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High-quality graphene oxide (GO) was synthesized in two steps. 

First, graphite on the anode was expanded in aqueous sulfuric acid 

solution at a constant direct-current power supply, then it is used to 

synthesize GO by an improved Hummers method. The synthesized 

GO had low layer number (less than five layers) and large lateral 

size (at least 300 µm).  

Graphene (GN), a two-dimensional honeycomb sp2 carbon 
lattice, exhibits superior electrical conductivity and a high charge 
carrier mobility because electron tunnelling occurs within its 
structure allowing electron movement at relativistic speeds.1,2 GN is 
used in a wide range of devices such as organic photovoltaics,3-6 
high speed transistors,7,8 Field emission electrode,9 transparent 
conducting films,10 lithium ion batteries,11-13 hydrogen storage14 and 
supercapacitors.15 GO, which is an oxygen-rich carbonaceous 
material, contains both sp2 and sp3 hybridized carbon atoms. The sp3 
hybridized carbon atoms in GO are covalently bonded with oxygen-
containing functional groups such as carboxyl, carbonyl, epoxy 
groups, hydroxyl, etc. .16 The covalent oxygen-containing functional 
groups in GO bring remarkable modification of the graphene (GN) 
electronic structure. Therefore, the chemical composition of GO, 
which can be electrochemically engineered, allows tunability of its 
optoelectronic properties.17,18 In recent years, GO has also been 
directly used for electronics.3,4,10,19 Beacause of rigorous 
requirements of specific surface area, optical transparency, electrical 
conductivity and resistance for GN at electronics industry, GN is 
usually produced using chemical vapor deposition (CVD) method in 
order to control the quality of the carbon lattice.20 But CVD method 
also exhibits several disadvantages, including low productivity, non-
viability for commercialization, time-consuming nature, and use of 
high temperature. These characteristics are unsuitable for large-scale 
production of GN. Chemical graphite to GO exfoliation and GO to 
GN conversion by chemical or thermal reduction have received 

considerable attention because these methods exhibit low-cost and 
mass production capability. The GO products, synthesized by 
Chemical exfoliation,21-25 have a common characteristic that the 
lateral dimensions of GO flakes are small, just ranged from several 
hundreds of nanometers to several dozens of micrometers. The small 
lateral dimensions of GO severely restricted its application in 
electronic industry. 

In this study, hundreds of micrometers sized GO was 
synthesized in two steps. First, the expanded graphite flakes with 
particle size larger than 300 µm were synthesized by electrochemical 
intercalation. Graphite sheets were used as electrodes. The distance 
between cathode and anode was maintained at 2 cm, and the 
concentration of the aqueous H2SO4 solution was 2 mol·L–1. A 
constant voltage of 5 V from the DC power supply was applied 
between the two electrodes for 5 min. This step aided graphite 
electrode on the anode to become wet and caused gentle intercalation 
of SO4

2– to the grain boundary of graphite, which expanded the 
structures. The expanded graphite sheets were washed with 
deionized water to remove residual electrolytes on the surface of 
sheets, and then dried at 80 °C under atmospheric pressure for 8 h. 
The dried graphite sheets were ground using a grinder to produce 
flakes, and the flakes were sonicated in anhydrous ethanol for 5 
minutes. Thereafter, the flakes were passed through a sieve with a 
pore diameter of 300 µm and dried at 60 °C under atmospheric 
pressure for 1 h. The expanded graphite flakes with particle size 
larger than 300 µm were selected to prepare GO. Second, high-
quality GO was synthesized using the expanded graphite flakes by 
an improved Hummers method. Around 70 mL of concentrated 
H2SO4 was added to 4.0 g of the mixture of expanded graphite flakes 
under stirring in an ice-water bath. Exactly 9.0 g of KMnO4 was 
slowly added to the mixture so that the reaction temperature was 
increased by no more than 10 °C. The reaction was maintained for 
30 min, and the mixture was transferred to a water bath at 40 °C and 
continuously stirred for 30 min. After adding 150 mL of deionized 
water, the mixture was heated and maintained at 95 °C for 15 min. 
After heating, 1200 mL of deionized water and 5 mL of 30% H2O2 
were sequentially added to the mixture, turning its color from ash 
brown to golden yellow. The mixture was then filtered through a 
0.22 µm (pore size) membrane and washed with 300 mL of diluted 
HCl (1:10) followed by deionized water until the pH became 7. The
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obtained graphite oxide was dispersed in water and sonicated for 30 
min to produce exfoliated GO, which was centrifuged at 4000 rpm 
for 15 min to remove unexfoliated graphite. GO was vacuum freeze 
dried, and the final product was collected for further 
characterization.  

