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ABSTRACT: Dense 3D graphene macroforms with nanotuned pore sizes
have been synthesized using graphene oxide as the precursor and aqueous
H,SO, as the mediator by coupling the hydrothermal method with an
evaporation drying process. Depending on the contents of concentrated
H,SO, trapped in the resultant carbons, the pore size of graphene
macroforms in the range of about 0.5—4.8 nm can be obtained. The results
indicate that liquid H,SO, trapped in graphene macroforms can act as the
spacer of wrinkled graphene sheets, the catalyst of the dehydration, and the
electrolyte of the supercapacitor. The pore sizes of the carbons play an
important role in the electrochemical performances when used as the
supercapacitor electrodes. The graphene macroform with an average pore
size of 4.8 nm is an excellent electrode material in H,SO, electrolyte. Its
specific capacitance is up to 230 F g™' at the current density of 0.1 A g™*,
and the specific energy density and power density are up to 8.3 Wh kg™
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and 1000 W kg™" in a two-electrode cell, respectively. The good electrochemical properties of as-made carbons may be attributed
to the highly efficient ion transport channels in H,SO,-mediated graphene macroforms.

1. INTRODUCTION

Graphene as the monolayer of graphite has attracted much
interest in recent years because of its unique two-dimensional
(2D) structures and excellent physical and chemical proper-
ties.'™ Up to now, various effective techniques including
chemical vapor deposition (CVD)*™® and mechanical’™"" or
chemical exfoliations'>~"> have been developed for the
synthesis of graphene. It is well recognized that the assembly
of 2D graphene sheets into 3D architectures will pave a new
way for achieving high-performance graphene-based materi-
als.'°™** In this field, Chen et al. synthesized the foam-like
graphene macroforms (GMs) with high electrical conductivity
and large specific surface area by CVD." Another approach to
get GMs is the self-assembly of chemically modified graphene
in solution starting from graphene oxide (GO)*'~** or reduced
GO (rGO)."**° In this field, one of the simplest methods is
the self-assembly of 3D rGO gels in water or organic solvents,
where the force balance between electrostatic repulsion and
interglanar van der Waals interaction dominates its forma-
tion.”>~*’ To achieve 3D microstructures with good mechanical
strength, a further freeze-drying process to remove the tra3pped
water for the fabrication of aerogels is indispensable.”"~*> For
example, Tang et al. prepared a rGO interconnected network
via the hydrothermal process with the assistance of noble metal
nanocrystals.”* Tao et al. reported the production of reduced
expanded porous graphene aerogel by the linkage of function-
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alized graphene sheets with poly(vinyl alcohol) as the linker
under hydrothermal conditions followed by a freeze-drying
process.”” Similarly, an aqueous GO suspension with
appropriate concentration was directly submitted to hydro-
thermal treatment for the formation of rGO hydrogel in the
absence of any reagents.”*”*® In general, the in situ formed
graphene aerogel can be assembled into a 3D network with
pore sizes ranging from submicrometer to several micro-
meters.”* However, such porous structures predominated by
macropores in the graphene aerogels limit their practical
applications in many micropore- and/or mesopore-dependent
fields in spite of the hydrothermal method being more simple
and less costly compared with CVD.”” For example, the large
space of the graphene materials leads to the low packing density
which is not effective for storing ions.”’ "> On the basis of the
above-mentioned problems, Tao et al. produced compactly
interlinked graphene sheets with the hierarchical micro/
mesoporous structures and high density by an evaporation-
induced drying of a graphene hydrogel, and this material
exhibited an excellent volumetric capacitance (up to 376 F
cm™3) for electrochemical capacitors.” Different from Tao’s
work, Yang et al. reported liquid electrolyte-mediated graphene
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Figure 1. Schematic illustration of the self-assemly of the H,SO,-mediated 3D hydrogel and corresponding GM after the evaporation drying.

