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We report the synthesis and characterization of chemically converted graphene (CCG) with composite
pores that has exhibited high specific capacitance (up to 350 F g~!). The porous CCG was obtained by pho-
tocatalytic reaction aided by ZnO quantum dots and it has both macropores (>50 nm) and meso/micro-
pores (<10 nm). The introduction of macropores allowed penetration of electrolyte into the inter-layer

space of CCG while the meso/micro-pores increased the adsorption of charges. The supercapacitor made
from such porous CCG also exhibited excellent rate performance and cyclic stability.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

With the fast development of portable electronics and hybrid
electrical vehicles, there has been an ever increasing demand for
energy storage devices. Supercapacitors, which store and release
energy by nanoscopic charge seperation at the electrode-electro-
lyte interface, have attracted great attention due to their high
charging/discharging rate, long cycle life, and superior stability
[1,2]. On the other hand, although they are able to provide high-
power energy, supercapacitors are limited in the amount of energy
stored measured in gravimetric and/or volumetric energy densi-
ties. The amount of energy stored in a supercapacitor is usually
evaluated by its specific capacitance and it is largely determined
by the specific surface area of the electrode material. Graphene, a
two-dimensional single-atom thick nanomaterial of carbon, pos-
sesses a theoretical specific surface area of 2630 m? g~!, which is
comparable to that of best activated carbon and is a promising can-
didate electrode material for supercapacitors [3-6]. The intrinsic
capacitance of graphene is 21 uF cm~2, which is the highest among
all carbon forms [7]. Furthermore, modified graphene with meso/
micro-pores can increase further the specific capacitance of graph-
ene. This strategy is based on the fact that the adsorption of
charges by edge atoms is much larger than that by the interior
atoms [8]. The currently available methods for producing meso/mi-
cro-pores in graphene include KOH activation [9], MnO, oxidation
[10], and chemical vapor deposition (CVD) [11]. All these methods
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have been proved efficient for producing graphene with high spe-
cific surface area. However, the specific capacitance of graphene
obtained experimentally is still far below its theoretical value of
550 F g~'. A major problem is that the restacking of graphene dur-
ing reduction and drying leaves much of the inter-layer space not
accessible to the electrolyte and hence does not contribute to the
electrochemical double-layer capacitance. Modification of graph-
ene to produce either curved or highly corrugated morphology
has been attempted to prevent graphene from re-stacking
[12,13]. Another effective technique has been to insert nano-sized
spacers, such as carbon nanotubes (CNTs) and metal oxide nano-
particles into graphene [14,15].

In this work, we describe a porous chemically converted graph-
ene (CCG) containing both meso/micro-pores (<10 nm) and mac-
ropores (>50 nm) (termed composite pores thereafter). Using the
porous CCG, we demonstrate that, even though the specific surface
area is rather low, the porous CCG electrodes exhibit excellent
electrochemical capacitance (up to 350 Fg~!), rate performance,
and cyclic stability. The electrochemical process and material
structure are also characterized to understand the high specific
capacitance and excellent device performance of the constructed
graphene supercapacitor.

2. Experimental

2.1. Preparation of CCG with composite pores

Graphene oxide (GO) was prepared from natural graphite by a
modified Hummers-Offeman method [16]. ZnO quantum dots
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(QDs) were synthesized by alcoholysis using zinc acetate as pre-
cursor [17]. In detail, GO and ZnO QDs were first dispersed ultra-
sonically in deionized water. They were then mixed together and
heated to 90 °C in an oil bath to have ZnO QDs adsorbed onto the
GO surface. After it was cooled down to room temperature, the sus-
pension was placed under a UV lamp for irradiation for 12 h while
being stirred. Then, concentrated hydrochloride acid was added to
the suspension to remove the ZnO QDs. The GO suspension was
then vacuum filtered using a Nylon membrane of 0.22 pm in pore
size. The resultant residues were washed three times with deion-
ized water and then transferred to 200 ml deionized water con-
taining NH3;eH,0. The GO became well dispersed in water after
sonication. The resultant GO dispersion was then transferred to
an autoclave and heated to 180 °C for hydrothermal reduction. Por-
ous CCG was obtained finally after the dispersion was freeze dried.

