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A facile and effective method for the synthesis of redox-crosslinked graphene networks is reported. This
method involves the polyphosphoric acid-catalyzed cyclization reaction between the carboxylic groups
on graphene oxide and the hydroxyl, amino groups on 4,6-diaminoresorcinol hydrochloride, as well as a
subsequent reduction process. The obtained benzobisoxazole-crosslinked graphene networks (BBO-
GNs) show a high BET surface area of 357 m? g~ in comparison with the reduced graphene oxide (rGO)
(117 m? g%, due to the presence of benzobisoxazole groups that prevent the irreversible restacking or
agglomeration of graphene sheets during the reduction. Another immediate and more practically
meaningful benefit of introducing benzobisoxazole groups is that such functional groups could
effectively provide an extra contributing channel to the specific capacity by pseudocapacitance. As a
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1. Introduction

With the rapid depletion of finite fossil fuels and global pollu-
tion caused by their consumption, the increase of environ-
mental awareness in modern society requires the development
of clean, green and renewable energy sources that can substi-
tute traditional fossil fuels for a sustainable world.* Therefore,
novel energy conversion and storage technologies of high
performance are needed to satisfy the increasing demand for
energy.” In this regard, lithium-ion batteries (LIBs) and super-
capacitors have attracted a great deal of attention due to their
high energy storage capability.>* As hybrid power sources for
electrical vehicles, supercapacitors are more promising than
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clearly demonstrated in the supercapacitor with the electrodes of BBO-GNs.

LIBs owing to their high power density, fast charging/dis-
charging rates and wide operating temperature range, as well as
excellent safety.” Based on the charge storage mechanism,
supercapacitors are mainly classified into electrochemical
double layer capacitors (EDLCs) and pseudocapacitors.®’
EDLCs store energy by accumulated charge at the electrode/
electrolyte interface through a non-faradic process, whereas
pseudocapacitors store energy somehow like LIBs by reversible
faradic redox reactions at or near the electrode surface. It is
generally believed that pseudocapacitors can exhibit about 10-
100 times higher specific capacitance than EDLCs.* However,
pseudocapacitors usually suffer from unsatisfactory cycling
stability and rate performance since the conductivity of elec-
trode materials (redox-active polymers or transition metal
oxides) cannot support fast electron transport at high rates,
which seriously hindered their practical applications.® In
contrast to pseudocapacitors, EDLCs can exhibit longer cycling
stability and higher power density.

Current commercial EDLCs rely on the use of carbon-based
electrode materials owing to their high surface areas for ion
adsorption, high conductivity, low cost and relative ease of
preparation.'® Graphene, a one-atom-thick sheet of sp>-bonded
carbon atoms arranged in a honeycomb lattice, has been
intensively studied as the electrode material for supercapacitors
since its first preparation in 2004, because of its fascinating
structure and excellent physical properties together with the
natural abundance of its precursor, graphite.'*> The specific
capacitance of graphene can reach 550 F g~ if the theoretical
specific surface area (2630 m”> g~') could be fully utilized for
EDLCs.”® Nevertheless, direct synthesis of high-quality

This journal is © The Royal Society of Chemistry 2014
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graphene for supercapacitors suffers from high cost that
significantly limits its large scale application.** On the other
hand, chemical oxidation and exfoliation of graphite into gra-
phene oxide (GO), followed by reduction, allow the mass
production of graphene at low cost. However, graphene sheets
tend to form irreversible agglomerates or even restack to
graphite through strong m-m stacking and van der Waals
interaction during the reduction, resulting in severe loss of the
surface area for supercapacitor applications."'® In our previous
study, we synthesized heterocyclic grafted graphene, which
showed good electrochemical performance as the electrode
material for supercapacitors owing to the effectiveness of
functionalization in preventing the restacking of graphene
sheets.”” Besides this, the introduction of redox-active func-
tional groups into graphene has also been regarded as an
effective strategy to further improve the electrochemical
capacitance of graphene by providing additional redox capaci-
tance." Therefore, supercapacitors of high performance require
that the electrode materials possess not only high surface area
for electric double-layer capacitance but also combine with
redox-active species for pseudocapacitance.

