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ABSTRACT We demonstrated the fabrication of functionalized graphene nano-
sheets via low temperature (300 °C) treatment of graphite oxide with a slow heating
rate using Mg(OH), nanosheets as template. Because of its dented sheet with high
surface area, a certain amount of oxygen-containing groups, and low pore volume, the
as-obtained graphene delivers both ultrahigh specific gravimetric and volumetric
capacitances of 456 F g and 470 F am 3, almost 3.7 times and 3.3 times higher than
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hydrazine reduced graphene, respectively. Especially, the obtained volumetric capacitance is the highest value so far reported for carbon materials in aqueous

electrolytes. More importantly, the assembled supercapacitor exhibits an ultrahigh volumetric energy density of 27.2 Wh L™, which is among the highest values for

carbon materials in aqueous electrolytes, as well as excellent cycling stability with 134% of its initial capacitance after 10 000 cydles. Therefore, the present work

holds a great promise for future design and large-scale production of high performance graphene electrodes for portable energy storage devices.
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ecause of their ultralong cycling sta-

bility and high power density, super-

capacitors have received considerable
attention in potential applications such
as portable electronics, electric vehicles,
and so on.' 3 Recently, graphene, with an
extremely high theoretical surface area
(2630 m? g~ ") and a superior theoretical
capacitance of 550 F g~ ', has been consid-
ered as an ideal electrode material for super-
capacitors.*~ However, chemically reduced
graphene oxide produced on a large scale at
low cost often suffers from irreversible sheet-
to-sheet restacking due to the strong inter-
layer van der Waals force, resulting in the
deterioration of its high specific surface area
and subsequent decrease of the specific
capacitance. To fully utilize and further ex-
plore new functions of graphene sheets,
considerable investments have been per-
formed to design out-of-plane space by in-
troducing “spacer” between graphene layers
(such as carbon nanotubes, metal oxides,
metal hydroxides, and conducting polymers)
or by introducing more crumples/pores on
the sheets,”'° which would significantly
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improve electrolyte accessible surface area
of graphene, resulting in enhanced electro-
chemical performance.

Thermal exfoliation of graphene oxide is
conceived to be an environmentally friendly
synthesis method in which no hazardous
reductant is used compared with chemical
reduction method. This process requires
a rapid heating of graphite oxide (GO) at
high temperatures up to 800 °C or a low
temperature in a high vacuum environment
to promote the expansion of graphene
sheets."' ' On the contrary, the slow heat-
ing rate usually causes the serious restack-
ing of graphene sheets no matter at low or
high temperatures, resulting in the dense
structures with low specific surface area,
which is disadvantageous for energy sto-
rage in practical applications.

Recently, tremendous achievements have
been made in improving the gravimetric
capacitances of graphene-based supercapa-
citors through different approaches.” %'
However, the volumetric performances are
mostly ignored regrettably. Because gra-
phene with high surface area has a large
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Figure 1. Schematic illustration of the fabrication of FGN-300.

pore volume and low particle density, its volumetric
capacitance is often rather low, which is unfavorable
for the practical applications in the future. Therefore,
electrode materials with both high gravimetric and
volumetric capacitances are urgently required for future
application in portable energy storage devices where
space is relatively limited. Nowadays, many efforts have
been performed to fabricate the high volumetric density
graphene, MXene, and other materials.’®~'°

Here, we developed a novel strategy to synthesize
rationally functionalized graphene sheets (FGN-300)
via low temperature (300 °C) thermal reduction of GO
with a slow heating rate under the assistance of Mg-
(OH), template, as shown in Figure 1. First, Mg(OH),
nanosheets are introduced in-between GO sheets to
prevent the graphene sheets from restacking/agglom-
eration as “spacers” during the heat-treatment of GO,
ensuring high surface area for graphene sheets. Sec-
ond, Mg(OH), nanosheets as template were impressed
on GO to form footprint-like structure after their re-
moval. Third, there are large amounts of stable oxygen-
containing groups remaining on graphene sheet due
to low temperature treatment of GO, providing more
pseudocapacitance. Finally, itis very hard to expand for
the graphene sheets due to the slow heating rate,
resulting in low pore volume and high powder density.
Consequently, it exhibits both ultrahigh specific gravi-
metric and volumetric capacitances of 456 F g~ ' and
470 F cm™3, almost 3.7 times and 3.3 times higher than
hydrazine reduced graphene oxide (RGO), respectively.
More importantly, FGN-300 symmetric supercapacitor
delivers an ultrahigh volumetric energy density of
27.2Wh L™ "in an aqueous electrolyte, higher than most
reported values for carbon based supercapacitors.

