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 

Abstract— Comparative spectroscopic and microscopic 

analyses of the oxygen content in oxygen-containing functional 

groups for graphene oxide and its reduced form are reported. 

The graphene oxide prepared by Hummers method using 

graphite flakes was used as a starting material. Reduced 

graphene oxide was obtained through the reduction of the 

graphene oxide sheets with hydrazine hydrate at room 

temperature and 98 °C. The comparison of the oxygen content 

and functionality before and after the reduction of graphene 

oxides at different temperatures were investigated by XRD, 

AFM, SEM, TEM, FT-IR, XPS,  and Raman spectroscopy. The 

reduced graphene oxides showed much larger interlayer 

distances (1.36 nm at room temperature and 1.08 nm at 98 °C) 

than those of graphene oxide (0.87 nm) and graphite (0.34 nm). 

According to the overall oxygen analysis data, the reduction 

process at 98 °C was more efficient than that of room 

temperature: however the epoxy- and carboxylic groups were 

completely removed at both temperatures.  

 

Index Terms— Graphene-oxide; Reduced graphene-oxide; 

XPS; Raman.  

 

I. INTRODUCTION 

  The use of graphene oxide as a material for the preparation 

of individual graphene sheets in bulk-quantity, has attracted 

great attention in recent years [1-3]. In addition, the 

incredibly large specific surface area, the abundant 

oxygen-containing surface functionalities (including epoxide, 

hydroxyl, carbonyl, and carboxylic groups) and the high 

water compatibility afford graphene oxide sheets of great 

promise for future applications [1,2]. For instance, graphene 

oxide nano-sheets modified with polyethylene glycol have 

been employed as aqueous compatible carriers for 

water-insoluble drug delivery [4]. The oxygen-containing 

functional groups on graphene oxide sheets have been used as 

sites for the deposition of metal nanoparticles and organic 

macromolecules, including porphyrins. This has opened up a 

novel route to a range of multifunctional-nanometer scaled 

catalytic, magnetic, and optoelectronic materials [5-7]. 

Graphene oxide sheets, with their distinctive nanostructure 

hold great promise for potential application in many 

technological fields that include nanoelectronics [8], sensors 

[9], nanocomposites [10], batteries [11], and capacitors [12]. 

A number of reports discussing the growth and exfoliation 

properties of graphene have appeared. 

One promising, low-cost, and easily up-scalable alternative to 

the use of graphene is to employ the product obtained on 
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reduction of graphite oxide [2,13,14] , a layered material 

whose constituting graphene layers are functionalized with 

epoxy and hydroxyl groups and are easily exfoliated in water. 

The resulting graphene oxide monolayers can be deposited in 

controllable density onto a large variety of substrates, thus 

enabling the preparation of thin conductive films on both 

rigid and flexible substrates [1,15,16]. Although chemical 

reduction of close-to-insulating graphene oxide can increase 

its conductivity by up to 4 orders of magnitude [17-19], thus 

far attained conductivities of reduced graphene oxide still fall 

behind that of pristine graphene by a factor of 10-100 [3,20]. 

There is general consensus that the inferior electrical 

performance of reduced graphene oxide originates from the 

presence of residual functional groups remaining after 

reduction. However, despite numerous spectroscopic [21-26] 

and microscopic [19,27,28] studies performed on both 

graphene oxide and reduced graphene oxide, the dependence 

of reduced graphene oxide on the reduction temperature has 

not yet been elucidated. We herein report an investigation of 

the effect of temperature on the preparation of the reduced 

graphene oxide. 

II. EXPERIMENTAL SECTION 

A.  Preparation of Graphene Oxide.  

The graphene oxide was prepared according to modified 

Hummers method [29,30] by reacting commercial flakes 

graphite powder (Aldrich) (5 g) and NaNO3 (3.75 g) with 

conc. H2SO4 (375 mL). This mixture was stirred in an 

ice-water bath, and 22.5 g of KMnO4 was slowly added over 

1 h and stirring was continued for 2 h in an ice-water bath. 

After the mixture was stirred vigorously for 2 days at room 

temperature, 700 mL of 5 wt% H2SO4 aqueous solution was 

added over 1 h with stirring, and the temperature was kept at 

98 °C. The resultant mixture was further stirred for 2 h at 98 

°C. After the temperature was reduced to 60 °C, 15 mL of 

H2O2 (30 wt% aqueous solution) was added, and the mixture 

was stirred for 2 h at room temperature. To remove 

extraneous products from the oxidation (and any other 

inorganic impurities), the resultant mixture was purified by 

repeating the following procedure cycle 20 times: 

centrifugation, removal of the supernatant liquid, then 

dispersing the solid using vigorous stirring and bath 

ultrasonication for 1 h at a power of 150 W. The resultant 

solid was recovered by centrifugation, washed with deionized 

water and ethanol until H+ free, and then dried in air at 40 °C. 

