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� A facile method to modify graphene
nanosheets by ozone treatment.
� The edge etching, porous and highly

reactive graphene nanosheets were
prepared.
� The ozone treatment time and

temperature jointly affect the final
results.
� The dispersion of modified graphene

nanosheets was significantly
improved.
� The modified graphene nanosheets

can be conveniently used for further
application.
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A simple method to modify thermal-exfoliated graphene nanosheets (T-GNS) by using streaming ozone
under different time and temperature is described in this paper. The results indicated that a wide variety
of oxygen-containing groups such as CAOH, CAOAC, C@O and COOH could be introduced on the surface
of T-GNS by ozone treatment. Especially when ozone modification was taken under 80 �C for 20 min, the
atomic ratio of O/C was increased to 0.503, and the percentage of carboxyl groups was up to 14.37%,
which was more than 10 times compared with the original T-GNS. In addition, it is worth mentioning that
ozone treatment under a moderate temperature could cause etching on the edge of T-GNS and form
porous structure in basal plane. As a result, the dispersion of ozone-treated T-GNS in aqueous solution
was greatly improved, and the enhanced oxygen-containing groups and dispersion would facilitate its
further functionalization and application.

� 2013 Elsevier B.V. All rights reserved.
w1. Introduction

Graphene nanosheets (GNS), two-dimensional layers of
sp2-bonded carbon atoms [1,2], have outstanding performance
and excellent thermal, mechanical and electrical properties. More-
over, its nanostructure is fascinating [3–6]. Since been found, GNS
have been fully demonstrated the infinite charm in the theoretical
study and practical application [7,8]. Several methods have been
developed to produce these two-dimensional carbon materials.
Compared with other preparation strategies such as exfoliation of
graphite and epitaxial growth on silicon carbide [9], oxidation-
reduction method appears to be much more feasible in that it en-
ables mass production of GNS at low cost. First, graphite oxide (GO)
was prepared by oxidation from graphite, and then GO was exfoli-
ated into GNS by ultrasonic exfoliation or thermal exfoliation
method. However, GNS prepared by ultrasonic method usually
tended to aggregate during the drying process because the reaction
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Table 1
Typical results of different oxidation methods of GNS.

Oxidation
methods

Experimental conditions O/C Reference

1 Liquid oxidation In nitric acid solution 60 �C 2 h 0.390 [11]
2 O2 plasma 50 min 0.194 [12]
3 Ozone Room temperature 1 h 0.199 [13]
4 Ozone 140 �C 1 h 0.052 [13]
5 Ozone 80 �C 20 min 0.504 This work
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was taken under the liquid phase. In contrast, thermal exfoliation
method could get relatively fluffy GNS, but the functional groups
on its surface are fewer. As a result, it is difficult for GNS to disperse
into aqueous solution and organic media, which will greatly limit
their further functionalization for various specific purposes
[9,10]. In order to improve their solubility, a variety of modifica-
tions on GNS have been reported [11–15]. The easiest way to cova-
lently attach chemical groups is oxidation, such as liquid oxidation,
oxygen plasma treatment and ozone treatment, resulting in the
formation of carboxyl and hydroxyl groups on the surfaces of
GNS (typical oxidation results were listed in Table 1).

Among all these oxidation methods, liquid oxidation using
chemical reagents is the most common method for surface modifi-
cation in the past, which enables the formation of oxygen-contain-
ing functional groups on the surface of GNS. However, liquid
oxidation methods need complicated processing steps and take
rather long time [9,10]. Moreover, the liquid wastes generated
from these solution-phase oxidation methodologies together with
the tedious purification procedures would greatly limit their fur-
ther development for industrial application. Plasma treatment is
a new and efficient method in the field of surface modifications
in recent years [12,16–21]. The excited species, radicals, electrons
and ions within plasma strongly interact with the surfaces of
GNS, breaking the C@C and creating active sites for binding of func-
tional groups [22], which causes several chemical and physical
modifications occurring on the surfaces. Compared to liquid oxida-
tion methods, plasma oxidation method has the advantages of
shorter reaction time, nonpolluting process, and providing a wide
range of different functional groups depending on plasma parame-
ters such as power, gas species, treatment time, and pressure
[19,23]. Although plasma treatment has a number of advantages,
this method also have several problems, such as the unfavorable
oxidation degree and difficulties on producing large quantities
necessary.

