second, the graphene that is directly deposited on the
current collectors by CVD possesses outstanding electric contact,
which reduces the contact resistance between the graphene and
the current collectors and enhances the adhesion of the graphene
with the current collectors [13]. In addition, the open structure
among the silicon nanocones, together with the vertical orienta-
tion, benefits the ion diffusion during the charge/discharge process
and results in an improved rate capability. All these factors endow
the EDLCs an area specific capacitance of 667.2 wFcm—2, which
is several times than the supercapacitor with vertically aligned
graphene on a flat electrode, as well as good rate capability and
stable cycle life.

2. Experimental section
2.1. Preparation of silicon nanocones

The silicon nanocone array was firstly fabricated on the clean
silicon substrate with highly doped n type silicon wafer using a low

temperature etching process in an inductively coupled plasma (ICP)
etching system (Plasmalab system 100, Oxford instruments). The

detailed procedure for fabricating the silicon nanocone array was as
follows: first a cleaned silicon substrate was etched by a self-mask
process in an ICP system to form the nanocone structure, using SFg
(50 sccm) as the etching gas and O, (10sccm) as the passivation
gas.

2.2. Growth and characterization of vertically oriented graphene

The vertically oriented graphene was uniformly grown with
respect to the silicon nanocone surfaces in a CVD system (DC450,
China) using Ar, H, and CH4 mixture (45:1:5sccm) gas as source.
In order to lower the contact resistance between the graphene
and the current collector, a 200 nm thick Ni film was deposited
directly on the silicon nanocone array by a magnetron sputtering
system (FJLX500, China) before HFCVD growth of the vertically ori-
ented graphene. Samples characterization, including SEM, HRTEM
and Raman spectra, were conducted by a field-emission scanning
electron microscope (Hitachi S4800, Japan), a transmission electron
microscope (Tecnai F20 Super-Twin, FEI, USA) and a Raman spec-
trometer (JY T-64000, France). The Raman spectrum measurements
were completed with the excitation laser wavelength of 532 nm
and the power of 0.65 mW. Both SEM images and Raman spec-
tra of graphene were obtained from as grown graphene samples.
For HRTEM images of graphene, the sample had to be scraped and
transferred to TEM grids.

2.3. Fabrication of vertically oriented graphene-based EDLC
devices

Silicon nanocone array-Ni-graphene samples were used directly
as electrodes for supercapacitors. Two 3D graphene electrode
plates with similar active areas were placed face-to-face and
adhered by poly(vinyl alcohol)-KOH (PVA-KOH) polymer-gel elec-
trolyte. The polymer-gel electrolyte was prepared by mixing 1g
of KOH and 1 g of PVA (M, =85,000-124,000, Sigma Aldrich) into
10 ml deionized water and heated up to 80 °C under stirring for 2 h.
A 0.2 ml of PVA-KOH polymer-gel electrolyte was drop-cast onto
one of the electrodes and then covered with another chip and solid-
ified overnight to form an all-solid sandwich supercapacitor. The
polymer gel electrolyte serves as both electrolyte and separator for
the 3D vertically oriented graphene-based EDLCs. Conductive sil-
ver adhesive was then pasted on the end of the active area of the
electrode to connect the device in the circuit.

2.4. Electrochemical characterization

All electrochemical studies of EDLCs were performed on a VMP3
potentiostat (Princeton Applied Research, USA) in a two-electrode
setup at room temperature. The performance of the supercapaci-
tor cells was analyzed using cyclic voltammetry (CV) and electrical
impedance spectroscopy (EIS) to evaluate the specific capacitance,
resistance and stability. CV tests were performed at scan rates of
50-10,000 mVs~! with a potential ranging from 0 to 1V. EIS mea-
surements were performed at open circuit voltage by applying a
sinusoidal signal of 10 mV amplitude at frequencies ranging from
100kHz to 1Hz. The capacitance values were calculated by inte-
grating over the full CV curve to determine the average values,
and specific capacitances were calculated based on the area of the
device stack.

