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A facile and efficient strategy is described for the fabrication of soluble reduced graphene oxide (rGO)
sheets. Different from the conventional strategies, the proposed method is based on the reduction of

graphene oxide by an endogenous reducing agent from a most widely used and cost-effective solvent,

without adding any other toxic reducing agent. Simultaneously, this solvent can serve as an effective
stabilizer, avoiding complicated and time-consuming modification procedures. The as-prepared rGO
sheets not only exhibit high reduction level and conductivity, but also can be well dispersed in many

solvents. Of particular significance is that rGO sheets can be produced in large quantities. These

advantages endow this proposed synthetic approach great potential applications in the construction of
high-performance graphene-based devices at low cost, as demonstrated in our study of NO gas sensing.

1. Introduction

Fabrication of graphene sheets is actively pursued for applica-
tions in nanoelectronics, sensors, nanocomposites, batteries,
supercapacitors and hydrogen storage.! Central to these efforts is
a drive to search for an efficient approach to large-scale
production of processable graphene sheets at a relatively low
cost. For established procedures such as chemical vapour
deposition, ultrasonic exfoliation or mechanical exfoliation,
obtaining graphene sheets in large quantities is still a big
challenge.? An alternative strategy based on the reduction of
graphene oxide (GO) has moved into spotlight at present owing
to readily available precursors, significant advantages with wet
chemical synthesis and high yield.>* Furthermore, there is
a crucial point for preparing graphene sheets which must first be
considered, that is the dispersion of the as-prepared graphene
sheets in different solvents, because many practical applications
require them to be processed in solution phase.* Unfortunately,
graphene sheets suffer from aggregation resulting from strong
Van der Waals attractive forces between the graphene planes in
solvent without recourse to special stabilizers, which brings out
a great technical obstacle in graphene practical applications.
Nowadays, two typical strategies have been developed to
address these issues for producing soluble and large-scale rGO
sheets using GO as the precursor. In the first strategy, GO was
firstly reduced by certain reducing agents, followed by covalently
or noncovalently functionalizing with some designed molecules
like amphiphilic molecules, polyelectrolyte polymers, polar
organic solvents, and ionic liquids etc.,’ which prevented the
aggregation of the graphene sheets. While in the second strategy,
the rGO sheets were obtained by solvothermally reducing GO in
an organic solvent.® Under this circumstance, the organic solvent
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molecules absorbing at graphene planes acted as stabilizers of
graphene sheets. However, most of these procedures often
require hazardous reducing agents (or lengthy solvothermal
reduction), specific stabilizers, and a complicated chemical
process. For these reasons, it is highly desirable to develop a low-
cost, facile and efficient approach for preparing soluble rGO
sheets in large quantities.

In this study, we present a novel strategy for making soluble
rGO sheets “on the cheap” by adopting endogenous reducing
agent and stabilizer. Different from the above-mentioned strat-
egies, our method has several advanced features that make it
particularly attractive for large-scale manufacture of soluble
rGO sheets for practical applications: (1) it was economical
owing to just adopting two easily available and inexpensive
starting materials (GO and DMF) without adding any foreign
hazardous reduced agent and stabilizer; (2) it was very simple
and didn’t need a complex chemical procedure; (3) rGO sheets
produced in this strategy had a high reduction level and could be
well dispersed in different solvents.

2. Experimental
Materials

Graphite powder was purchased from Alfa Aesar. DMF was
obtained from Beijing Chemical Factory (Beijing, China) and
used as received without further purification. Anodisc membrane
filter (50 mm in diameter, 0.18 pm pore size) was produced from
Puyuan Nano, Hefei, China.

Synthesis and device fabrication

GO was synthesized from natural graphite by a modified
Hummers’ method.'® The rGO sheets were obtained by a simple
one-step reduction approach. In a typical experiment, the
as-synthesized graphene oxide was firstly dispersed in DMF
(0.5 mg ml~") under ultrasonically treatment for 30 min, and then
heated in an oil bath (153 °C) for 1 h.
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Uniform rGO paper was prepared by vacuum filtration of the
rGO dispersion through an Anodisc membrane filter, the GO
paper was obtained under the same protocol.'¢

For the preparation of the gas sensing device, the as-synthe-
sized rGO solution in DMF was filtrated, followed by drying in
air and grinding. Several drops of terpineol were then added, the
resulting viscous solution was directly coated on an alumina
ceramic tube, dried, and finally welded on the base.

