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Graphite oxide (GO) is an important material of wide applications. Owing to its good
mechanical property, the GO sheet is always expected to be stable and remains flat on
various substrates. Here we demonstrate for the first time an unexpected behavior of the
GO sheet on oxygen deficient ZnO film, namely the spontaneous cracking of the entire GO
sheet into many small pieces. This unusual behavior has been carefully investigated by a
series of control experiments and SEM, XPS and PL measurements. It is anticipated that
the oxygen vacancies in the oxygen deficient ZnO film can annihilate epoxy groups of the
GO sheet, resulting in the unzipping of the aligned epoxy groups on GO sheet. A prototype
of the white light detector made from the cracked GO sheet is fabricated and the device
demonstrates high stability and good reproducibility.
Key words: Graphite oxide, Epoxy group, ZnO film, Oxygen vacancy, Photoresponse

as transparent conductive film and electronic device. To
our best knowledge, there has hardly been any report
available on the stability of GO on different substrates.
In this work, we have systematically examined this important issue. It is found experimentally that GO does
remain stable on a variety of substrates, including Si,
SiO2 , Au film, ITO, and even LaCaMnO (LCMO) film.
However, to our surprise, we have observed that the GO
sheets are unstable, even spontaneously cracked into
small pieces on the oxygen deficient ZnO films. The
unusual phenomenon has been carefully investigated by
SEM, PL, and XPS, and a possible interpretation is proposed. A prototype photodetector based on the cracked
GO (c-GO) sheet has also been constructed, and its
photo-response is demonstrated.

I. INTRODUCTION

The graphite oxide (GO), exfoliated chemically from
natural flake graphite, has become a high efficient, low
cost, and massive productive material for producing
graphene, and has attracted a lot of attentions in chemistry and material science [1−4]. GO is usually synthesized through the oxidation of graphite using oxidants including concentrated sulfuric acid, nitric acid
and potassium permanganate with Hummers method,
and there are often a variety of oxygen groups (such as
epoxide, carbonyl (=CO), hydroxyl (−OH) and phenol
groups) on its surface [5]. Due to its unique structure,
GO can be either readily dispersed into various solvents
or further functionalized [6]. To date, GO has been
found potential applications for drug delivery, transparent conductive films [7, 8], polymer composites, lithium
ion batteries [9], supercapacitors [10], and photodetectors [11, 12]. Moreover, GO can further be considered
as a building block for the electrical nanodevices. For
example, Wei et al. obtained graphene nanoelectronics by thermochemical nanolithography with a heated
atomic force microscope tip to reduce the GO sheets
[13]. Recently, Zhang et al. achieved the direct writing of electronic devices on graphene oxide by catalytic
scanning probe lithography [14].
It is intuitively believed that GO is very stable when
it is dispersed on the substrate for the applications such

II. EXPERIMENTS

The ZnO films (100 nm thick) were prepared by radical assistance sputtering system (RAS-1100C, Shincron
Co., Ltd., Japan) [15, 16]. The annealed ZnO films
were obtained through annealing the as-prepared ZnO
films at 450 ◦ C for 90 min in the tube furnace. The
GO sheets were prepared by chemical exfoliation of the
natural flake graphite by a modified Hummers’ method
[17, 18]. The GO was uniformly dispersed in the deionized water (Milli-Q) with the help of the untrasonic
(AS10200A untrasonic cleaner auto science Ltd) and
centrifuged (Mikro 200R. Hettich. Germany). Then,
4 µL of 0.1 mg/mL GO solution was drop-coated on
different substrates and was dried naturally.
X-ray photoelectron spectroscopy (XPS, ESCALAB
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FIG. 1 SEM images of GO coated on the as-prepared (a, b)
and annealed (c, d) ZnO film after drying in atmosphere for
3 h (a, c) and 10 h (b, d). The scale bar is 4 µm.

250. Thermo-VG Scientific) was exploited to examine
the chemical states of the ZnO film before and after
annealing. Photoluminescense of ZnO films was characterized with excitation source of He-Cd pump laser
(325 nm, LABRAM-HR) at room temperature. Scanning electron microscope (SEM) (Raith, e-LiNE lithography system, Germany) was used to observe the morphologies of GO sheets. The Keithley-4200 semiconductor characterization system was used to characterize
the photoresponse of the device under the white light
illumination with the power of 100 mW/cm2 (Oriel instruments, Newport Corporation. USA).
III. RESULTS AND DISCUSSION

GO sheets are laid on the substrates using dropcoated method. Figure 1 shows the SEM images of
the GO sheets on both as-prepared and annealed ZnO
films after drying naturally for 3 and 10 h, respectively.
As seen from Fig.1 (a) and (b), even after drying for
10 h, single layer GO sheet keeps stable and flat on the
as-prepared ZnO film except some wrinkles occurred,
which was induced by the deposition process. The results can be well understood because GO possesses a
exotic good mechanical property [19]. However, an behavior, the spontaneous cracking of the GO sheet on
namely the annealed ZnO film, can be observed. As
shown in Fig.1 (c) and (d), a lot of faint gaps in the
GO sheets occur after drying 3 h (Fig.1(c)) and the
gaps increase with the increasing of drying time. As
shown in Fig.1(d), the width of the gaps is about tens
of nanometers and their distribution is quite uniform.
The average size of the cracked GO (c-GO) pieces is estimated to be about 1−2 µm, while the shape of c-GO
is diverse.
It should be pointed out that the spontaneous cracking behavior is unique and reproducible for the annealed
ZnO film. Figure 2 (a)−(e) show the SEM images of GO
DOI:10.1063/1674-0068/27/01/87-91
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FIG. 2 SEM images of GO sheets on (a) Si, (b) 300 nm
SiO2 , (c) 5 nm Au, (d) 100 nm ITO, (e) LCMO film, and
(f) the transferred c-GO on SiO2 substrate. The scale bar
is 4 µm.

