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Creation of nanopores on graphene planar sheets is of great significance in promoting the kinetic
diffusion of electrolyte and enhancing the utilization efficiency of graphene planar sheets. Herein, we
developed a facile chemical vapor deposition strategy to prepare highly porous graphene with flake-like
MgO as template and ferrocene as the carbon precursor. The graphene layers show highly porous
structure with small mesopores of 4-8 nm, large mesopore of 10-20 nm and additional macropores of 100-
200 nm. These nanopores on graphene sheets provide numerous channels for fast ion transport
perpendicular to the 2D basal plane, while the good powder conductivity ensures an effective electron
propagation within 2D graphene plane. As a result, a specific capacitance of 303 F g2, an areal
capacitance up to 17.3 puF cm™2 and a nearly tenfold shorter time constant were achieved when compared
with those of nonporous and stacked graphene electrode. The method demonstrated herein would open up
opportunity to prepare porous graphene for a wide applications in energy storage, biosensor,

nanoelelctronics and catalysis.

Introduction

Electrochemical capacitors, also known as supercapacitors,
represent one of the promising energy storage devices that store
energy through fast ion adsorption or highly reversible Faradic
redox reaction at the electrode/electrolyte interface.’® With the
unique features like long life cycle, fast charging/discharging rate
and high specific power density, supercapacitors have found wide
applications as energy supplies in uninterruptible power, high
power electronic devices or hybrid electric vehicles.? However,
for most of their practical applications, supercapacitors store
much less energy as compared with lithium ion batteries. Thus,
great efforts have been devoted to improve the energy density of
a supercapacitor through optimizing the pore textures of electrode
materials to increase their specific capacitances or through
widening the working voltage by configuring an asymmetric
supercapacitor or using a non-aqueous electrolyte.*®

The overall performance of a supercapacitor is strongly
affected by the property and microstructure of the electrode
materials. Carbon materials with various morphologies have been
extensively investigated as supercapacitor electrode because of
their structure advantages including good conductivities,
excellent chemical stability, controllable porosity and tailored
surface physicochemical properties.”® In particular, graphene,
consisting of single-layer of sp? carbon atoms covalently bonded
in 2D basal plane, has received particular attentions for
electrochemical energy storage due to its excellent mechanical
and electronic properties as well as the exceptionally high surface
area.>*® Although the chemical or thermal reduction of exfoliated
graphene oxides (GO) represents one of the promising route

toward mass production of graphene-based materials,'*!® the
strong sheet-to-sheet van der Waals interaction leads to a severe
layer restacking, which not only greatly reduces the ion-

so accessible surface area, but also brings a large ion diffusion
resistance between the adjacent graphene layers.

To improve the Kinetic diffusion of electrolyte, three-
dimensional (3D) graphene architecture with interconnected pore
structure like foam, sponges and aerogels have been developed

ss through hydrothermal reduction, chemical vapor deposition,
freeze-drying and covalently interconnection.’** These 3D
graphene frameworks with micrometer-sized macropores have
successfully applied as the attractive and robust matrixes for
accommodating other pseudocapacitive components.?*?” As the
e0 textural micrometer-sized macropores were primarily formed by
random arrangement of the individual graphene sheets, these
graphene networks actually exhibited rather low specific surface
area and unsatisfied overall capacitive performancee. On the
other hand, to improve the electrochemically active surface area,
es various carbon materials have been successfully intercalated
between graphene sheets to preclude the severe sheets
restacking.’®* In particular, porous carbons with reduced particle
size and short ion channels have demonstrated to be the excellent
spacers to significantly improve the overall capacitance
20 performance of composite electrode.?®3! However, transport of
electrolyte in such cases is limited within the in-plane graphene
layers, while the ion diffusion perpendicular to the graphene basal
plane is usually forbidden due to the absent of ion pathway on
graphene sheets. Most recently, porous graphene with specific
7 surface area up to 3100 m? g™ was achieved by chemical
activation of microwave exfoliated graphene oxides (MEGO)
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with KOH.*23 The structural nanopores on the graphene basal
plane led to an excellent capacitive performance with a specific
capacitance up to 166 F g in ionic liquid electrolyte.®® This
result clearly demonstrates that the structural porosity is of great
significance in promoting the access of electrolyte to the interior
surface. However, creation of such nanopores on graphene sheets
yet remains a great challenge in nanoscience and technology.>*