Ozone treatment is a relatively new and facile method. In
recent years, ozone treatment has been used to modify carbon
materials such as active carbons, carbon black, carbon fibers
and graphite materials [24–30]. In addition, carbon exposure to
ozone may lead to the formation of carboxylic, hydroxyl, ether
and carbonyl groups. Compared with the previous two oxidation
methods, the characteristics of ozone oxidation are simple exper-
imental apparatus, easy operation, low cost, and efficient. In addi-
tion, this method can realize the mass production, which makes
up for the defects of plasma treatment. Moreover, it is worth
mentioning that, ozone oxidation can realizes the simultaneous
processing by adjusting the reaction temperature or adding water
vapor or ultraviolet as auxiliary conditions [13,14,31,32], which
could realize multifactor synergetic enhancement effect and sig-
nificantly improve the degree of oxidation. Therefore, several
researches on ozone treatment for surface modification on GNS
have been carried out in recent years. Krawczyk [13] reported
that results of expanded graphite modification strongly depend
on the temperature of ozone treatment and demonstrated that
ozone treatment increases the specific surface area and creates
additional oxygen functionalities. In his study, expanded graphite
was placed under room temperature and 140 �C for ozone oxida-
tion, and the O/C was increased to 0.199 and 0.052 after ozone
treatment, respectively. Then he pointed out that ozone is
trapped within the porous structure of graphene at 140 �C, with
subsequent reactions taking place at the surface and altering
the distribution of oxygen-containing functional groups. What is
more, he found that ozone treatment at elevated temperatures
would cause partial decomposition of the graphite skeleton and
yielding CO and CO2. Tao et al. [32] presented a study of single-
layer and few-layer graphene sheets exposed to chemical species
inside an ozone generator and demonstrated a crossover from a
.cn

nano-crystalline phase to an amorphous carbon phase in single-
layer graphene as the exposure time is increased.

Although the research work mentioned above has made consid-
erable progress, studies on the influence factors of ozone treatment
were not comprehensive enough. The amount of oxygen-contain-
ing groups introduced on their surface is far enough for the further
functionalization and application of GNS partly due to the unsatis-
factory temperature conditions in ozone treatment. In the present
work, a series of suited ambient temperature were designed for
the ozone treatment of thermal-exfoliated graphene nanosheets
(T-GNS) and the surface chemical contents and morphology
changes of T-GNS were investigated as a function of treatment
time and temperature. Fourier transform infrared spectroscopy
(FTIR) and X-ray photoelectron spectroscopy (XPS) were used to
estimate the influence of treatment time and temperature on
the generation of oxygen-containing groups onto the surfaces of
T-GNS. For further study, the surface morphology and structural
changes of T-GNS before and after ozone modification were
observed by atomic force microscopy (AFM) and Raman spectra,
and the mechanisms of T-GNS oxidation were proposed based on
the analysis of all these results mentioned above.
m
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m2. Experimental

2.1. Preparation of T-GNS

T-GNS were prepared by a two-step synthesis. First GO was
prepared by the modified Hummers method [33] and then
T-GNS were obtained by thermal exfoliation from GO. For the
modified Hummers method, a 9:1 mixture of concentrated sulfu-
ric acid (H2SO4) and phosphoric acid (H3PO4) was added to a mix-
ture of natural graphite flakes and KMnO4, and the reaction was
heated to 50 �C and stirred for 12 h. Then the mixture was
washed with deionized water until the pH value was up to 6,
and then vacuum-dried at 60 �C for 48 h. For exfoliation process,
the prepared GO was thermally exfoliated in a vacuum tube fur-
nace at the temperature of 1050 �C for 30 s, yielding the final
product – the T-GNS.
2.2. Ozone modification of T-GNS

The ozone method treatment device was shown in Fig. 1. The
modification of T-GNS was performed under a continuous flow of
ozone through T-GNS beforehand placed into a three-neck flask.
Ozone was produced in an ozone generator supplied by oxygen
and then passed through the T-GNS at a constant flow rate of
2 L/min [13]. Ozone treatment temperature was 25 �C, 50 �C and
80 �C, monitored by a constant temperature water bath apparatus
which was placed below the three-neck flask, and the treatment
time was set for 5 min, 10 min and 20 min, respectively (listed
in Table 2). It was found that the T-GNS samples get burned in
flask when the treatment time exceeded 20 min while the reac-
tion temperature was 80 �C. As a result, only little modified
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Fig. 1. The structure chart of ozone treatment apparatus.

Table 2
Experimental conditions of T-GNS.