B.  Reduction of Graphene Oxide with Hydrazine.  

The graphene oxide (100 mg) prepared was loaded in a 250 

mL round bottom flask and water (100 mL) was then added, 
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yielding an inhomogeneous yellow-brown dispersion. This 

dispersion was sonicated using an ultrasonic bath cleaner 

(150 W) until it became clear with no visible particulate 

matter. In next step, the graphene oxide was reduced with 

hydrazine at room temperature and 98 °C. First, hydrazine 

hydrate (1.0 mL, 32.1 mmol) was added and the solution was 

stirred for 24 h at room temperature, during which time the 

reduced graphene oxide gradually precipitated as a black 

solid. In case of the high temperature reduction, hydrazine 

hydrate (1.0 mL, 32.1 mmol) was added and the clear solution 

was heated in an oil bath at 98 °C under a water-cooled 

condenser for 24 h over which time reduced graphene oxide 

gradually precipitated as a black solid. In both cases, the solid 

precipitates were recovered by centrifugation, washed with 

deionized water and ethanol until hydrazine free, and then 

dried in air at 40 °C. 

 

C.  Characterization of Graphite, Graphene Oxide and 

Reduced Graphene Oxide.  

The powder X-ray diffraction (XRD) measurements of the 

samples were recorded on a Bruker D8-Advance X-ray 

powder diffractometer using Cu Kα radiation (λ = 0.1542 nm) 

with scattering angles (2θ) of 5–80°, operating at 40 keV, 

cathode current of 20 mA. Scanning electron micrographs 

(SEM) were obtained from a JEOL JSM-840A scanning 

electron microscope. Transmission electron micrographs 

(TEM) were obtained with a JEOL JEM-200 CX 

transmission electron microscope operating at 200 kV. AFM 

images were taken on an AutoProbe CP/MT scanning probe 

microscope (XE-100(PSIA)). Imaging was carried out in 

non-contact mode using a V-shaped ‘Ultralever’ probe B 

(Park Scientific Instruments, borondoped Si with frequency 

ƒc = 78.6 kHz, spring constants k = 2.0-3.8 Nm-1, and 

nominal tip radius 10 nm). All images were collected under 

ambient conditions at 50% relative humidity and 23 °C with a 

scanning raster rate of 1 Hz. Samples for AFM images were 

prepared by depositing dispersions of graphene oxide in 

ethanol on a freshly cleaved mica surface (Ted Pella Inc. Prod 

No. 50) and allowing them to dry in air. X-ray photoemission 

spectroscopy (XPS) measurements were performed using an 

ESCA-2000 (VG Microtech, UK) with a twin anode X-ray 

source (Mg/Al). Raman spectra were obtained using a Jobin 

Yvon/Horiba LabRAM spectrometer equipped with an 

integral microscope (Olympus BX 41). The 514.5 nm 

Ar-laser was used as an excitation source. Samples were 

sonicated in ethanol and drops were applied to a glass slide 

for observation. The sample was viewed using a green laser 

apparatus under a maximum magnification of ×50, and a red 

laser apparatus under a magnification of ×100. The FT-IR 

spectra were recorded on a Bruker VERTEX 80v model using 

a KBr disk method. 

III.  RESULTS AND DISCUSSIONS 

The graphene oxide was prepared from flakes graphite by 

modified Hummers method [29,30]  and reduced graphene 

oxide was prepared by reduction of graphene oxide with 

hydrazine at room temperature and 98 °C. SEM and TEM 

images of graphite, graphene oxide, and reduced graphene 

oxide are shown in Fig. 1. Compared with graphite (Fig. 1a), 

the general structure of graphene oxide (Fig. 1b) is greatly 

changed. It is found that the jeep-shaped graphene oxide thin 

plates are well exfoliated. As shown in Fig. 1d, it also can be 

seen from the typical TEM image of graphene oxide that it 

was fully exfoliated into nanosized sheets with 

micrometer-long wrinkles by ultrasonic treatment, 

illustrating clearly the flake-shaped graphene oxide sheets. 

These platelets are attributed to reduced graphene oxide (Fig. 