Apart from the 3D skeleton of nickel foam, porous MgO and
layered double hydroxides have also been explored as solid
scaffolds to grow graphene-like  materials.**  The
microstructures and physicochemical properties of the final
graphene products strongly depends on the macroscopic
morphology of the initial inorganic templates as well as the
selecting of carbon precursors. Our previous findings have
demonstrated that the pyrolysis of ferrocene on silica substrates
tends to form carbon film with few-layer thickness.**“® Inspired
by these results, herein we report an highly porous graphene
material that was prepared by chemical vapor deposition of
ferrocene on porous MgO flake. The small mesopores of 4-8 nm
and the large mesopore of 10-20 nm, along with the macropores
of 100-200 nm on the less-stacking graphene sheets substantially
promote the kinetic electrolyte transport perpendicularly to the
basal plane of the adjacent graphene layers. Meanwhile, these
pores enables a sufficient utilization of graphene surface for
electrochemical energy storage, yielding an areal specific
capacitance up to 17.3 uF cm™. The high capacitive performance
and the good cycling capability in both aqueous and non-aqueous
electrolyte make this porous graphene materials very attractive as
high-performance electrode materials for supercapacitor
applications.

Experimental
Sample preparation

The flake-like magnesium hydroxide carbonate was prepared by a
modified method as described previously.** Typically, 4.61 g of
Mg(NOs), 6H,0 and 21.62 g of urea were dissolved in 120 mL
water. The solution was heated to 100 <T and refluxed under
continuous magnetic stirring for 12 h, followed by keeping at
95 <C statically for another 12 h. The product was collected by
filtration, rinsed with copious water and ethanol and drying at
80 <C. The subsequent calcinations of magnesium hydroxide
carbonate in air at 500 € for 60 min converted it into flake-like
porous magnesium oxide.

The magnesium oxide was applied as the template to grow
porous graphene using a chemical vapour deposition method as
described previously.3**° Typically, about 0.2 g of calcinated
MgO powder was loaded on a quartz boat, which was placed in
the center of a quartz tube heated by a furnace. The sublimation
and the pyrolysis of the ferrocene were conducted in N, flow at
120 and 500 <C, respectively. After 60 min of CVD, the
graphene-MgO composite was subjected to annealing in flowing
N, at 800 < for 90 min. Finally, the obtained graphene-MgO
composite was treated with hot HCI solution (150 mL of 2.0 mol
L™) to etch away the MgO template. The porous graphene was
collected by filtration, washing with copious deionized water and
ethanol, and dried at 80 <C. This typical recipe could yield porous
graphene of ~30 mg. The optimized experiment results indicated
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that if the CVD duration was shorter than 30 min, it is hardly to
get the products. On the other hand, longer CVD duration over 60
min will decrease the specific surface area of the porous graphene
due to the increased layer thickness.

Characterization

The morphology of the samples was observed by field-emission
scanning electron microscopy (FESEM) on FEI Quanta 600F
equipped with an energy dispersive spectrum (EDS) analyzing
system. The microstructure of the samples was examined on a
JEOL-2100F HRTEM at an acceleration voltage of 200 kV.
Nitrogen adsorption/desorption isotherms were measured at 77 K
on Quantachrome SI-3 analyzer. Samples were degassed at
180 <C for 6 h prior to the measurement. The specific surface
areas of the samples were calculated using the Brunauer-Emmett-
Teller (BET) method with the adsorption data at the relative
pressure (P/Po) range of 0.05-0.2. The total pore volumes were
estimated at P/Po = 0.99. The pore size distribution (PSD) curves
were calculated from the adsorption branch using the nonlocal
density functional theory (NLDFT) model assuming the slit pore
geometry. X-ray photoelectron spectroscopy (XPS) spectra were
collected on an AXIS ULTRA spectrometer (Kratos Analytical)
using a monochromatized Al Ka X-ray source (1486.71 eV).
Raman spectra were collected on a Renishaw inVia Raman
microscope with an excitation wavelength of 532 nm. The
electrical conductivity of sample was measured by a four-point
probe method. The sample were pressed into a thin disk under a
pressure of 2.5 MPa cm™.