Sample Temperature (�C) Treatment time (min)

T-GNS 25-5 25 5
T-GNS 25-10 25 10
T-GNS 25-20 25 20
T-GNS 50-5 50 5
T-GNS 50-10 50 10
T-GNS 50-20 50 20
T-GNS 80-5 80 5
T-GNS 80-10 80 10
T-GNS 80-20 80 20
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Fig. 2. FTIR spectra of T-GNS before and after ozone treatment.

Table 3
Element content of all T-GNS samples.

Sample C1s (%) O1s (%)

T-GNS 94.66 5.34
T-GNS 25-5 87.28 12.72
T-GNS 25-10 84.93 15.07
T-GNS 25-20 83.74 16.26
T-GNS 50-5 86.81 13.19
T-GNS 50-10 82.23 17.77
T-GNS 50-20 80.78 19.22
T-GNS 80-5 86.32 13.68
T-GNS 80-10 80.81 19.19
T-GNS 80-20 66.54 33.46
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wT-GNS products could be obtained, and the yield was sharply
reduced.
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Fig. 3. The O/C atomic ratio of T-GNS as a function of ozone treatment time under
different temperature.
ww2.3. Characterization

FTIR was acquired using a Bruker Tensor 27 system in the 4000–
800 cm�1 wave-number range to analyze the functional groups
grafted onto the surface of T-GNS before and after ozone modifica-
tion. All the samples were pressed into a pellet with potassium
bromide (KBr) before measurement. The spectra were collected
by cumulating 32 scans at a resolution of 2 cm�1. XPS investiga-
tions were carried out with a PHI 5700 ESCA System with Al Ka
(1486.6 eV) radiation to characterize changes of the chemical com-
ponents of all T-GNS samples and the pressure in the XPS analyzing
vacuum chamber was less than 3 � 10�9 mbar. AFM measure-
ments with the typical contact-mode were performed using Digital
Instrument CSPM5500, and all samples were dispersed by sonica-
tion in a mixture of ethanol, then dried and tested under the con-
tact mode. The Raman spectra were measured by a Renishaw
RM2000 Microscopic Confocal Raman Spectrometer, using the
n514.5 nm line of Ar-ion laser with a power of 4.7 mW, and the
beam spot was �3 lm.
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.c3. Results and discussion

3.1. FTIR spectra

As shown in Fig. 2, FTIR spectra were used to qualitatively val-
idate the very existence of introduced oxygen functional groups on
the surface of T-GNS. In the original T-GNS sample, the character-
istic feature was the peak at 1580 cm�1, which correspond to C@C
[34]. After ozone treatment, the peak of C@C was slightly weak-
ened, and peaks of CAH appeared at 2750, 2530 and 960 cm�1.
Meanwhile, clear peaks appeared at 3100 and 1380 cm�1, which
correspond to the functional group of OH [35]. These peaks were
not observed before ozone treatment and became more intense
with increasing the ozone treatment time and temperature. More
in detail, characteristic C@O peaks (1950, 1760 and 1600 cm�1)
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Fig. 4. High-resolution of C1s spectra of all T-GNS samples.
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and CAO peaks (1100 cm�1) appeared after ozone modification
[34,35], corresponding to the stretching mode of the carboxylic
acid group (ACOOH). The present FTIR spectra revealed that large
extent oxygen functional group of AOH, CAO and C@O, which
was originated from ACOOH groups, was introduced on the surface
and it could be attributed to ozone oxidation effect. Li et al. [36]
reported that ozone attacking on the C@C was responsible for the
oxidation of carbon surface. C@C would be firstly converted to
ACAOH which was then oxidized to ACOOH finally.

3.2. XPS analysis

The element contents of all T-GNS samples were listed in
Table 3, and the O/C atomic ratio of T-GNS samples was shown



m

n

Table 4
Chemical composition of all T-GNS samples.

