
1 23

Journal of Materials Science
Full Set - Includes `Journal of Materials
Science Letters'
 
ISSN 0022-2461
 
J Mater Sci
DOI 10.1007/s10853-013-7766-y

Super-high interlayer spacing of graphite
oxide obtained by γ-ray irradiation in air

Hao Jin, Lei Chen, Kai Zheng, Zhiwei
Xu, Jie Shi, Baoming Zhou, Mingjing
Shan & Yinglin Li



1 23

Your article is protected by copyright and all

rights are held exclusively by Springer Science

+Business Media New York. This e-offprint is

for personal use only and shall not be self-

archived in electronic repositories. If you wish

to self-archive your article, please use the

accepted manuscript version for posting on

your own website. You may further deposit

the accepted manuscript version in any

repository, provided it is only made publicly

available 12 months after official publication

or later and provided acknowledgement is

given to the original source of publication

and a link is inserted to the published article

on Springer's website. The link must be

accompanied by the following text: "The final

publication is available at link.springer.com”.



Super-high interlayer spacing of graphite oxide obtained by c-ray
irradiation in air

Hao Jin • Lei Chen • Kai Zheng • Zhiwei Xu •

Jie Shi • Baoming Zhou • Mingjing Shan •

Yinglin Li

Received: 23 July 2013 / Accepted: 21 September 2013

� Springer Science+Business Media New York 2013

Abstract We produced a type of graphite oxide with the

interlayer spacing of 2.09 nm by treating conventional

graphite oxide with c-rays at an absorbed dose of 200 kGy

in air. The expansion of interlayer distance should be

attributed to the increased amounts of topological defects

and then the improved steric hindrance between interlayers.

Due to the decomposition of water molecules in graphite

oxide by c-rays, the reductive species were produced so

that graphite oxide was partially reduced. It is also spec-

ulated to be the main mechanisms for alteration of oxygen

groups. The change of carbon chain structures and oxygen

groups were further supported by X-ray photoelectron

spectroscopy, X-ray diffraction, and Fourier transform

infrared spectroscopy. This simple and effective method of

making graphite oxide with d-spacing of 2.09 nm by irra-

diating it in air is of interest not only for its easier inter-

calation and exfoliation than pristine one, but also for its

potential to prepare graphene sheets with high percent of

monolayers.

Introduction

Graphene, which has a single-atomic layered structure

and unique mechanical [1], thermal [2], and electrical

properties [3], is now enjoying significant attention for

many technological applications. [4, 5] Recently, oxi-

dation of natural graphite and subsequent chemical or

thermal reduction of graphite oxide (GO) or graphene

oxide [6–8] has been evaluated as one of the most

efficient methods for low-cost and large-scale produc-

tion of graphene. However, owing to the limited inter-

layer distance (with the biggest interlayer spacing of

0.95 nm in reported literatures) [9], it’s hard to exfo-

liate GO exhaustively so that graphene sheets with high

percent of monolayers cannot be produced successfully.

Improving GO interlayer spacing has become an

impressive subject we should pay close attentions to.

Recently, many efforts have been committed to the

intercalation of ions, molecules, and surfactants and the

interlayer distance of GO was also proved to be

increased [10–18]. Nevertheless, many substances are

introduced into GO for the special applications such as

catalysts, supercapacitor electrodes, and so on. In

addition, this preparation process is not efficient enough

for the large-scale production. Recent experiments have

demonstrated that irradiation of carbon systems such as

GO and graphene with energetic particles can be used

to successfully modify their structures and performances

[19–23]. c-Ray irradiation, as a controllable method for

modifying the physical and chemical properties of car-

bon systems, has attracted full attentions for their low-

cost, large-scale, high-energy, and ultra-uniformity [24].

In our previous work, the interlayer spacing of multi-

walled carbon nanotubes [25] and the performances of

GO [26, 27] were manipulated by the c-ray technique

in small organic molecules. Herein, GO interlayer

structures are proved to be changed by c-irradiation in

air. Furthermore, the alteration mechanisms were stud-

ied in detail.
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Experimental

The pristine GO (PGO) was prepared according to the

method in [9]. The sample was exposed to 60Co c-ray

source with an absorbed dose of 200 kGy in air at room

temperature. The dose rate was 0.8 kGy/h. PGO and irra-

diated GO (IGO) were then characterized by X-ray dif-

fraction (XRD, 1.54059 Å Cu Ka 1 as wavelength), X-ray

photoelectron spectroscopy (XPS), Fourier transform

infrared spectroscopy (FT-IR) spectra (Bruker VECTOR-

22 IR spectrometer), and thermo gravimetric analyses

(TGA). In addition, PGO and IGO were dispersed in

deionized water under sonication for 2 h to get the nano-

sheets. The morphologies of them were analyzed by AFM

(CSPM5500) and high resolution transmission electron

microscope (HR-TEM, Tecnai G2 F20) observations. The

UV–Vis absorption spectra of the dispersions were mea-

sured on a HITACHI UV-3310 spectrophotometer within

the wavelength region 220–700 nm to evaluate the exfo-

liation of PGO and IGO in water.