Electrochemical measurements

The working electrode was prepared by mixing an active material
(90 wt%) with carbon black (5 wt%) and polytetrafluoroethylene
(PTFE, 5 wt%) in water. The slurry of the mixture was then
painted between two pieces of nickel foam (1 cm?) and pressed
under a pressure of 500 kg cm™. The mass loading for each
electrode is typical of ~1.8 mg cm™, which yields an electrode
with thickness about ~40 um and density of ~0.5 g cm™. The
electrochemical measurement was carried out using both three-
electrode and two electrode configuration, with 6.0 mol L™
aqueous KOH and 1.0 mol L™ tetraethylammonium
tetrafluoroborate (TEABF,) in acetonitrile (AN) as electrolyte. In
a three-electrode cell, Pt wire and Ag/AgCl electrode were used
as the count electrode and the reference electrodes, respectively.
While in a two-electrode configuration, a Swagelock-type cell
with two symmetric working electrodes was configured and
Celgard® 3501 membrane was used as the separator. The
electrochemical performance of the electrode materials was
characterized by cyclic voltammetry (CV), galvanostatic charge-
discharge and electrochemical impedance spectroscopy (EIS) on
an CHI 660D (Chenhua, Shanghai) electrochemical workstation.
The total capacitance of a supercapacitor was calculated from the
galvanostatic discharge process according to the following
equation: Cy = | x At/(AV x m), where | is the discharge current
(A), At is the discharge time (s), AV is the voltage change (V)
excluding the IR drop during the discharge process, and m is the
total mass of the active material for both electrodes (g). The
specific capacitance of the single electrode is thus calculated as
Cs = 4 x Cyya- The energy density (E) and the power density (P)
were calculated based on the following equations: E = 1/2C;gV?,
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P = E/t, where Cyyy is the total capacitance of two-electrode cell
(F g™, V is the voltage of the supercapacitor (V) and t is the
discharge time (s). The equivalent series resistance (ESR) was
calculated using the voltage drop at the beginning of discharge,
Vdrop at certain current density 1, according to ESR = Vp/21.*
The electrochemical impedance spectroscopy (EIS) measurement
of the supercapacitor was performed with amplitude of 10 mV in
the frequency ranges of 5 mHz to 100 kHz.

Results and discussion

The magnesium hydroxide carbonate was prepared by a co-
precipitation reaction of Mg(NO3z), 6H,0 with urea at 100 <C.
The sharp XRD peaks (Fig. S1) of the product at 26 = 9.6, 15.2
and 30.8° can be readily indexed to the pure phase of
orthorhombic ~ Mgs(CO,),(OH), 4H,O0  (JCPDS  70-1177).
Calcination of the Mgs(CO5),(OH), 4H,0O sample at 500 <T in
flowing air converted it into MgO which was verified by XRD
(Fig. S1) and TGA result (Fig. S2). The strong diffraction peaks
of the calcinated sample at 26 = 42.9 and 62.2 <correspond to the
(200) and (220) reflections of cubic MgO (JCPDS 78-0430),
respectively. The formation of pure-phase MgO suggests the
complete decomposition of Mgs(CO5),(OH), 4H,0 at 500 <C.

(@ o)

L

Fig. 1 TEM images of porous MgO with different magnifications.

The macroscopic morphology of the MgO was observed by
SEM (Fig. S3). It is seen that MgO displays a typical flake-like
morphology with lateral dimension over tens of micrometer and
flake thickness of ~20 nm (Fig. S3). The TEM image of MgO

clearly shows a great number of nanopores on the flakes (Fig. 1a).

