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(Key Laboratory of Functional Polymer Materials, Collaborative Innovation Center of Chemical Science and Engineering
(Tianjin), Center for Nanoscale Science and Technology, Institute of Polymer Chemistry, College of Chemistry, Nankai
University, Weijin Road 94, Tianjin 300071, China)

Abstract Porous graphene material, named as MWRGO, has been prepared by microwave-assisted reduction method. Ex-
tensive characterizations indicate that graphene oxide was effectively reduced and MWRGO has a porous and disordered
stacking structure. It has a special surface area of 461.6 m*/g with pore size centered at 0.67 nm. H, and CO, adsorption
properties of MWRGO were investigated, showing a H, uptake of 0.52 wt% at 77 K and 1 atm and an absolute adsorption
amount as high as 10.7 wt% at a higher pressure of 60 bar. The amount of CO, adsorption at 273 K and 1 atm is 7.1 wt%.
Keywords graphene; carbon materials; gas storage; microwave reduction; porous materials

Introduction

energy efficient method of H, storage, has been proved to

Energy crisis, climate change and environmental pollu-
tion have been motivating both scientific and industry
communities to look for new energy sources to replace
traditional fossil fuels which account for the biggest part of
world energy consumption and cause lots of CO, emission
after burned. H,, an efficient, sustainable and environmen-
tally friendly alternative and having already found com-
mercial applications in nickel-metal hydride batteries and
fuel cells, is attracting increasing attention. However, the
most troublesome issue unsolved regarding H, usage is
storage. Several approaches, including physical storage by
compression or liquefaction, chemical storage in irreversi-
ble hydrogen carriers and in reversible chemical or metal
hydrides, and gas-on-solid adsorption with porous materi-
als, have been proposed to store H, for application in mo-
tor vehicle..'"! Though, unfortunately, every approach has
some problems concerning safety, cost, reversibility and
efficiency, gas-on-solid adsorption, an inherently safe and

be an excellent option. What’s more, excessive emission of
CO, causes another worldwide pressing issue—global
warming, posing a real threat to the whole world."”! There-
fore, it is of great importance to find effective ways to store
CO,. At present, a few chemical or physical methods, like
cryogenic distillation, chilling and pressurizing the exhaust
gas, absorption with aqueous amine or ammonia solution,
and membrane separation, are commercially used or pro-
posed to capture and store CO,, but these means are always
costly, toxic, inefficient and energy intensive.”™ Again,
gas-on-solid adsorption, a reversible sorption process with
porous materials, is emerging as the most promising
method for CO, storage. Currently, many porous materials
including metal or%anic frameworks (MOF),'® porous
polymer networks,”) and inorganic/organic hybrid
material™® have been intensively investigated to store H, or
CO,. Carbon-based porous materials, especially materials
with nano-sized structure like single-walled carbon nano-
tubes,'” zeolite-like carbon,!'™'! graphite nanofibers,”'?
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and activated carbons,>'* have been intensively investi-
gated as H, or/and CO, adsorbents because of their merits
associated with low cost, low mass density, high chemical
stability, sufficient availability of raw materials, adjustable
pore size and structure, and versatile chemical modifica-
tion of pore walls and surface. Although exciting results
have been achieved, in order for effective H, and CO,
storage, there is still a long way to go to fulfill all the re-
quirements of commercial applications.*'*! Innovative
materials, which have high uptake capacity under techno-
logically acceptable conditions and can be manufactured
on a large scale, are highly wanted.

Graphene, an amazing 2-D material, possesses many
excellent properties,'®'”" and has found a wide range of
potential applications in optoelectronics,!"® energy conver-
sion and storage,!"?" and multifunctional devices.*?¥ In
addition to all the merits of carbon materials, graphene has
a theoretical specific surface area (SSA) as high as 2630
m*/g,"” which makes it an ideal gas storage material, es-
pecially for H, adsorption. Graphene-based materials show
significant theoretical H, storage capacity at ambient con-
ditions,?” and though results still fail to meet all the
requirements of commercial applications, recent investiga-
tions confirm that graphene and its derivatives are excel-
lent candidates for gas storage.**>

Microwave (MW) irradiation is an efficient, green and
selective heating method, and has been successfully ap-
plied in organic synthesis,”” functionalization of carbon
nanotube™ and preparation of exfoliated graphite.”” Re-
cently, MW has been employed to reduce graphene oxide
(GO) in solvent*” or under dry condition."! Furthermore,
graphene-based material obtained by MW-assisted reduc-
tion has a porous and loose structure and relatively high
special surface area,*") making it perfectly suitable for gas
storage.