2.2. Fabrication of supercapacitor electrodes

The supercapacitor test cells were assembled in the two-elec-
trode configuration using 6 M KOH electrolyte. Identical electrodes
were made of CCG mixed with 10 wt% polytetrafluoroethylene
(PTFE). The electrodes were vacuum dried at 120 °C for 18 h and
then pressed onto current collectors made of nickel foam plates
at pressure of 20 MPa. Two glass fiber films were used as the sep-
arator to obtain a CR2016 coin cell for device evaluation.

2.3. Electrochemical measurements

The electrochemical properties and capacitance measurements
were conducted in a two-electrode configuration by cyclic voltam-
metry (CV), galvanostatic charge-discharge, and electrochemical
impedance spectroscopy (EIS) using a Zennium electrochemical
workstation. The CV response of the electrodes was measured at
different scan rates varying from 10 to 200 mV s~! at potentials be-
tween —1 and 0 V. Galvanostatic charge-discharge measurements
were performed at different current densities varying from 0.5 to
4 A g, EIS measurements were carried out at open circuit voltage
with sinusoidal signal of 5mV over the frequency range from
100 kHz to 10 mHz.

2.4. Structural characterization

Atomic force microscopy (AFM) measurements were performed
using Veeco Dimension 3100V scanning probe microscope at
ambient conditions. GO and CCG samples for AFM measurement
were prepared by dip-coating. In brief, a mica plate was immersed
in CCG (or GO) dispersion (0.001 mg mL~!, in N-methyl-2-pyri-
dine) for 5 min to adsorb a thin layer of graphene flakes and then
was immersed in deionized water for another 5 min to remove
the unadsorbed CCG. Transmission electron microscopy (TEM)
images were taken with Tecnai F20 operated at 200 kV. N, absorp-
tion/desorption tests were conducted using Micromeritics ASAP
2020 M. X-ray photoelectron spectroscopy (XPS) measurements
were carried out using a Shimadzu Axis Utltradld spectrometer
with a monochromated Al Ko radiation (hv = 1486.6 eV). All XPS
spectra were corrected using the C 1s line at 284.6 eV. Curve fitting
and background substraction were conducted using Casa XPS soft-
ware (Version 2.2.7.3).

3. Results and discussion
3.1. Preparation of CCG with composite pores

The process for production of porous CCG consists of three
steps, as shown schematically in Figure 1: (a) incorporation of

ZnO QDs onto the GO surface; (b) UV irradiation induced photo-
chemical reactions to produce composite pores in GO; and (c) acid
treatment to remove ZnO QDs and hydrothermal reduction of GO
to obtain CCG. The incorporation of ZnO QDs onto the GO surface
was achieved by heating aqueous ZnO/GO dispersion in an oil bath.
The large affinity of oxygen containing functional groups to Zn
would lead to adsorption of ZnO QDs on the GO surface [18]. When
the ZnO/GO mixed suspension was irradiated by a UV light, the fol-
lowing photochemical reactions took place to result in the forma-
tion of macro-pores on the GO surface [19]:

C-0-C+H,0+2h" — C(defect) + CO, 4 2H* (1)
C-0-C+2h" +2e~ — C—C(defect) + H,0 2)
2H,0(or H') +2e~ — H, +20H" 3)
C(defect) + 2H,0 + 4h" — CO, +4H". (4)

The m-conjugated sp? semiconducting domains in GO were
responsible for these reactions. As some of them had band gaps
with energy matching to that of the UV light, holes and electrons
were produced when the sample was irradiated by UV light. The
reactions of holes and electrons with oxygenated sp> domains in
GO and subsequent oxidation of carbon atoms to form carbon diox-
ide would produce macropores on the GO surface. On the other
hand, since it is a semiconductor, ZnO could also serve as photo-
catalyst to produce holes and electrons in UV light. However, as
these holes and electrons were more preferred to react with neigh-
boring carbon atoms, photo-reactions took place only at the ZnO-
GO interfaces and hence only meso/micro-pores of a few nanome-
ters in size were produced. After the obtained ZnO/GO composite
was subsequently treated by hydrochloric acid to remove the
ZnO QDs, a dispersion containing GO with composite pores was ob-
tained. Hydrothermal treatment of the GO dispersion was finally
used to reduce GO to obtain CCG [20].