A magnified image reveals that these irregular mesopores with
pore size of 3-8 nm was actually formed by the voids of MgO
particles (Fig. 1b). According to the TGA result, these voids were
most likely caused by the gaseous CO, and H,O molecules that
were released during the thermal decomposition of
Mgs(CO3)4(OH), 4H,0 at 500 <C. This assumption was verified
by comparing the TEM images before and after calcinations (Fig.
1 and Fig. S4). Meanwhile, an evident increase of specific surface
area from 25 to 41 m? g™ and pore volume from 0.11 to 0.16 cm®
g after calcinations also supports this assumption (Table S1).
The porous flake-like MgO was used as sacrificial template to
grow porous graphene. Fig. 2a presents the morphology of the
graphene-MgO composite. Besides the similar flake-like
morphology, a great number of particles with size of ~20 nm
were found to be homogeneously distributed on the composite
surface. Given that the pyrolysis of ferrocene at elevated
temperature yields both carbon and FeOx particles,”® these
particles is likely due to the deposited FeOx particles during CVD
process. The element compositions and their distributions on the
graphene-MgO composite were examined by EDS elemental
mapping. As shown in Fig 2c-f, the element C, Mg, Fe and O
were detected and uniformly dispersed on the surface of whole
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Fig. 2 FESEM (a), STEM (b) images of graphene-MgO composite and its
corresponding elemental mappings of C (c), O (d), Fe (e), Mg (f).

composite matrices. These results verify the formation of carbon
s and FeO, on the MgO surface.

However, quite different from the rigid graphene-MgO flake
as shown in Fig. 3a, the isolated graphene sheets after dissolving
MgO and FeO, with hot HCI solution exhibits a high flexibility
with individual sheets scattered in random orientations (Fig. 3b

s and 3c). It is noteworthy that the curved paper-like graphene with
continuous silk veil wave is in sharp contrast with the aggregated

90

95

100

105 Fig. 3 FESEM images of graphene-MgO composite (a) and the isolated
porous graphene (b-d) after etching away MgO template with aqueous
HCl solution.

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], 00-00 | 3



Nanoscale

10

15

Fig. 4 TEM images of porous graphene with different magnifications.

graphene that were prepared by the conventionally chemical
reduction of GO sus.pension.14 Moreover, a close examination
clearly shows the presence of opened holes on crumpled
graphene sheets (Fig. 3d). A HRTEM shown in Fig S5 reveals a
thickness of about 1.2 nm, suggesting the porous graphene
consists of 3-4 graphene layers.

The microstructure of the porous graphene was examined by
TEM. It is seen that the graphene were composed of many
slightly overlapped platelets resembling the initial morphology of
the flake-like MgO (Fig. 4a, 4b). Moreover, a great number of
worm-like macropores varying from 100 to 200 nm in size were
also uniformly distributed on the graphene sheets. It is interesting
to note that apart from these sub-micrometer-sized macropores, a
3 great number of small mesopores of 4-8 nm and large mesopores

of 10-20 nm were also clearly seen on the magnified scopes (Fig.
4c and 4d). The porosity was further verified by N, adsorption.
As shown in Fig. 5a, the distinct increase of N, uptake of porous
graphene as compared with graphene-MgO composite indicates a
s significant increase of both surface area and pore volume.
Moreover, a characteristic type IV isotherm with a pronounced
hysteresis in the relative pressure (P/Py) of 0.5-0.8 reveals the
presence of large number of mesopores. A pore volume analysis
shows about 68% of the total pore volume was contributed by the
40 pores smaller than 16 nm (Fig. 5b). The corresponding NLDFT
pore size distribution shows well-developed mesopores with a
broad pore size distribution ranging from 2 to 8 nm (inset in Fig.
5b). These results are in good agreement with the TEM images as
shown in Fig. 4c and 4d. Due to the large number of structural
porosity, the graphene exhibits a specific surface area of 1754 m?
g~ and a large pore volume of 2.81 cm® g™ (Table S1). Note this
specific surface area value is even higher than that of laser-
scribing graphene (1520 m? g%),"' anti-solvent derived non-
stacked graphene (1435.4 m? g™),* and significantly higher than
s that of 3D graphene network'® 2 and most of graphene prepared
by a solution-based route.**> This comparison demonstrates the
advantages of the present CVD route to producing highly porous
graphene with large accessible surface area. It is noteworthy that
these mesopores, together with the sub-micrometer-sized
macropores provide opened ion channels for kinetic transport of
electrolyte across the adjacent graphene sheets.