But, so far, there is no such report yet about gas storage
of graphene-based porous materials prepared by MW irra-
diation. Here we employed this time-saved, solvent-free,
nontoxic and large-scale method to reduce GO and inves-
tigated the gas storage capacity of the obtained material.
Microwave-assisted  reduction of graphene oxide
(MWRGO) possesses a Brunauer-Emmett-Teller (BET)
surface area of 461.6 m*/g with pore size centered at 0.67
nm. It shows a moderate H, uptake of 0.52 wt% at 77 K
and 1 atm while an absolute adsorption up to 10.7 wt% is
obtained at 60 bar. It also shows high CO, uptake of 7.1
wt% at 273 K and 1 atm. These results indicate that this
porous graphene material, prepared easily at large scale,
could be a highly promising adsorbent for gas storage.

2 Results and discussion

2.1 Structure of the MWRGO

GO was efficiently reduced to MWRGO by MW irra-
diation and the color changed from brown to black. The
reduction process involves the removal of oxygen-
containing functional groups, which was confirmed by the
following characterizations. Firstly, the structure changes
due to MW treatment can be observed in FTIR spectra, as
shown in Figure 1(a). The characteristic IR spectrum of
GO are the absorption bands corresponding to the C=0
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carbonyl stretching at 1734 cm ™', the C—OH stretching at

1226 cm ™!, the C—O stretching at 1055 cm” !, and a con-
troversial absorption at around 1623 cm™ "."* But all the
corresponding peaks in MWRGO either disappear or be-
come rather weak after MW treatment while an absorption
at 1629 cm™ ! related to C=C stretching vibration becomes
relatively stronger. Elemental analysis and XPS results
further confirm the considerable removal of oxygen-
containing functional groups. Elemental analysis shows the
molar ratio of C/O increases from 1.64 for GO to 11.36 for
MWRGO, which is comparable to that of graphene re-
duced by hydrazine hydrate."”) As demonstrated in Figure
1(b), the deconvolution of Cls peak in the XPS spectrum
of GO shows two signals concerning oxygen-containing
groups at 286.4 eV (C—O) and 287.4 eV (C=0), both of
which become very weak in the spectrum of MWRGO.
Raman is a powerful means to reflect the structure changes
of carbon-based materials. As shown in Figure 1(c), com-
pared with GO, both D band and G band for MWRGO are
broadened and blue shifted by several wave numbers in
addition to an increase of Ip/l intensity ratio (see Sup-
porting Information (SI), Table SI-1). Furthermore,
MWRGO has a much depressed 2D band. All of these fea-
tures demonstrate that MWRGO possesses smaller average
sp” domain size than that of GO."*! TGA was applied to
compare the thermal stability between MWRGO and GO
(Figure 1(d)). While GO losses over 40 wt% even below
250 ‘C, MWRGO, with aromatic structure recovering,
shows only 5 wt% loss below 100 C attributed to resid-
ual oxygen functional groups and no more significant loss
until 440 C.

2.2 Morphology of MWRGO

The morphology of MWRGO was studied by TEM and
SEM. After MW treatment, a fluffy structure and disor-
dered stacking can be observed in Figure 2(a), while GO
shows a compact state (see SI, Figure S-2(a)). This is be-
cause gases (CO,, CO, H,0) induced by the MW reduction
in very short time created high pressure between layers. As
shown in Figure 2(b), compared to a relative planar surface
of GO (see SI, Figure S-2(b)) MWRGO shows a wrinkled
surface which is a favorable structure for H, adsorption.!**!
Such significant morphology difference between GO and
MWRGO in structure is also reflected in their powder
XRD patterns in Figure 3. GO shows a typical peak at
about 20=12.2° corresponding to an interlayer spacing
value of 0.72 nm. In contrary, MWRGO has a rather broad
reflection between 15° and 40°, corresponding to a maxi-
mum interlayer spacing value of 0.59 nm, with no clear
characteristic peak, which is similar to graphene prepared
by thermal exfoliation of graphene oxide.!*” This indicates
that MW assistant heating did remove most of the func-
tional groups and rendered a smaller inter-layer spacing
with very disordered stacking.