Herein, we report a facile and effective method for the
synthesis of benzobisoxazole-crosslinked graphene networks
(BBO-GN ) through a polyphosphoric acid-catalyzed cyclization
reaction between the carboxylic groups on GO and the hydroxyl
and amino groups on 4,6-diaminoresorcinol hydrochloride
(DAR-2HCI) followed by a reduction process. Benefiting from
the introduced benzobisoxazole groups, restacking of the gra-
phene sheets during the reduction process is effectively pre-
vented. Thus, the BBO-GNs exhibit enhanced electrochemical
capacitance compared with that of rGO. This is attributed to the
synergistic effect of the high surface area of BBO-GNs that leads
to large charge storage and the redox-active benzobisoxazole
groups that provide additional pseudocapacitance from fast
and reversible faradic reactions.

2. Experimental section
2.1 Materials

All chemicals were purchased from Sigma-Aldrich and used
without further purification.

2.2 Synthesis of graphite oxide

Graphite oxide was synthesized from graphite according to a
modified Hummers' method. The details are described in the
literature.*

2.3 Synthesis of BBO-GNs

The synthesis of BBO-GNs is schematically shown in Scheme
1.%° Briefly, 200 mg graphite oxide was dispersed in 100 mL
deionized water by sonication for 50 min, followed by 10 min
centrifugation at 1000 rpm to remove the unexfoliated particles.
Then, 159.8 mg DAR-2HCI was added, and the mixture was
sonicated for another 5 min. After that, 1.25 mL polyphosphoric
acid (PPA) was dropwise added under vigorous stirring. The
solution was refluxed at 80 °C in the dark for 24 h, and purified
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Scheme 1 Synthetic procedure for BBO-GNs.

by filtration and washing (1 :2 HCI and then water, 4 times
each). The as-obtained product was redispersed into 100 mL
deionized water by sonication, and then 1.4 mL hydrazine
hydrate was added and refluxed at 80 °C for 24 h. Finally, the
product was filtered and washed with deionized water several
times, and then dried under vacuum conditions.

2.4 Synthesis of rGO

rGO was synthesized via chemical reduction of exfoliated GO by
hydrazine. Typically, 100 mL GO solution (2 mg mL™"') was
prepared by ultrasonic exfoliation of graphite oxide in deion-
ized water and centrifuged at 1000 rpm for 10 min to remove the
unexfoliated particles. Then, 1.4 mL hydrazine hydrate was
added and the mixture was kept at 80 °C for 24 h. The product
was collected by filtration, washed with deionized water several
times, and dried under vacuum conditions.

2.5 Characterization

Fourier-transform infrared spectra (FT-IR) were recorded using
the KBr-pellet method in transmission mode on a NEXUS 670
FT-IR spectrometer. X-ray photoelectron spectroscopy (XPS)
analysis was performed on an ESCALAB MK II X-ray photo-
electron spectrometer using an Al Ko (1486.6 eV) X-ray source.
Field-emission scanning electron microscopy (FESEM) analysis
was conducted with a JEOL JSM-6700F electron microscope with
an accelerating voltage of 10 kV. Transmission electron
microscopy (TEM) measurements were conducted on a JEOL
JEM-2010 transmission electron microscope with an acceler-
ating voltage of 200 kV. Raman spectra were collected using a
WITEC CRM200 Raman system with a 532 nm excitation laser.
The surface area was measured by nitrogen adsorption-
desorption isotherms using the Brunauer-Emmett-Teller (BET)
method on a Micromeritics ASAP 2020. Thermogravimetric
analysis (TGA) was conducted using a Shimadzu DTG-60H at a
heating rate of 5 °C min~" from room temperature to 800 °C
under nitrogen flow.