films with metastable and adaptive porous structures through a
filtration—exchange—evaporation process.”® In that work,
graphene film was produced using graphene dispersion as the
precursor exchanged with a miscible mixture of volatile and
nonvolatile liquids followed by selective removal of the volatile
liquid through vacuum evaporation. When used as a compact
capacitive energy storage, the resulting films obtained
volumetric energy densities approaching 60 Wh L™ with
EMIMBE,/AN as the electrolyte. Nevertheless, the fabrication
of GMs with more controllable porous structures to suit
different applications is still a challenging work.””*®

Recently, the synthesis of graphene has been widely studied
using acid such as hydrohalic acid (HI) and H,SO, as effective
chemical reducing agents. For example, Pei et al. reported the
HI reducing method to reduce GO films into highly conductive
graphene films without destroying their integrity and flexibility
at low temperature based on the nucleophilic substitution
reaction.”” Similarly, Zhang et al. also reported the synthesis of
graphene hydrogels through hydrothermal treatment of GO
dispersions followed by the reduction of hydrazine or HL*
Though the reported work has demonstrated that HI is a good
reducing agent to improve the conductivity of the graphene, its
expensive price and poor stability in air limit its wide
application. Alternatively, Hong et al. reported the synthesis
of graphene by rapid reduction and expansion exfoliation of
H,SO,-intercalated GO in ambient atmosphere, and the
specific capacitance of the obtained graphene powder reached
216 F g™" at 2 A ¢" in a three-electrode cell. It was found that
H,SO, as the catalyst could remove the oxygenic and hydric
groups of GO through dehydration.*' In spite of those efforts,
the role of the acid agent in the fabrication of graphene-based
materials for electrochemical applications needs to be further
explored.

Herein, we report the synthesis of GMs with finely tailored
micro/mesopores by the in situ hydrothermal method followed
by an evaporation drying process using GO as the precursor
and aqueous H,SO, as both the mediator and the catalyst.
Different from the traditional hard and soft template methods
for synthesis of porous carbons, the selective removal of water
leads to the shrinkage of 3D hydrogels by the capillary
compression, and the concentrated H,SO, trapped in the GMs
after the evaporation of water plays an important role in
tailoring of their pore sizes. More promising, the shaped GMs
could be fabricated directly as an electrode for the assembly of a
supercapacitor device free of any additives due to their
acceptable conductivity. The supercapacitor performances of
the resulting carbons are investigated.

2. EXPERIMENTAL SECTION

2.1. Preparation of H,SO,-Mediated GMs. The GO was
synthesized from natural graphite powder based on a modified
Hummers method according to our previous work.">** For the

preparation of GMs, 5.0 mL of the homogeneous GO
suspension (7.2 mg mL™") was sonicated for 1 h under room
temperature. Then 10.0 mL of aqueous sulfuric acid (SA) with
different concentrations (0.1—0.4 mol L™") was dropwise added
into the above solution and stirred for 0.5 h. The obtained
homogeneous GO/SA colloidal suspension was placed in a 20
mL Teflon-lined autoclave and hydrothermally treated at 180
°C for 1S5 h, resulting in a black cylindrical hydrogel. The
collected hydrogels were dried at room temperature under the
air atmosphere to produce GMs. The as-synthesized samples
were denoted as GM-SA-X, where X represented the
concentration of H,SO, used for the synthesis of hydrogels.

2.2, Electrochemical Measurements. The electrochem-
ical properties of as-obtained GMs were investigated at room
temperature. The slices (each with a thickness of about 2—$
mm) were cut from the H,SO,-mediated graphene cylindrical
hydrogel and subjected to vacuum drying at room temperature.
One dried slice of the GMs with a weight of about 2—3 mg was
pressed onto a titanium mesh current collector to make one
electrode. Then the symmetrical supercapacitor was assembled
with a polypropylene membrane sandwiched between two
electrodes. Before the electrochemical test, the as-prepared
supercapacitor was soaked overnight in 1.0 mol L™' H,SO,
electrolyte. The specific capacitance of the symmetrical
supercapacitors was calculated from the discharge curves
according to the equation of Cs = 2I X At/(AV X m),”
where Cs is the gravimetric capacitance of the electrode; I is the
discharge current (A); At is the discharge time (s); AV is the
potential window (V) within the discharge time; and m (g) is
the mass of a single electrode. The energy density (E) and
power density (P) derived from the charge—discharge curves
are calculated by the following equations: E = CsAV?/28.8 Wh
kg_l and P = 3600 X E/t W kg_1,29 where Cs is the gravimetric
capacitance of the electrode and AV is the potential window
(V) within the discharge time.