RESULTS AND DISCUSSION

In this work, GO was synthesized by the modified
Hummers method from natural graphite (Qingdao
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Graphite Company).” GO exhibits a typical flat and
smooth flake-like morphology with the lateral size
ranging from several tens of nanometers to a few micro-
meters and the thickness of ~1 nm (Figure S1, Support-
ing Information). In a typical synthesis of FGN-300, the
as-prepared Mg(OH), (2 g) was dispersed in 200 mL
of distilled water, and the GO dispersion (100 mg,
0.5 mg mL™") was added dropwise into the above solution
after ultrasonication for 1 h. GO suspension with a con-
centration of 0.5 mg mL™" is rather stable (Figure 2a-1)
with a high zeta potential (—30 mV) coming from the
presence of numerous oxygen containing functional
groups.?® Similarly, Mg(OH), nanosheets with a positive
zeta potential possess the size of 80— 100 nm (Figure S2a,b,
Supporting Information), and once it is mixed with GO
together, flocculent precipitate is generated immediately
because of the electrostatic attraction (Figure 2a-2). After
thermal treatment, FGN-300 exhibits a much larger
volume than the sample without Mg(OH), template
(named TRG) with the same weight (Figure 2b), suggest-
ing that the Mg(OH), nanosheets effectively prevent
the restacking/agglomeration of graphene sheets as
“spacers”. Scanning electron microscopy (SEM) image
of TRG shows a dense and compact layered structure
(Figure 2c). When Mg(OH), template is introduced into
the system, Mg(OH), nanosheets can be successfully
absorbed on the surface of GO sheets (Figure 2d).
After thermal treatment at 300 °C for 2 h, the FGN-300
exhibits a distinctly crumpled morphology (Figure 2e),
also demonstrating the important role of Mg(OH),
as “spacers” in preventing the restacking of graphene
sheets. Moreover, a highly dented surface is also con-
firmed by transmission electron microscopy (TEM) ob-
servation (Figure 2f). High-magnification TEM image
(Figure 29g) further demonstrates that there are numer-
ous “footprints” on the surface of sheets due to the
presence of Mg(OH), as template. These concave re-
gions can serve as ion-buffering reservoirs, which can
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Figure 2. Digital photos of (a) GO, Mg(OH), suspension, the mixture of GO and Mg(OH), and (b) the powder of TRG and
FGN-300. (c) SEM image of TRG. (d) TEM image of Mg(OH),/GO mixture. SEM (e) and TEM (f,g) of the FGN-300 (inset: SAED of

FGN-300).

provide a short diffusion distance and facilitate the rapid
transport of electrolyte ions to the interior of graphene
layers. Moreover, selected area electron diffraction (SAED)
exhibits a bright diffraction ring assigned to the (100)
reflection plane of graphene (inset of Figure 2g), indicating
that the conjugated structure of graphitic domains in GO is
partially recovered after thermal treatment.'*

The powder X-ray diffraction (XRD) was further used
to analyze the bulk structure of the samples. There is a
sharp (001) diffraction peak around 26 = 10° for GO
(Figure 3a). After the thermal treatment of GO, a new
sharp peak (002) centered at 24° appears for TRG,
whereas the broader and weaker (002) peak for FGN-
300 reveals a highly disordered restacking of sheets, dem-
onstrating a loose structure. N, adsorption—desorption
isotherm of FGN-300 exhibits type IV with a distinct
hysteresis loop of type H3 at a relative pressure p/po
ranging from 0.5 to 1.0 (Figure 3b), indicating the existence
of mesopores (Figure S3a, Supporting Information). Be-
cause of its dense structure, TRG has an extremely low
Brunauer—Emmett—Teller specific surface area (BET,
SSA) of 19 m? g™, indicating that almost no exfoliation
occurred during the thermal treatment process, while
the BET SSA of FGN-300 is significantly increased
to 285 m? g~ ' (pore volume: 047 cm® g~') because
of the introduction of Mg(OH), effectively preventing
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the restacking/agglomeration of graphene sheets as
“spacers”. Additionally, Raman analysis exhibits that /p/
I ratio of FGN-300 is 1.52 (Figure 3c), indicating that
there are a large amount of defects remaining on sheets,
which may be attributed to the decrease in the average
size of the sp? graphene domains and the loss of carbon
atoms by the decomposition of oxygen-containing
functional groups.?"*? The thermal stability of FGN-300
and GO were measured using thermogravimetric anal-
ysis (TGA, Figure 3d). As for GO, a small weight loss (10%)
around 100 °Cis related to the elimination of adsorbed
water. After that, there is 40% weight loss at around 300 °C
corresponding to the pyrolysis of the labile oxygen-
containing functional groups, especially the decomposi-
tion of hydroxyl and lactone groups. However, only 7.2%
weight loss occurred for FGN-300 sample at around
700 °C, demonstrating that the remaining oxygen-
containing functionalities are stable.