3. Result and discussion
3.1. Characterization of 3D graphene electrodes

Our fabrication route for the implementation of our proposed
design is a convenient and cost-effective process. Fig. 1a shows a
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Fig. 1. (a) Schematic of the structure of EDLCs based on electrodes with a 3D nanostructured current collector and vertically oriented graphene and (b) schematic of the

fabrication process of 3D graphene-based electrodes.

schematic of the structure of EDLCs based on electrodes with a 3D
nanostructured current collector and vertically oriented graphene.
Fig. 1b presents the schematic diagram of the fabrication pro-
cess of 3D graphene electrodes from a highly doped silicon wafer
to graphene nanosheets grown on silicon nanocone arrays by
using ICP self-masked etching and later CVD growth process. The
morphology of the as fabricated silicon nanocone arrays were char-
acterized by scanning electron microscopy (SEM), as shown in
Fig. 2a. The average height of the silicon cones is approximately
900 nm, with tip radii below 10 nm, and their areal distribution den-
sity is about ~1 x 109 cm~2. The fabrication of silicon nanocones is
an efficient solution to enlarge the surface area of the silicon cur-
rent collector substrate. The silicon nanocone arrays were used as
the current collector after growth of vertically aligned graphene
to act as electrodes for EDLCs. However, the Nyquist plot of Si
nanocone-graphene electrode (see Fig. S1, Supplemental informa-
tion) obtained by electrical impedance spectroscopy (EIS) reveals
that there is a large equivalent series resistance, which has a nega-
tive effect on electron transferring in an EDLC. In order to lower the
internal resistance of the supercapacitor, Ni thin film was deposited
with a thickness of 200 nm by magnetron sputtering method. After
this procedure, vertically oriented graphene was grown on the sur-
face of the silicon nanocones by chemical vapor deposition (CVD)
[27]. Finally, vertically oriented graphene deposited on the Ni film-
covered Si nanocone array was used directly as 3D electrodes for
supercapacitors.

The graphene nanosheets completely cover the surface of Si
nanocone arrays, as presented by the SEM image of Fig. 2b. The
high-resolution SEM image gives a clear view of graphene-based
electrodes, and all graphene sheets are vertically oriented with
respect to the surface of the cones (Fig. 2c). So the vertically oriented
graphene on 3D electrode has an edge-on feature, which is favor-
able for use in EDLCs. Each sheet of this vertically oriented graphene
is physically isolated from the others and leaves a space with flare

angle between graphene sheets as a result of the CVD growth mech-
anism [27]. Compared with vertical graphene nanosheets grown on
the flat substrate of silicon wafer, as shown in Fig. 2d, graphene on
Sinanocone arrays greatly enhance the surface area, which is favor-
able for the required electrochemical properties. The vertically
oriented graphene based electrodes with growth-time of 10 min
were dubbed VOG-10. Fig. 2e is a transmission electron microscopy
(TEM) image of few-layer graphene scraped from a vertically ori-
ented graphene sample, revealing a very thin sheet structure of
graphene. The edges of graphene nanosheet are shown in a TEM
image (Fig. 2e), which distinctly presents the sharp edge with few
layers. Fig. 2f is a high resolution TEM image clearly revealing the
details of the few-layer graphene nanosheet. It can be observed
from Fig. 2g that a large number of graphene layers have exposed
edges, which provides abundant edge defects. Edge defects are
favorable to the capacitance of a supercapacitor [28]. In order to cer-
tify the existence of edge defects on vertically oriented graphene,
VOG-10 were further characterized by Raman spectroscopy and
electron energy loss spectroscopy (EELS). The Raman spectrum pro-
vides useful information about the defects, in-plane vibration of
sp2 carbon atoms, as well as the stacking order. Fig. 2h shows the
Raman spectrum of VOG-10, in which, in addition to the typical D
and G peaks, a symmetric single 2D peak at ~2700 cm~! is observed,
which stems from the second order of the zone-boundary phonons
and is closely related to the layer number of graphene [29]. The D
peak is related to the disorders and defects of graphene [30], and
the intensity of the D peak relative to the G peak (Ip/Ig) reflects
the abundance of defects in graphene. Compared with normal CVD
graphene [31], the Raman spectrum of VOG-10 exhibits a much
stronger defect peak, which consists with the edge defects of few-
layer graphene as shown in the TEM image of Fig. 2g. There is a
split peak labeled G at 1621 cm~!, which is due to in-plane vibra-
tions along the vertically grown axis. The full-width at half-height
maximum of 2D bond is 50cm~!, and the intensity ratio of G/2D
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Fig. 2. (a) SEM image of silicon nanocone arrays. (b) and (c) are side-view and top-view SEM images of vertically oriented graphene grown on Si nanocone arrays, respectively.
(d) Top view SEM image of vertically oriented few-layer graphene grown on flat silicon wafer. (e) TEM image of CVD graphene with growth time of 10 min. (f) and (g) are
high-resolution TEM images of graphene nanosheet and edge, respectively. Scale bar is 1 wm in a and b, and 400 nm in c and d, 20nm in e, 10 nm in f, 5nm in g. (h) Raman
spectrum of vertically oriented graphene with 10 min of growth time. (i) The electron energy loss spectrum of vertically oriented graphene.