The chemical composition of the porous graphene was

investigated by XPS spectroscopy. Only C 1s and O 1s signals
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Fig. 5. N, adsorption isotherms (a), cumulative pore volume (b) with inset
showing pore size distribution calculated from the slit/cylindrical NLDFT
model, survey XPS (c) and C 1s XPS spectrum (d) of porous graphene.

were present in the survey XPS spectrum (Fig. 5c), indicating the
es complete removal of FeO, species and MgO flake during the
etching process. The deconvoluted C 1s spectrum gives an

intensive peak at 284.6 eV, along with a weak C-O peak at 286.2

eV and a broad O=C-O peak at 289.1 eV (Fig. 5d). The atomic

ratio of C/O in the porous graphene was determined to be 19

according to the quantitative XPS analysis, suggesting a high

content of sp?-bonded carbon in the product. This was also
evident from the Raman spectrum as shown in Fig. S6. Two
fundamental bands at 1340 (D band) and 1589 cm™ (G band)
were clearly observed, which correspond to the disordered

s sample or graphene edge, and the first-order scattering of Eg
mode of sp® carbon domains, respectively. The relatively strong
G band is indicative of more sp® domains in graphene basal plane.
However, this G band is relatively low in intensity with respect to
that of graphene nanomesh catalytically grown on Cu

80 nanoparticles.46 Moreover, the occurrence of two broad band
centered at 2710 and 2880 cm™ demonstrates that our porous
graphene is structurally similar to the chemically converted
graphene (CCG) through thermal annealing under different
conditions.*™*® This comparison demonstrates that there was a

ss Substantial number of defects on graphene plane which might be
caused by the high porosity as well as the small amount of
residual oxygen-containing functionalities. As a result, the
powder conductivity was determined to be 188 S m™ by a four-
point probe method.

9  The porous graphene was applied as supercapacitor electrode
and its electrochemical performance was evaluated by a three-
electrode cell with 6.0 mol L™ KOH solution as aqueous
electrolyte. Fig. S7a shows the CV profiles of porous graphene
electrode at different scan rates. The rectangular CV profiles with

o5 negligible contribution from pseudocapacitance is in consistence
with the low level of surface oxygen functional groups (below 5
at% based on XPS analysis). The galvanostatic charge-discharge
curves of porous graphene electrode measured at different current
densities was presented in Fig. S7b. The triangular charge-

w0 discharge curves are characteristic of electrical double-layer
capacitance (EDLC) arising from the electro-adsorption of ion on
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Fig. 6 Capacitive performance of two-electrode capacitor with porous
graphene as symmetric electrode and 6.0 mol L™" KOH as aqueous
electrolyte. (a) CV profiles at different scan rates, (b) galvanostatic
charge-discharge curves at different current densities, (c) variation of
specific capacitance and IR drop against current density, and (d) Nyquist
plots of porous graphene materials before and after 1000 cycles.

electrode surface. It is noted that the specific capacitance of
porous graphene reach 303 F g™ at constant current density of 0.5
A g%, which is higher than 255 F g™ of nanomesh graphene®
and outperforms most of graphene electrode with typical
capacitance value of 100-250 F g™ in aqueous electrolyte (Table
§2),14344%51 The areal capacitance normalized by specific surface
area reaches 17.3 pF cm™2, also much higher than 10-15 uF cm™
of nanomesh graphene® and most of other porous carbon
electrode.®?%® Considering the maximum EDLC of ~20 pF cm™
delivered by carbon-based electrodes® and the negligible
contribution of pseudocapacitance from surface oxygen
functionalities, the high areal capacitance of 17.3 uF cm™
demonstrates that over 85% planar surface can be facilely
accessed by the electrolyte. Such a high utilization efficiency is
evidently ascribed to the crumbled graphene sheets with large
number of nanopores, enabling the inaccessible surface of
stacked graphene to be fully utilized for effective charge storage.
To get more reliable capacitive performance, a two-electrode
cell with symmetric porous graphene electrode was configured
with 6.0 mol L™ KOH as aqueous electrolyte. It is seen that even
at very high scan rate of 1.0 V s™, the porous graphene electrode
still remains a rather rectangular CV curve (Fig. 6a). Whereas, an
obviously distorted CV curves were observed at scan rate of 300
mV s for the aggregated graphene oxide reduced by urea.* The
galvanostatic charge-discharge curves at different current
densities shows nearly linear slops with negligible IR drop (Fig.
6b), suggesting a low internal resistance and an ideal capacitive
behavior. The variation of IR drop with the current density was
plotted in Fig. 6¢. An extremely small equivalent series resistance
(ESR) of 0.004 ohm coincides with the negligible IR drop at high
current density, further confirming a very low internal resistance.

