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Abstract Single and few-layer graphene nanosheets (GNs) have successfully synthesized by a modified Hummer’s method
followed by chemical reduction of exfoliated graphene oxide (GO) in the presence of hydrazine monohydrate. GO and GNs
were characterized by X-ray photoelectron spectroscopy (XPS), Fourier transform infrared spectroscopy (FTIR), X-ray
diffractions (XRD), Raman spectroscopy, Transmission electron microscopy (TEM), Atomic force microscopy (AFM),
Optical microscopy (OM) and by electrical conductivity measurements. The result showed that electrical conductivity of
GNs was significantly improved, from 4.2 x 10 S/m for GO to 12 S/m for GNs, possibly due to the removal of oxygen-
containing functional group during chemica reduction. In addition, the NO, gas sensing characteristics of GNs are aso

discussed.
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1. Introduction

Graphene, a single layer of sp*-hybridized carbon atoms
in a hexagonal two-dimensiona lattice, has attracted tre-
mendous attention due to its unique physical and chemi-
ca properties and potential applications in many fields,
including nanoelectronic, sensor for biomolecules, tran-
sstors, solar cell and cataysts [1-5]. Up to now, there
are mgjor methods have been developed to synthesize
graphene, including mechanical exfoliation, epitaxia
growth, bottom-up synthesis and chemical reduction of
GO suspension. The last method is considered to an
efficient approach to produce graphene sheets in bulk
quantity at relatively low cogt.

Because carbon nanotubes (CNTs) are known to
exhibit fast response and high sensitivity for detection of
small concentrations of toxic gases at room tempera
ture, CNTs have attracted research interest due to their
unique properties and potential gpplications [6-8]. Recent
studies of graphene gas sensors have indicated that it
can act as a good sensor [9-13]. Schedin and co-work-
ers [14] have been investigated what gas molecules
adsorbed on the surface of graphene can be used to fab-
ricate sensitive gas sensors. Based on theoretica investi-
gations on the adsorption of gas molecules on graphene,
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it has been predicted that the doping in carbon nano-
structures may improve the sengtivity [15-20]. Function-
alized graphite nanostructures have been aso detected
pollutant gases such as NO, [21]. Water vapor sensing
characteristics of reduced graphene oxide (RGO) has
been studied [22]. RGO is aso shown to be good sen-
sor for toxic vapors [23]. Spin-coated hydrazine func-
tiondized graphene dispersions are able to detect NO,,
NH,, and 2,4-dinitrotoluene [24]. However, there are no
reports about NO, gas sensor based on GNs prepared
through chemical reduction of GO.

In this paper, we employed a simple method for prep-
aration of single and few-layer GNs through the chemi-
cd reduction of GO. We have studied the relation between
structure and eectrical conductivity of the GNs. More-
over, we introduced a graphene gas sensor what the
GNs-based chemical sensor was fabricated onto Pt elec-
trode. It is considered to be important to examine gas
sensing characterigtics of single and few-layer GNs pre-
pared by chemica reduction. We have studied sensing
of NO, by the above GNs sample.

2. Experiment

Materids. Graphite powder, H,SO, (98%), H,PO,
(98 %), KMnQ, (98 %) and H,O, (30 wt%), Hydrazine
monohydrate (98 %), N,N-Dimethylformamide (DMF,
99.8 %) were obtained from commercia resources and
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used as received.

