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Published: 25 February 2016 - Graphene O)flt_:le (GO) is widely recognized as a promising material in a variety ofﬁellds, but its structure
: and composition has yet to be fully controlled. We have developed general strategies to control
. the oxidation degree of graphene-like materials via two methods: oxidation of graphite by KMnO,
. inH,S0, (0GO), and reduction of highly oxidized GO by hydrazine (rGO). Even though the oxygen
content may be the same, 0GO and rGO have different properties, for example the adsorption ability,
. oxidation ability, and electron conductivity. These differences in property arise from the difference in
© the underlying graphitic structure and the type of defect present. Our results can be used as a guideline
. for the production of tailor-made graphitic carbons. As an example, we show that rGO with 23.1 wt%
. oxygen showed the best performance as an electrode of an electric double-layer capacitor.

. Controlling the oxygen content in graphite- and graphene-like materials is important for tailoring the functionali-
: ties appropriate to their application in areas such as optoelectronics, and physical-, biological-, and energy-related
. materials'™*. Graphene oxide (GO) containing a low quantity of carboxyl and carbonyl groups will be suitable for
: the production of highly conductive and defect-free graphene-like materials via reduction (Fig. 1a). In contrast,
. oxygen-containing functional groups are necessary for the production of functionalized GO to form composites
: with metals®® and organic molecules®**, and for doping with heteroatoms'*'* (Fig. 1b). Therefore, fine tuning
. the graphene structure is important for performance optimization. When graphite is partially oxidized, com-
© plete exfoliation does not occur and graphite oxide (GtO) is obtained rather than GO'®”. Although GO some-
. times shows superior performance, GtO sometimes performs better when high electronic conductivity and/or
an assembled structure are required'®?’. In this paper, we show how to control the oxygen content of graphitic
carbons by the oxidation of graphite and by the reduction of highly oxidized GO, and propose guidelines for
tailor-making graphene-like materials for applications.

Various GO structures have been reported in the literature, for example, the interlayer spacing can vary
from 0.6 to 1.0 nm?"??, various oxygen functionalities can be present®®, and the domain size can range from
several nanometers to 200 pm?%, depending on the synthetic procedure. Control of the oxygen content and
oxygen-containing functional group distribution can be achieved by tuning the oxidation conditions of graph-
ite?3 or the reduction conditions of GO**°. However, fine tuning of the GO structure and the relationship

. between the oxygen content and GO properties have not been investigated.

Results and Discussion

GO is generally prepared by treating graphite with three times its mass of KMnO, in H,SO,*. Here, we refer to an

oxidized graphite where the oxygen content was controlled by the oxidation step as 0GO. If the amount of KMnO,
. is decreased, a heterogeneous mixture of GO and unoxidized graphite is formed. We attempted to suppress the
© localized oxidation of graphite by optimizing the oxidation conditions to form a uniform graphite intercalation

compound (GIC) before quenching with H,0 and H,O, (See ESI)*!. The disappearance of the graphite (002) peak,

monitored by X-ray diffraction (XRD), suggests the formation of GIC in situ (Fig. S1). The oxygen content was

evaluated by CHN elemental analysis, as shown in Fig. 2a. As the mass ratio of KMnO,/graphite was decreased
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Figure 1. Functionalization of GO with different degrees of oxidation.

from 3.0 to 0.25, the oGO oxygen content decreased from 59 to 18 wt%. In the X-ray photoelectron spectroscopy
(XPS) analysis, the peak intensity at 287 eV, which is assigned to C-O bonds, decreased as the amount of KMnO,
decreased (Fig. 2b). The XRD patterns showed that the graphitic structure remained until the oxygen content of
0GO exceeded ~50 wt% (Fig. 2¢). This means that completely exfoliated single-layer oGO requires an oxygen
content greater than 50 wt%.