Sample Functional group (%)

C@C/CAC CAOH CAOAC C@O COOH

T-GNS 83.82 6.75 5.64 2.36 1.43
T-GNS 25-5 82.60 7.69 2.76 4.00 2.95
T-GNS 25-10 78.18 10.58 2.37 5.22 3.65
T-GNS 25-20 70.15 11.54 7.96 3.51 6.84
T-GNS 50-5 69.09 13.49 5.89 4.17 7.36
T-GNS 50-10 71.77 11.26 6.46 3.62 6.89
T-GNS 50-20 68.65 13.03 6.37 5.43 6.52
T-GNS 80-5 55.48 29.75 8.89 3.44 2.44
T-GNS 80-10 58.15 16.96 12.08 4.92 7.89
T-GNS 80-20 44.28 20.77 13.90 6.68 14.37
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Fig. 5. The O1s spectra of T-GNS before and after ozone treatment.
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in Fig. 3. Compared with the three curves in Fig. 3, it could be con-
cluded that with the treatment time increasing, the degree of oxi-
dation is gradually increased, and the atomic ratio of O/C is also
increased. More in detail, Fig. 3 also reveals that in the same treat-
ment time, the higher the temperature, the larger the atomic ratio
of O/C. The O/C atomic ratio of T-GNS 80-20 is plus a factor of 5
higher than that in the original T-GNS. Fig. 3 contradicts common
ideas, as ozonation at elevated temperature is expected to increase
surface oxygen content.

For the detailed studies of functional groups, peaks of C 1s were
studied. We use XPSPEAK41 software to fit the peaks and analyze
the C 1s spectra. And then we calculate the chemical composi-
tion of all the T-GNS samples by calculating the relative ratios of
each chemical group’s peak area. Fig. 4 and Table 4 show C 1s peaks
of XPS spectra of the T-GNS samples before and after ozone treat-
ment. The C1s spectra of all samples were deconvoluted into five
peaks corresponding to C@C/CAC in aromatic rings (284.5–
284.8 eV), CAOH bond (285.2–285.5 eV), an epoxide group
(286.2–286.4 eV), a carbonyl group (287.3–287.5 eV), and an addi-
tional carboxylate group (288.6–290.0 eV) [25,37].

Due to the ozone treatment process, the percentage of C@C/CAC
was lower whereas the percentage of oxygen-containing groups
were higher than the untreated T-GNS, which was also consistent
with the O1s spectra of T-GNS (Fig. 5). Comparing the C1s spectra
for all T-GNS samples, it can be easily observed that ozone treat-
ment at room temperature increased the CAOH, C@O and COOH
species with a simultaneous reduction in the C@C/CAC. The most
unexpected result is a decrease in CAOAC species when the treat-
ment time was 5 or 10 min, and with the further extension of time,
the CAOAC increased. This may be due to the reason that the
CAOAC species was first decomposed at the beginning of ozone
oxidation reaction, and the surface of T-GNS was re-oxidized as
the ozone treatment continues. Then, with the treatment temper-
ature increasing to 50 �C, the change of oxygen functional groups
becomes not obvious even though we extended treatment time.
However, when the temperature was elevated to 80 �C, the oxygen
functional groups on the surface of T-GNS vary significantly. In the
first 5 min, a large number of CAOH groups generated on the sur-
face of T-GNS samples after ozone treatment. When ozone treat-
ment was taken for 10 min, some of the CAOH groups converted
into CAOAC and COOH species. Especially when ozone modifica-
tion was performed at 80 �C for 20 min, CAOH, CAOAC and C@O
species increased to 20.77%, 13.90% and 6.68%, respectively. The
most worthy of our attention is that the percentage of carboxyl
group was more than 10 times increased compared to original
T-GNS, which suggests that different functional groups are formed
during ozone treatment at elevated temperatures. This hypothesis
is partially supported by reports on ozone treatment of different
carbon materials [28,35,26].

3.3. AFM observations of T-GNS

In order to characterize the surface topography changes of
T-GNS samples before and after ozone modification, AFM measure-
ments were used in the contact mode. According to the FTIR and
XPS results, the effects of ozone treatment mainly depend on tem-
perature. Moreover, combined with the atomic ratio of O/C men-
tioned above (Fig. 3), we can easily find that when the ozone
modification of T-GNS samples was taken for 20 min, a better
oxidation degree could be obtained. So we take four typical sam-
ples (T-GNS, T-GNS 25-20, T-GNS 50-20 and T-GNS 80-20) to inves-
tigate the surface change of the T-GNS samples. As can be seen in
Fig. 6a and b, there is an obvious difference between the original
T-GNS and T-GNS 25-20. The thickness of the original T-GNS is
about 1.37 nm, however, after ozone treatment, the thickness of
the ozone modified T-GNS samples is raised to 2.27 nm (T-GNS
.co
m