To investigate the effect of the treatment tempera-
ture on the content of oxygen-containing functional-
ities, we also performed a series of experiments for
comparison. Fourier transform infrared (FT-IR) and
X-ray photoemission spectroscopy (XPS) were used
to characterize the chemical structure and composi-
tion of the samples (Figure 4). The intense absorption
bands centered at 1643 and 1380 cm ™" are related to
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Figure 3. (a) XRD patterns of GO, TRG, and FGN-300 samples. (b) N, adsorption isotherms of TRG and FGN-300. (c) Raman

spectrum of FGN-300. (d) TGA profile of GO and FGN-300.

the stretching vibration of C=0 and C—0O in COOH
groups, respectively, and the bands centered at 1320
and 1110 cm™" are assigned to the C—OH stretching
vibration, C—O stretching vibration in C—O—C, respec-
tively (Figure 4a).2>?* After the thermal treatment of
GO, the intensity of these peaks for the oxygen-
containing functionalities is obviously weakened, demon-
strating the partial reduction of GO. The quantitative
characterizations of the remaining oxygen-containing
functionalities were performed using XPS analysis. The
C 1s spectra of the samples are shown in Figure 4b—d,
and the five different peaks centered at 284.5, 285.6,
286.7, 287.9, and 290.3 eV can be attributed to the
sp? C, sp® C, C—0, (=0, and O=C—O group,
respectively.”® Notably, the percentage of sp? carbon
increases remarkably from 37.27 to 53.53% after the
thermal treatment of GO at 300 °C (Table S1, Support-
ing Information), indicating that the conjugated gra-
phene networks are restored after heat treatment.
Furthermore, the percentage of C—O and O=C—O
for FGN-300 still remains 6.85 and 12.99%, respectively,
indicating large amounts of oxygen-containing func-
tional groups remained on graphene sheets. Signifi-
cantly, the atom ratio of O/C decreases from 0.20 to
0.06 with the increase of the temperature from
300 to 800 °C, meaning that the oxygen-containing
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functionalities can be efficiently removed after high
temperature treatment of GO. This can be also
confirmed by the improved electrical conductivity for
FGN-800 (46 S m~") compared to FGN-300 (29 Sm™")
and FGN-650 (17 Sm™"). More interestingly, apart from
oxygen-containing functionalities, there is no obvious
change of bulk volume and SSA for FGN-300 (285 m?g ™ "),
FGN-650 (308 m? g~ '), and FGN-800 (319 m? g ")
samples (Figure S3a,b, Supporting Information), mean-
ing that the use of Mg(OH), template and low thermal
temperature can ensure the as-prepared sample with
both a high SSA and a certain amount of stable oxygen-
containing functionalities. In addition, the O/C ratio of
FGN-300 is higher than those of thermal exfoliated
graphene sheet (TEGS, 0.15) and RGO (0.16), as shown
in Figure S4 and Table S1 (Supporting Information).
As expected, FGN-300 has a crumpled structure with
a high surface area and large amounts of stable oxygen-
containing functionalities, which would be beneficial for
high performance supercapacitors. The electrochemical
performances of the FGN-300, FGN-650, and FGN-800
electrodes were first investigated by cyclic voltammetry
(CV, Figure 5). Obviously, the FGN-800 electrode has a
nearly rectangle shape, meaning that its capacitance
mainly comes from electrical double layer capacitance
(EDLC). As for the FGN-300 electrode, its capacitance
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Figure 4. (a) FT-IR of GO, FGN-300, FGN-650, and FGN-800. (b—d) C 1s XPS profiles of FGN-300, FGN-650, and FGN-800.

comes from both EDLC and pseudocapacitance together
according to the CV curve observation. Moreover, the CV
curve of FGN-300 electrode exhibits the largest integral
area, revealing that the highest capacitance among all
the electrodes is mainly from the pseudocapacitance. It
is worth noting that the pseudocapacitance comes from
the reversible redox reactions among the hydroxyl,
carbonyl, carboxyl, and lactone groups, and the related
redox reactions can be expressed as follows:*®

>C-OH=>C=0+H"+e" )]
—COOH = —COO+H" +e~ (2)
>C=0+e =>C-0" 3)

With the decrease of thermal treatment tempera-
ture, the amount of oxygen-containing functionalities
increases, which can not only enhance the surface
wettability and accessible electroactive surface area,
but also provide high pseudocapacitance.