Results and discussion

XPS was employed to determine the surface chemical

composition of PGO and IGO. As shown in Fig. 1, curve

fitting of PGO and IGO C1s spectra are performed using a

Gaussian–Lorentzian peak shape and the results are

recorded in Table 1. The C1 s of PGO and IGO both

consist of six different chemically shifted components and

can be deconvoluted into: sp2 C–C, sp3 C–C in aromatic

rings (284.4 and 284.9 eV), C–OH (286.2 eV), C–O–C

(286.8 eV), C=O (287.8 eV), and –COOH (288.3 eV).

After c-ray irradiation of GO, increased component for sp2

C–C and sp3 C–C can be observed. The ratio of O/C is also

found to be decreased from 0.54 to 0.45 by irradiation (as
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Fig. 1 C1s XPS spectra of a PGO and b IGO

Table 1 -Analysis of the deconvoluted C1s peaks from XPS and O/C of PGO and IGO

XPS C1s peaks C1s fitting binding energy (eV; relative atomic percentage, %) O/C

C–C (sp2) C–C (sp3) C–OH C–O–C C=O –COOH

PGO 284.4 (14.33) 284.9 (15.59) 286.2 (10.96) 286.8 (31.41) 287.8 (19.65) 288.3 (8.05) 0.54

IGO 284.4 (19.39) 284.9 (20.20) 286.2 (20.73) 286.8 (16.89) 287.8 (12.76) 288.2 (10.03) 0.45
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of 5 �C/min, and b FT-IR

spectra of PGO and IGO
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shown in Table 1). Both of these suggest partial decrease

of the oxygen functional groups. To our knowledge, the

high density of oxygen groups in PGO causes location of

the water molecules between layers where they are

attracted via hydrogen bonding [28]. According to the

radiation chemistry of water [29], c-ray irradiation can

decomposed these water molecules to˙OH and reductive

(hydrogen radical and hydrated electron, Ḣ and eaq
- ) spe-

cies, which can be used to create a medium for reducing

PGO [30]. In addition, the increased C–OH and a

decreased component for C–O–C can be obviously detec-

ted from Table 1. The C–O–C on the basal plane is

unstable under the c-rays. Bonding between ring-opening

carbon-bear free radicals and˙OH would make dramatic

increase of C–OH. Moreover, these free radicals may bond

with each other as well so that the amounts of sp3 C–C are

found to be increased obviously.

TGA curves of PGO and IGO are shown in Fig. 2a. The

weight of PGO starts to lose at around 90 �C, corre-

sponding to the elimination of adsorbed water in PGO.

After irradiation, the thermal stability of IGO below

180 �C is found to be obviously improved due to the fact

that water molecules and thermally labile oxygen groups

were prematurely decomposed by c-rays in air. However,

IGO has a bigger weight loss compared with that of PGO

from 180 to 250 �C. This may be attributed to the fact that

the amounts of –OH and –COOH are increased signifi-

cantly in IGO, which would be decomposed below 250 �C

so that more mass would be lost in IGO than PGO [31, 32].

FT-IR spectra of PGO (Fig. 2b) indicates the presence of

sp2 C–C at 1621 cm-1, sp3 C–C at 1433 cm-1, C–O at

1218 cm-1, and C–OH at 1060 and 3380 cm-1 [33]. After

irradiation in air, the FT-IR spectrum of IGO exhibits

characteristic vibration bands at 3000–2800 and 696 cm-1,

which is attributed to the stretching vibration of C–H,

indicating the attachment of alkyl groups on the nanosheets

by c-ray irradiation. The characteristic peak at 1060 cm-1,

which is corresponded to alkoxy, is significantly increased

by c-rays. This should be caused by the bonding of carbon-

bare free radicals with Ḣ or˙OH. [30] In addition, the sp3

C–C peaks become sharper, confirming the introduction of

more topological defects in IGO.