Both the cyclic voltammetry (CV) and the electrochemical
impedance spectroscopy (EIS) were conducted on a CHI 660E
electrochemical workstation (Chenhua, Shanghai, China). The
galvanostatic charge—discharge measurement was performed
on a Land Battery workstation at room temperature (Wuhan
Land Instrument Company, China). The morphologies and
structures of the as-obtained products were examined using
field emission scanning electron microscopy (SEM, Hitachi
Ltd. SU8010), powder X-ray diffraction (XRD, Rigaku D/max-
2500 diffractometer with Cu Ka radiation), and X-ray
photoelectron spectroscopy (XPS, Thermo VG Scientific
Sigma Probe spectrometer). The Brunauer—Emmett—Teller
(BET) surface area of as-synthesized samples was determined
by N, adsorption at 77 K using a Micromeritics ASAP 2020
analyzer, and the samples after removal of H,SO, were freeze-
dried before measurement.
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Figure 3. SEM images of the obtained GM samples: (a) GM-SA-0.0, (b) GM-SA-0.1, (c) GM-SA-0.2, (d) GM-SA-0.3, and (e) GM-SA-0.4.

3. RESULTS AND DISCUSSION

Figure 1 illustrates the strategy for the synthesis of H,SO,-
mediated GMs by the self-assembly of graphene hydrogels
through coupling of the hydrothermal method with the
evaporation drying process. Initially, neutral GO was prepared
by the modified Hummers method using natural graphite as the
carbon source. H,SO,-mediated graphene hydrogels were then
self-assembled from GO with fixed concentration and H,SO,
with different concentrations by the in situ hydrothermal
method. Different from the reported freeze-drying techni-

933 evaporation drying was carried out to synthesize GMs
with tailored micro/mesopores and high packing densities,
which may have potential advantages as supercapacitor
electrodes.

Figure 2 shows the photographs of the final products of
H,SO,-mediated GMs. As shown in Figure 2A—E, 3D
hydrogels with different sizes are obtained by hydrothermal
treatment of GO suspension with the assistance of different
concentrations of H,SO, solution; i.e., the higher the
concentration of H,SO, solution, the larger the volume of
the hydrogels. Accordingly, the different volume of the resultant
hydrogels is mainly determined by the ratio of H,SO, and H,0
molecules. However, 3D hydrogel is difficult for assembly when
the concentration of H,SO, is higher than 0.4 mol L™ because
of the negative effect of strong acid condition on the
synthesis.”> Furthermore, it is widely reported that freeze-
drying can fix the 3D network of hydrogel in a spongy assembly
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without obvious shrinkage.’”*® By comparison, evaporation-
induced drying produces stiff rod-like material with the volume
shrinkage of 1/8—1/6 based on its parent hydrogel, as shown in
Figure 2a—e. During this process, the 3D hydrogel with
macropores is compressed irreversibly by capillary pressure to
shrink its pore sizes through selective removal of volatile H,O
trapped in the gel, while the GM is still solvated by the
unvolatile H,SO, during the whole process. The degree of such
volume shrinkage depends on the amount of unvolatile H,SO,
retained in the GM; ie,, the larger the amount of H,SO, that
remains, the larger the volume of GM. The surface
morphologies of the obtained GMs are further investigated
by SEM analysis, as shown in Figure 3a—e. SEM images reveal
that wrinkled and sheet-like structures of GMs with different
H,SO, concentration produce interlinked nanopores (Figure
3), which indicates that liquid H,SO, trapped in GMs can act as
spacers to efficiently prevent the restacking of graphene sheets.
The sizes of the nanopores are nearly proportional to the
volumetric fraction of incorporated H,SO, trapped in the GMs,
which are confirmed by the theoretical estimation of the
relation between the intersheet spacing and the packing density
of GMs (Figure 4a).