From the discharge curves, the specific capacitance at constant
a0 current density of 0.1 A g~ was calculated to be 196 F g~*. Most
importantly, as the discharging current increased 700-fold from
0.1to 70 A g%, the capacitance still preserved a high value of 108
F g* (Fig. 6¢). Such excellent rate capability is indispensable for
practical applications of a high-rate supercapacitor. However,
s given that the potential range applied in a symmetric two
electrode cell is markedly different from that in the three
electrode cell,* this specific capacitance value is smaller than
that measured from three-electrode system. Nevertheless, the
high-rate performance exhibited by the porous graphene is
so closely related to its unique structure that integrating mesopores,
sub-micrometer pores with good electronic conductivity,
promoting a fast electron migration within 2D plane and a rapid
ion transport across the adjacent graphene layers.
To demonstrate the cycling performance of the porous
ss graphene in KOH aqueous electrolyte, we measured its specific
capacitance at a constant current density of 4.0 A g™ and the
results were included in Fig. 7f. It is seen that the porous
graphene electrode remains a stable electrochemical stability and
preserved 96% of its initial specific capacitance after 1000 cycles
s Of galvanostatic charge-discharge. The rectangular CV profiles
with a slight decreased integrated area (Fig. S8) and the slightly
enlarged semicircles as shown in Nyquist plots (Fig. 6d) after
1000 cycling also supports this electrochemical cyclability. The
capability of porous graphene by integrating its high-rate
performance with its superior cycling stability is of great
importance for high-performance supercapacitor.

The capacitive performance of the porous graphene-based
capacitor was also tested in 1.0 mol L™ TEABF,/AN electrolyte.
The high-rate performance can be clearly seen from its
rectangular CV behavior at high scan rate of 300 mV s™ (Fig. 7a).
The symmetric and linear charge-discharge profiles at an
operating voltage of 0-2.5 V reveal a highly reversible
charge/discharge character in a wide voltage window (Fig. 7b).
As compared with the aqueous electrolyte, the capacitor in
organic electrolyte displays a relatively large ESR (0.0152 ohm)
and relatively low capacitance retention (dropped from 140 to 72
F g™ upon increase of current density from 0.1 to 30 A g™%.) (Fig.
7¢). Such discrepancy can be interpreted by the low ion
conductivity of AN (50-60 mS cm™ vs 540 mS cm ™ of aqueous
KOH),™ and the large solvated ion sizes of (CH;CH,),N" (1.3 nm
vs 0.334 nm of solvated K*).%%7

The kinetic ion diffusion within the electrode was
investigated by electrochemical impedance spectroscopy. Fig. 7d
shows the dependence of impedance phase angle on the
frequency of graphene electrode in two different electrolytes. The
solution-based graphene with hydrazine (RGO-N,H,)*® and urea
(RGO-urea)** as reducing agents were also included for
comparison purpose. The relaxation time constant 1, of
supercapacitor, which is defined as the 1/f, at a phase angle of -
o 45< represents the transition between a capacitive behavior at

frequency lower than 1/f; and a resistive behavior at frequency
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Fig. 7 (a) CV profiles at different scan rates, (b) galvanostatic charge-discharge curves at different current densities, (c) capacitance retention of porous
graphene in TEABF,/AN electrolyte. (d) Impedance phase angle versus frequency of different graphene electrodes, (e) Ragone plots, and (f) cycle
performance of porous graphene electrode in both aqueous KOH and TEABF,/AN electrolyte electrolyte at current density of 4.0 and 3.0 A g™,

respectively.