2.6 Electrochemical measurements

The electrochemical measurements were performed on a CHI
760D electrochemical workstation using a three-electrode cell
system in a 1 mol L™ H,S0, aqueous electrolyte. The working
electrodes were prepared by mixing the active materials (80
wt%), acetylene black (10 wt%) and polyvinylidene fluoride
(PVDF, 10 wt%) in N-methyl-2-pyrrolidone (NMP). After that, the
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mixture was coated onto the graphite paper (1 cm x 2 cm) as the
working electrode, which was then dried in a vacuum at 100 °C
for 12 h to remove the solvent.”* Platinum foil (1 cm x 1 cm) and
a saturated calomel electrode (SCE) were used as the counter
and reference electrodes, respectively. The potential window for
electrochemical measurements was confined between —0.3 and
0.7 V. Electrochemical impedance spectroscopy (EIS) measure-
ments were carried out in the frequency range from 100 kHz to
0.1 Hz at 5 mV amplitude. The specific capacitances were
calculated using the equation C = Q/2mV from the CV curves,
where Q is half the integrated area of the cyclic voltammetry
(CV) curve, m is the mass of the active material, and V is the
width of the potential window. While the specific capacitances
derived from galvanostatic discharge curves were calculated
based on the following equation: C = IAt/mAV, where I is the
discharge current, At is the discharge time, m is the mass of the
active material, and AV represents the potential window.

3. Results and discussion
3.1 Materials characterization

The successful functionalization of graphene with benzobisox-
azole groups was confirmed by FT-IR spectra and XPS
measurements. Fig. 1A shows the FT-IR spectra of the samples.
In the FT-IR spectrum of GO, the characteristic peaks at ~1727,
~1225 and 1053 cm ™" are attributed to the C=0 stretching, C-
OH stretching and C-O stretching modes, respectively.*** The
peak at ~1630 cm ™' is assigned to the O-H deformation mode
of the adsorbed water molecules.> As expected, the peaks
belonging to the oxygen-containing functional groups either
disappeared or their intensities significantly decreased in the
FT-IR spectra of rGO and BBO-GNs, which suggests the reduc-
tion of GO. While for BBO-GNs, additional peaks at ~1561 and
1438 cm ™ were observed corresponding to the stretching mode
of C=N and C-N, respectively, indicating that graphene has

>
w
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been functionalized with benzobisoxazole groups.***® The C 1s
XPS spectrum of GO (Fig. S1A}) suggests the presence of four
components: C-C (284.6 eV), C-O (286.7 eV), C=0 (288.0 eV),
and O-C=0 (289.1 eV). Obviously, the peak intensities of the
oxygen-containing functional groups are dramatically
decreased in the spectra of rGO and BBO-GNs (Fig. S1B and Ct),
which further confirms the reduction of GO. Moreover, the
appearance of the C-N peak at 285.6 eV in the C 1s XPS spec-
trum of BBO-GNs indicates the introduction of N functionalities
into graphene sheets. High-resolution N 1s XPS spectrum
(Fig. 1B) analysis of BBO-GNs shows a single peak at 399.5 eV,
corresponding to the pyridine-like N. The above results clearly
indicate that benzobisoxazole groups have been successfully
introduced into the graphene sheets.

Raman spectroscopy was also used to investigate the struc-
tural changes of the materials after the functionalization and
reduction. As shown in Fig. 1C, the Raman spectrum of GO
shows two remarkable peaks centered at 1354 and 1600 cm ™",
corresponding to the breathing mode of the k-point phonons of
A,g symmetry (D band) and in-plane vibrations of sp*bonded
carbon atoms (G band), respectively.”” The G band of rGO is
blue-shifted to 1588 cm ™" due to the removal of the oxygen-
containing functional groups. It is noted that the frequencies of
the D and G bands in the BBO-GNs are very similar to that
observed in GO, which implies that the skeleton structure of
graphene sheets has been maintained in BBO-GNs.?® Generally,
the Ip/lg ratio is used to measure the degree of disorder and
impurities in graphene-based materials.* In comparison to GO,
the increased Ip/I; ratio of BBO-GNs could be due to the func-
tionalization induced defects and disordered crystal structure
of the graphene sheets.* rGO exhibits a higher I/I; value (1.09)
compared to those of GO (0.99) and BBO-GNs (1.03), which
might result from the formation of numerous small sp”
domains in graphene sheets after reduction.** Moreover, the
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Fig. 1 (A) FT-IR spectra of GO, rGO and BBO-GNs. (B) N 1s XPS spectra of BBO-GNs. (C) Raman spectra of GO, rGO and BBO-GNs. FESEM

images of rGO (D) and BBO-GNs (E). (F) TEM image of BBO-GNs.
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Raman bands of oxazole heterocycles are not observed in the
Raman spectrum of BBO-GNs due to their relatively low content
(~20%) as shown in the TGA results (Fig. S27).**