GMs are composed of 3D wrinkled nanosheets and
interlinked nanopores. It is difficult to identify their single
microscopes and estimate their true pore sizes. However,
several methods have been used to estimate their average pore
sizes.”** It is known that graphite is possibly the most compact
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Figure 4. (a) Theoretical estimation of the relation between the pore diameter and the density of GM-SA-X, (b) XRD patterns of GM-SA-X, (c)
nitrogen adsorption and desorption isotherms of GM-SA-X, and (d) pore size distributions of GM-SA-X.
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Figure 5. C 1s XPS spectra of (a) GO, (b) GM-SA-0.0, (c) GM-SA-0.1, (d) GM-SA-0.2, (e) GM-SA-0.3, and (f) GM-SA-0.4.

conductive carbon material with a density of 2.2 g cm™" and

the interplanar space of 0.335 nm.””*® Such small spaces
prevent access of ions when graphite is used as the
supercapacitor electrode. We propose that wrinkled graphene
sheets are in a face-to-face arranged assembly,’>* thus the
relationship of the interplanar space between the sheets and the
packing density of GMs is given in Figure 4a. The packing
density of GMs can be controlled in the range of 0.27-12 g
cm™ when the concentration of H,SO, increases from 0.4 to

24376

0.0 mol L™". The results are shown in the inset of Figure 4a.
The retained H,SO, effectively separates the graphene sheets,
and the interplanar spacing is about 0.5—4.8 nm when the
packing density changes from 0.27 to 1.2 g cm™>. The structure
and the interplanar spacing of the obtained GMs were further
confirmed by XRD analyses as given in Figure 4b. A broad and
weak (002) peak exists in each GM, which is obviously different
from the sharp one of the graphite. The 20 degree for the weak
peaks has shifted apparently from 25° to 21° with the

DOI: 10.1021/acs.jpcc.5b06616
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increasing H,SO, concentration from 0.0 to 0.4 mol L7,
corresponding to 0.39—0.6 nm of the dy, distance according to
the Bragg equation (2d sin @ = nd).”” More accurate
information about the porous structure of GMs was obtained
by nitrogen adsorption measurements, and the results were
shown in Figure 4c. GM-SA-0.0 exhibits a Type I isotherm
together with the characteristics of Type IV. Obvious
micropore filling occurs at very low relative pressure, and the
adsorption process quickly reaches a well-defined plateau.
However, a very small but identifiable hysteresis loop indicates
the existence of a very limited amount of mesopore. For
comparison, with the increase of the concentration of H,SO,, a
decreased adsorption amount at low pressure indicates a
decrease of the micropore volume, while the appearance of a
wide and more pronounced hysteresis loop is associated with a
more developed mesopore. This result demonstrates that the
higher the concentration of H,SO, solution remains, the larger
the amount of mesopores GMs have. The pore distributions of
GM-SA-X give more detailed information on the pore structure
by the density functional theory (DFT) method based on
nitrogen adsorption (Figure 4d). The samples display very
narrow micro/mesopore size distributions with the average
pore size located at 0.58, 1.7, 2.3, 3.4, to 4.8 nm for GM-SA-0.0,
GM-SA-0.1, GM-SA-0.2, GM-SA-0.3, and GM-SA-0.4, respec-
tively. Such results agree with the theoretical calculation shown
in Figure 4a. Therefore, the porosity of the resultant GM can be
tailored easily by H,SO, molecules as the separator. Depending
on the different porous sizes, their supercapacitor performances
of the resulting carbons may be changed.