2.3 Gas storage of MWRGO

Figure 4 shows nitrogen adsorption-desorption isotherm
of MWRGO. The adsorption isotherm, with a hysteresis
loop in the P/P, range of 0.45~1.0 which is typical for
plate-like materials, exhibits Type I+ Type II behavior,
demonstrates that MWRGO contains microporous,
mesoporous and macroporous structures.'*”*” MWRGO
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Figure 1 (a) FTIR, (b) XPS, (c) Raman shift, and (d) TG analysis of GO and MWRGO
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Figure 2 Typical (a) SEM and (b) TEM images of MWRGO

has a specific surface area of 461.6 m’/g according to
Brunauer-Emmett-Teller method based on the adsorption
data in the relative pressure (P/P,) range of 0.05 to 0.3,
which is comparable to that of graphene-based materials
prepared by other methods,™"*) but still much lower than
the theoretical value of ideal graphene.!'” Pore size distri-
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bution was obtained according to Horvath-Kawazoe
method.**! As shown in the inset of Figure 4, MWRGO
has both micropores and mesopores while the pore size
main[l2}51 centered at 0.67 nm, which is proper for H, adsorp-
tion.'”
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Figure 3 XRD patterns of GO and MWRGO (inset: a partial enlarged
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Figure 4 N, adsorption and desorption isotherm of MWRGO at stan-
dard temperature and pressure (STP), (inset: pore size distribution)

Considering its relatively high surface area and proper
pore size, H, and CO, adsorption capacity of MWRGO
was investigated. Prior to each adsorption/desorption
measurement, the experimental setup was evacuated to
<107* Pa, and carbon sample was heated at 125 C for
12 h or longer. After the temperature of the sample cell
became constant at the investigation condition, the adsorp-
tion measurement was started. A high purity hydrogen
(>99.999%) was used for hydrogen storage study. Hy-
drogen storage was determined accumulatively by expos-
ing the sample stepwise to different pressures up to the
predicted pressure. Figure 5(a) demonstrates the H, ad-
sorption-desorption isotherms at 77 and 87 K with pressure
up to 900 mmHg. Hysteresis loops are observed which
may be due to the presence of different sizes and shapes of
pores or due to surface heterogeneity.’'! MWRGO has a
moderate H, uptake of 0.52 wt% at 77 K and 1 atm, which
is decreased to 0.42 wt% at 87 K. The isosteric heat (Qy)
of adsorption was calculated from the adsorption isother-
mals at different temperatures with Clausius-Clapeyron
equation to evaluate the interaction between MWRGO and
H,. As shown in Figure 5(b), the QO is about 5.1 kJ/mol at
low coverage, which is close to theoretical calculation™
and superior to results reported by other group.*? Strong
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interaction between H, and MWRGO, resulting from
proper pore size, contributes to the exciting value.”>*' But
a significant decrease was observed at higher H, uptake,
indicating that MWRGO has different sorption sites with
different binding energies and multiple adsorption
exists.”? The hydrogen uptake was measured by the gra-
vimetric method at 77 and 298 K over the pressure range
1~60 bar. As demonstrated in Figure 6, absolute H, up-
take of 10.7 wt% was obtained at 77 K and 60 bar (Figure
6(a)), which is co [;S)arable or superior to other materials at
similar conditions."'”? As the temperature increases to
298 K, the absolute adsorption amount decreases rapidly at
the same pressure. For example, it becomes 1.26 wt% at 60
bar pressure (Figure 6(b)). Considering the relatively low
specific surface area, these results are rather encouraging
compared to other carbon-based materials.”"
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Figure 5 (a) Adsorption and desorption isotherms of H, at given tem-
perature and low pressure; (b) Isosteric heat of adsorption of H, as func-
tion of gas uptake