The morphologies of rGO and BBO-GNs were characterized
by FESEM and TEM as shown in Fig. 1D-F. rGO shows a stacked
graphite-like structure (Fig. 1D) arising from the face-to-face
aggregation of the graphene sheets during the reduction
process, whereas BBO-GNs exhibit a scaly-like structure (Fig. 1E)
due to the chemical cross-linking of graphene sheets by the
benzobisoxazole groups. Moreover, the TEM image (Fig. 1F)
reveals that the layer-like structure with intrinsic wrinkle
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folding feature was observed in BBO-GNs, indicating that the
introduced benzobisoxazole groups can prevent the restacking
of the graphene sheets to some extent.***

To further examine the porous structure of the samples,
nitrogen adsorption-desorption isotherms and the corre-
sponding Barrett-Joyner-Halenda (BJH) pore size distributions
were measured (Fig. 2 and S37). Both rGO and BBO-GNs exhibit
the isotherms close to type IV, which belongs to the mesoporous
structures.** The BET surface area of rGO (117 m> g~ ) is much
smaller than the theoretical specific surface area of graphene
(2630 m” g~ ') due to the severe restacking of graphene sheets
during reduction.*® However, the BET surface area of BBO-GNs
could reach as high as 357 m* g, three times that of rGO, once
again demonstrating that the introduced benzobisoxazole
groups can prevent the restacking of graphene sheets.*
Although this value is not as high as those of the previous
reports, BBO-GNGs still exhibit high supercapacitor performance
due to their unique structure (see the discussion below).*” Pore
size distribution curves (Fig. 2B and S3B+t) confirmed that rGO
and BBO-GNs possess a multiple pore structure (micropores,
mesopores and macropores) due to the overlapping or cross-
linking of the graphene sheets.'® Additionally, BBO-GNs have a
larger pore volume (0.22 cm® g~ ') than that of rGO (0.14 cm® g ),
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which is favorable for the transportation and diffusion of elec-
trolyte ions during the fast charge-discharge process.*®

3.2 Electrochemical measurements

To evaluate the electrochemical properties of rGO and BBO-GNs
as supercapacitor electrodes, a three-electrode system was
constructed in 1 M H,SO, aqueous electrolyte with a potential
range from —0.3 to 0.7 V (vs. SCE). The higher current density of
BBO-GNs suggests their superior electrochemical performance
to rGO (Fig. S47). Fig. 3A and B show the CV curves of rGO and
BBO-GNGs at different scan rates. Evidently, rGO exhibits typical
rectangular CV curves at scan rates of 5-100 mV s~ ', implying
an ideal electric double-layer capacitance behavior.** While
BBO-GNs display a pair of redox peaks in the potential range of
—0.1 to 0.5 V, which corresponds to the reversible redox reac-
tion of the covalently grafted benzobisoxazole groups (Scheme
S17),"” indicating the presence of both electric double-layer
capacitance and pseudocapacitance. Meanwhile, when the scan
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rate increases from 5 to 100 mV s~ %, the CV curves of BBO-GNs
basically maintain the redox peak-incorporated rectangular
shape, which implies a quick charge-propagation capability in
the BBO-GN electrode. Fig. 4 shows the capacitance values of
rGO and BBO-GNs calculated from CV curves. It is clear that
BBO-GN electrodes exhibit a much larger capacitance than the
rGO electrode. Specifically, at a scan rate of 5 mV s, the
specific capacitance of BBO-GNs is 345.6 F g~ ', which is more
than three times higher than that of rGO (99.4 F g~ ') and also
higher than the previously reported graphene-based mate-
rials.**** The decrease of the specific capacitance with
increasing scan rate is due to the diffusion limit of electrolyte
ions into the electrode materials.

