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The alterations of GO nanostructures after y-ray irradiation in water, air and styrene with an absorbed dose
of 200 kGy are systematically investigated. The interlayer structures of the ultimate products are confirmed
to be remarkably different from each other due to the distinct changes of functional groups on single-
sheets in various media. After irradiation in water, oxygen groups in graphite oxide are shown to be
obviously decreased owing to the generation of reductive radicals by the decomposition of water
molecules, which is reflected in the decrease of graphite oxide interlayer spacing. The interlayer distance
of graphite oxide irradiated in air is found to be significantly increased, which may be attributed to the
increase of the hydroxyl groups and the topological defects. However, the graphite oxide seems to be
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Accepted 13th November 2013 mainly exfoliated and functionalized by the intercalation of the monomers and the grafting of
polystyrene chains when irradiated in styrene. It is expected that y-ray irradiation in different media

DOI-10.1039/c3ra46203) should be a promising strategy for manipulating nanostructures and properties of graphite oxide for

www.rsc.org/advances improving its applicability in fields of composites, catalysts and sensors.

1. Introduction

Since it was first synthesized in 1855 by Brodie, graphite oxide
(GO) has attracted the recurring interest of the chemical
community.™* It is synthesized by strong acid/base treatments
of graphite resulting in the incorporation of oxygen in many
forms. Although the exact composition is difficult to determine,
it is clear that the previously contiguous aromatic lattice of
graphene is interrupted by epoxides, alcohols, ketone
carbonyls, and carboxylic groups.* Numerous studies were done
throughout the decades to modify its structures and properties
for stretching its applications in fields of optoelectronics, bio-
devices, drug delivery systems, and composites.* Regardless of
the preparation method,* GO composition (group types and
concentrations) and structure changed obviously with the
addition of oxidizing agent before achieving some threshold
oxidation,® which is considered as a strategy to modify the
structure of GO.° For further applications, exfoliation of GO in
aqueous solutions’ or high temperature® to produce mono-
layer graphene sheets is also widely used for its high specific
area and fascinating electrical properties. In addition, the
intercalation of polymer chains or metallics could improve
structures and properties for nanocomposites, surfactants and
catalytic agents.'®'® However, in the above modification
methods, the numbers and the types of oxygen groups are hard

Key Laboratory of Advanced Braided Composites, Ministry of Education, School of
Textiles, Tianjin Polytechnic University, Tianjin 300160, People’s Republic of China.
E-mail: xuzhiwei@tjpu.edu.cn; Fax: +86 022 83955231; Tel: +86 022 83955231

This journal is © The Royal Society of Chemistry 2014

to be monitored and the modification uniformity cannot be
guaranteed within the process of adding chemical agents."”
Many impurities are also introduced in the interlayer structures
for some special applications, which results in that the
universality for the using in various fields is very limited.
Furthermore, in traditional methods mentioned above, high
cost and low efficiency are serious problems that we should pay
lots of attentions. Accordingly, manipulating the functional
groups and the structures of GO variably with a versatile, low-
cost and high-efficiency strategy is concluded to be very
important for improving its ultimate applicability in various
fields.