CO, adsorptions at different pressures and different
temperatures were also measured. As shown in Figure 7
MWRGO exhibits 7.1 wt% CO, uptake at 1 atm and
273.15 K and that decreases to 4.0 wt% at 303.15 K. Simi-
lar to H, adsorption, the higher the pressure, the more up-
take of CO,. For example, up to 50.0 wt% was obtained at
273 K and 30 bar. We attribute such high CO, uptake to
the large value of the heat of adsorption. At low adsorption
amount, the isosteric heat of CO, is nearly 33 kJ/mol,
which is comparable to graphene oxide based framework
materials and demonstrates strong interaction between CO,
and MWRGO.P*
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3 Conclusion

We have prepared a porous graphene material by reduc-
ing GO with MW irradiation. The product has a wrinkled
surface and a disordered stacking structure with high SSA
and proper pore size for gas storage. It shows a moderate
H, uptake at 77 K under 1 atm, which is an exciting result
considering its relatively low SSA, but high absolute ad-
sorption amount is obtained as pressure increased to 60
bar. The CO, storage capacity is 7.1 wt% at ambient con-
ditions. These encouraging results make MWRGO a
promising candidate for gas adsorption if we take into con-
sideration the time-saved, large-scale and low-cost prepa-
ration procedure. Future work focusing on increasing the
specific surface area of MWRGO and its gas storage prop-
erty is under investigation.

4 Experimental

4.1 Preparation of MWRGO

GO was prepared from graphite with a particle size of
40 pm (Qingdao Huarun graphite Co., LTD) by the modi-
fied Hummers method as described elsewhere®™ and is
confirmed to be single sheet by atomic force microscope
characterization (see SI, Figure S-1). After GO was re-
duced with the assistance of MW irradiation (DISCOVER,
CEM) at the power of 250 W for 1 min in argon environ-
ment, well-reduced MWRGO with micropores and
mesopores was obtained.

4.2 Characterization

In order to investigate the changes in structure, compo-
sition and morphology resulted from microwave irradia-
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Figure 7 (a) Adsorption and desorption isotherms of CO, at given tem-
perature and low pressure; (b) isosteric heat of adsorption of CO, as func-
tion of gas uptake; (c) High pressure CO, adsorption isotherms at 273 K

tion, extensive characterizations were conducted. X-ray
diffraction (XRD) measurements were carried out using a
Rigaku D/Max-2500 diffractometer with Cu-Ka radiation.
Transmission electron microscopy (TEM) characteriza-
tions were performed using a Philips T20ST electron mi-
croscope at an acceleration voltage of 200 kV. The
GO/H,0 or MWRGO/DMF solution was dropped onto
carbon-coated copper grids (mesh size 300) and allowed to
dry under ambient conditions. Scanning electron micro-
scope (SEM) measurements were performed on samples
as-prepared with Hitachi S-3500N SEM at an acceleration
voltage of 20 kV. Thermogravimetric analysis (TGA) was
investigated using a NETZSCH STA-409PC instrument
with the heating rate of 5 ‘C/min from room temperature
to 900 C under N, atmosphere. Raman spectra were
measured with a Renishaw in Via Raman microscope at
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room temperature with the 514 nm line of an Ar ion laser
as an excitation source. X-ray photoelectron spectra (XPS)
were recorded via a Kratos Axis Ultra DLD spectrometer
using a monochromatic Al Ko X-ray source (hv=1486.6
eV), hybrid (magnetic/electrostatic) optics and a
multi-channel plate and delay line detector. Infrared spec-
tra were recorded using a Bruker Fourier transform infra-
red (FT-IR) spectrometer on small pieces of the samples
thoroughly mixed with KBr solid while elemental analysis
was performed on Yanaca CDRDER MT-3 instrument.

4.3 Adsorption investigation

About 80 g MWRGO was used to evaluate the specific
surface area, pore structure, and gas storage properties. The
sample cell was firstly evacuated at 125 ‘C (5 C/min)
for over 12 h before adsorption study was conducted. N,
low pressure H, and CO, adsorption measurements were
achieved with a Micromeritics apparatus (ASAP 2020 M).
Specifically, N, adsorption isotherm was measured under
the pressure range of 0~1 atm at 77 K to determine the
specific surface area and pore size distribution. Low pres-
sure H, adsorption isotherms were measured at 77 and 87
K from 0~900 mmHg while low pressure CO, adsorption
isotherms were measured at 273 and 303 K. The hydrogen
uptake, measured by the gravimetric method at 77 K over
the pressure range 1~ 60 bar were performed using
PCTPro-2000.
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