.c25-20), 2.38 nm (T-GNS 50-20) and 2.95 nm (T-GNS 80-20),
respectively (Fig. 6b–d), which indicates that the T-GNS samples
are covered by the introduced oxygen-containing groups. More-
over, notched edges and porous defective nanostructure appears
on the T-GNS 50-20 and T-GNS 80-20 (Fig. 6c and d). These results
further reveal that graphene could be successfully ozonated at a
moderate temperature. These results indicated that the oxygen
functional groups were incorporated onto the surface of T-GNS
evenly and uniformly. The sharp increase of the thickness is due
to the oxygen-containing groups generating onto the basal plane
of T-GNS, which is also in good agreement with the FTIR and
XPS characterization. The presence of morphological changes in
ozonated T-GNS gives evidence of a partial decomposition of the
carbon structure due to synergetic effects of ozone oxidation and
treating temperature. Therefore, ozone treatment may increase
the specific surface area of the T-GNS samples and create new
nano-hole structures in basal plane of T-GNS, which would be ex-
pected to be useful in further applications such as polymer com-
posites [13].

3.4. Raman spectra of T-GNS

To further characterize the structural changes of T-GNS before
and after ozone modification, Raman analysis were applied. We
also selected these typical samples (T-GNS, T-GNS 25-20, T-GNS
50-20 and T-GNS 80-20) to investigate. The Raman spectra in
Fig. 7 convey important information on the structural damages
induced in the T-GNS samples after ozone treatment. The G band
(sp2-hybridized carbon) at �1590 cm�1 and the D band (sp3-
hybridized carbon) at �1355 cm�1 are recorded [38–42]. The
intensity ratio of D band to G band (ID/IG) of T-GNS is shown to
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Fig. 6. AFM images of T-GNS before and after ozone treatment: (a) original T-GNS, (b) T-GNS 25-20, (c) T-GNS 50-20 and (d) T-GNS 80-20.
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be increased from 0.735 to 0.753 (T-GNS 25-20), 0,810 (T-GNS 50-
20) and 0.816 (T-GNS 80-20) after ozone treatment, suggesting a
decrease in the average size of sp2 carbon domains, which is
induced by the increased number of smaller graphitic domains
formed during ozone modification process. Therefore, as the tem-
perature elevated, the structure defects in basal plane of T-GNS
also increased. These increases may also suggest the introduction
of oxygen-containing groups on T-GNS and support the edge
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etching and porous structure effects (from the AFM results) under
ozone treatment.

3.5. Dispersion properties

To investigate the dispersion properties of T-GNS after ozone
modification, all samples were dissolved in distilled water at
0.1 mg/ml. Compared with the original T-GNS, the ozone-treated
T-GNS samples have a very good dispersion in aqueous solution.
As can be seen in Fig. 8, T-GNS after ozone treatment disperse well
in aqueous solution and do not form aggregation at the bottom of
the bottle after 30 min ultrasonication (Fig. 8a). According to
Fig. 8b, it can be seen from the picture that there are black
sediments at the bottom in T-GNS 25-5, T-GNS 25-10 and T-GNS
25-20, which indicated that the dispersibility of T-GNS samples
treated under room temperature became unstable after settling
for 24 h. In contrast, other samples treated at a higher temperature
perform better and do not form deposition even after settling for
24 h, which clarifies that the oxygen-containing groups introduced
on the surface of the T-GNS via ozone treatment are almost hydro-
philic. In brief, the dispersion properties of ozone-treated T-GNS
are significantly improved especially in 80 �C. These results are also
consistent with FTIR, XPS, AFM and Raman analysis.
www

Fig. 8. Dispersion properties of T-GNS samples (0.1 mg/ml in distilled water) before an
settlement for 24 h.
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4. Conclusion

In conclusion, a facile and efficient method to modify graphene
nanosheets via ozone treatment with moderate temperature is
presented in this article. The results revealed that the edge etching,
porous and highly reactive graphene nanosheets could be pre-
pared. The analysis results of FTIR and XPS indicated that ozone
treatment time and temperature jointly affect the atomic contents
and structure properties of T-GNS. Moreover, treatment tempera-
ture is crucial for the final results. The O/C atomic ratio of T-GNS
treated under 80 �C for 20 min reached 0.503, and the percentage
of carboxyl groups was up to 14.37%, which was more than
10 times compared with the original T-GNS. In addition, AFM re-
sults show that ozone oxidation above 50 �C will cause the edge
etching and form more pore structure on the surface of T-GNS,
and thus will greatly improve its reaction activity. Raman spectra
also confirm that structure defects occurred on the T-GNS samples
during the ozone treatment. As a result, the dispersion of T-GNS
in deionized water is improved by ozone treatment in an interme-
diate temperature. Ozone treatment under a moderate tempera-
ture is a simple method to obtain high-reactive T-GNS, which
makes T-GNS be conveniently used for further functionalization
and broadens their application in other fields.