Instead of a typical rectangular shape, a well remark-
able region of reversible pseudofaradaic reactions is
observed at ca. —0.7 V for the CV curves of FGN-300
electrode at different scan rates (Figure 6a). Moreover,
the obvious oxidation—reduction peaks and nonlinear
characteristics of the charge/discharge curves of FGN-
300 (Figure 6b) exhibit both EDLC and pseudocapaci-
tive performance. Figure 6c¢ presents the correlation of
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the gravimetric capacitances with the current densities
for FGN-300, FGN-650, FGN-800, thermal exfoliated
graphene sheet (TEGS), and RGO. FGN-300 exhibits the
highest capacitance of 456 F g~ ' at a current density
of 0.5 A g, much higher than RGO (181 F g '), TEGS
(230 F g°"),"® FGN-650 (163 F g~ "), and FGN-800
(145 F g™ ). As the content of oxygen containing func-
tionalities for FGN-800 sample is rather low, we believe
the capacitance of the FGN-800 electrode mainly comes
from the EDLC. Therefore, through deducting it from the
total capacitance, the additional pseudocapacitance from
oxygen-containing functionalities for FGN-300 is about
311 F g~ (Figure S5, Supporting Information). Although
the interfacial charge transfer resistance of FGN-300
electrode is not as small as those of FGN-650 and FGN-
800 electrodes, the value of resistance between electrode
material and electrolyte for FGN-300 is rather lower than
others, indicating greatly improved surface wettability
(Figure S6, Supporting Information). The high specific
capacitance of the FGN-300 electrode can be attributed
to the greatly improved surface area with more wrin-
kles on graphene sheets and considerable oxygen-
containing functionalities, guaranteeing the contribu-
tion of EDLC and pseudocapacitance to the total
capacitive performance. Notably, the capacitance
obtained for FGN-300 is also highly comparable
to and even much higher than previous reports on
graphene?® and oxygen-containing functionalized
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Figure 6. (a) CV curves of FGN-300 electrode at the scan rates from 20 to 500 mV s ' (b) Charge/discharge curves of FGN-300
electrode at different current densities in the potential range of —1 and 0 V and (c) gravimetric capacitance of FGN-300, FGN-
650, FGN-800, TEGS,'? and RGO?® electrodes at the current densities from 0.5 to 20 A g . (d) Comparison of the volumetric
and gravimetric capacitances of FGN-300 electrode with other carbon electrodes in aqueous electrolytes at various particle

densities.

graphenes.?’~?° Since volumetric performance is also
an important parameter measuring the performances
of energy storage devices in practical applications,>*>'
we have also calculated the volumetric capacitance of the

obtained materials according to the following equation:
G = CgP (4)

where C, is the volumetric capacitance, Cg is the gravi-
metric capacitance and p is the particle density.3%

YAN ET AL.

According to the obtained density of 1.03 g cm™3,

FGN-300 has an ultrahigh volumetric capacitance up to
470 F cm 3, almost 3.3 times higher than RGO, to the
best of our knowledge, which is the highest value so far
reported for carbon materials in aqueous electrolytes
(Figure 6d, Table 52, Supporting Information).'%1834-37

In order to further demonstrate the superior electro-
chemical performance of the FGN-300 electrode, we
assembled symmetric supercapacitors using FGN-300
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Figure 7. (a) CV curves of FGN-300//FGN-300 symmetric supercapacitor measured in different voltage windows at 50 mV s
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(b) Ragone plot of FGN-300 and other carbon-based symmetric supercapacitors. (c) Comparison of the volumetric and
gravimetric energy densities of different assembled symmetric supercapacitors using carbon electrode materials in aqueous
electrolytes. (d) Cycling stability of the symmetric supercapacitor after 10000 cycles at 200 mV s~ '. The inset shows the CV

curves with the selected cycles.