High energyradiation, such as y-ray irradiation, has been used
for many years as a competitive method to modify structures of
carbon systems for its low-cost, large-scale, high-energy and ultra-
uniformity.”*#2° It is naturally produced on earth by decay of
high energy states in atomic nuclei with high frequency. In our
previous work, the interlayer structure of multi-walled carbon
nanotubes (MWCNTSs) was found to be manipulated when irra-
diated in different media."* Functionalization of MWCNTSs with
styrene was successfully achieved under y-rays.”* The graphene
oxide sheets was also decorated with poly(vinyl acetate) success-
fully by a y-ray irradiation-induced graft polymerization.”* In
addition, Zhang has demonstrated that functionalization and
exhaustive reduction of graphene oxide could be implemented by
y-ray irradiation in the presence of different media.**** According
to these works, it is reasonable to expect that the y-ray irradiation
should be a promising method for manipulating the functional
groups and interlayer structures of GO in different media.
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In this work, water, air and styrene are chosen as three media
to assist the irradiation of GO. The differences of functional
groups and structures between the pristine GO and irradiated
GO (such as GO-WATER, GO-AIR and GO-STYRENE) are inves-
tigated in detail. To assure the effect mechanisms of irradiation
media on GO, the pristine and irradiated samples are charac-
terized by means of Fourier transform infrared (FT-IR) spectra,
X-ray photoelectron spectroscopy (XPS), Raman spectra, X-ray
diffraction (XRD), UV-visible (UV-Vis) absorption spectra and
thermogravimetric analysis (TGA). Atomic force microscopy
(AFM), transmission electron microscope (TEM) and high
resolution TEM (HR-TEM) are used to observe the morphologies
of products. The potential applications of these irradiated GO
are also illustrated eventually.

2. Experimental section

2.1. Preparation of GO

Pristine GO is prepared according to the method in 6. A 9:1
mixture of concentrated H,SO,/H;PO, (720 : 80 mL) is added to
a mixture of graphite flakes (6.0 g, carbon content >99.99%) and
KMnO, (18.0 g), producing a slight exotherm to 35-40 °C. The
solution is then heated to 50 °C, stirred for 12 h and then
poured onto ice (800 mL) with 30% H,O, (6 mL). For workup,
the mixture is filtered over a PTFE membrane with a 0.22 um
pore size. The remaining solid is then washed in succession
with 2000 mL deionized water. For each wash, the mixture is
centrifuged at a speed of 8000 rpm. The solid obtained in the
centrifuge tube is then vacuum-dried overnight at room
temperature to get GO.

2.2. Preparation of irradiated GO

The 100 mg GO are firstly dissolved in water (100 mL) and
styrene/toluene (50 : 50 mL) by weak sonication (5 min). These
two as-prepared mixtures and 100 mg GO are then exposed to
°Co y-ray source in an absorbed dose 200 kGy in air at room
temperature. The air humidity is 55%. After irradiation, the
suspension of GO irradiated in water is centrifugated and the
precipitations were then also dried in a vacuum oven at 50 °C
for 24 h to get GO-WATER. GO-AIR is taken out directly without
any treatment. GO-STYRENE is purified repeatedly by cycling-
membrane filtration/tetrahydrofuran(THF)-redispersion until
no white emulsion precipitated when the filtrate is added to
water. The precipitate is then dried in a vacuum oven at 50 °C
for 24 h.

2.3. Characterization

GO and irradiated GO are characterized by X-ray diffraction
(XRD, 1.54059 A Cu Ka. 1 as wavelength), Raman (RENISHAW in
Via Raman Microscope, recorded using 514 nm laser excitation
with a power of 5 mW), XPS (Thermo ESCALAB 250), FT-IR
spectra (Bruker VECTOR-22 IR spectrometer) and TGA
(NETZSCH STA 409 PC/PG), respectively. In addition, GO, GO-
WATER and GO-AIR are sonicated in the deionized water for 2 h
to get the nanosheets. For GO-STYRENE, the sheets are just got
by dissolving GO-STYRENE in THF with weak sonication of 5
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min. The morphologies of them are analyzed by atomic force
microscope (AFM, CSPM5500) and high resolution trans-
mission electron microscope (HR-TEM, Tecnai G2 F20). The
samples for AFM analyses are precisely prepared by depositing
the sheets on cleaved mica surfaces. The UV-visible absorption
spectra of the dispersions are measured on a HITACHI UV-3310
spectrophotometer within the wavelength region 220-700 nm.