Acknowledgments

The work was funded by the National Natural Science Founda-
tion of China (11175130, U1362108), China Postdoctoral Science
Foundation (2012M520578) and the Jiangsu Planned Projects for
Postdoctoral Research Funds (1202067C).

References

[1] L. Zhang, W. Liu, C. Yue, T. Zhang, P. Li, Z. Xing, Y. Chen, A tough graphene
nanosheet/hydroxyapatite composite with improved in vitro biocompatibility,
Carbon 61 (2013) 105–115.

[2] W. Guoxiu, Y. Juan, P. Jinsoo, G. Xinglong, W. Bei, L. Hao, Y. Jane, Facile
synthesis and characterization of graphene nanosheets, J. Phys. Chem. C 116
(2008) 8192–8195.

[3] R.S. Edwards, K.S. Coleman, Graphene synthesis: relationship to applications,
Nanoscale 5 (2013) 38–51.

[4] A.K. Geim, K.S. Novoselov, The rise of graphene, Nat. Mater. 6 (2007) 183–191.
[5] K. Jaemyung, F. Kim, H. Jiaxing, Seeing graphene-based sheets, Mater. Today 13

(2010) 28–38.
[6] C.N. Rao, A.K. Sood, K.S. Subrahmanyam, A. Govindaraj, Graphene: the new

two-dimensional nanomaterial, Angew. Chem. 48 (2009) 7752–7777.
d after ozone treatment: (a) after ultrasonication for 30 min and (b) and then after

http://refhub.elsevier.com/S1385-8947(13)01522-2/h0005
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0005
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0005
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0010
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0010
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0010
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0015
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0015
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0020
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0025
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0025
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0030
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0030


194 Z. Xu et al. / Chemical Engineering Journal 240 (2014) 187–194
sp

[7] H. Yi, L. Jiajie, C. Yongsheng, The application of graphene based materials for
actuators, J. Mater. Chem. 22 (2012) 3671–3679.

[8] D.A.C. Brownson, D.K. Kampouris, C.E. Banks, Graphene electrochemistry:
fundamental concepts through to prominent applications, Chem. Soc. Rev. 41
(2012) 6944–6976.

[9] Y. Cao, J. Feng, P. Wu, Preparation of organically dispersible graphene
nanosheet powders through a lyophilization method and their poly(lactic
acid) composites, Carbon 48 (2010) 3834–3839.

[10] T. Kuila, S. Bose, A.K. Mishra, P. Khanra, N.H. Kim, J.H. Lee, Chemical
functionalization of graphene and its applications, Prog. Mater. Sci. 57
(2012) 1061–1105.

[11] B.S. Shen, W.J. Feng, J.W. Lang, R.T. Wang, Z.X. Tai, X.B. Yan, Nitric acid
modification of graphene nanosheets prepared by arc-discharge method and
their enhanced electrochemical properties, Acta Phys. – Chim. Sinica 28 (2012)
1726–1732.

[12] H.C. Kim, S. Jeon, H.I. Kim, H.S. Choi, M.H. Hong, K.S. Choi, Effects of oxygen
plasma-treated graphene oxide on mechanical properties of PMMA/aluminum
hydroxide composites, Polym – Korea 35 (2011) 565–573.

[13] P. Krawczyk, Effect of ozone treatment on properties of expanded graphite,
Chem. Eng. J. 172 (2011) 1096–1102.

[14] P. Ke, L.L. Qi, L.H. chao, H. Meyer, Z. Zhong, Room temperature
functionalization of carbon nanotubes using an ozone/water vapor mixture,
Carbon 49 (2011) 70–76.

[15] V. Georgakilas, M. Otyepka, A.B. Bourlinos, V. Chandra, N. Kim, K.C. Kemp, P.
Hobza, R. Zboril, K.S. Kim, Functionalization of graphene: covalent and non-
covalent approaches, derivatives and applications, Chem. Rev. 112 (2012)
6156–6214.