electrodes in 1 mol L' Na,SO, aqueous electrolyte.
Figure 7a exhibits the CV curves of FGN-300//FGN-300
symmetric supercapacitor operated in different vol-
tage windows at 50 mV s '. There is no obvious
increase of anodic current even at 1.8 V, meaning that
the electrolyte is stable. Moreover, CV curves of the
symmetric supercapacitor at different scan rates of 20,
50, 100, 200, and 500 mV s~ are shown in Figure S7a
(Supporting Information). All the CV curves display
rectangular-like shape, indicating an ideal capacitive
behavior. More interestingly, there is no obvious dis-
tortion even at very high scan rate of 500 mV s,
suggesting a fast charge/discharge stability and excellent
rate capability. The capacitance performance of the
symmetric supercapacitor was also calculated and shown
in Figure S7b (Supporting Information). The capacitance
is 586 F g 'at2mVs 'in 1 M NaySO, electrolyte. It is
well-known that energy density (E) and power density (P)
are two vital factors to characterize the electrochemical
performance of the supercapacitor devices. Therefore, E
and P have been calculated from the CV curves at various
scan rates according the following equations:

E = 0.5CV? (5)

P =E/t (6)

where C (F g") is the capacitance of the sym-
metric supercapacitor and t is the discharge time (s).
The Ragon plot of the symmetric supercapacitor is

YAN ET AL.

shown in Figure 7b. The FGN-300//FGN-300 symmetric
supercapacitor exhibits an energy density of 26.4 Wh
kg™, higher than previous reported carbon-based sym-
metric supercapacitors in aqueous electrolytes,'83338 48
Even at a power density of 16.6 kW kg™ ', the cell also
delivers a high energy density of 6.9 Wh kg™".

Figure 7c shows the comparison of the volumetric
and gravimetric energy densities of different assembled
symmetric supercapacitors using carbon electrode mate-
rials in aqueous electrolytes. More interestingly, the
FGN-300//FGN-300 symmetric supercapacitor also exhi-
bits an ultrahigh volumetric energy density of 272 Wh L™,
which is among the highest values for carbon materials
reported in aqueous electrolytes,'8264041444950 The
electrochemical stability of the symmetric supercapaci-
tor was also measured by repeating CV tests for 10000
cycles at 200 mV s~ as shown in Figure 7d. It is worth
noting that the capacitance is increased to 162% after
600 cycles, which may be attributed to the increased
available active sites during the cycling process. The
decrease after 1000 cycles is mainly probably by the
decomposition of the unstable functionalities.! More
importantly, there is still 134% capacitance retention
after 10000 cycles, demonstrating reversible redox
reactions and rather stable oxygen-containing function-
alities. Moreover, we have also tested the cycling per-
formance at 20 mV s~ ' for 5000 cycles (Figure S8,
Supporting Information); the capacitance retention ratio
exhibits the same tendency as the one measured at
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200 mV s~'. After the cycling test, the sample still
remains its original morphology (Figure S9, Supporting
Information), meaning a stable structure for FGN-300.
The superior electrochemical performances of the FGN-
300 electrode can be ascribed to its unique morphology,
high surface area, and surface chemistry. First, Mg(OH),
template can efficiently inhibit the restacking of gra-
phene sheets as “spacers” during the thermal-treatment
process, resulting in high surface area and low pore
volume. Second, there are numerous “footprints” re-
maining on the surface of sheets after the removal of the
template, which can act as ion-buffering reservoirs that
greatly facilitate the fast transportation of electrolyte
ions to the surface of internal surface during the charge/
discharge process. Finally, a large amount of oxygen-
containing functionalities remaining on graphene
sheets can not only improve the surface wettability of
the electrode in electrolyte, but also provide an addi-
tional pseudocapacitance, resulting in greatly enhanced
capacitance performance. More importantly, FGN-300
has high gravimetric capacitance and low pore volume,
resulting in both competitive volumetric capacitance
and energy density. Therefore, such kind of material
with outstanding electrochemical performances, as

EXPERIMENTAL SECTION

Synthesis of G0. GO was synthesized by the modified Hum-
mers method from natural graphite (Qingdao Graphite
Company).9 Briefly, natural graphite powder (5 g), K;S,0g
(2.5 g), and of P,0Os (2.5 g) were stirred in 15 mL of H,SO, at
80 °C for 45 h and washed several times and dried in air
overnight. Then KMnQO, (15 g) was slowly added to the graphite
powder solution with 115 mL of H,SO,4 at 0 °C. After vigorous
stirring at 36 °C for 2 h, 230 mL of distilled water was added at
0 °C, and the solution was stirred at 36 °C for additional 2 h. The
oxidation step was completed by the addition of 700 mL of
distilled water and 12.5 mL of H,0, solution (35%). The GO
solution (brown color) was washed and filtrated with 1000 mL of
HCl (10%). Finally, the GO was dispersed in distilled water
(10 mg mL™") and dialyzed for 2 weeks.