is about 0.85. Thus the number of layers for VOG-10 is estimated
to be between 8 and 15. Fig. 2i is a typical EELS spectrum of the
as grown VOG-10 that reveals the stoichiometric information of
our few-layer graphene. The two main features of a graphene EELS
spectrum in the carbon K-edge region are that a peak located at
285 eV that corresponds to transitions from the 1s to the 7™ states
(1s-1*) and a peak centered at 291 eV that corresponds to transi-
tions from the o™ states [32]. Most of the carbon atoms are in a
highly oriented arrangement, and no trace of impurities (chemical
functional group) is observed in the EELS spectrum.

3.2. Evaluation of the performance of 3D EDLCs

The electrochemical performance of supercapacitors was ana-
lyzed using cyclic voltammetry (CV), electrochemical impedance
spectra (EIS) and a life test with a two-electrode setup at room tem-
perature. CV tests were performed at scan rates ranging from 50 to
10,000 mVs~! with a potential ranging from 0 to 1V. Fig. 3a shows
the CV curves of VOG-10 at scan rates of 100-10,000 mVs~1. All the
CV curves in Fig. 3a show nearly symmetrical rectangular shapes,

indicating an ideal capacitive behavior and a good rate capability.
The areal capacitance was calculated according to the CV curves
[33]. The specific capacitances were obtained depending on differ-
ent voltage scan rates, which are listed in Fig. 3b. At a scan rate
of 100mVs~1, the area specific capacitance of VOG-10 EDLC elec-
trode reaches 667.2 wFcm~2, which is several times larger than
previously reported data (120 wFecm—2 [34] and 238 wFcm—2 [35]).
At scan rate of 10,000mVs~!, the capacitance was maintained at
400 wF cm~2, which shows an ultrahigh rate capability. EIS analy-
sis was used to check the charge transport of VOGs as shown as in
Fig. 3c. The measurements were performed at open circuit voltage
(OCV) by applying a sinusoidal signal of 10 mV amplitude at fre-
quencies ranging from 100 kHz to 1 Hz. The plot features a vertical
curve, indicating a nearly ideal capacitive behavior of the super-
capacitor. In a higher frequency region (Fig. S2 in Supplemental
information), the semicircle cannot be observed for samples with
Ni film deposited as a conducting layer. This reveals the negligible
charge transfer resistance, which further implies the advantages of
the 3D design that guarantees ion and charge transfer as well as
good electric contact with the current collector. The inset of Fig. 3¢
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Fig.3. Electrochemical performance of the VOG-10 EDLC in PVA-KOH gelled electrolyte. (a) The CV curves of the device with scan rates of 100 mVs~! (black curve), 1000 mVs~!
(red curve), 5000 mVs~! (blue curve) and 10,000 mVs~! (green curve). (b) Comparison of the capacitance of EDLCs based on VOG-10 electrode based on flat substrate (red
curve with filled circles) and VOG-10 on 3D silicon nanocone substrate (black curve with filled squares) at different voltage scan rates. (c) Nyquist plots of VOG-10 device
obtained at 0-1V open circuit potential over frequencies ranging from 100 kHz to 1Hz; inset is the equivalent circuit for the VOG-10 EDLC. (d) Cycle life of VOG-10 EDLC
tested at scan rate of 1000 mVs~! for 1500 cycles. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