3. Results and discussion

3.1. Compositions of irradiated GO

XPS is employed to determine the surface chemical composi-
tion of GO and irradiated GO. Curve fitting of C1s spectra is
performed using a Gaussian-Lorentzian peak shape after per-
forming a linear background correction and the results and
detailed information are shown in Fig. 1 and Table 1. The C1s of
GO consists of six different chemically shifted components and
can be deconvoluted into: sp> C-C, sp®> C-C in aromatic rings,
C-OH, C-O-C, C=0 and -COOH. These assignments agree
with previous work.>*2¢

After irradiation in water (Fig. 1b and Table 1), the percents
of sp® C-C is significantly increased and the content of oxygen
groups is decreased. According to the radiation chemistry of
water,” y-ray can decompose the water molecules to H, e 5q.
and OH, which makes an reductive agent in water to transform
the functional groups to C-C bonding.* In the spectra of GO-
AIR, an increased component for C-OH and a significantly
decreased component for C-O-C can be observed. To our
knowledge, GO is a kind of hygroscopic material and some
water molecules may not be eliminated exhaustively under the
GO drying conditions.?®

When irradiated in air (Fig. 1c), the C-O-C groups on the
basal plane are seemed to be unstable and the rings are easy to
be opened under the y-rays in air. The bonding between ring-
opening carbon-bear free radicals and decomposed OH would
make the dramatic increase of C-OH (Fig. 1c and Table 1). For
GO-STYRENE, the percent of C-H is found to increase to 41.94%
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Fig.1 The Cls peaks in the XPS spectra of (a) GO, (b) GO-WATER, (c)
GO-AIR and (d) GO-STYRENE.
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Table 1 Analysis of the deconvoluted C1s peaks from XPS and their relative atomic percentage in terms of GO, GO-WATER, GO-AIR and GO-

STYRENE

C-C Oxygen groups

sp> sp® C-H C-OH C-0-C Cc=0 -COOH

(284.0-284.4) (284.5-284.9) (285.0-285.3) (286.2-286.7) (286.8-287.3) (287.5-288) (288.5-289)
GO 9.34 27.97 — 23.27 32.72 3.05 3.65
GO-WATER 9.42 37.75 — 16.64 26.02 4.90 5.26
GO-AIR 9.57 29.78 — 36.43 18.03 4.48 1.71
GO-STYRENE 18.85 18.77 41.94 20.44

(Fig. 1d and Table 1), speculating the covalent bonding of
polystyrene (PS) chains on the sheets under the y-rays in
styrene.” The plentiful oxygen-containing groups on GO may
provide active sites for chemical grafting of polymer chains on
GO surface under y-rays,***> which is reflected by the significant
decrease of oxygen group content.

Fig. 2 shows the XPS survey spectra of GO and irradiated GO.
A trend of decrease in O/C is exhibited after irradiation in all
media. For GO-WATER (Fig. 2b), the oxygen groups are not
eliminated exhaustively as that mentioned in ref. 23, which
should be attributed to the fact that the surrounding environ-
ment is not deoxygenated by nitrogen bubbling.*® In addition,
the O/C in GO-AIR (Fig. 2c) is seemed to be a little bigger than
that of GO-WATER. This weaker reduction effect in GO-AIR
should be explained by the small quantity of reduction media
and lots of air around GO. With regard to GO-STYRENE, owing
to the bonding of PS chains, Fig. 2d exhibits a notable decrease
of the O/C.

The FT-IR spectra of GO (Fig. 3) indicates the presence of C=
O (Ve—o at 1728 em™ '), C-O(ve_o at 1218 cm ™), alkoxy (Vaikoxy at
1060 cm ") and C-OH(v¢_oy at 3380 cm ™), and demonstrates
that the GO has abundant oxygen containing groups.** After
irradiation in water, the intensity of all FT-IR peaks correlated to
the oxygen containing groups decreases dramatically (Fig. 3b),
which confirms the decrease of oxygen groups. Considering
about GO-AIR (Fig. 3c), the spectrum exhibits characteristic
vibration bands at 3000-2800 cm ™' and 696 cm !, which is
attributed to the stretching vibration of C-H, indicating the
attachment of alkyl groups on the nanosheets under vy-ray

irradiation. Furthermore, the characteristic peak at 1060 cm ™,

(a) O/C=0.54

(c) 0/C=0.45

|()0/C=026 4

200 300 400 500 600 700
Binding energy (eV)

Intensity (a.u.)