Fig. 1a is the schematic representation of the pre-oxidation 
mechanism. When a constant voltage from the DC power supply was 
applied between the two graphite electrodes, the initial low voltage 
helps to wet the sample (Fig. 1b) and causes gentle intercalation of 
O2 (released by side reactions) and SO4

2- ions to the grain boundary 
of graphite.26 This behavior destroyed the van der Waals force 
between the graphite interlayer, and expanded the structures of 
graphite precursor with O2, SO4

2- ions and H2O (Fig. 1c). Fig 1d 
shows the digital images of the expanded graphite. The thickness of 
the expanded portion (d′=1.7 nm) is three times of the unexpanded 
portion (d=0.6 nm). After the four steps of water washing, 
atmospheric drying, grinding and sieving, the expanded graphite 
flakes with particle size larger than 300 µm (Fig. 1e) were used to 
prepare GO using improved Hummers method. As described on the 
scheme (Fig. 1e, f), the combination H2SO4/KMnO4 used in 
Hummers method acted as a chemical ‘‘scissor’’ that further 
destroyed the van der Waals force between graphite layers and 
facilitated chemical oxidation exfoliation, forming graphite oxide in 
which every single-layer GO is sandwiched by the layers of oxygen-
containing functional groups.21,27,28   

 

 
Fig. 1 – The schematic representation of preparation process 

and mechanism for GO formation from graphite precursor. 

 
In the pre-oxidation process of graphite sheets, we selected the 

expanded graphite flakes with particle size larger than 300 µm by 
means of crushing and screening. The artificial screening of pre-
oxidated graphite precursor particles greatly restrained the reduction 
of the crystallite sizes of the GO caused by rupture of the graphitic 
sheets in an electrochemical intercalation process. Meanwhile, the 
pre-oxidation process destroyed the van der Waals force between the 
graphite interlayer and increased the spacing between graphite 
layers. This behavior had two distinct advantages for followed 

synthesis of GO by using improved Hummers method. Firstly, the 
increase of the layer spacing between graphite layers was in favor of 
the further intercalation of oxidants. Secondly, the destruction of the 
van der Waals force between the graphite interlayers decreased the 
difficulty to prepare GO by followed improved Hummers method, 
and restrained excessive basal plane oxidations caused enormous 
strain in the graphitic sheets which resulted rupture of the graphitic 
sheets along the a-axis (axis in the carbon layer planes) as well.29 

The detailed morphology and crystalline structure of the 
expanded graphite flakes after the electrochemical pre-oxidation 
process were investigated by SEM, TEM, HR-TEM and AFM. The 
lateral dimensions of expanded graphite flakes reached 300 µm 
according to their TEM (Fig. 2a) and SEM (Fig. 2b) images. TEM 
images revealed that the transparency of expanded graphite flakes 
were poor, which inferred expanded graphite flakes had a great 
number of layers. It was obvious that expanded graphite flakes had 
plenty of layers according to HR-TEM (Fig. 2c) image, too. AFM 
was performed to investigate the topographic height of GO. Because 
of the test range limitation of AFM (30µm×30µm), expanded 
graphite flakes was sonicated for 1h to be broken into microsized 
flakes before AFM test. AFM (Fig. 2d) shows that the average 
thickness of expanded graphite flakes was 407 nm. The observed 
thickness indicated that multilayer expanded graphite flakes formed, 
which confirmed the earlier conclusion drawn based on Fig. 2a and 
Fig. 2c. 

 

 
Fig. 2 – (a) TEM, (b) SEM, (c) HR-TEM and (d) AFM of 

expanded graphite flakes after the electrochemical pre-oxidation 

process. 