Instruments and measurements

TEM images were taken by using a TECNAI G2 high-resolution
transmission electron microscope. AFM images were obtained
with a microscope (Seiko Instruments Industry Co., Tokyo,
Japan). The cross-sectional SEM image of rGO paper was taken
with a FEI/Philips XL30 ESEM FEG field-emission scanning
electron microscope operating at an acceleration voltage of
20 kV. UV/Vis spectra were recorded on a VARIAN CARY
50 UV/Vis spectrophotometer. NMR analyses were carried out
on a Varian Infinityplus 400 spectrometer operating at
a magnetic field strength of 9.4 T. XRD patterns were collected
on a D8 ADVANCE (Germany) using Cu-Ka (0.15406 nm)
radiation. TGA measurements were performed by using
a Perkin-Elmer TGA-2 thermogravimetric analyzer under
nitrogen from room temperature to 800 °C at 10 °C min~".
Raman analysis was carried out on a J-Y T64000 Raman spec-
trometer with 514.5 nm wavelength incident laser light. XPS
measurements were conducted with a VG ESCALAB MKII
spectrometer. The XPSPEAK software (Version 4.1) was used to
deconvolute the narrow-scan XPS spectra of the C 1s, O 1sand N
1s of the samples, using adventitious carbon to calibrate the Cls
binding energy (284.5 eV). Conductivity was measured under
ambient laboratory conditions using a standard four-probe
method (Suzhou Baishen SZT-2A four-probe meter). JFO2E gas
sensing testing system was utilized to investigate the gas sensing
properties.

3. Results and discussion

Dimethylformamide (DMF) is widely used in the chemical
industry due to its cost-effectiveness and high solvent power.
Previous research reported that GO can form dispersions with
long-term stability in DMF.” Moreover, DMF is a much better
solvent and can be used as the source of carbon monoxide and
dimethylamine originating from its decomposition at boiling
point (153 °C) (Fig. 1a).® It is well known that carbon monoxide
is a strong reducing agent, which could highly efficiently remove
oxygen from many compounds. On the other hand, previous
studies showed that DMF molecules were efficient stabilizers of
graphene sheets.>>> Therefore, it is expected that graphite oxides
can be reduced by endogenous reducing agent (CO) from DMF
heated at its boiling point to produce soluble rGO sheets in large
quantities (Fig. 1b).

In a typical experiment (Fig. 1c), graphite oxides were first
dispersed in DMF by sonication to obtain a light brown
dispersion, and then heated to 153 °C. UV-vis spectroscopy was
employed to monitor the reaction. As seen in Fig. 2a, the colour
of the dispersion changed gradually to black over a period of
~20 min and was maintained with a further increase of time.
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Fig. 1 (a) Decomposition of DMF upon heating at its boiling point.
(b) A schematic illustration of the preparation of the rGO sheets. (c) A
digital image of GO in DMF before (left) and after (right) reduction.

Meanwhile, the corresponding absorption of the dispersion
increased rapidly with the reaction time and red shifted a little,
signalling the conversion of graphene oxides (GO) into rGO
sheets and the restoring of the electronic conjugation within the
graphene sheets. Nevertheless, a tiny change in the absorption of
the dispersion could be observed after one hour, revealing that
the reaction was completed within one hour. In contrast, the
absorption of the dispersion heated under different temperature
below the boiling point of DMF increased very little with
reaction time (Fig. 2b and S17). Consequently, it was evident that
temperature was a critical factor for rapidly reducing GO. In
addition, no agglomerate could be observed for all of the
dispersions during the heating process, suggesting that DMF
could behave as an effective stabilizer for rGO sheets.

To intuitively evaluate the reduction level and determine the
composition of the as-prepared rGO sheets, X-ray photoelectron
spectroscopy (XPS) and *C NMR spectrum were utilized. As
shown in Fig. 3a—d, the C/O ratio in the exfoliated GO increased
remarkably after the reaction, and the peaks at between 286 and
289 eV which were typically assigned to epoxide, hydroxyl and
carboxyl groups were significantly weakened, revealing that most
of these groups were eliminated. Meanwhile, the intensity of the
peak located at a binding energy of 284.4 eV (sp? carbon) was
much enhanced compared with that of peak centered at 285.3 eV
(sp? carbon),¥ indicating that the as-prepared rGO had a high
reduction level (Fig. 3d). Complementary to XPS data, *C NMR
analysis could further confirm this result (Fig. 4). Abundant
epoxide and hydroxyl groups presented in the GO sheet were
mostly reduced after reaction, which is speculated to be from the
significant decrease in the peak intensity at between 60-80 ppm.
Importantly, the peak centered at about 130 ppm shifted to
about 120 ppm and became much larger than that in the
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Fig. 2 (a) UV-vis absorption spectra of GO dispersions in DMF as
a function of the reaction time upon heating at 153 °C (one assay per five
minutes). Inset: the corresponding photographs. (b) Changes in the UV-
vis absorption of GO dispersions in DMF versus the reaction time heated
at different temperatures (from bottom to up: 60, 90, 120 and 153 °C),
where A and A, were the absorption of the dispersions at 400 nm,
respectively.
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Fig. 3 Survey X-ray photoelectron spectra of the GO before (a) and
after (b) reaction. (c), (d) The corresponding Cls XPS spectra.