We then attempted to control the oxidation degree by the reduction of highly oxidized oGO (58.8 wt% O),
which was synthesized using 3.0 weight equiv. of KMnO,*>*. Here, we refer to the reduced GO as rGO. oGO
(2.0g, 58.8wt% O) was dispersed in water (200 mL), and then hydrazine hydrate was added, before heating at
90°C for 2h*. After cooling, the product was washed three times by centrifugation with water, and then dried
under vacuum at 50 °C for 10h. The peaks of the UV-Vis spectra of the rGO dispersions gradually shifted to longer
wavelength as the amount of hydrazine was increased, suggesting that progressive reduction of 0GO occurred
(Fig. S2). Elemental analysis of the rGO showed that there was a clear inverse correlation between the amount
of hydrazine and the oxygen content (Fig. 3a). When the ratio of hydrazine/GO (mL/g) was increased from 0.03
to 0.25, the oxygen content of rGO proportionally decreased from 48 to 17 wt%. The oxygen content gradually
decreased until the hydrazine/GO ratio reached 0.3 and, further reduction did not occur: the oxygen content
did not decrease to less than 11 wt% with this reduction method****. The ratio of the intensity of the D-band
relative to intensity of the G-band (D/G ratio) of the Raman spectra did not significantly change after reduction
with hydrazine, suggesting incomplete recovery of the graphene structure (Fig. S3). The C 1s XPS of rGO with
different oxygen contents was recorded so that the the oxygen-containing functional group distributions could be
identified (Fig. 3b). The peak at 287 (C-O bond) decreased as the oxygen content decreased (Fig. S4). In the XRD
spectra, a high angle peak and a decrease of the GO peak was observed as the reduction proceeded, and this peak
disappeared when the oxygen content was less than 33 wt%. No peak appeared at 26 = 25°-27°, indicating that the
layered graphitic structure was not recovered (Fig. 3c).

The correlations between the oxygen content and the properties of 0GO and rGO are important benchmarks
when utilising GO in practical applications. Here we have investigated methylene blue (MB) adsorption, metal
adsorption, the oxidation ability, and the electrical conductivity of 0GO and rGO with various oxygen contents,
prepared under different oxidation/reduction conditions.

Adsorption of MB is used to evaluate the surface area of graphitic materials, with 1 mg of adsorbed MB equat-
ing to a surface area of 2.54m? **. 0GO and rGO were treated with a known amount of MB solution, and the
suspended oGO and rGO were removed by filtration using a membrane filter. The adsorbed amount of MB
was calculated by the absorbance at 298 nm (Fig. 4). As the oxygen content of 0GO (4 in Fig. 4) increased, the
adsorption of MB gradually increased, presumably because of the progress of exfoliation, which is supported by
XRD analysis (Fig. 3c). rGO (e in Fig. 4) always showed higher adsorption ability than 0GO, presumably because
the precursor oGO (58.8 wt% O) used for the preparation of rGO was completely exfoliated. Interestingly, MB
adsorption on rGO with an oxygen content of 50-35wt% did not change, which suggests that the single-layer
structure is retained over this composition range. However, MB adsorption gradually decreased as the oxygen
content was further decreased presumably because of the -7 stacking of rGO sheets.

A promising application of GO is to remove poisonous materials, with the oxygen-containing functional
groups and defects on the GO surface providing metal capturing sites*. The effect of oxygen-containing func-
tional groups on the adsorption of metal ions was investigated using 0GO and rGO. In this study, we focused on
cesium, because one of the radioisotopes of cesium has relatively long half-life time, high volatility, high activity,
and poses considerable ecological problems*”*8. Aqueous solutions of neutral and basic cesium salts (CsCl and
Cs,CO;) were added to oGO and rGO dispersions, and the amount adsorbed measured by atomic absorption
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Figure 2. Characterization of 0GO. (a) Oxygen content determined by elemental analysis, (b) XPS, and
(c) XRD spectra of oGO with different oxygen contents.

analysis (Fig. 5). Cs,CO; was more readily adsorbed than CsCl, which suggests that acidic oxygen-containing
functional groups contribute to the adsorption via ionic interactions. The adsorbed cesium content increased as
the oxygen content of 0GO and rGO increased. rGO showed a higher adsorption ability than oGO, similar to the
MB adsorption (Fig. 4), especially when the oxygen content was higher than 40 wt%.