The XRD patterns of PGO and IGO are shown in Fig. 3.

The [001] peak of PGO shifts from 9.56� to 4.22� after c-

ray irradiation, which indicates the increase of PGO

d-spacing from 0.93 to 2.09 nm. Probably, more topolog-

ical defects that produced on IGO sheets (which were

indicated by XPS and FT-IR results) and the increased

steric hindrance in interlayers lead to the expansion [34,

35]. This significant increase in interlayer spacing makes

IGO a promising candidate for the preparation of graphene

sheets with high percent of monolayers due to the easierFig. 3 Powder XRD patterns of PGO and IGO

~0.9nm ~2.0nm

10nm 10nm 
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Fig. 4 HR-TEM images of a PGO and b IGO crinkles
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Fig. 5 Tapping mode of AFM

topographic images of graphene

nanosheets from sonicated

a PGO and b IGO, and the

cross-section of graphene

nanosheets from c PGO and

d IGO. To evaluate the

thickness of the bi-layer sheets,

e, f are the images for sonicated

PGO and IGO, g, h are the

corresponding heights
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exfoliation compared with that of PGO. The increase of

d-spacing can also be observed by HR-TEM images of

PGO and IGO. The crinkles of dissolved sheets were

observed carefully to make sure this distance alteration. In

Fig. 4, the interlayer distance of GO was found to be

increased from *0.9 to *2.0 nm (see the insert), which

was in good agreement with the speculation in XRD

results. Moreover, the size of carbon domains was seemed

to be different from each other, which should be attributed

to the alteration of carbon chain structures and the increase

of sp3C–C.

AFM images of exfoliated PGO and IGO are pre-

sented in Fig. 5. The thickness of PGO single-layer sheet

we prepared is 1.5 nm (Fig. 5a, c). Some graphene

sheets are shown as multi-layers from Fig. 5a because of

the overlapping or aggregation in sonicated PGO sam-

ples. However, after sonicating IGO, the monolayer

percent is significantly increased and the nanosheets are

found to be dispersed uniformly owing to the dramatic

increase of d-spacing. Furthermore, it would be note-

worthy that the height of the IGO sheets we obtain by c-

ray irradiation process is around 1.2 nm (Fig. 5b, d),

thinner than monolayer PGO sheets. This could be a

result of the dramatic decrease of epoxide groups on the

basal PGO sheets [30]. To evaluate the exact d-spacing

of PGO and IGO, the heights of the bi-layer PGO and

IGO are also detected (Fig. 5e–h). In PGO, the thickness

of bi-layer is about 4 nm, implying the d-spacing of

1 nm by deducting the thickness of two single-sheets. As

well, the d-spacing of IGO can be calculated as 2.2 nm,

which is in good agreement with the XRD results. It

seems unbelievable that the thickness of the monolayer

sheet is decreased while the interlayer distance of PGO

is increased. We think that the whole amounts of oxygen

groups are decreased, which bring about the decrease of

monolayer thickness [9, 30]. Nevertheless, the interlayer

distance of PGO is expanded due to the increase of

topological defects and increased steric hindrance in in-

terlayers [34, 35]. The actual mechanisms need to be

further investigated in our later work.

In order to quantitatively assess the efficiency of

improved d-spacing in exfoliating GO, UV–Vis spectros-

copy is employed to detect the absorption of sonicated

PGO and IGO solutions under the same concentrations. In

Fig. 6, PGO and IGO both have a very similar kmax, which

is in the 227–231 nm range as previously reported for GO

[36]. UV absorbance is solely due to the presence of dis-

persed nanomaterials, [37, 38] which means that a higher

absorbance in UV–Vis spectra may be attributed to a better

distribution of the materials under the same concentrations

[38]. The absorbance of sonicated IGO is much higher than

that of sonicated PGO in the same concentration, sug-

gesting more extensive exfoliation of IGO than PGO due to

the increased d-spacing by c-ray irradiation.

Conclusions

The over onefold of increase in the PGO interlayer distance

is achieved by irradiating GO with c-rays in air. A sig-

nificantly increased component for sp3 C–C can be

observed, which should be the main mechanisms for the

increase of interlayer distance due to the increase of

topological defects and then the enhanced steric hindrance

between interlayers. The monolayer percent of the soni-

cated IGO is confirmed to be significantly increased from

AFM due to the enlarged d-spacing. In addition, because of

the extensive exfoliation of IGO, sonicated IGO sheets are

dispersed more homogeneously than that of PGO, which is

proved by UV–Vis spectra.
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