GO was synthesized from graphite powder via a mod-
ification of Hummers and Offeman’s method from graph-
ite powders [25]. In a typicd reaction, 5g of graphite,
60ml of H;PO, and 180ml of H,SO, were dirred
together with a Teflon-coated magnetic stirring in an ice
bath. Next, 60 g of KMnO, was dowly added while the
temperature was maintained at 0°C. Once mixed, the
solution is transferred to a 35+ 5°C water bath and
gtirred for 3h, forming a thick paste. Next, distilled
water (450 ml) was dowly dropped into the resulting
paste to dilute the mixture, and then the solution was
dtirred for 1 h while the temperature was raised to 90 +
5°C. Findly, 800 ml of distilled water was added, fol-
lowed by the dow addition of 60 ml H,O, (30 %), turn-
ing the colour of the solution from dark brown to
yellow. During this fina step, H,O, (30 %) reduced the
resdua permanganate and manganese dioxide to colour-
less soluble manganese sulphate. The GO deposit was
collected from the GO suspension by high speed centrif-
ugation at 15000 rpm for 30 min. The obtained GO was
then washed with 1000 ml of HCI (5%), and repeat-
edly washed with digtilled water until the pH=7. To
obtain uniform GO, a low-gpeed centrifugation at 3000 rpm
was first used to remove thick multilayer sheets until dl
the visible particles were removed (3~5 min). Then the
supernatant was further centrifuged a 10000 rpm for
30 min to remove smal GO pieces and water-soluble by
product. The final sediment was redispersed in 500 ml
of DMF with mild sonication, resulting in a solution of
exfoliated GO. The exfoliated GO nanosheets were chemi-
cdly reduced to GNs in the presence of hydrazine. Typi-
ca, 500ml of above exfoliated GO was dirred for
30 min, and 10 ml of hydrazine monohydrate was added.
The mixtures were heated at 90+ 5°C using a water
bath for 24 h; a black solid precipitated from the reac-
tion mixtures. Products were collected by centrifugation
at 12000 rpm for 45 min and washed with DI water and
methanol until the pH =7. Next, the GO and GNs were
dried and stored in a vacuum oven at 90°C until use.
The GNs on the Pt electrode were prepared by using
air-brush spraying technique. To examine the eectrica
conductivity, GO and GNs were sprayed on the glass
substrates.

GO, GNs and as-synthesized films were characterized
by a scanning electron microscope (SEM, JEOL, JSM
5900 LV, Japan). X-ray diffraction (XRD) characteriza-
tion was performed using Cu Ko. (wavelength at 1.54 A)
radiation, 40kv, 30 mA, Rigaku, Japan. Atomic force
microscope (AFM) image was obtained on an AFM

XE-100 (Park system) equipped. Optical microscope
(OM) examination was carried on a Zeiss AX10 micro-
scope. High-resolution transmittance electron micro-
scope (HR-TEM) was conducted on a TECNAI 20
microscope operated at 200 kV. The Fourier transform
infrared (FT-IR) spectra (500~4000cm™) were mea
sured using a (Nicolet IR100 FT-IR) spectrometer with
KBr (99%) as background. The Raman spectroscopy
measurements were recorded using a Jasco Laser
Raman Spectrophotometer NRS-3000 Series, with an
excitation laser wavelength of 532 nm, at a power den-
sity of 29mW -cm®. X-ray photoelectron spectroscopy
(XPS, VG Multilab ESCA 2000 system, UK) anaysis
using a monochromatized Al Ko x-ray source (hv =
1486.6eV) was peformed to andyze the elementa
compositions and the assignments of the carbon pesks
of the samples. The current-voltage (I-V) characteristic
is examined by using four point probes with Keithley
2400 Source-meter. Prliminary current measurements in
a gas sensors characterization system (GSCS) were per-
formed exposing the device.

3. Results and Discuss

Figure 1(a & b) shows the typicd TEM images GO
and GNs, respectively. Most GO exigt in the form of
thin few-layer graphene with lateral size in range of 1~
3um and some of them are folded a the edge of
nanosheets, as shown in Fig. 1(a). The inset of Fig. 1(a)
shows high-magnification TEM view of the curled bor-
der showing the presence of 2~4 layers forming the
graphene sheet. High-resolution TEM image of GNs in
DMF solution confirms that this graphene sheet is made
of bi-layers, as shown in Fig. 1(b). The crystallographic
structure of the graphene sheet is determined using the
selected area electron diffraction (SAED) technique, as
shown in the inset of Fig. 1(b). The SAED yields a
ring-shaped pattern consisting of many diffraction spots
for each order of diffraction. These spots make regular
hexagons with different rotationa angles, indicating the
presence of few layers in the graphene sheet assembly.
Furthermore, this result confirms that the typica six-fold
symmetry of the pattern comes from the crystalographic
structure of the graphene composed by carbon atoms
arranged in a strictly two-dimensional honeycomb - in
real space.