Fig. 2 XPS full scan spectra of (a) GO, (b) GO-WATER, (c) GO-AIR and
(d) GO-STYRENE.
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Fig. 3 FT-IR spectra of (a) GO, (b) GO-WATER, (c) GO-AIR and (d)
GO-STYRENE.

which is corresponded to alkoxy, is significantly increased by
y-rays. This is in good agreement with XPS results and should
be caused by the bonding of carbon-bare free radicals with H
and ‘OH.* The spectrum of GO-STYRENE exhibits characteristic
vibration bands for PS (absorbance peaks at 3026, 1597, 1491,
750, and 696 cm ™' correspond to the phenyl group, the peaks at
2920 and 2850 cm ™' represent the emergence of methylene and
methenyl groups, and the peaks at 1448 and 1404 cm™ " could be
assigned to saturated and unsaturated C-H bonds) (Fig. 3d),
which confirms the successful functionalization.***

TGA curves in the temperature range from 25 to 700 °C are
shown in Fig. 4. The weight of GO starts to lose at around 90 °C,
corresponds to the liberation of absorbed water steam in pris-
tine samples (Fig. 4a). In the temperature range of 100 °C and
250 °C, the major weight loss of GO occurs due to the exhaustive
evaporation of water molecules and release of CO, CO, from the

Mais Loss&%)
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N
o
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Temperature(-C)

Fig.4 TGA curves (in N2) of (a) GO, (b) GO-WATER, (c) GO-AIR and (d)
GO-STYRENE.
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decomposition of most labile functional groups (such as epox-
ides).?>*® The mass loss of GO-WATER shows a similar trend as
that of GO at first (Fig. 4b). However, owing to the decomposi-
tion of increased carbon radicals, the curve shows a sharp loss
after 180 °C.*® The thermal stability of GO-AIR is found to be
obviously improved when the temperature is lower than 180 °C
due to fact that the thermally labile oxygen functional groups
(such as epoxides) and water molecules are prematurely
decomposed by y-rays in air (see Fig. 4c). Nevertheless, GO-AIR
has a bigger weight loss compared with that of GO from 25 °C
and 700 °C. This may be caused by the dramatic increase of -OH
groups, which will take more carbon atoms during the heating
process than another oxygen groups. Two clearly separated
weight loss stages in the range of 120-220 °C and 320-460 °C for
GO-STYRENE can be observed in Fig. 4d, corresponding to GO
and grafted PS in GO-STYRENE.?! The grafting ratio is evaluated
to be ~53% as calculated in our previous work,*® which is a little
bigger than that in ref. 22 due to the higher irradiation dose and
more oxygen groups on GO sheets.

The UV-vis spectra of GO and irradiated GO are recorded for
an equal concentration of each material (Fig. 5). The degree of
remaining conjugation can be determined by the A, of each
UV-vis spectrum in the 227-231 nm for GO.*”*® Irradiated GO
shows similar spectra with those of GO, indicating that the
irradiation do not change the structure of GO basal plane
significantly. However, the Ap.x of GO-WATER and GO-AIR
(Fig. 5b and c) is seemed to be a little bigger than that of GO,
suggesting that the more ordered structure of GO-WATER and
GO-AIR due to greater retention of carbon rings in the basal
planes after irradiation,® which is in good agreement with the
results of XPS. In Fig. 5d, a new absorbance peak emerged at
~260 nm, indicating the decreased conjugation in GO sheet by
the grafting PS chains.* The dispersion extent of irradiated GO
can be determined by their UV-vis absorption spectra.*
Through Bee-Lambert law (eqn (1)), we could establish a rela-
tionship between the exact concentrations of suspended irra-
diated GO and their absorbance values.