spectrum of GO, as a result of the introduction of plentiful sp*
carbon atoms.¥ ™ Also, additional two peaks located at 33.2 and
158.8 ppm, characteristic of DMF, were present, implying the
absorption of DMF on the surface of the as-synthesized rGO.
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Fig. 4 The change in the *C NMR spectrum of GO (a) before and
(b) after reaction.

This result could explain the presence of N in XPS and element
analysis (Table S17) as well.

Raman spectroscopy is another powerful and most widely
used technique to characterize the structural and some properties
of graphene such as disorder and defect structures. The G band is
related to the in-plane vibration of sp?-bonded carbon atoms,
while the D band is associated with the vibrations of carbon
atoms with sp*® electronic configuration of disordered graphene.
The Ip/Ig ratio of the rGO, as observed in Fig. 5, was found to be
higher than that of initial GO, revealing a substantial reduction
in the content of the sp>-bonded carbon atoms and the oxidized
molecular defects.®”® These results, combining with X-ray
powder diffraction (XRD), Fourier transform infrared (FTIR)
and thermogravimetric analysis (TGA) (Fig. S2-S4 in the ESI¥),
which were well consistent with the XPS and '*C NMR data,
provided further confirmations for the formation of rGO sheets.

The high reduction level of rGO sheets synthesized by this
facile method was essentially ascribed to the strong reducibility
of carbon monoxide. In order to illustrate the generation of
carbon monoxide in this reaction system, a typical identification
experiment was designed and carried out (Fig. S5%). Firstly,
a stream of argon was purged continuously through a flask with
acidic litmus aqueous solution to carry the gas in this reaction
system during the whole heating process, and then flowed into
another flask with concentrated H,SO,. Finally, the gas was
introduced into an aqueous solution of PdCl,. It was well known
that CO can selectively reduce Pd** ions into black Pd metal at
room temperature.’® As expected, black precipitates were
observed in the PdCl, solution with reaction time. At the same
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Fig. 5 Raman spectra of graphite, GO and rGO.
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time, the color of litmus solution changed from red to blue due to
the exposure to dimethylamine produced by the decomposition
of DMF. Transmission electron microscopy (TEM) examination
of the resulting black precipitates showed spherical nano-
structures. From the selected-area electron diffraction analysis,
all the diffraction rings were indexed to Pd metal (Fig. S6at).
Additionally, EDAX pattern manifested a strong correlation of
the element with Pd metal (Fig. S6b¥). Thus, it was reasonable to
conclude that the formation of CO under thermal decomposition
of DMF in our system enabled the reduction of GO as described
in Fig. 1.

Considering the excellent dispersibility in DMF for the
obtained rGO sheets, their single-sheet nature was studied using
atomic force microscopy (AFM) and TEM. The cross-sectional
view of AFM image showed that the average thickness of a single
GO sheet was 0.89 nm. Note that the average thickness of the
rGO sheet was increased a little (about 0.92 nm), which could be
attributed to the capping reagents on their surface though most
of the oxygen-containing functional groups were removed after
the reduction. This value, however, still illuminated that the as-
prepared rGO sheets remained well-separated in DMF. A similar
result could be also observed in TEM image (Fig. 6b). In the case
of the rGO sheets, the selected-area electron diffraction (SAED)
yielded a well-defined six-fold-symmetry diffraction pattern.
Furthermore, we noted that the (0-100) spots (inner hexagon)
appeared to be more intense than the (1-210) spots (outer
hexagon), providing a further evidence for the single-layer nature
of the obtained rGO sheets.¥!!