3.2. Structural characterization

The TEM images of GO, ZnO QDs, ZnO/GO composite, and CCG
with composite pores are shown in Figure 2. It can be seen from
Figure 2a that the GO is ultra-thin with wrinkled morphology
and no pores were present in the GO structure. The ZnO QDs, as
shown in Figure 2b, are of size ranging from 3 to 6 nm and they
are well dispersed. As revealed in the TEM image of the ZnO-GO
mixture given in Figure 2c, the ZnO QDs were deposited and dis-
persed well on the GO surface. Figure 2d shows a TEM image of
both meso/micro-pores (<10 nm) and macropores (>50 nm). While
TEM observations are helpful to reveal porous structures, it is still a
formidable task to analyze the pores quantitatively from TEM
images alone.

Figure 3a shows the AFM image of a typical GO flake. No pore
was observed on the GO surface. Thickness of the GO is about
0.9 nm on average, calculated from the height difference between
the surface of GO and that of the substrate measured along the
line indicated in the figure. This thickness is consistent with sin-
gle layer GO [21]. By sampling randomly seventy GO sheets we
constructed a histogram of the layer numbers of GO as shown
in Figure 3c. It shows that more than 90% of the GO is of mono-
layer. A typical AFM image of CCG is shown in Figure 3b. The CCG
has many pores. Thickness of the majority of CCG samples is
about 1.0 nm. It corresponds to two- or three-layer graphene as
the interlayer spacing of CCG will decrease after reduction due
to the removal of oxygen functional groups. By carefully
examining the height profiles of the CCG as indicated in the inset
of Figure 3a and b, we also observed that the depth of the pores is
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Figure 2. TEM image of (a) GO, (b) ZnO QDs (inset shows their size distribution), (c) ZnO QDs dispersed on the GO surface, and (d) CCG with composite pores. The inset in (d)
is a low-magnification TEM image showing the macropores.

one half of the thickness of the CCG. Figure 3d is a histogram of The C:0 mass ratio in the porous CCG is about 8.2, which was
layer numbers of CCG showing that more than 85% of the graph- measured from XPS and it is larger than most of the C:O ratio ob-
ene is of bilayer structure. tained by other reducing methods [13]. No signal corresponding to
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Figure 3. AFM image of (a) GO and (b) CCG with composite pores and their respective height profile (inset) measured along the indicated line. (c,d) Histogram of layer
numbers obtained from randomly selected seventy samples of GO and CCG with composite pores, respectively.

Zn was observed in XPS, indicating that the ZnO QDs had been re-
moved by the acid treatment.

N, adsorption/desorption experiment was performed on the
porous CCG for analysis of the pore structure and size distribution.
Figure 4a shows the isotherm which reveals the details of the low-
pressure region where micro-pore filling occurs, as well as the
linear plot in the relative pressure P/Py in the range of 0.3-0.6 that
reveals pore condensation and type H2 hysteresis that is associated
with mesoporosity [22]. It is worth noting that there is no hyster-
esis formed between the adsorption and desorption isotherms over
the whole P[P, range. This may be because many slit pores were
produced around the graphene boundaries due to the aggregation
of graphene sheets. The Brunauer-Emmett-Teller (BET) surface
area of our porous CCG is 392 m? g~ ! calculated by the multipoint
BET method in the linear relative pressure range of 0.1-0.3. This
value of specific surface area is much lower than what is expected
for double-layer graphene (1300 m? g~ '), suggesting that the CCG
must have further restacked after freeze drying. Figure 4b displays
the cumulative pore volume vs. pore size obtained from N,
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desorption isotherms by applying the Barrett-Joyner-Halenda
method. It can be seen that the size of the meso/micro-pores cen-
ters at 3.5 nm with its majority below 5 nm. This result is in agree-
ment with TEM observations.