A =c¢le (1)

where A is the absorbance at a particular wavelength (here we
use 228 nm), ¢ is the extinction coefficient, [ is the path length,
and c is the concentration. Compared with the saturated solu-
tion of GO, GO-WATER and GO-AIR, GO-styrene shows a bigger

—GO

—— GO-WATER
—GO-AIR

—— GO-STYRENE

Absorbance (a.u.)
N w s
T

-

L L ——
200 250 300 350
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Fig. 5 UV-vis spectra of (a) GO, (b) GO-WATER, (c) GO-AIR and (d)
GO-STYRENE.
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value of the absorbance, suggesting a higher solubility of GO-
STYRENE than another ones in the organic solvent.

3.2. Interlayer structures of irradiated GO

Fig. 6 shows the XRD patterns of GO and irradiated GO with an
absorbed dose of 200 kGy. The interlayer distance obtained
from the (001) peak is 0.93 nm (26 = 9.56°) in pristine GO. After
irradiation in water, the distance is obviously contracted due to
the decrease of oxygen groups as shown in Fig. 6b.** However,
the interlayer distance is significantly expanded to 2.11 nm
(26 = 4.22°) for GO-AIR (Fig. 6¢). This may be due to the
significant increase of -OH groups between the interlayers as
that indicated in XPS results. Furthermore, the increased
topological defects and the improvement of steric hindrance in
interlayers may also result in this expansion.*” With regard to
GO-STYRENE, GO is shown to be exfoliated when irradiated in
styrene (Fig. 6d). The van der Waals forces seem to be insuffi-
cient to maintain GO stacking under the high-energy y-rays. The
(002) peak is almost going to be disappeared in GO-STYRENE,
presumably because of introduction of styrene between the GO
layers, grafting of PS chains on the sheets and then exfoliation
of GO induced by the y-ray irradiation.

Evidences for the alteration of GO interlayer structures after
irradiation in different media were shown by the TEM and HR-
TEM images in Fig. 7. To our knowledge, the interlayer distance
of the conventional GO should be ~0.9 nm. After irradiation in
air, the interlayer distance is found to be increased to ~2.0 nm
(see the insert in Fig. 7b), which is in good agreement with XRD
results. For GO-WATER, the oxygen groups are proved to be
partially reduced, which result in the decrease of GO-WATER d-
spacing (Fig. 7d). Thus, the sheets are found to be hardly
separated with each other so that many sheets with multilayers
are exhibited (Fig. 7c). In addition, GO-STYRENE can be dis-
solved in THF without powerful sonication owing to the inter-
calation of styrene, grafting of PS chains on the nanosheets and
ultimate exfoliation of GO. Moreover, some dark features are
observed on the GO-STYRENE sheets in Fig. 7e due to the
pisolitic aggregates formed on surface of GO sheet by encircling
with PS chains and single-layer functionalized graphene sheets
can be detected (Fig. 7f). The exact mechanisms for alterations
of single-layers and the differences between the ultimate irra-
diated GO structures are illustrated in the schematic drawing in
Fig. 8.

—GO

—— GO-WATER
——GO-AIR

—— GO-STYRENE

(a)9.56 .
(b) 11.48

Intensity (a.u.)

15 20 25 30
2009

Fig. 6 XRD patterns of (a) GO, (b) GO-WATER, (c) GO-AIR and (d)
GO-STYRENE.
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Fig. 7 TEM images of (a) sonicated GO, (c) sonicated GO-WATER and
(e) dissolved GO-STYRENE and HR-TEM image of (b) GO-AIR, (d) GO-
WATER and (f) GO-STYRENE.