shows the proposed equivalent circuit. In the Nyquist plot, from
the point intersecting with the real axis in the high frequency area,
the internal resistance can be read as 34 2, which corresponds to
Rs in the circuit. The charge transfer resistance is calculated to be
3 x 103 Q, while the Warburg diffusion resistance is 1 x 1074 .
A simulation of equivalent circuit calculation indicates the excel-
lent ion transport in the device [36,37]. Cycle life of the device is
further tested under 1000 mVs~! for 1500 cycles (Fig. 3d). No atten-
uation was observed, and interestingly, there is no any decay in
capacitance after 1500 cycles of charging/discharging, suggesting
extremely stable capacitive behavior. Furthermore, cyclic stability
measurement by using consecutive CV scans in KOH aqueous solu-
tion show that there is also no any decay in capacitance even after
5000 CV scanning cycles which also demonstrates the as-prepared
graphene supercapacitor possesses superior cyclic stability (see
Fig. S3 in Supplemental information). Moreover, electrodes with
2D planar Si chips as current collector substrates with 200 nm Ni
film and graphene of 10 min CVD growth-time were fabricated as a
control sample in order to illustrate the advantages of the 3D struc-
ture. A schematic of the EDLC configuration based on 2D planar
electrodes is shown in Fig. S4 (Supplemental information). Com-
pared with the schematic of 3D electrode in Fig. 1a, the 2D planar
electrode possesses less surface area and exhibits enhanced areal
capacitance. A comparison of specific capacitances of EDLCs based
on 2D planar electrodes with 3D electrodes is shown in Fig. 3b. Note
that the areal capacitance of 3D EDLC is about 4 times larger than
that of a flat EDLC. This is evidence of the enhancement of the 3D
electrode design on the capacitance of EDLCs.

The galvanostatic charge/discharge curves of the VOG-10 EDLC
with a current density varying from 0.1 mAcm—2 to 1mAcm~2 is
plot in Fig. S5 (Supplemental information). A linear dependence of
the discharge curves and time indicate a non-faradic characteristic
in the VOG-10 EDLC. The highly linear curves also demonstrated an

outstanding charge/discharge property. And the IR drop that indi-
cating a voltage lose when tune the charge current to discharge
current can be neglect in VOG-10 EDLC, which suggesting a slight
influence equivalent series resistance (ESR).

3.3. Effect of graphene growth time on performance of EDLCs

To investigate the relationship between the quality of graphene
and the performance of supercapacitors, more samples of verti-
cally oriented graphene on silicon nanocone were synthesized with
various growth times. Vertically oriented graphene based elec-
trodes were dubbed VOG-5, VOG-20 and VOG-30, corresponding to
their CVD growth time (5 min, 20 min and 30 min). The morphol-
ogy variation of as grown VOG-5, VOG-10, VOG-20 and VOG-30 is
shown in Fig. 4a-d. The specific surface area and porosity analy-
sis of these 3D electrodes is critical to the performances of EDLCs.
Generally, specific surface area and porosity can be calculated from
the experimental data of Brunauer-Emmer-Teller (BET) test, but
unfortunately the overall weight of graphene nanosheets is insuf-
ficient to get any reliable surface area data. The porosity of the 3D
electrodes ranges from 60 to 30% for VOG-5, VOG-10, VOG-20 and
VOG-30. Four supercapacitors based on 3D electrodes with VOG-
5, VOG-10, VOG-20 and VOG-30 were prepared and tested using
CV tests to compare their capacitance and capacitance retention
with a change of scan rates. All the CV curves are shown in Fig. S6
(Supplemental information). Based on these results, Fig. 4f gives the
areal capacitances of devices based on VOG-5, VOG-10, VOG-20 and
VOG-30 electrodes at different scan rates. The sample of VOG-10
has largest capacitance, as shown in Fig. 4a. Meanwhile, the VOG-
10 EDLC also exhibits the best rate performance with capacitance
retention of 63.6%, when the scan rate changes from 50mVs~! to
5000 mVs~!. The capacitance and rate performance of VOG-20 and
VOG-5 are slightly inferior to those of VOG-10. From the Nyquist
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plots in Fig. S7a (Supplemental information), it is observed that
there is no obvious difference in ESR between VOG-10, VOG-20
and VOG-30. On the contrary, VOG-5 shows the largest ESR. In the
low frequency part, however, the VOG-10 tends to exhibit the most
vertical line, which implies the best capacitor behavior. This is con-
sisted with their rate performance behavior. In order to explain
this discrepancy, we analyzed the vertically oriented graphene-
based electrodes with SEM images. Fig. S4a-d shows the evolution
of graphene with growth-time varied from 5 min to 30 min. It can
be observed that with growth-time increasing, the size and den-
sity of graphene sheets changes obviously. At the beginning of
the growth, the sheets of vertically oriented graphene were rather
small with a big interval from silicon nanocone substrate. Then the
graphene sheets grow while the spaces among nanocones shrink.
At growth duration of 10 min, flourishing graphene nanosheet
arrays with proper spacing between clusters were formed. After
30 min, as-grown vertically oriented graphene submerged the sili-
con nanocones completely, and both the spaces and the feature of
cones disappeared (Fig. 4f). So the largest ESR of VOG-5 is because
the graphene sheets have not covered the electrode completely
after just growing 5 min. In contrast, VOG-30 has too few chan-
nels for ions to transfer and absorb, so the morphology inhibits its
electrochemical performance.