Synthesis of Mg(OH), Template. The purchased MgO powder
(4 g) was added into 500 mL of distilled water and followed by
ultrasonication for 1 h. Then the dispersion was placed into a
reflux apparatus and boiled for 24 h. After centrifugation and
freeze-drying, Mg(OH), was obtained.

Synthesis of FGN-300. The as-prepared Mg(OH), (2 g) was
dispersed in 200 mL of distilled water, and the GO dispersion
was dropped into the above solution after ultrasonication for
1 h. After the mixture was stirred for 5 h, the mixture was filtrated
and placed in a freeze drier. Then the powder was sealed in a quartz
tube and heated at 300 °C for 2 h in a nitrogen atmosphere with a
heating rate of 3 °C min~". The FGN-300 was obtained after
hydrochloric acid treatment. FGN-650 and FGN-800 were also
obtained using the same method and treated at 650 and 800 °C,
respectively. In addition, TRG was also prepared without the use of
Mg(OH), template for comparison.

Material Characterization. The microstructure and morphology
were characterized by SEM (Hitachi S-4800) and TEM (JEOL
JEM2010). XRD measurement was conducted with Cu Ka
radiation (A = 0.15406 nm) to determine the crystallographic
structures of the materials. The N, adsorption—desorption
isotherms of the samples were performed at 77 K using NOVA
2000 (Quantachrome, USA), and the specific surface area was

YAN ET AL.

well as green and facile fabrication, should have sig-
nificant importance for both academic and industry
communities.

CONCLUSIONS

In summary, we have demonstrated a template-
assisted strategy for the synthesis of functionalized gra-
phene via low temperature (300 °C) treatment of GO with
a slow heating rate. This strategy not only enables
graphene to form a dented structure without serious
aggregation, but also allows the preservation of the
stable oxygen-containing functionalities. Because of
its highly accessible surface area and stable oxygen-
containing functionalities, the obtained functionalized
graphene exhibits an excellent volumetric capacitive
performance as high as 470 F cm 3, which is the highest
volumetric capacitance so far reported for carbon materi-
alsin aqueous electrolytes, as well as superior cycle stability
and ultrahigh volumetric energy density (27.2 Wh L™").
Therefore, this novel route is simple and effective for
large-scale production of graphene material that it is
expected to greatly promote the development of high
volumetric performance supercapacitors where space
is limited.

calculated from the BET plot of the N, adsorption isotherm.
Thermogravimetric analysis was conducted on a PerkinElmer
Diamond thermal analyzer. Raman spectra were recorded to
analyze the defective nature of the materials with a Jobin-Yvon
HR800 Raman spectrometer with 457.9 nm wavelength incident
laser light. Infrared spectra were recorded to reflect the initial
changes in the surface chemical bonding as well as the covalent
grafting behavior of the hybrids on a VERTEX 70 FT-IR spectrometer
(Bruker) in the frequency range 4000—500 cm™', and an XPS
system (ESCALab MKII) was used to determine the surface char-
acteristics of materials. The electrical conductivity of the samples
was measured by a two-probe method. Atomic force microscopy
(AFM) image was obtained on a Digital Instrument Nanoscope
A AFM.

Electrochemical Measurements. The electrochemical perfor-
mances were first carried out on CHI 660C electrochemical
station using a three-electrode system, which Hg/HgO, Pt foil,
and the as-prepared materials were used as the reference,
counter, and working electrodes, respectively. And two-elec-
trode system was also employed to further investigate the
performance of the electrodes. The working electrode was
composed of 75 wt % of the prepared material, 20 wt % of
carbon black, and 5 wt % of polytetrafluoroethylene (PTFE)
binder, which were mixed together in ethanol and pressed onto
nickel foam current collector. The typical mass loading on one
electrode was between 2.9 and 3.1 mg cm ™2 CV and galvano-
static charge—discharge measurements were conducted in the
potential range of —1to 0 Vin 6 mol L™' KOH aqueous solution,
and the specific capacitances were calculated from the dis-
charge curves at various current densities. The capacitances of
the symmetric supercapacitors were calculated according the CV
curves at different scan rates based on the following equation:

C= / 1dv /muV @)

where /is the response current density, V is the potential, v is the
potential scan rate, and m is the weight the electroactive material
in the electrode.
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