3.3. Electrochemical characterization

Experimental measurement of the capacitance of supercapaci-
tors depends strongly on the cell configuration and it is always
higher when using a three-electrode system [23]. A coin cell
(two-electrode system) was therefore used in this work to obtain
accurate measurement of the material performance of the superca-
pacitor electrode [24]. For comparison, non-porous CCG and mac-
roporous CCG were also prepared and assembled into coin cells.
Non-porous CCG was produced by hydrothermal reduction of GO
(ZnO QDs were first dispersed onto GO and was subsequently trea-
ted with hydrochloric acid to remove these particles) without UV
light treatment. Macroporous CCG was produced using the same
method as that for the production of CCG with composite pores
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Figure 4. (a) N, adsorption/desorption isotherm of porous CCG and (b) its pore size distribution obtained using the Barrett-Joyner-Halenda method.
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except that no ZnO QDs were added to the aqueous GO dispersion.
The production of macro-porous and non-porous CCG was con-
firmed by TEM observations of the respective samples similar to
those shown in Figure 2.

To prepare supercapacitor electrodes, the above mentioned
three types of CCG were all mixed with 10 wt% PTFE and pressed
onto nickel foam plates as current collectors. After vaccum dried
at 120 °C for 18 h, the active material of each type was weighed
from the weight difference of current collectors before and after
loading. The thickness of electrode was measured from cross-sec-
tional SEM images. Table 1 lists the measured parameters.

Figure 5a shows the CV curves of the three different electrodes
at scan rate of 10 mVs~' in 6 M KOH electrolyte. The rectangular
CV loop indicates that there is little faradic discharge in the sup-
ercapacitor. It is worth noting that the CV loops for the CCG with
composite pores and the macroporous CCG are more rectangular
than that for the non-porous CCG, indicating better charge propa-
gation in the porous CCG electrodes. Figure 5b shows the galvano-
static charge/discharge curves of the three electrodes at constant
current density of 1 A g~1. All the curves are symmetrical, indicat-
ing excellent electrochemical reversibility. However, the voltage
drop (IR drop) for non-porous CCG is larger than that for porous
CCG, suggesting that the non-porous CCG electrode has a higher
internal resistance. This result is in agreement with that obtained
by the above analysis of the CV curves. The specific capacitance
was calculated from the galvanostatic charge/discharge curves by

Table 1
Thickness and mass loading of sample electrode.
Electrode Nonporous Macroporous CCG with
CCG CCG composite pores
Thickness (pum) 110 80 85
Mass loading (mg) 5.0 3.7 3.7
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where I, is the constant current, m is the total mass of both elec-
trodes, and dV/dt is calculated from the slope obtained by fitting a
straight line to the discharge curve over the range of V. (voltage
at the beginning of discharge) to V;.x/2. The specific capacitance
of the three different CCG electrodes at current density ranging
from 0.5 to 4 Ag~! is shown in Figure 5c. With increasing current
density, the specific capacitance of CCG with composite pores de-
creased only slightly, from 218 Fg~! to 205 F g~ . This result dem-
onstrates the outstanding rate performance of the electrode made
of CCG with composite pores at high rates of charging/discharging.

The specific capacitance of 218 Fg~! measured at 0.5A g™ ! is
comparable to that of hydrazine reduced graphene (~190Fg™ 1)
[25], microwave-exfoliated and reduced graphene (174-
182Fg ') [26], and CVD grown porous graphene (~245Fg™ 1)
[11] measured under the same conditions.

The cyclic stability is also important for evaluating the perfor-
mance of supercapacitors. We performed CV tests for 2000 cycles
at 200 mV s~! from 0 to —1 V and the results are given in Figure 5d,
showing that the CCG with composite pores retained 95% specific
capacitance after 2000 cycles.