Figure 2(a) shows the AFM image of graphene oxide
nanosheets and the height profile in selected location.
The height of GO is in the range of from 0.8 to 1.5 nm.



86 Tran Van Khai, Maneeratanasarn Prachuporn and Kwang Bo Shim

Fig. 1. TEM image of (b) GO and (b) GNs, the inset is the
resultant SAED pattern.
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Fig. 2. (a) A tapping mode AFM image of GO nanosheets and
the height profile in selected location, (b) OM image of GO.

In theory, the single-layer graphene sheet is atomicaly
flaa with a well-known van der Waals thickness of
0.34 nm, while graphene oxide sheets are expected to be
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Fig. 3. XRD patterns of raw graphite powder, GO, GNs.

‘thicker’ due to the presence of covalently bound oxy-
gen and the displacement of the sp>-hybridized carbon
atoms dightly above and below the origina graphene
plane. In fact, some studies [26] pointed out that the
heights of ‘dry’ and hydrated GO were about 0.65~0.75
nm and 1.2 nm, respectively. Therefore, in this paper,
the GO nanosheets may be composed of bi or few lay-
ers of graphene oxide sheets, consistent with the TEM
result. Figure 2(b) shows the typicd OM image of
graphene oxide nanosheet with the size in range of 1.5~
2um.

The structural changes of GO is studied by using X-
ray diffraction. Figure 3(ac) shows the patterns of raw
graphite, GO and GNs, respectively. The raw graphite
showed the very strong (002) pesk a 26.40°, corre-
sponding to interlayer distance (d-spacing) of about
3.36 A. However, after oxidation, the (002) pesk shifted
to a lower angle of around 11.11° and the d-spacing of
GO increased to 7.95 A. Such d-spacing is significantly
large than that of single-layer graphene (~3.40 A), indi-
cating that GO contains large numbers of oxygen-con-
taining functional groups on both sides of the graphene
sheets. In addition, the small bump near 18° indicates
that the GO is not completely oxidized. The peak disap-
peared in a region of low angle and another broad peak
a 25.47° corresponding to d-spacing of 3.49 A appeared
after the GO was reduced by hydrazine monohydrate.
This indicates that the removal of large number of func-
tional groups and the formation of much more distorted
graphene sheets.

Figure 4 show the FT-IR spectra of GO and GNs. The
FT-IR spectrum of GO exhibits a strong and broad band
at 3400 cm ", which is due to the O-H stretching vibra-
tion. The band & 1715cm™ is rdlated to the C=O diretch-
ing motions of COOH groups at the edges of the sheets
[27]. The band a 1627 cm™ can be due to the O-H
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Fig. 4. FT-IR spectra of dried (8) GO, (b) GNs.

bending vibration of absorbed water. The band a 1580
cm ™ contained a peak corresponding to aromatic C=C
bonds and is assigned to skeleta vibrations from un-oxi-
dized graphitic domains [27]. The pesks a 1397 and
1071 cm™* may be attributed to the variations of tertiary
C-OH groups and C-O, respectively [28]. In the FT-IR
spectrum of the GNs, the peaks at 1715, 1397 and 1054
cm* disappeared, and broad pesk at 3410cm™ was
markedly reduced, indicating the remova of the hydroxyl
and carboxylic acid groups. The intensity of pesk at
1633cm ™ (O-H) was significantly decreased but still
detectable. It did not completely disappear because of
the mild reaction conditions. In the meanwhile, the shift
of the peak for aromatic C=C from 1580 cm™ in GO to
1557 cm ™ in GNs appears, indicating more defects were
added during chemical reduction might modify the sp°
carbon network.