[16] A. Mathur, S.S. Roy, K.S. Hazra, S. Wadhwa, S.C. Ray, S.K. Mitra, D.S. Misra, J.A.
McLaughlin, Oxygen plasma assisted end-opening and field emission
enhancement in vertically aligned multiwall carbon nanotubes, Mater.
Chem. Phys. 134 (2012) 425–429.

[17] M. Kalbacova, A. Broz, A. Kromka, O. Babchenko, M. Kalbac, Controlled oxygen
plasma treatment of single-walled carbon nanotube films improves
osteoblastic cells attachment and enhances their proliferation, Carbon 49
(2011) 2926–2934.

[18] C. Chen, A. Ogino, X. Wang, M. Nagatsu, Oxygen functionalization of multiwall
carbon nanotubes by Ar/H2O plasma treatment, Diam. Relat. Mater. 20 (2011)
153–156.

[19] R. Scaffaro, A. Maio, S. Agnello, A. Glisenti, Plasma functionalization of
multiwalled carbon nanotubes and their use in the preparation of nylon 6-
based nanohybrids, Plasma Proc. Polym. 9 (2012) 503–512.

[20] T. Gokus, R.R. Nair, A. Bonetti, M. Boehmler, A. Lombardo, K.S. Novoselov, A.K.
Geim, A.C. Ferrari, A. Hartschuh, Making graphene luminescent by oxygen
plasma treatment, ACS Nano 3 (2009) 3963–3968.

[21] N. Peltekis, S. Kumar, N. McEvoy, K. Lee, A. Weidlich, G.S. Duesberg, The effect
of downstream plasma treatments on graphene surfaces, Carbon 50 (2012)
395–403.

[22] C. Changlun, L. Bo, A. Ogino, W. Xiangke, M. Nagatsu, Oxygen functionalization
of multiwall carbon nanotubes by microwave-excited surface-wave plasma
treatment, J. Phys. Chem. C 113 (2009) 7659–7665.

[23] Q. Wang, M. Song, C. Chen, W. Hu, X. Wang, plasma synthesis of surface-
functionalized graphene-based platinum nanoparticles: highly active
electrocatalysts as electrodes for direct methanol fuel cells, ChemPlusChem
77 (2012) 432–436.
www.

m

.co
m

.cn

[24] S.D. Razumovskii, V.N. Gorshenev, A.L. Kovarskii, A.M. Kuznetsov, A.N.
Shchegolikhin, Carbon nanostructure reactivity: reactions of graphite
powders with ozone, Fullerenes, Nanotubes Carbon Nanostruct. 15 (2007)
53–63.

[25] Z. Jin, Z. Zhang, L. Meng, Effects of ozone method treating carbon fibers on
mechanical properties of carbon/carbon composites, Mater. Chem. Phys. 97
(2006) 167–172.

[26] H. Valdes, M. Sanchez-Polo, J. Rivera-Utrilla, C.A. Zaror, Effect of ozone
treatment on surface properties of activated carbon, Langmuir 18 (2002)
2111–2116.

[27] P.M. Alvarez, J.F. Garcia-Araya, F.J. Beltran, F.J. Masa, F. Medina, Ozonation of
activated carbons: effect on the adsorption of selected phenolic compounds
from aqueous solutions, J. Colloid Interf. Sci. 283 (2005) 503–512.

[28] H. Valdes, C.A. Zaror, Ozonation of benzothiazole saturated-activated carbons:
influence of carbon chemical surface properties, J. Hazard. Mater. 137 (2006)
1042–1048.

[29] F. Cataldo, Ozone reaction with carbon nanostructures 1: reaction between
solid C-60 and C-70 fullerenes and ozone, J. Nanosci. Nanotechnol. 7 (2007)
1439–1445.

[30] F. Cataldo, A study on the action of ozone on multiwall carbon nanotubes,
Fullerenes, Nanotubes Carbon Nanostruct. 16 (2008) 1–17.

[31] Y.C. Cheng, T.P. Kaloni, Z.Y. Zhu, U. Schwingenschlögl, Oxidation of graphene in
ozone under ultraviolet light, Appl. Phys. Lett. 101 (2012) 073110.

[32] H. Tao, J. Moser, F. Alzina, Q. Wang, C.M. Sotomayor-Torres, The morphology of
graphene sheets treated in an ozone generator, J. Phys. Chem. C 115 (2011)
18257–18260.

[33] D.C. Marcano, D.V. Kosynkin, J.M. Berlin, A. Sinitskii, Z. Sun, A. Slesarev, L.B.
Alemany, W. Lu, J.M. Tour, Improved synthesis of graphene oxide, Acs Nano 4
(2010) 4806–4814.