The specific capacitance of the CCG electrode could also be cal-
culated from the CV loop by

c— 4/j IndV/(2V) (6)

where I, is the response current density (A g~!), V is the potential
with maximum V, = 1 volt and vis the potential scan rate (mV s ).
The highest specific capacitance of 350 F g~! was obtained for elec-
trode made of CCG with composite pores, which is markedly larger
than those of reported values for porous graphene electrode even
with much larger specific surface area, such as MnO, etched porous
graphene (241Fg~!, 1374m?¢~!) [10] and CVD grown porous
graphene (255F g}, 1654 m? g~') [11] measured under the same
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Figure 5. Electrochemical characterization of supercapacitors with electrodes made of non-porous CCG (triangle/pink), macroporous CCG (solid circle/blue) and CCG with
composite pores (square/red). (a) CV curves in 6 M KOH electrolyte at scan rate of 10 mV s~ . (b) Galvanostatic charging/discharging curves in 6 M KOH electrolyte at the
same current density of 1A g™ (c) Specific capacitance obtained from galvanostatic charging/discharging curves at different current densities. (d) Cyclic performance
supercapacitor made of CCG with composite pores up to 2000 cycles at scan rate 200 mV s~ . (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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Figure 6. Nyquist plot of EIS data of non-porous CCG (triangle/pink), macroporous
CCG (solid circle/blue) and CCG with composite pores (square/red). Inset shows
magnified portion for macroporous CCG and CCG with composite pores. Arrow
indicates the starting frequency of the Warburg curve. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

conditions. However, it should be noted that the value of specific
capacitance calculated from CV loops is usually much larger than
that obtained from galvanostatic charging/discharging curves. It is
because the supercapacitor can be fully charged, when the scan rate
v=dV/dt is held at constant and low values, as can be observed at
the high voltage values in the CV curve. We examined four more de-
vices and the difference between the highest and lowest specific
capacitance is smaller than 4%, indicating excellent reproducibility
of such high capacitance. Moreover, the specific capacitance at scan
rates ranging from 10 to 200 mV s~ ! for CCG with composite pores
is always larger than that for both the macroporous and non-porous
CCG, indicating that the introduction of both macropores and meso/
micro-pores improved the electrochemical capacitance of the CCG
electrodes. It was also noticed that the specific capacitance of all
electrodes decreased with scan rates. This phenomenon is attrib-
uted to the fact that the measured apparent capacitance is limited
by ion diffusion and adsorption inside the smaller pores at high scan
rates.

To further confirm the effect of porous structures on the electro-
chemical performance of CCG electrodes, we conducted EIS mea-
surement at an open circuit voltage with a sinusoidal DC bias of
5mV in the frequency range of 10 mHz-100 kHz. As typical for
supercapacitors, the Nyquist plot of the EIS data consists of three
regions [27]: at very high frequency, the supercapacitor behaves
like a pure resistor and the equivalent series resistance of the cell
can be obtained; at low frequency, the imaginary part sharply in-
creases and a nearly vertical line is observed, indicating a capaci-
tive behavior; in the medium frequency domain, the influence of
the electrode porosity can be observed. When the frequency de-
creases, the signal penetrates deeper and deeper into the porous
structure of the electrode and more and more electrode surface be-
comes approachable for the electrolyte. At a relative lower range, a
straight line with 45° occurs. This curve is related to electrolyte dif-
fusion and usually referred to as the Warburg curve [28]. The high-
er frequency this curve starts, the easier the electrolyte penetrates.

From the EIS data of non-porous CCG, macroporous CCG, and CCG
with composite pores as shown in Figure 6, we can observe that
the starting frequency of the Warburg curve for the non-porous
CCG is two orders of magnitude lower than that for the porous
CCG. This result confirms that the introduction of pores facilitates
the penetration of electrolyte into the inter-layer space of CCG.
This is why the porous CCG electrodes showed larger specific
capacitance at even relatively high scan rates.

4. Conclusions

Chemically converted graphene with composite pores has been
prepared by a photo-catalytic method. The photochemical oxida-
tion of GO mediated by ZnO quantum dots and sp? domains of
GO led to the formation of both meso/micro-pores (<10 nm) and
macropores (>50 nm). Although such graphene still aggregated
during hydrothermal reduction and drying, which resulted in a
low specific surface area, it exhibited outstanding specific capaci-
tance (up to 350 Fg 1), rate performance, and cyclic stability as
supercapacitor electrode. The excellent electrochemical properties
of the porous graphene are due to (1) the macropores facilitated
the penetration of electrolyte into the inter-layer space and (2)
the meso/micro-pores increased the adsorption of charges.
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