1c) caused by the reduction of graphene oxide surface using 

hydrazine. Accordingly, the SEM image of reduced graphene 

oxide (Fig. 1c) is similar to that of original graphite, but each 

sheet of reduced graphene oxide has grown much bigger than 

that of the original graphite image.  

Furthermore, AFM images (Fig. 2) provide morphological 

information about the graphene oxide. Sonication treatment 

of the graphene oxide truncated it from several hundreds of 

nanometers to less than 100 nm in lateral width, while the 

thickness remained unaltered at 1-2 nm, as revealed by the 

AFM images. Comparing this result with previous in the 

literature [1,13,30,31],  we confirmed that the graphene oxide 

prepared in this work has the characteristic of single or two 

layered sheets.  

To characterize the structures of the graphene oxides upon 

reduction, the XRD patterns were obtained. The XRD 

patterns shown in Fig. 3 reveal that the (C110) diffraction 

peak of graphite (Fig. 3a) appears at 26.8°, which means the 

interlay space is 0.34 nm. After the exfoliation, the interlay 

space of the resulting graphene oxide (Fig. 3b; 10.1°, 0.87 

nm) became greater than that of graphite as a result of the 

introduction of oxygenated functional groups on the graphene 

sheets [31-33]. The XRD patterns for reduced graphene 

oxides prepared at room temperature (Fig. 3c; 7.01°, 1.36 nm) 

and 98 °C (Fig. 3d; 8.59°, 1.05 nm) exhibit commonly the 

main peak 24.3°. The main peak appears more predominantly 

at room temperature, indicating that some additional peaks 

observed for the sample prepared at 98 °C are originated to 

the structural deformation which occurs on decomposition of 

the epoxy groups into hydroxyl and carboxylic groups. 

Consequently, it was found that the reduction accomplished 

at 98 °C is more efficient than that did at room temperature. 

Raman spectroscopy can be employed to characterize the 

bonding, ordering, and crystallite size in carbon materials. It 

is well known that the Raman band at around 1582 cm-1 (the 

G-band) is due to the in-plane phonon modes of graphene, 

which indicates sp2 bonding. Also, the band at around 1353 

cm-1 is due to disorder in the graphene layers caused by sp3 

bonding (the D-band) [34]. Fig. 4 shows the Raman spectra of 

graphite, graphene oxide, and reduced graphene oxide (room 

temperature and 98 °C): the two peaks appeared ca. 1350 and 

1590 cm-1 correspond to the D and G bands, respectively. The 

Raman spectrum of graphite in (Fig. 4a) shows the in-phase 

vibration of the graphite lattice at 1592 cm-1 (G band) and a 

weak D band at 1351 cm-1 [34,35], indicating its well-ordered 

structure. In the Raman spectrum of graphene oxide (Fig. 4b), 

the G band is broadened and shifts to higher frequency (1593 

cm-1) due to the presence of isolated double bonds that 

resonate at higher frequencies than the G band of graphite 

[24]. 
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Fig. 1.  SEM image of (a) graphite, (b) graphene oxide, (c) reduced graphene oxide at 98 °C, and (d) TEM image of graphene 

oxide. 

 

Fig. 2.  AFM image of graphene oxide. 
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Fig. 3.  XRD patterns of (a) graphite, (b) graphene oxide, (c) reduced graphene oxide at room temperature, and (d) reduced 

graphene oxide at 98 °C. 

 

Fig. 4.  Raman spectra of (a) graphite, (b) graphene oxide, and (c and d) reduced graphene oxides at (c) room temperature, and 

(d) 98 °C. 
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Fig. 5.  FT-IR spectra of (a) graphene oxide and (b) reduced graphene oxide at 98 °C. 

 

Fig. 6.  XPS analysis: (a) wide scan for (bottom) graphene oxide, (middle) reduced graphene oxide at room temperature, (top) 

reduced graphene oxide at 98 °C, (b) graphene oxide in C 1s region, and (c and d) reduced graphene oxide at (c) room 

temperature C 1s region, and (d) 98 °C C 1s region. 
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Table 1:  XPS peak locations and relative areas for graphene oxide and reduced graphene oxide 

 

Graphene oxide 

 

 

Reduced graphene oxide  

(treated with N2H4 for 24 h) 

 RT             98 °C 

 BEa 

(eV) 

Relative 

area (%) 

BEa 

(eV) 

Relative 

area (%) 

 BEa  

(eV) 

Relative 

area (%) 

 

 

Functional 

group 

 

C-C 285.35 49.58 285.10 54.80 284.53 83.94 

C-OH 286.98  4.04  286.60 15.94 285.66 11.57 

C-O-C 287.40 26.37 287.40 0 287.40 0 

C=O 288.34 13.54 288.66 29.26 286.55 4.48 

C(O)-OH 289.33 6.46 289.33     0 289.33 0 

Abundantb 

ratio     

C 

O  

                    1 

0.50 

 1 

0.35 

 1 

0.09 

a Binding energy. bOxygen contents are normalized by each carbon content value. 