higher than 1/, For the porous graphene electrode, the
characteristic frequencies f, at the phase angle of -45< was
measured to be 2.11 Hz in aqueous KOH and 0.29 Hz in
TEABF,/AN electrolyte, corresponding to a time constants t
(=1/fy) of 473 ms and 3.5 s in aqueous KOH and TEABF,/AN
electrolyte, respectively. In contrast, the phase angle curves of
RGO-N,H,; and RGO-urea in aqueous KOH show obvious shift
toward low frequency range, yielding a larger time constant of
4.2 and 5.1 s, respectively (Fig. 7d). Note these time constant
values are nearly tenfold longer than that of the porous graphene
electrode in aqueous KOH and even longer than that of porous
graphene in TEABF,/AN electrolyte. Given that both RGO-N,H,
and RGO-urea consist of stacked graphene sheets with no ion
channels on the 2D plane, the very short time constant of porous
graphene highlights the significant role of these nanopores in
dramatically promoting the kinetic diffusion of electrolyte in the
interior of electrode.

The high-rate performance of porous graphene electrode was
also manifested in its Ragone plot (Fig. 7e). It is clearly seen that
the energy density does not show dramatic drop with the increase
of the power density in both aqueous and organic electrolyte.
Because the energy density of a supercapacitor strongly depends
on its working voltage, the wide voltage window of TEABF, in
acetonitrile affords the porous graphene-based capacitor a much
high energy density. As shown in Fig. 7e, the porous graphene
electrode delivery an energy of 29.6 Wh kg™ at power density of
250 W kg™, which is in sharp contrast with 6.5 Wh kg™ in

aqueous KOH electrolyte. Even at a high power density of 18.8

kW kg™, the capacitor still delivery an energy of 11.7 Wh kg™,
35 in good agreement with its rectangular CV profile at high scan

rate and good capacitance retention at high changing/discharge

rate. These excellent capacitive characters are closely related to

its rather low ESR which is ascribed to the fast ion diffusion and

rapid charge transfer due to the present of great number of
40 nanopores on the highly conductive graphene sheets.

Fig. 7f shows the cycling performance of the porous graphene
electrode in TEABF,/AN electrolyte at a current density of 3.0 A
g It is seen that the total capacitance displays a slight decrease
with the cycling number. The IR drop of the capacitor was found

a5 to increase from 0.12 to 0.16 V during the 1000 cycles. This
small amplitude change might be related to a loose contact
between the current collector and the active materials during
cycling. Actually, we examined the electrode after cycling
experiment and found that a small portion of carbon powder was

so dropped from the current collector. Such a loose contact between
graphene materials and current collector might be related to a low
binder amount (PTFE, 5 wt%) in the electrode preparation.
Despite the symmetric charge-discharge curves (Fig. S9), only 90%
of its initial specific capacitance was preserved after 1000

s5 continuous cycles. It should be noted that capacitance retention of
90% is much lower than the expected value for an ideal electrical
double-layer capacitor. Nevertheless, the reversible charge-
discharge character of the porous graphene-based supercapacitor
in TEABF,/AN ensures a high energy density for electrochemical

This journal is © The Royal Society of Chemistry [year]
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energy storage device, although underlying factors that affect the
cyclability, including tailoring the surface functionality of
electrode materials and optimizing the electrode fabrication
technique, need to be further clarified.

Conclusions

Highly porous graphene with few-layer thickness and a specific
surface area up to 1754 m? g* has been successfully prepared
through a CVD method with ferrocene as the carbon precursor
and porous MgO as sacrificial template. The good sheets
conductivity offers a fast electron propagation along 2D plane,
while the mesopore and the additional macropore on graphene
sheets provides opened ion pathway for rapid electrolyte transport
perpendicular to adjacent graphene layers, allowing for a high
utilization efficiency of graphene basal plane for charge
accumulation. As a result, a specific capacitance up to 303 F g%,
a high-rate performance and a good electrochemical cyclability
were achieved in both aqueous KOH and TEABF,/AN electrolyte.
These superior capacitive behavior make porous graphene one of
very attractive candidates for emerging applications in biosensor,
nanoelelctronics, solar cells and catalysis.
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