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This research presents a template-free solvothermal method
which offers the selective preparation of graphene ranging
from two-dimensional sheets to 3-dimensional nanospheres.
The thus prepared nanospheres have size-defined mesopores
with a huge surface area and, after doping with nitrogen,
exhibited stronger electrocatalytic activity toward oxygen
reduction than commercial Pt/C catalysts.

Graphene has recently been intensively exploited for wide
applications in medicine, biology, catalysis, environmental
protection, energy storage and conversion, to name a few.' To utilize
the combining advantages from both graphene and porous materials
in a 3-dimensional (3D) configuration, there are increasing efforts to
fabricate 3D porous graphene materials (PGM) due to their large
surface areas, unique porous structures, diversified compositions and
excellent electronic conductivity.>* Macroporous graphenes formed
through self-assemblies,” graphene bubble networks derived from
templated chemical vapour deposition or sugar-blowing approach >
and porous graphene hybrids by physical/chemical assemblies on
functional metals, oxides, polymers or carbon nanotubes (CNT)
connectors * have been reported in the last several years. However,
several key points remain to be addressed in the synthesis and
application of 3D PGM. First, the synthesis of 3D PGM has so far
relied on templates, in which either a soft or a hard template is
deployed to provide the needed 3D microstructure.” The removal of
template does not only complicate the fabrication procedure, but also
increases the final cost. Second, the reported 3D PGM almost based
on RGO and its derivates,™* the restored electrical conductivity of
RGO is inferior to pristine graphene. Although 3D PGM from CVD
technique exhibit impressive conductivity, their processability and
fabrication cost are the critical issue hampering massive commercial
application.*Third, few approaches can be directly applied to control
over the pore morphology, including size and wall thickness, in the
construction of 3D PGM. To address these issues, we report a
bottom-up template-free solvothermal method for selective
formation of graphene from two-dimensional sheets to 3D
nanospheres. The selection was accomplished by simply tuning the
reaction pressure. These as-prepared novel 3D mesoporous graphene
(MG) have a huge accessible surface area and size-defined
mesopores for electron/electrolyte transportation. These features
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enable the 3D MG nanopheres to serve as a key candidate for diverse
practical usages, for example, high-performance non-metal
electrocatalyst for oxygen reduction reaction (ORR), as highlighted
in this research.
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Figure 1.(a) TEM, (b) SEM, and (c) SEM images of graphene
prepared under different reaction conditions; (d) TEM, (e) XRD, and
(f) Raman spectra of the graphene nanospheres shown in (c).
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Our template-free solvothermal synthesis involves the reduction
of hexachlorobutadiene by sodium in an autoclave at a moderate
temperature, in which the reaction pressure was employed as a
means to manipulate the morphology of the final products. Figure 1a
presents a transmission electron microscopy (TEM) image of
graphene formed at a condition that the autoclave was only partially
filled with the reactant hexachlorobutadiene. This image
demonstrates that graphene sheets are the dominant reaction product.
If the empty portion of the autoclave was filled with 5.0 MPa argon
gas, while all other conditions were kept the same as those used in
Figure la, the graphene products turned into nanospheres with a very
rough surface (see Figure 1b). To further examine the importance of
reaction pressure in the development of the above 3D morphology,
solvothermal reactions were also conducted at a configuration where
the autoclave was completely filled with hexachlorobutadiene, where
thermal expansion of hexachlorobutadiene liquid in response to the
elevated temperature caused pressure increase. As shown in Figure
lc, porous graphene nanospheres were also obtained under such
conditions.

TEM (Figure 1d) and HRTEM (Figure S1 in the supporting
information) indicate that those nanospheres are made up by single
and few-layer graphene sheets. This suggestion is supported by the
following XRD and Raman spectra. Crumpling of graphene sheet to
form 3D materials has been reported by Huang and coworkers when
graphene solution was dried rapidly.’ The products analyzed above
were collected through centrifugation at 8000 rpm and were dried at
240 C for 2 h under the protection of argon. The drying process
ensures that no hexachlorobutadiene residue was left inside the 3D
PGM, since the boiling temperature of hexachlorobutadiene is about
230 ‘C. Thermogravimetric analysis (TGA) also confirms that
drying at 240 “C removes hexachlorobutadiene residues (see Figure
S2 in the supporting information). The dried graphene nanospheres
is denoted as MG-240. For thermal treatment, MG-240 was heated to
different preselected temperature such as 800,900,1000,1100, or
1200 C for 1 h under the protection of argon. The thus-obtained
graphene products are denoted as MG-800, MG-900, MG-1000,
MG-1100 and MG-1200 in the following discussion.