It is worth pointing out that, besides DMF, the resulting rGO
sheets could be easily dispersed in other solvents such as water,
N-methyl-2-pyrrolidone (NMP), dimethyl- sulfoxide (DMSO),
acetonitrile (ACN) and acetylacetonate (ACAC) under sonica-
tion without addition of any surfactant or other stabilizer
(Fig. 7a). Such high solubility of the rGO sheets in various
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Fig. 6 Typical TEM and AFM images of GO (a,c) and the obtained
rGO sheets (b,d). Insert in (a,b): the corresponding selected-area electron
diffraction images.

solvents was attributed to the stabilization of DMF absorbing on
the graphene planes, since DMF is miscible with water and the
majority of organic solvents. These properties are crucial to
advancing many technological applications based on graphene
sheets. More importantly, large-scale production of rGO sheets
could be achieved by enlarging the amount of the reactant as
described in Fig. 7b, revealing that this strategy has great
potential for industrial production. Of particular significance
was that uniform rGO paper could be readily formed by vacuum
filtration of the rGO dispersion through a membrane filter. Free-
standing rGO paper was acquired by peeling off the membrane
after air drying. As observed in Fig. 7c, this rGO paper was
bendable and exhibited a shiny metallic lustre. Scanning electron
microscopy (SEM) image displayed a layer structure at the cross-
section of such rGO paper (Fig. 7d). Its conductivity was found
to be 6380 S m~' at room temperature, which was comparable to
that of rGO paper reported previously by chemical reduction
method.> For comparison, GO paper was also prepared under
the same method. Unfortunately, it was nearly insulative. These
results demonstrated that our facile and flexible reduction
method could yield the rGO sheets with high conductivity and
quality.

The excellent conductivity of rGO sheets discussed above,
together with large surface area and strong adsorbability, incited
us to investigate their great potential application as a nitrogen
monoxide (NO) gas sensor. NO is an important atmospheric
pollutant since NO interacts with O, to yield a variety of nitrogen
oxides, which not only cause various serious diseases like asthma

e

H:0 DMF NMP ACN ACAC DMSO

Fig. 7 (a) Dispersions of the graphene sheets in various solvents.
(b) Large-scale production of the rGO sheets powder. (c) Photograph of
the as-prepared rGO filtrated on an alumina membrane (d) SEM image
of the cross-section of the as-prepared rGO paper. (¢) Digital images of
the rGO-based gas sensor device.
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and carcinogenesis, but also bring destructive acid rain to the
environment.’> Moreover, it is also an important signaling
molecule involved in many physiological and pathological
processes within body of mammals.’® Therefore, it is highly
desirable to develop efficient sensing devices for detecting NO
gas with high sensitivity and specificity. In this study, the rGO
dispersion was coated on the alumina ceramic tube followed by
drying in air and welding to fabricate the sensing device (Fig. 7e).
The sensing performance of as-fabricated graphene-based device
was characterized under practical conditions (ie., room
temperature and atmospheric pressure) against various gases
including NO, ethanol, acetone, NH3, CO, and water vapour.
Such graphene-based gas sensor exhibited high sensitivity and
amazing selectivity towards NO with quite short response time
and a detection limit of 0.5 ppm, a good linear correlation could
be also found over the concentration range from 0.5 ppm to
15 ppm (Fig. 8). These properties endowed the rGO sheets with
great potential applications in NO gas sensor. A previous study
suggested that some electron-donating materials absorbing on
the surface of graphene could increase the resistance of
graphene.® In our system, we speculated that a little dimethyl-
amine arising from the decomposition of DMF adsorbed on the
surface of the graphene and acted as an electron donator due to
the lone pair electrons on the nitrogen atom, thus decreasing the
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Fig. 8 (a) The sensitivity of the graphene-based gas sensing device
towards nitrogen oxide. (b) The relationship between the sensitivity and
the concentration of NO.

conductivity of rGO. When the sensing device was exposed to
NO, an electron pair acceptor, the lone pair of electrons in
dimethylamine was captured, restoring the conductivity of rGO.
Nevertheless, the dimethylamine-nitric oxide reaction was
reversible." When the device returned to air, NO was released
from their surface gradually and the conductivity of rGO
returned to initial value.

4. Conclusions

In summary, we have demonstrated a facile strategy for large-
scale production of graphene sheets based on reducing the
graphite oxide by carbon monoxide arising from decomposition
of DMF. The crucial point of this strategy is the utilization of
DMF, a widely used and cost-effective solvent. First, inexpensive
starting materials should facilitate the large-scale manufacture of
graphene sheets. Second, besides the capability to provide strong
the reducing agent CO continuously, it can effectively stabilize the
resulting graphene sheets without the need for any accessional
modification procedure. Third, uniform graphene paper could be
readily formed by using the as-prepared graphene sheet and
exhibited high conductivity. These advantages allow this
proposed synthetic approach to pave a new way for the develop-
ment of high-performance graphene-based devices at low cost, as
demonstrated in our preliminary study of the sensing application.
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