Raman spectra of the four samples were also collected as shown
in Fig. 4g. Characteristic peaks of each graphene samples can be
clearly observed (Fig. 4g). As is well known, the ratio of Ip to Ig
indicates the defects of graphene, while I,p to Ig indicates the
number of layers [38,39]. According to intensity ratio calculation

results listed in Fig. S7b (Supplemental information), the value of
I,p/lg gradually increases as the growing time increases, which
means the graphene becomes multilayer structure as growing time
progresses, consistent with the SEM results in Fig. 4a-d. Besides,
VOG-10 has the largest I;p/Ig value, which reveals the VOG-10 has
most edge defects. Generally, the defects possess higher activity
level and thus give rise to capacitance [40]. It is noted that the
defects of sample VOG-30 are more abundant than those of VOG-
5 (Fig. S7b, Supplemental information), while the capacitance is
far lower than VOG-5 (shown in Fig. 4f). We propose that exces-
sive growth time leads to re-stacking of graphene after 20 min
and results in the graphene on different micro-cones overlapping,
which reduces the active surface of graphene and results in a lower
capacitance than VOG-5.

We attribute the enhancement of capacitance and rate capa-
bility of our EDLCs to the special structure of 3D electrodes. The
design of these 3D electrodes takes advantage of Si nanocones and
CVD vertically oriented graphene. First, the micro-structured sil-
icon cone arrays enhance the surface area by a factor of ca. 6,
which improves the amount of active materials loaded per unit
area on the Si chip and hence results in a larger capacitance per unit
area. Besides, the vertically oriented graphene can effectively avoid
the restacking of the graphene layers, which makes larger active
surfaces available to electrolytes and thus further promotes the
double-layer capacitances of graphene. Second, the graphene that is
directly deposited on the current collectors by the CVD process pos-
sesses outstanding contact, which reduces the contact resistance
between the graphene and the current collector and enhances the
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adhesion of graphene with current collectors. Thus, the rate capa-
bility and the cyclic stability are both improved. Furthermore, the
open structure among silicon micro-cones and the vertical orien-
tation, together, benefit ion diffusion during the charge/discharge
process and also result in the improved rate capability. All these
factors endow the VOG-10 EDLC with an area specific capacitance
of 667.2 wFcm~—2, which is about four times that in supercapaci-
tors with vertically aligned graphene on the 2D planar electrode.
This unique design of electrodes with 3D nanostructured current
collector and vertically oriented graphene promotes the main char-
acteristics of supercapacitors: energy density (i.e. capacitance) and
power density (i.e. rate capability). In short, the strategy of 3D
structure of CVD graphene-based electrodes is a valuable effort to
improve the capacitance of EDLCs without sacrificing their power
density and cycle life.

4. Conclusions

We have designed a new type of 3D graphene-based super-
capacitor, which possesses extremely high areal capacitance and
rate capability, by combining vertically oriented graphene with a
3D nanocone configuration. Electrodes with high density of edge
defects of graphene were obtained by taking advantage of the sili-
con nanocone structure and the CVD growth method of graphene.
The electrode with 10min of CVD growth of graphene endows
EDLCs with a specific capacitance of 667.2 wF cm~2, which is several
times larger than previously reported data. We propose that the ori-
gins for the high electrochemical performance be ascribed to large
surface area, high edge defects density and superior ion accessibil-
ity. Extremely high specific capacitance, excellent rating capability
and stable capacitance retention performance were acquired due
to the unique structure of the 3D Si nanocone arrays and ver-
tically oriented graphene. This work provides a new strategy to
improve capacitance with microfabrication technologies and CVD
deposition, which promote the progress and commercialization of
supercapacitors.
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