XRD spectra in Figure le indicate that heat-treatment caused an
increase in the crystallity of the 3D PGM, where the highest peak
(002) is consistent with the fringe space seen in the HRTEM image
(Figure S1 in the supporting information). Figure 1f presents the
Raman spectra of MG-240 and MG-1000. The presence of a 2D-
band at 2720 cm™ suggests that the graphene products consist of
mainly few-layer sheets.® After heat-treatment, the D band at 1365
em’ is enhanced, implicating the presence of increasing number of
edges and defects. This structural change might be responsible for
the increase of gas adsorption seen in this study. The above XRD
and Raman measurements suggest that the as-prepared nanospheres
are made up of graphene sheets. Notably, the morphology of these
nanospheres remains intact after heat treatment and nitrogen-doping,
highlighting the strong mechanical property of the 3D PGM (see
Figures S2a and S2b in supporting information).

Figure 2a presents the nitrogen gas adsorption-desorption
isotherms of MG-240, MG-1000 and NMG-1/4. Here, NMG-1/4
denotes the nitrogen-doped MG-240 that doping was conducted at
al:4 molar ratio of MG-240 and urea. The results show that
uponheat-treatment at 1000 ‘C for 1 hour, the nitrogen adsorption of
graphene spheres is significantly increased. Steps in the isotherms
indicate the porous structure of the materials. Influences of thermal
treatment as well as nitrogen-doping on the specific surface area and
pore size distribution of the graphene nanospheres are explored in
this study (see Table 1 in the supporting information).According to
the data, the increase in gas adsorption of MG-1000 shall be
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attributed to the dramatic increase in its specific surface area. After
doping with nitrogen, the gas adsorption increases further. However,
nitrogen-doping does not improve the specific surface area, where
the surface area and the pore volume are actually decreased slightly.
The improvement in gas adsorption therefore must arise from other
factors, for instance, changes in the surface electronegativity caused
by nitrogen insertion. Pore size distribution presented in Figure 2b
indicates that the pore structure of MG-1000 and NMG-1/4
nanospheres is sharply centered at 4 nm (i.e., showing mesoporous
feature).
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Figure 2. (a) Nitrogen adsorption/desorption curves, and (b) pore
size distribution ofMG-240, MG-1000 and NMG-1/4 products.

The forms and level of doped nitrogen atom (i.e., graphitic, pyrrolic
or pyridinic) have been characterized with XPS. Those
measurements (Figure S3a in the supporting information) illustrate
that for the graphene products without heat-treatment there is a tiny
chorine peak in the XPS spectrum. After heat-treatment at 1000 'C
for 1 hour, the chlorine peak disappears and only C 1s peak is
observable. The chlorine peak is thereforelikely arising from
hexachlorobutadiene residue, rather than from theformation of
chlorine-doped graphene. Upon reacting with urea at 1000 ‘C, an
N1s peak emerges in the XPS spectrum. Such a peak grew stronger
as the amount of urea in the initial mixture was increased. From XPS
spectra the nitrogen content in the doped graphene nanospheres was
estimated to have increased from 0.6 to 1.5 percent as the
graphene/urea ratio was adjusted from 1:1 to 1:4. Increasing the
urea/graphene molar ratio above 4 did not lead to further
improvement of the nitrogen content. These nitrogen atoms exist in
three different forms (see Figures S3b to S3d in the supporting
information). Literature has suggested that pyrrolic form nitrogen
was responsible for the high electrocatalytic activity of nitrogen-
doped carbon materials in the ORR in alkaline solution.’
Electrocatalyticactivity of the above as-prepared and nitrogen-
doped graphene sheets and nanospheres toward ORR was examined
through cyclic voltammetry (CV) and linear sweep voltammetry
(LSV) at a rotating disk electrode (RDE) in alkaline solution. The
undoped graphene is not as effective as those doped materials.