AFM images of sonicated GO, GO-WATER and GO-AIR and
dissolved GO-STYRENE are presented in Fig. 9. The thicknesses
of pristine GO single-layer sheet we prepared are mostly within a

©® Medium

\g{s chains

2, Oxygen groups

Fig. 8 Schematic drawing of the effects of various media on the
eventual nanostructure of irradiated GO. The alterations in each single
layer are stressed in dashed box to state the exact mechanisms.
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Fig.9 AFM tapping mode and height images of (a) GO, (b) GO-WATER
and (c) GO-AIR sheets that sonicated in water for 2 h and (d) sheets
from the weakly sonicated GO-STYRENE in THF for 5 min.

range of 1.2-1.5 nm (Fig. 9a and b), which is a little higher than
that reported.**** Some sheets are shown as multi-layers from
Fig. 9a because of the overlapping or aggregation in sonicated
GO samples. After irradiation in water, the thickness of mono-
layer sheet seems to be decreased, indicating the decrease of
oxygen groups by y-rays. However, Fig. 9b and d show that the
heights of GO-STYRENE monolayer sheets are about 1.9 nm to
2.4 nm. It is noteworthy that the height value may be higher
than that of the pristine GO monolayers due to the PS chains
grafted on nanosheet surfaces or trapped underneath the drop-
dried SP-graphene flake ‘coffee rings’.** In addition, after soni-
cating GO-AIR, the monolayer percent is significantly increased
and the nanosheets are found to be dispersed uniformly owing
to the dramatic increase in the d-spacing and alteration of the
oxygen groups. Furthermore, some vacancies are found to be
formed after irradiation in all of these media, making the
boundaries and the surface of the sheets a little more ‘bumpy’
than the pristine ones due to the cutting effect of y-rays (see
Fig. 9b-d).***

The structure of GO can also be monitored by the variation of
relative intensities of G band at 1596 cm ™' corresponding to the
first-order scattering of the E,, mode, and D band at 1357 cm ™,
arising from a breathing mode of k-point phonons of A,
symmetry in the Raman spectra.*®* From Fig. 10, the intensity
ratio of D band to G band (Ip/Ig) of irradiated GO don’t show an
obvious change compared with that of GO, which may be
attributed to the combined effect of the change of oxygen
groups and the restoration or destruction of carbon systems
under irradiation. With the reduction progressing (Fig. 10b),
the intensity ratio of D band to G band (Ip/lg) is increased,
implying the forming of new domains of conjugated carbon
atoms (bonded in sp” hybridization) accompanying the removal
of oxygen-containing groups.* The alteration of epoxide groups
to hydroxyl should be the main mechanism for the decrease of
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Fig. 10 Raman spectra of (a) GO, (b) GO-WATER, (c) GO-AIR and (d)
GO-STYRENE.
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Ip/Ig in GO-AIR (Fig. 10c). The Ip/Ig of GO-STYRENE is shown to
be increased from 0.93 to 0.95, suggesting a decrease in the
average size of sp” carbon domains, which is induced by the
increased number of smaller graphitic domains formed during
the irradiation process (Fig. 10d).* Moreover, this weak
increase may also suggest the bonding of PS chains on graphene
nanosheets and support the cutting effects (from the AFM
results) under irradiation.

4. Conclusions

In summary, irradiated GO show different compositions and
nanostructures from each other due to the intrinsic properties
of the media. The interlayer distance of GO-AIR is found to be
dramatically increased due to significant increase of -OH
group. However, GO-WATER d-spacing is confirmed to be
diminished because of the decrease of oxygen groups under the
irradiation-induced reductive agent in water. With regard to
GO-STYRENE, intercalation of styrene and grafting of PS chains
result in a self-exfoliation of the functionalized GO, which are
confirmed by the improvement of GO-STYRENE monolayer
thickness. Accordingly, y-ray irradiation should be an effective
strategy for decreasing the GO d-spacing for GO/hydrophilic
composites, increasing the GO d-spacing for catalytic agents
and exfoliating and functionalizing GO for nanocomposites and
Sensors.
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