To further illustrate the chemical composition of GMs, XPS
has been performed as shown in Figure 5, and the detailed data
for each C 1s peak are summarized in Table 1. As shown in

Table 1. Contents of C and O in GMs from XPS Analysis

Cc-C/C=C[%] C-O[%]  O—-C=0 [%]
sample 284.6 eV 285.9 eV 288.4 eV
GO 34.20 60.81 4.99
GM-SA-0.0 77.49 15.66 6.85
GM-SA-0.1 81.63 11.17 7.20
GM-SA-0.2 83.36 12.55 4.09
GM-SA-0.3 90.32 6.24 3.44
GM-SA-0.4 88.83 6.55 4.62

Figure §, the peak at 284.6 eV corresponds to the C—C bond of
the graphite carbon, and the peaks at 285.9 and 288.4 eV can be
attributed to C—O and O—C==0 groups, respectively. The C
1s spectrum of the original GO (Figure Sa) reveals that it
consists of two main components arising from C—O and C=
C/C—C groups and two minor components from C=O and
O—C=0 groups. For comparison, a significant decrease in the
oxygen-containing functional groups of GM-SA-X is observed.
As shown in Table 1, it is clearly seen that GO contains about
34.20% C—C/C=C group, 60.81% C—O group, and 4.99%
O—C=0 group. After hydrothermal treatment, the content of
the C—C/C=C group in the GM-SA-0.0 sample increases to
77.49%, and H,SO,-mediated GMs show gradually increased
content of the C—C/C=C group. A maximum content of the
C—C/C=C group is achieved for GM-SA-0.3 with the content
of 90.32%. A further increase of H,SO, concentration to 0.4
mol L™! leads to a much lower C—C/C=C content (88.83%).
The above results indicate that H,SO, can act as the catalyst for

removal of the oxygenic and hydric groups of GO through
dehydration.*!

Two-electrode supercapacitor cells were constructed to
assess the electrochemical performances of H,SO,-mediated
GMs in 1.0 mol L™ H,SO, electrolyte, as shown in Figure 6.
The CV of each GM electrode displays a rectangular-like shape
in the H,SO, electrolyte at a scan rate of 10 mV s/, indicating
the characteristic of electric double-layer capacitors (EDLCs)
(Figure 6a). H,SO, contents in GMs play an important role in
their capacitance, which increases qualitatively with increasing
H,SO, content in the GM samples. This result is in good
agreement with the order of the pore sizes of these samples,
highlighting the advantage of the accessible porous structures
for enhanced capacitance.

The galvanostatic charge/discharge curves at the current
density of 0.1 A g~ were used to characterize the capacitive
properties of H,SO,-mediated GMs as shown in Figure 6b. The
linear shapes of GM samples in H,SO, electrolyte indicate the
presence of EDLC, which is consistent with the CV results. In
the acidic electrolyte, GM-SA-0.0 with the small pore size
exhibits poor electrochemical capacitance. Figure 6¢ gives the
relationships between Cs and current densities for H,SO4
mediated GMs. Over the current density in the range from 0.05
to 2.0 A g in 1 mol L™! H,SO, electrolyte, the charge storage
capacities of the obtained samples quantitatively decrease in the
following order: GM-SA-0.4 > GM-SA-0.3 > GM-SA-0.2 >
GM-SA-0.1 > GM-SA-0.0, and Cs is 223, 213, 192, 163, and
126 F g™" at the current density of 1.0 A g™/, respectively. Such
performances are in agreement with the character of the porous
structures of these carbons, where the larger the pore size, the
higher the charge storage capacity. Thus, the GM-SA-0.4
sample with the largest pore size (4.8 nm) presents the highest
performance for 240, 230, 228, 225, 223, and 220 F g_1 at the
current density of 0.05, 0.1, 0.2, 0.5, 1.0, and 2.0 A g™/,
respectively. The excellent high rate performance of the
resultant GM-SA-0.4 is attributed to its mesoporous structure
that facilitates rapid electrolyte transfer.””*” These values are
significantly higher than 202 F g~' of previously reported
chemically modified graphene (at 1.0 A g7')* and 125.4 F g~!
of activated carbon (at 0.1 A g71)49 and similar to 222 F g™' of
the graphene hydrogel (at 1.0 A g™').*” The superior
electrochemical performance suggests that the porous structure
of obtained GMs is favorable for their applications in
supercapacitors.