Electron conductivity is another of the important properties of graphene-like materials. To evaluate the elec-
tron conductivity, rGO and oGO were pelletized before four-point probe measurement. The electrical conduc-
tivity of oGO dramatically decreased when the oxygen content exceeded ca. 25 wt% (Fig. 6). Combining the
XRD spectra (Fig. 3¢) with Fig. 6 suggests that the appearance of the XRD peak at around 10°, assigned as GO,
and decrease of the graphite (002) peak at 26° dramatically suppressed the electrical conductivity of 0GO. For a
medium oxygen content (ca. 30-40 wt%), rGO showed better conductivity than oGO presumably because insu-
lating GO was not present, as shown in the XRD spectra (Fig. 3c). By contrast, for a low oxygen content (ca.
10-20wt%), the conductivity of rGO was less than that of 0GO. Incomplete recovery of the sp> domains would
inhibit the electron conductivity of rGO, because the original oGO used for the production of rGO was highly
oxidized (58.8 wt% O) and therefore contained many defects. To further investigate the influence of the original
defects, each 0GO was reduced using an excess amount of hydrazine (roGO) for the electron conductivity meas-
urement. As the oxygen content of the original oGO increases, the electrical conductivity of the roGO decreases
(Table 1). These results suggest that irreversible damage of the graphene structure of oGO occurrs as the level of
oxidation increases.

The surface area and electrical conductivity of a material are closely related to the capacitance, when that
material is used as the electrodes of electric double-layer capacitors*->2. Oxygen-containing functional groups

SCIENTIFICREPORTS | 6:21715 | DOI: 10.1038/srep21715 3



www.nature.com/scientificreports/

(a) (b)
c-Cc
60 & co C=C
\ L
__50 e c=0 i
E N
. 0,
2.0 0:11.8 W%
Eapd @ 0:12.0 wt%
S °
& ° 0:12.6 Wt% J/L
o 20 A
< * 0:12.5 wt%
o 10 ] . . . . . . 0
0:16.7 W% )«/\_
0 : : : .
0 025 05 075 1 0:23.1 Wt%
Hydrazine/GO (mL/g)
(c) 0 :27.8 Wt%
0:11.8 Wt% 0:33.0 W% A~
— 0:12.0 wi% ~/ \
0:36.9 Wt
— 0:12.6 W% #
. 0,
~— Qileowr PRI AYA
- 0:16.7 wt%
0:23.1wt% 0 : 49.3 wt%
~— Q:27.8 wt%
Q:33.0 wt% 0 :58.8 W%
e 0 :36.9 Wt% ' ' '
oAl o] 300 295 200 285 280
0:49.3 wt% Binding energy (eV)
0 :58.8 Wt%
5 10 15 20 25 30 35 40
26 (degree)

Figure 3. Characterization of rGO. (a) Oxygen content determined by elemental analysis, (b) XPS, and
(c) XRD spectra of rGO with different oxygen contents.
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Figure 5. Cs adsorption on 0GO and rGO with different oxygen contents. CsCl (0GO (A), rGO (O)) and
Cs,CO; (0GO (a), rGO (@)) were used as the cesium sources.
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Figure 6. Electrical conductivity of 0GO and rGO with different oxygen contents: 0GO (A) and rGO (@®).

oGO + Hydrazine monohydrate ——® oGO
(100 mg) (1 mL) water
90°C,2h
Oxygen content/wt%"* 17.9 24.1 29.1 344 36.7 39.8 44.5 49.3 55.2 58.8
Conductivity/Scm"" 1177 1050 897 680 652 643 441 529 344 171

Table 1. Electrical conductivity of roGO produced by the reduction of different 0GO using an excess
amount of hydrazine. *Oxygen content of original 0GO. ®Electrical conductivity of roGO.

on GO can also contribute to an increase in the capacitance by electrochemical redox reactions. However, as
the oxygen content increases, the electron conductivity decreases. Therefore, there must be an optimum oxygen
content to obtain the maximum capacitance. The specific capacitance of oGO and rGO was measured with cyclic
voltammetry and rGO (23.1 wt% O) showed the highest capacitance (Fig. 7). This maximum must be derived
from the balance of high surface area (Fig. 4) and high electron conductivity (Fig. 6).