 
The XRD (Fig. 3a) pattern of expanded graphite flakes gives a 

(002) reflection peak at 2θ = 26.4°, with an interlayer distance of 
0.34 nm. Meanwhile, the XRD pattern of expanded graphite flakes 
displayed a (001) reflection peak at 2θ = 13.8°, which corresponded 
to a d space of 0.64 nm. The large interlayer spacing of GO sheets 
were attributed to a handful of oxygenated functional groups and a 
large amount of H2O and SO4

2- ions in expanded graphite flakes 
layers. Both the (002) diffraction line observed in graphite and (001) 
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reflection line in GO were present in the XRD diffraction spectrum 
of expanded graphite flakes. Thus, expanded graphite flakes was 
uncompletely oxidized to GO after the electrochemical pre-oxidation 
process.30 Raman spectroscopic (Fig. 3b) shows a signal of the 
pristine sp2 GN lattice at 1582 cm–1, which corresponded to the G 
band, whereas sp3 defects in the sp2 lattice produced a prominent 
signal at 1353 cm–1. The ID/IG ratio of expanded graphite flakes was 
0.21, which suggested that expanded graphite flakes displayed a low 
degree of oxidation, and a small quantity of sp2 lattice was destroyed 
and became disordered sp3 lattice.31 Fig. 3c shows the FT-IR 
spectrum of expanded graphite flakes. A sharp and broad intense 
band was observed at 3420 cm–1, corresponding to –OH stretching 
vibrations. These stretching vibrations were due to the 
electrochemical intercalation of graphite caused by using H2SO4 
solution as an electrolyte. The appearance of sharp peaks at 1629, 
1230, and 1069 cm–1 in the expanded graphite flakes were attributed 
to COOH, C–OH, and C–O–C stretching vibrations, respectively. 
The presence of the peak at 850 cm–1 was attributed to aromatic C–H 
stretching and out-of-plane bending vibration. FT-IR spectrum (Fig. 
3c) proves the presence of free (nonbonded) SO4

2- (at 1009 cm-1).32 
Fig. 3d shows the details of the C1s signal of expanded graphite 
flakes. The spectrum showed four types of C bonds, namely, C–
C/C=C at 284.5 eV, C–O at 286.5 eV and O–C=O at 288.9 eV. The 
atomic percentage, measured by XPS, were C (71.47%), O (24.74%) 
and S (3.79%). Deduction of the O atom (4 times of S atomic 
percentage) derived from SO4

2- ions, the atomic percentage of O, 
which originated from oxygen-containing functional groups, was 
11.82%. Therefore, the C/O atomic ratios of expanded graphite 
flakes was 5.9. Results showed that expanded graphite flakes was a 
low degree of oxidation during the electrode–electrolyte interaction 
process. 

 

 
Fig. 3 – (a) XRD, (b) Raman, (c) FT-IR and (d) XPS of expanded 

graphite flakes after the electrochemical pre-oxidation process. 

 
Fig. 4a shows the TEM image of GO. TEM images revealed 

that the lateral dimensions of GO flakes reached 300 µm. Fig. 4a 
displayed that GO flakes were rippled and entangled with one 
another, and were transparent and extremely stable under an electron 
beam. The most transparent and featureless regions indicated by the 
arrows in Fig. 4a were probably the monolayer of GO. Fig. 4b shows 

the SEM images of GO. GO flakes displayed wrinkled or folded 
morphology. SEM images revealed that the lateral dimensions of GO 
flakes reached at least 300µm, which was range 10 to 100 times 
larger than previously reported values.21-23,33 The HR-TEM image 
(Fig. 4c) indicated that a single layer of GO formed, which 
confirmed our earlier conclusion. This result was estimated based on 
statistical sampling of exfoliated GO flakes, i.e., by calculating the 
layers of 50 GO flakes in the HR-TEM image (Fig. 4d). 
Approximately 36% of GO flakes were monolayer, nearly 54% 
exhibited two to five layers, and nearly 10% had six to ten layers. 

 

 
Fig. 4 – (a) TEM, (b) SEM and (c) HR-TEM of GO; (d) Layer 

numbers distribution histogram for exfoliated GO sheets, as 

estimated from the corresponding HR-TEM analysis. 