Raman spectroscopy is usualy used to characterize
carbon materials. Figure 5(a-c) show Raman spectra of
graphite, GO, GNs, respectively. It clearly indicates that
the graphite powder has the best crystal quality. Graph-
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Fig. 5. Raman spectra of raw graphite material, dried GO,
GNs.

ite has a prominent G band a 1582.3cm ' which is
assigned to the fist-order scattering of the E,, mode
observed for sp” carbon domains and broad D band at
1358.8cm™ is caused by sp*-hybridized carbon, struc-
tural defects, carbon amorphous or edge planes that can
bresk the symmetry and selection rule [29]. In the Raman
spectrum of GO, the band G band is broadened and
shifted to 1597 cm*, while the D band a 1352cm™
becomes prominent, indicating the destruction of conju-
gated system in graphite. After GO was reduced to GNs,
the D band became narrower and more prominent whilst
the G band shifted from 1597 cm* to 1595 cm™, possi-
bly due to increase of the number of sp’ carbon in the
graphene sheets. The intensity ratio of D band to G
band (I,/1g) is usualy used to measure the graphitiza-
tion degree of carbon materials. The caculated I/l
ratios of graphite, GO, GNs samples is 0.10, 0.85 and
1.10. It is easily seen that the I/l ratio of GO is much
higher than that of graphite, indicating that GO has a
higher distortion. After chemica reduction, the I/l ratio
of GNs continuoudy increased, suggesting that the
graphene lattice became again with defects which caused
the increase of 1/l ratio [30].

An important factor determining the qudity of graphene
is the degree of oxidation and the presence of other het-
ero-atoms, which affects the eectricad and €eectronic
properties of the material. X-ray photoelectron spectros-
copy (XPS) is a powerful tool to identify the elemental
composition in bulk materials. Furthermore, by anaysis
of binding energy (BE) values, we can detect the pres-
ence of any oxygenated groups. Figure 6(a-c) shows the
XPS survey spectra of commercia graphite, GO, GNs,
respectively. Only carbon, oxygen and nitrogen species
are detected, the atomic percentage (at %) of each ele-
ment was calculated from the survey spectra, and the
result was summarized in Table 1. In the survey scan
XPS spectra, the pesks at around 285.5, 399.8 and
534.0eV correspond to Cls, N1s and Ols core-leve,
respectively. The effective chemica reduction is clear
because the content of oxygen atoms of GNs signifi-
cantly reduces compared with GO. The oxygen content
decreased in the order of GO > GNs > graphite.

High resolution XPS of the asmade samples were

Table 1

Atomic concentration of C, N, and O of Graphite, GO and GNs
Sample C (%) N (%) 0O (%)
Graphite 95.31 - 4.69
GO-dried 68.80 - 3120
GNs 75.40 4.30 20.30
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Fig. 6. (ac) Raw scan XPS spectra of graphite, GO and GNs
respectively.

further performed to analyze the change of individua
groups during the reduction process; the relative compo-
stion of individua groups was estimated by the per-
centage of the certain group (the area of peak divided
by the total area of al peaks). Figure 7 shows the high
resolution Cls XPS spectra of graphite, GO and GNs.
For the graphite material, the C1s peak can be fitted to
four components located at 284.4, 285.4, 286.1 and
287.3eV. The main peak a 284.4€V corresponds to
binding energy of sp” graphitic bonds (C=C), indicating
that most of the carbon atoms in the graphite are arranged
in a conjugated honeycomb lattice (87.95% area of
C=C bonds). The other three peaks located at 285.4,
286.0 and 286.9 eV are attributed to C-OH (hydroxyls)
C-O-C (epoxy/ether) and C=0O (carbonyls) groups, respec-
tively. The Cls XPS spectrum of GO clearly indicates a
considerable degree of oxidation with the content of
oxygen element increased to 31.2 a.% while the area
composition of C=C bonds decreased to 52.0 %, which
results from harsh oxidation and destruction of the sp°
atomic structure graphite [31, 32]. There are six differ-
ent kinds of carbon atoms, located at 284.5, 285.8,
286.4, 287.9, 283.5 and 290.0 eV, correspondingly exist in
different functiond groups. C=C, C-OH, C-O-C, C=0,
COOH (acids) and O=CO-O (carbonates) groups, respec-
tively. This indicates that the rich groups are contained
within the GO.