This journal is © The Royal Society of Chemistry 2014

Page 2 of 4



Page 3 of 4

Shown in Figures 3a and 3b are the results obtained with NMG-1/4.
In the absence of O,, the behavior of the working electrode looks
like a normal double-layer capacitor with a rapid charge/discharge
current change. Same as earlier report of mesoporous carbon
materials,® a notable anodic peak is seen in the O,-saturated KOH
solution, which is attributed to the reduction of oxygen molecules.
The onset potential of O, reduction is about -0.1 V vs AgCl/Ag
reference electrode. This is a favorable result in comparison to what
has been obtained with commercial Pt/C electrode and other
nitrogen-doped carbon materials.” Figure 3b shows that the current
density increases as the disk rotation speed is increased from 400 to
3600 rpm. The transferred electron number per O, molecule
involved in this ORR process was determined by Koutecky-Levich
equation, which relates the current density j to the rotation rate of the
electrode. In Figure 3c the corresponding Koutecky-Levich plots at
various electrode potentials exhibit a good linearity, indicating the
first-order reaction kinetics with respect to the concentration of
dissolved O,. The n value for the NMG-1/4 is derived to be 3.6 — 3.9
at the potential ranging from -0.3 to -0.4 V, suggesting a four-
electron process for the ORR.
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Figure 3. (a) Cyclic voltammetry of nitrogen and oxygen saturated
alkaline solution, (b) linear sweep voltammetry of oxygen saturated
solution under different rotating rate of the disc electrode, (c)
Koutecky-Levich plot (J' versus %) at different electrode
potentials, (d) Linear sweep voltammetry of NMG-1/4, NGS-1/4
and commercial Pt/C, (e) cyclic voltammogram at different reaction
times, and (f) chronoamperometric response of NMG-1/4 electrode
and commercial Pt-C electrode to methanol addition. Electrodes
used in (a), (b), (c) and (e) are made of NMG-1/4.

LSV in Figure 3d indicates that the current density obtained with
NMG-1/4 is stronger than that of the commercial 40% Pt/C catalyst,
while the onset potential of the ORR is also more positive at the
nitrogen-doped graphene electrode. The disk rotation rate in Figure
3d is 1600 rpm. The NGS-1/4 denotes nitrogen-doped graphene
sheets that were shown in Figure la. The doping procedure for
graphene sheets is the same as that used for graphene nanospheres.
LSV in Figure 3d illustrate that doped graphene mesoporous
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nanospheres outperformed graphene sheets in the ORR, highlighting
the advantages of 3D MG nanospheres due to their large surface
areas, unique porous structures, and excellent electronic conductivity.

To evaluate the stability of the as-obtained 3D MG nanospheres,
in particular nitrogen-doped graphene NMG-1/4 electrode, CVs of
an O,-saturated 0.1 M KOH solution was run continuously for
several days. Shown in Figure 3e are CVs collected at the start of the
measurement (light colored curve) and after 6 days (dark curve). The
two CVs almost overlap with each other, suggesting that nitrogen-
doped nanospheres prepared in this research are stable and can
endure the long term operation of ORR. This is a great improvement
in comparison to what was seen with the Pt-C/GC electrode which
exhibited a fast current decrease. To examine the alcohol poisoning
of the nitrogen-doped graphene nanospheres (i.e., cross-over effect)
versus the commercial Pt-C electrode, current-time (i—¢)
chronoamperometric responses of both electrodes to the addition of
2% (v/v) methanol was investigated. The results in Figure 3f
demonstrate that the nitrogen-doped graphene electrode does not
produce any change in the current, whereas a great and rapid change
at the commercial Pt-C electrode is seen (i.e., being rapidly poisoned
by methanol).

In summary, we have demonstrated that graphene can be
selectively fabricated from 2D sheets to 3D nanospheres by
conveniently adjusting the reaction pressure of this solvothermal
synthesis. As illustrated by the results obtained at moderate gas
phase pressures (see Figure S9) the portion of graphene spheres in
the final products increases with the reaction pressure. Notably, this
bottom-up synthetic procedure is robust, allowing us to obtain 3D
flowerlike PGM with size-defined mesopores and consistent
electrochemical properties (i.e., LSV and ORR performance). The
produced MG nanospheres appear to be spatially assembled by
single and few-layer graphene sheets, which effectively prevent
graphene from taking face to face aggregation. The above observed
morphological change is most likely resulting from physical factors,
say, hydrodynamics (i.e. the micro flow/convection of the reaction
solution). It is well known that increasing gas phase pressure
elevates the boiling temperature. As such, liquid is expected to
undergo less turbulent/vigorous motion under higher gas pressure.
The less vigorous micro motion of the reaction solution subsequently
allows the 2D graphene sheets to fold and aggregate to evolve into a
3D microstructure.

The 3D topological configuration yields a large specific surface
area and unique size-defined mesopores, while maintaining the
excellent conductivity exhibited by graphene sheet. These
unordinary features enable 3D MG nanospheres to serve as an
attractive candidate for many graphene-related applications, such as
sensing, gas storage, chemical separation, selective catalysis,
nanocomposition, high-performance energy storage and conversion,
to name a few. The results complement recent efforts of making
hybrid graphene-based non-metal catalysts with 3D PGM in order to
harvest the thermal/electrical properties of graphene along both in-
plane as well as out-of-plan directions.'” As a case study, the
nitrogen-doped MG nanospheres did exhibit higher electrocatalytic
activity, better stability, and superior tolerance to the methanol
crossover effect toward ORR than that of commercial Pt/C catalysts.
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