 
AFM was performed to investigate the topographic height of 

GO. Because of the test range limitation of AFM (30µm×30µm), the 
GO was sonicated for 1h to be broken into microsized GO before 
AFM test. Fig. 5a shows that the average thickness of GO was 1 nm. 
The observed thickness indicated that a single layer of GO formed,34 
which confirmed the earlier conclusion drawn based on Fig. 4. Fig. 
5b shows the XRD results of graphite and GO. A difference was 
found between the spacing between layers, with an interlayer 
distance of 0.34 nm for pure graphite, as indicated by the (002) 
reflection peak near 2θ = 26.4°. Meanwhile, the XRD pattern of GO 
displayed a (001) reflection peak at 2θ = 11.0 °, which corresponded 
to a d space of 0.80 nm. The large interlayer spacing of GO sheets 
were attributed to the oxygenated functional groups in GO; these 
functional groups were introduced when graphite underwent harsh 
oxidation.21 The (002) diffraction line observed in graphite was not 
present in the XRD diffraction spectrum of GO. Thus, graphite was 
completely oxidized to GO.30 Raman spectroscopic (Fig. 5c) shows a 
signal of the pristine sp2 GN lattice at 1582 cm–1, which 
corresponded to the G band, whereas sp3 defects in the sp2 lattice 
produced a prominent signal at 1355 cm–1. The ID/IG ratio of GO was 
0.94, which suggested that GO displayed a high degree of oxidation, 
and a large number of sp2 lattice was destroyed and became 
disordered sp3 lattice.31 Fig. 5d shows the FT-IR spectrum of GO. A 
sharp and broad intense band was observed at 3410 cm–1, 
corresponding to –OH stretching vibrations. These stretching 
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vibrations were due to the electrochemical intercalation of graphite caused by using H2SO4 solution as an electrolyte and the oxidation 

 
Fig. 5 – (a) AFM, (b) XRD, (c) Raman, (d) FT-IR and (e) XPS of GO. 

 
of graphite by an improved Hummers method. The peaks at 2926 
and 2848 cm–1 represented the asymmetric and symmetric vibrations 
of CH2 groups. The appearance of sharp peaks at 1736, 1623, 1226 
and 1053 cm–1 in the GO were attributed to C=O, COOH, C–OH and 
C–O–C stretching vibrations, respectively. The presence of the peak 
at 853 cm–1 was attributed to aromatic C–H stretching and out-of-
plane bending vibration. FT-IR results confirmed the presence of 
oxygen-containing functional groups, which may increase water 
dispersibility.35 Fig. 5e shows the details of the C1s signal of GO. 
The spectrum showed four types of C bonds, namely, C–C/C=C at 
284.5 eV, C–O at 286.5 eV, C=O at 287.7 eV, and O–C=O at 288.9 
eV. The C/O atomic ratios of GO, which were measured by XPS, 
was 2.1; this value was close to the low limit of previous results (1.8 
to 4.7) for GO products.33,36-38 Peak intensities of intact C (C–
C/C=C) and oxygenated C atoms in the XPS spectrum were 40.63% 
and 59.37%, respectively. Results showed that GO was substantially 
oxidized during the preparation process. This result was due to 
several factors, namely, electrode–electrolyte interaction, oxidation 
exfoliation of electrochemical method, and serious oxidation caused 
by the harsh oxidizers H2SO4 and KMnO4 when GO was prepared 
by an improved Hummers method. 

Comparison with GO prepared by traditional Hummers method, 
GO synthesized in this study has two obvious advantages. First, GO 
flakes had large lateral size reached 300µm. GN with large lateral 
size means that it has a high specific surface area, excellent 
mechanical strength, good elasticity, superior thermal conductivity 
and optical transparency and high electrical conductivity.1,2,39,40 
Second, GO displayed a high degree of oxidation (ID/IG=0.94, 
C/O=2.1), this is to say GO possessed abundant of oxygen functional 
groups. GO with abundant of oxygen functional groups is considered 
as a promising materials for composite material applications owing 
to its excellent aqueous processability, amphiphilicity, surface 

functionalizability, surface enhanced Raman scattering property, and 
fluorescence quenching ability.3-6,41,42 

Conclusions 

Submillimeter sized GO was prepared by pre-oxidizing 
graphite sheets and synthesizing GO using an improved 
Hummers method. Test results indicated that GO exhibited 
excellent properties. About 90% of GO flakes had less than five 
layers, and the lateral size of GO reached 300µm. Meanwhile, 
GO displayed a high degree of oxidation, low C/O ratio (2.11), 
and high oxygenated C content (59.37%). Synthesizing GO 
with the novel method may have potential use in several 
practical applications as a precursor that can be fabricated into 
electronics having controlled compositions and microstructures. 
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