Galvanostatic charge-discharge measurements were per-
formed at various current densities to further investigate the
electrochemical performances of the rGO and BBO-GN elec-
trodes. As shown in Fig. 3C and D, the discharge time of BBO-
GNs is significantly longer than that of rGO at the same dis-
charging rate, indicating that BBO-GNs have a much larger
capacitance. Moreover, the charge-discharge curves of BBO-
GNs show a deviation from linearity due to the contribution of
pseudocapacitance, which is in agreement with CV results.
The BBO-GN electrode shows a large specific capacitance of
523.5 F g~ " at a current density of 0.5 A g~ ', which is nearly five
times that of the rGO electrode (109.5 F g~ '). When the current
density increases from 0.5 to 10 A g, the specific capacitances
of rGO and BBO-GNs vary from 109.5 to 68 F g~ ' and 523.5 to
270 F g™, respectively. It is noteworthy that even at a current
density of 10 A g™, the specific capacitance of BBO-GNs
remains at 270 F g~ ', which is ~70% of that at 1 A g~ " and still
3.97 times higher than that of rGO (68 F g~ '), indicating a good
rate capability of BBO-GNs. The above results indicate that the
introduced benzobisoxazole groups played an essential role in
the high specific capacitance of BBO-GNs.

The cycling stability test over 9000 cycles for the BBO-GN
electrode was carried out at a scan rate of 1 V s~ %, as shown in
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Fig. 5A. The increase of specific capacitance during the first 300
cycles may arise from the activation process, which results in the
enhanced contacting area of the electrode material with the
electrolyte.*>* It is clear that the BBO-GN electrode exhibits an
excellent electrochemical stability, indicating that the introduced
benzobisoxazole groups are highly stable to sustain a long-term
cycling stability. To highlight the superior electrochemical
performance of the BBO-GN electrode, the cycling performance
was further evaluated at a stepwise current density increasing
from 1 to 10 A g~ ' (Fig. 5B). Notably, the BBO-GN electrode still
exhibits the stable specific capacitance at each current density,
even when suffering from a sudden change of the current
delivery. Furthermore, on switching the current density back to
1 A g ", the specific capacitance of the BBO-GN electrode is able
to recover to the initial value, implying its excellent reversibility.
These results demonstrate that BBO-GNs are a high performance
supercapacitor electrode material with both long-term cycling
stability and excellent rate capability. EIS was also employed to
investigate the rGO and BBO-GN electrodes. As shown in Fig. S5,
the equivalent series resistance (ESR) of the BBO-GN electrode
(1.6 Q) is much smaller than that of the rGO electrode (15.5 Q),
indicating a lower charge-transfer resistance.*

The improved electrochemical performance of the BBO-GNs
is attributed to their unique features of composition and
structure. The covalently grafted benzobisoxazole groups pre-
vented the restacking of the graphene sheets, which gives a
large BET surface area of BBO-GNs for easy access to the elec-
trolyte and also shortens the ion diffusion length. On the other
hand, the introduced benzobisoxazole groups greatly enhanced
the specific capacitance of graphene due to the contribution of
additional pseudocapacitance. Besides, the crosslinked gra-
phene networks can promote rapid electron transport for the
faradic reactions, whereas the as-formed mesoporous structure
can facilitate the ion diffusion through the electrode.

4. Conclusions

In summary, we have developed an efficient strategy to fabricate
redox-crosslinked graphene networks via chemical engineering
of graphene. The large surface area and additional pseudoca-
pacitance make BBO-GNs a high performance electrode mate-
rial for supercapacitors in terms of high specific capacitance
(393.6 F g~ at a current density of 1.0 A g ') and excellent
cycling stability (9000 cycles with 98.4% retention), which are
superior to the previously reported graphene-based mate-
rials.**** Our results demonstrate that the covalent functional-
ization of graphene with redox-active species can greatly
enhance its supercapacitive performance due to the combina-
tional effects of electric double-layer capacitance and pseudo-
capacitance. The method developed in this work may open up a
new route to further improve the electrochemical performance
of graphene for electrochemical energy storage applications.
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