GO is reduced by metals, alcohols, and microorganisms“*“. In other words, GO can function as an oxidant.
When applying GO to composites and devices, oxidation of other materials, such as metals and polymers, might
disrupt the performance. Furthermore, oxidative stress is not advisable for body tissues when GO is used for
biological applications. However, a method to evaluate the oxidation capability of GO has not yet been developed.
Here we focused on the transformation of benzyl alcohol to benzaldehyde in an inert atmosphere to evaluate
the oxidation capability of 0GO and rGO. 0GO and rGO with higher oxygen contents showed higher con-
version of benzyl alcohol (Fig. 8). However, rGO showed a lower oxidation capability than oGO with the same
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Figure 7. Specific capacity measurement using 0GO and rGO with different oxygen content determined by
cyclic voltammogram; oGO (a) and rGO (@). Cyclic voltammetry was performed at a scan rate of 20 mVs~!.
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Figure 8. Oxidation of benzylalcohol by GO with different oxygen contents; 0GO (A) and rGO (@®).

oxygen content. This suggests that the oxygen- containing functional groups have different oxidizing capabilities,
and implies that the more oxidizing functional groups of rGO were easily removed by hydrazine. Therefore,
pre-reduction of oGO with hydrazine would be an effective way to prevent the unwanted oxidation of the mate-
rials that contact with 0GO.

Conclusions

We have achieved control of the degree of oxidation of 0GO and rGO via the oxidation of graphite with KMnO,
or the reduction of highly oxidized 0GO with hydrazine in ca. 5wt% steps. Even though the oGO and rGO may
contain the same amount of oxygen, the properties, such as adsorption ability, electrical conductivity, and oxida-
tion ability, varied depending on the preparation method. Because of its high surface area, moderate conductivity,
and low oxidizing ability, we are currently focusing on rGO with 20-40 wt% oxygen content for practical appli-
cation such as electric double-layer capacitors, thermoconductive films, reinforcing fillers of polymers, support
materials of catalysts, and biosensors.

Methods

Materials.  Graphite (SP-1) was purchased from BAY CARBON Inc. KMnO,, H,SO,, H,0, Cs,CO,, hydra-
zine hydrate, and K,Cr,0, were purchased from Wako Pure Chemical Industries, Ltd. Benzylalcohol and
1,2-dichloroethane were purchased from Tokyo Chemical Industry Co. All reagents were used directly without
further purification.

Apparatus. Gas chromatography (GC) analysis was performed on Shimadzu GC-2014 equipped with FID
detector. Fourier transform infrared (FT-IR) was measured by JASCO ATR PRO450-S with Ge. X-ray diffraction
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(XRD) was measured by PANalytical Co. X’ part PRO using Cu Ka radiation (A = 1.541 A) in the 26 range of
2-75°. The operating tube current and voltage were 40 mA and 40kV, respectively. The data was collected at the
step size of 0.017° and the type of scan was continuous. Energy dispersive X-ray spectroscopy (EDX) was meas-
ured by SHIMADZU. Co. Rayny EDX-700HS. The operating tube current and voltage were 100 pA and 15kV,
respectively. Rh was used as X-ray tube. Solid state'> C NMR spectra were obtained by JEOL JNM-ECA400.
Scanning electron microscopy (SEM) was performed on the JEOL JSM-6701F scanning electron microscope
operating at 5kV. Freeze-dried of GO was made by using an ADVANTEC DRZ350WC. Electrical conductivity
was measured by using MITSUBISHI CHEMICAL ANALYTECH MCP-T610.

Oxidation of graphite. Graphite (SP-1, Bay Carbon Inc.; 3.0 g) was added to H,SO, (75mL) and then the
designated amount of KMnO, was slowly added at 10 °C with stirring at 200 rpm. The mixture was kept at 35°C
for 2h before quenching with H,0 (75mL) under vigorous stirring and cooling so that temperature does not
exceed 50°C. H,0, (30%, 7.5 mL) was slowly added, with continuous stirring, for 30 min at ambient temperature.
The reaction mixture was purified by centrifugation.

Reduction of GO. 2.0g of 0GO (58.8 wt% O) was diluted in 200 mL of water, and designated amount of
hydrazine was added. The mixture was heated at 90 °C, then filtered and washed by water. The solid product was
recovered and freeze-dried for characterization.

Oxidation of benzyl alcohol.  Benzyl alcohol 0.3 mmol) was added to a mixture of 0GO or rGO (20 mg)
and 1,2-dichloroethane (0.5mL), and the mixture was heated at 60 °C for 12 h. The reaction mixture was analyzed
by gas chromatography using dodecane as an internal standard.
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