After chemical reduction of GO, the relative contribu-
tion of the components associated with oxygen was
found to decrease very significant, this is in agreement
with previous reports from the literature [33, 34]. It is
worth noting that the content of oxygen edement decreased
to 21.31 at.% while the area composition of C=C bonds
increased to 62.55 % in comparison to GO, indicating a
significant recovery of sp” carbon network. In this case,
the Cls peak can fitted to seven components located at
284.6, 285.4, 286.0, 286.7, 287.7, 288.6, and 289.7 eV.
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Fig. 7. High resolution C1 XPS spectra of graphite, GO and
GNs.

The peaks located at 284.6, 285.4, 286.7, 287.7 and
288.6 eV correspond to energy of C=C, C-OH, C-O-C,
C=0/C-N and COOH groups, respectively. Concurrently,
two new peaks at 286.0 and 287.7 eV can be ascribed to
two different C-N bonds, corresponding to the N-sp°C
and N-sp°C bonds, respectively, originating from the
subgtitution of the N atoms, defects or the edge of the
graphene sheets [35, 36]. GO contained a large numbers
of functional groups and defect sites. During the chemi-
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Fig. 8. Current-voltage characteristics of GO and GNs.

ca reduction, oxygen functiona groups in the as-made
GO were responsble for reactions with hydrazine mono-
hydrate (NH,H,0) to form C-N bonds. Additiondly, it is
remarkable that the m — 7 shakeup satellite peak around
289.73 eV, a charecteristic of aromatic or conjugated
systems, appeared after hydrazine reduction.

To study the effect of chemical reduction on the elec-
trical conductivity of as-made samples, we investigated
the current-voltage (I-V) characteristic using four point
probe with Keithley 2400 Source-meter. Figure 8 shows
the |-V characteristic of GO, GNs. Note that both the
samples have the same thickness. It is found that both
samples exhibit linear 1-V reation with the voltage in
range of —1.0 to +1.0V. The |-V dope of GO is close to
zero. Before reduction, the GO behaved close-to-insulat-
ing material [37], which can be attributed to the high
oxygen content in the form of functional groups con-
tained by GO. It is widedly known that the GO structure
is predominantly amorphous due to distortions from high
fraction of sp>-O. Moreover, due to the random distribu-
tion, the sp>-hybridized benzene rings are separated by
sp>-hybridized rings, thus leading to the insulating GO
[38]. However, the |-V dope of GNs sgnificantly increased
after chemical reduction, indicating that the eectrica
conductivity of GNs was considerably enhanced. The
enhanced electrical conductivity of GNs can be due to
chemicd removal of oxygen functiona groups during
chemical reduction. From the linear 1-V curves the con-
ductivity of 42x 10" and 12 Sm was caculated for
GO and GNs, respectively.

One of the most important issues of gas detector is
reproducibility. Therefore, the GNs-based gas detector
developed in this research was exposed to a repeated
cycling of the ambient gas with different nitrogen diox-
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Fig. 9. NO, gas senditivity of the NGs at 200°C.

ide (NO,) concentrations. Figure 9 shows the normal-
ized change of current in the GNs as function of time
for different concentration of NO, ranging from 10 ppm
increase to 50 ppm. NO, appears to act as a p-typed
dopant [39] for the GNs resulting in a decrease in the
resstance. The current of GNs device increases from
~1.05 for 10 ppm to 1.1 for 50 ppm of NO,. The simi-
lar result is found in the previous studies [40, 41]. Based
on this result, it can be concluded that the GNs have
great potential for ultra-sensitive gas detector by the
optimization of device structure. The detection of a sin-
gle gas molecule can be achieved by using GNs-based
gas detector since the change in the eectrical conductiv-
ity of the graphene is quantized in response to NO, mol-
ecule [14]. Moreover, the sengtivity can be further
enhanced by adding noble metds [42].

4. Conclusions

Singe and few-layer GNs have successfully synthe-
sized by a modified Hummer's method followed by
chemical reduction of GO in the presence of hydrazine
monohydrate. This technique is smple, low cost and
adaptable for the production of large quantities of sen-
sor materials. By using XPS, Raman, XRD, AFM, and
FTIR technique, it is found that the structure of GO was
greatly changed before and after chemical reduction. As
a result, the electrica conductivity of GNs is signifi-
cantly improved compared to that of GO. Moreover, it
is shown that these GNs can be used to detect NO, gas.
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