To further understand the capacitive behaviors of the
obtained GM samples, we performed EIS plots to ascertain
the role of the preincorporated H,SO, electrolyte, as shown in
Figure 6d. In the frequency range from 100 kHz to 10 mHz, a
semicircle following a diagonal is observed for each sample. The
semicircles in the high-frequency region reflect the existence of
the charge transfer resistance, and their diameters are listed in
the following order: GM-SA-0.0 > GM-SA-0.1 > GM-SA-0.2 >
GM-SA-0.3 > GM-SA-0.4. Such decreasing diameters are in line
with the increasing H,SO, contents, indicating a reduced trend
of charge transfer resistance compared with the GM-SA-0.0
sample. The above results indicate that highly efficient ion
transport channels are retained in H,SO,-mediated GMs.*
Due to the fluid nature of liquid electrolyte, the continuous
liquid network is likely to remain within the whole GM during
the capillary compression process. To better reveal the
electrochemical performances of H,SO,-mediated GMs, their
Ragone plots are shown in Figure 6e. The energy density and
power density of the supercapacitor devices are decreasing with
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Figure 6. Electrochemical characterization of the two-electrode cell made from GM-SA-X in 1.0 mol L™' H,SO, (the concentration of SA from 0.0
to 0.4 mol L™'): (a) CV curves at 10 mV s™", (b) charge and discharge profiles of GM-SA-X at the same current density of 0.1 A g/, (c) gravimetric
capacitances of samples at various current densities, (d) Nyquist plots of GM-SA-X electrodes, (e) Ragone plots of GM-SA-X, and (f) the cycling

performance of GM-SA-X at 1.0 A g™".

the reducing content of H,SO, in the GM samples. The GM-
SA-0.4 sample shows the best electrochemical performance in
these samples. Its energy density is up to 8.3 Wh kg™" at the
power density of 24.5 W kg™, and it still keeps 7.6 Wh kg™*
even at the power density of 1000 W kg™', highlighting the
crucial role of the low ion transport resistance for achieving a
high energy density. The GM-SA-0.4 sample is very stable
under repeated charging/discharging for 1000 cycles (Figure
6f). Over 98.5% of the initial capacitance is retained at the
current density of 1.0 A g”! in 1.0 mol L™' H,SO, electrolyte.
Relying on these attractive features, the obtained graphene
macroforms show very good prospects of practical applications
in energy storage.

4. CONCLUSION

Dense 3D graphene macroforms with nanotuned pore sizes
have been prepared by the combination of hydrothermal
method and evaporation process using GO as the precursors
and aqueous H,SO, as the mediator. It is found that
concentrated H,SO, trapped in the resultant carbons after
evaporation of water plays an important role in the purity of the
final graphene and the formation of the porous structures. It is
found that H,SO, as the catalyst could remove the oxygenic
and hydric groups of GO through dehydration. Furthermore,
the pore sizes of H,SO,-mediated GMs can be tailored in the
range of 0.5—4.8 nm by gradually increasing the concentration
of H,SO, solution from 0.0 to 0.4 mol L™". However, the 3D
hydrogel is hard to form when the concentration of H,SO, is
higher than 0.4 mol L™ because of the negative effect of strong
acid conditions on the synthesis. Depending on the different
porous sizes, 120240 F g™ of specific capacity can be
achieved for the obtained carbon samples. The GM-SA-0.4
sample with the pore size of 4.8 nm exhibits the outstanding
specific capacitance in the wide range of charge—discharge rates
and the highest electrochemical stability in H,SO, electrolyte.
Its specific energy density and power density are, respectively,
up to 8.3—7.6 Wh kg™! and about 24.5—1000 W kg™ in a two-

electrode cell, which are obviously superior to those of the
reported carbonaceous materials. Different from the traditional
hard and soft template methods for tailoring of the pore sizes of
the carbons, this strategy presented here is a simple and
effective way to produce high performance capacitor devices via
controlling the pore size of the carbon electrodes. Furthermore,
the shaped GMs are easy to fabricate the electrodes, and no
additives are required due to their acceptable conductivity,
which will provide a new idea for the large-scale assembly of
supercapacitor devices.
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