[34] D.B. Mawhinney, V. Naumenko, A. Kuznetsova, J.T. Yates, J. Liu, R.E. Smalley,
Infrared spectral evidence for the etching of carbon nanotubes: ozone
oxidation at 298 K, J. Am. Chem. Soc. 122 (2000) 2383–2384.

[35] V.G. Serrano, P.M. Alvarez, J. Jaramillo, F.J. Beltran, Formation of oxygen
complexes by ozonation of carbonaceous materials prepared from cherry
stones I. Thermal effects, Carbon 36 (2002) 513–522.

[36] M. Li, M. Boggs, T.P. Beebe, C.P. Huang, Oxidation of single-walled carbon
nanotubes in dilute aqueous solutions by ozone as affected by ultrasound,
Carbon 46 (2008) 466–475.

[37] S. Stankovich, D.A. Dikin, R.D. Piner, K.A. Kohlhaas, A. Kleinhammes, Y. Jia, Y.
Wu, S.T. Nguyen, R.S. Ruoff, Synthesis of graphene-based nanosheets via
chemical reduction of exfoliated graphite oxide, Carbon 45 (2007) 1558–1565.

[38] C. Casiraghi, S. Pisana, K.S. Novoselov, A.K. Geim, A.C. Ferrari, Raman
fingerprint of charged impurities in graphene, Appl. Phys. Lett. 91 (2007)
233108.

[39] M.S. Dresselhaus, G. Dresselhaus, M. Hofmann, Raman spectroscopy as a probe
of graphene and carbon nanotubes, philosophical transactions, Ser. A, Math.,
phys., Eng. sci. 366 (2008) 231–236.

[40] A.C. Ferrari, D.M. Basko, Raman spectroscopy as a versatile tool for studying
the properties of graphene, Nat. Nanotechnol. 8 (2013) 235–246.

[41] L.M. Malard, M.A. Pimenta, G. Dresselhaus, M.S. Dresselhaus, Raman
spectroscopy in graphene, Phys. Rep. 473 (2009) 51–87.

[42] A.C. Ferrari, J.C. Meyer, V. Scardaci, C. Casiraghi, M. Lazzeri, F. Mauri, S.
Piscanec, D. Jiang, K.S. Novoselov, S. Roth, A.K. Geim, Raman spectrum of
graphene and graphene layers, Phys. Rev. Lett. 97 (2006) 187401.

http://refhub.elsevier.com/S1385-8947(13)01522-2/h0035
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0035
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0040
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0040
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0040
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0045
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0045
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0045
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0050
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0050
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0050
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0055
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0055
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0055
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0055
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0060
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0060
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0060
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0065
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0065
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0070
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0070
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0070
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0075
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0075
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0075
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0075
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0080
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0080
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0080
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0080
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0085
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0085
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0085
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0085
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0090
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0090
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0090
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0090
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0095
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0095
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0095
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0100
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0100
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0100
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0105
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0105
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0105
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0110
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0110
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0110
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0115
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0115
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0115
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0115
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0120
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0120
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0120
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0120
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0125
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0125
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0125
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0130
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0130
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0130
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0135
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0135
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0135
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0140
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0140
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0140
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0145
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0145
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0145
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0150
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0150
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0155
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0155
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0160
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0160
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0160
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0165
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0165
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0165
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0170
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0170
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0170
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0170
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0175
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0175
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0175
http://refhub.elsevier.com/S1385-8947(13)01522-2/h1185
http://refhub.elsevier.com/S1385-8947(13)01522-2/h1185
http://refhub.elsevier.com/S1385-8947(13)01522-2/h1185
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0185
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0185
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0185
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0190
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0190
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0190
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0195
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0195
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0195
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0200
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0200
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0205
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0205
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0210
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0210
http://refhub.elsevier.com/S1385-8947(13)01522-2/h0210

	A facile preparation of edge etching, porous and highly reactive graphene nanosheets via ozone treatment at a moderate temperature
	1 Introduction
	2 Experimental
	2.1 Preparation of T-GNS
	2.2 Ozone modification of T-GNS
	2.3 Characterization

	3 Results and discussion
	3.1 FTIR spectra
	3.2 XPS analysis
	3.3 AFM observations of T-GNS
	3.4 Raman spectra of T-GNS
	3.5 Dispersion properties

	4 Conclusion
	Acknowledgments
	References