 

In addition, the D band at 1339 cm-1 becomes prominent, 

indicating the decrease in size of the in-plane sp2 domains (G 

band) due to the extensive oxidation during exfoliation. Upon 

hydrazine reduction at two different temperatures, both of the 

Raman spectra for reduced graphene oxides also exhibit D 

and G bands (Fig. 3c and 3d). Notably, the increase in the 

D/G intensity ratios for reduced graphene oxides, compared 

to graphene oxide, indicates a decrease in the size of the 

in-plane sp2 domains and, in same time, an increase of the 

areas with disordered structure upon reduction [36].  

To characterize the oxygenated functional groups on the 

graphene oxides upon reduction, the FT-IR spectra were 

obtained. Fig. 5a displays the characteristic peaks of the 

FT-IR spectra of graphene oxide: a broad band ranging from 

3600 to 3250 cm-1 indicates the presence of -OH group, the 

stretching vibration for C=O from the carboxylic groups at 

1712 cm-1, the stretching vibrations of C-O from ether group 

at 1055 cm-1, the in-plane OH bending mode [37] at 1349 

cm-1, and the C=C aromatic ring stretching peak at 1570 cm-1. 

According to the FT-IR spectra, it was found that the 

graphene oxide contains diverse types of the oxide forms 

such as hydroxy, carbonyl, carboxylic, and epoxy groups. 

After treatment of graphene oxide with hydrazine, as shown 

in Fig. 5b, the characteristic vibration bands of oxide groups 

(νC=O, νO-C-O and νC-OH) decreased dramatically, indicating that 

graphene oxide was reduced efficiently. New peaks at 1005 

and 671 cm-1 due to νC-N and δa(N-H), respectively, in the 

spectrum of reduced graphene oxide at 98 °C also indicate the 

presence of the C-N bonding produced by the by-reaction 

with hydrazine at the higher temperature. 

We have also investigated an amount of oxygen and 

elemental for graphene oxide and reduced graphene oxide by 

XPS. In the XPS wide scan analysis (Fig. 6a), the peaks at 

284.2, 533.5, and 399.6 eV correspond to C (1s of sp2), O (1s 

of graphene oxide, reduced graphene oxide), and N (1s of the 

nitrogen doped from hydrazine), respectively. Comparing the 

oxygen levels of the samples, we found that the oxygen levels 

of in reduced graphene oxides (26% at room temperature and 

9% at 98 °C) were much lower than that in graphene oxide 

(33%), indicate an obvious reduction. Furthermore, once 

again, this indicates more effective reduction effect at high 

temperature than that at room temperature. The related 

experimental results are also summarized in Table 1. 

The C 1s peak in graphene oxide (Fig. 6b) indicates a 

considerable degree of oxidation with five components that 

correspond to carbon atoms in different functional groups 

[38]: C in non-oxygenated ring (284.8 eV), C in C–O bonds 

(286.2 eV), C in carbonyl (287.9 eV), C in C-OH groups 

(286.6 eV), and C in carboxylate (289.0 eV) [38]. 

Meanwhile, the C1s peak for the reduced graphene oxide 

treated at room temperature (Fig. 6c) exhibits the intensities 

of all C 1s peaks of the carbon binding to oxygen, especially 

the peak of carbon bonded oxygen, decreased dramatically, 

indicating that most of the oxygen-containing functional 

groups were removed after being reduced during 24 h at room 

temperature. The XPS spectra for the reduced graphene oxide 

treated at 98 °C (Fig. 6d) indicate that most of the 

oxygen-containing functional groups were removed on 

reduction at 98 °C. This result also shows that the 

oxygen-containing functional groups completely disappeared 
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except the partially remaining -OH and C=N (285.9 eV) [39].  

IV.  CONCLUSIONS 

The diverse types of oxides for the graphite and the graphene 

oxides before and after reduction with hydrazine at different 

temperatures have been analyzed. We found that the 

reduction process carried out at 98 °C is more efficient to 

remove the oxides than that did at room temperature. Epoxy- 

and carboxylic groups, however, were completely removed at 

both temperatures. We believe that these results can serve the 

fundamental information to the chemical and physical 

modifications of graphenes.  
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