laid on different substrates including Si, SiO2 , Au, ITO,
and LCMO. As seen, the GO demonstrates the similar morphologies to that shown in Fig.1(a), indicating
the GO sheet is stable on these substrates. Figure 2(f)
shows the result of the c-GO transferred from the annealed ZnO film onto a SiO2 substrate. Clearly, one can
find that some pieces of c-GO have been lost during the
transfer process. This further implies that the spontaneous cracking behavior has really taken place in the
GO sheet when it is put on the surface of the annealed
ZnO film.
In order to understand the reason for the different
stability of GO sheets on the as-prepared and annealed
ZnO film, we first performed XPS measurements of ZnO
films and the results are shown in Fig.3 (a) and (b). It
can be found that O1s signals have wide and asymmetric shapes for both ZnO films. According to our previous reports [20, 21], the O1s can be deconvoluted into
three Gaussian spectral components, centered at 530.3,
531.6, and 532.5 eV, respectively. Generally, the peak at
530.3 eV is attributed to the Zn−O bonds, and the peak
at 532.5 eV is usually attributed to chemisorbed or dissociated oxygen or OH species on the surface of the ZnO
thin film, such as −CO3 , adsorbed H2 O or adsorbed
O2 . The component peaked at 531.6 eV is associated
with O2 − ions, which is correspondent to the oxygendeficient regions within the ZnO matrix. The intensic
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FIG. 3 XPS of O1s (a) the as-prepared and (b) the annealed ZnO films. (c) The corresponding PL results of two ZnO films.
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FIG. 4 (a)−(c) The schematic illustration of cracking process of GO sheets through unzipping along the aligned linear epoxy
groups and formed three cracking small GO pieces. (d) Statistical results of the angular vertex of adjacent pieces of Fig.1(d).

ties of the peak at 531.6 and 532.5 eV of the annealed
ZnO film are much stronger than those of as-prepared
ZnO film, implying that the annealed ZnO film contains
more oxygen vacancy defects and oxygen-deficient regions. The above conclusion can further be supported
by the photoluminescense (PL) measurements of ZnO
films. As seen from Fig.3(c), the annealed ZnO film has
a strong green and orange light emission compared to
as-prepared ZnO film, while both films have similar near
band UV emission. Because the green light emission is
generally attributed to the oxygen-deficient states, especially oxygen vacancies in ZnO, while the orange luminescence bands result from ioned oxygen vacancies in
ZnO [22−25], we can conclude that the annealed sample is an oxygen deficient ZnO film as compared to the
as-prepared sample.
On the other hand, it is well known that there are
lots of oxygen-based (such as epoxide, carbonyl and hydroxyl) groups on the GO surface [18] and these groups
incline to aggregate or be aligned to decrease the surDOI:10.1063/1674-0068/27/01/87-91

face energy of GO. For example, from the theoretical
calculation, Li et al. found that once two epoxides were
formed on the opposite side of a carbon hexagon, there
was a strong tendency for other epoxy groups aligning
in a line and then the aligned epoxy groups could induce a rupture of the underlying C−C bonds to form
the open epoxide rings [26]. The prediction of aligned
linear epoxy groups were directly confirmed by STM
observation recently [27].
Based on the facts that the oxygen vacancies existed
on the surface of annealed ZnO films and the epoxy
groups aligned on the GO sheets, a possible interpretation for the spontaneous cracking of the GO sheet on the
annealed ZnO film can thus be proposed. As the GO lying on the oxygen-deficient ZnO film, the epoxy groups
on the GO sheet can be annihilated by the surface oxygen vacancy in the annealed ZnO film. Because the
aligned epoxy groups are like a zip on the GO, removing
one epoxy group from the zip can start up the unzipping process to break GO (Fig.4(a)). As the cracking
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FIG. 5 (a) The schematic diagram of the device. (b) The photoresponse of the devices at 1.0 V bias voltage under the white
light with power density of 100 mW/cm2 .

developed, the whole GO will end up into many small
pieces (Fig.4(b)). In addition, due to the strong capillary effect between the ZnO films and the flexible GO
piece, the small GO piece adheres to the grain surface
of ZnO film, resulting in widening the gaps between the
pieces (Fig.4(c)). Considering the hexagon structure of
GO and mechanical balance, we suggest that the adjacent cracking gaps should present an average angular
vertex of 120◦ . Figure 4(d) plots the statistical results
of angular vertex of the c-GO pieces shown in Fig.1(d).
As seen, most of the angular vertex is about 120◦ and
the result is well consistent with our above assumption.
The cracks in c-GO pieces may offer an ideal candidate for the nano-electrodes that are useful for a variety
of nanodevices such as photodetector, gas sensor, and
chemical sensing [28−31]. Herein, we have fabricated a
prototype of white light photodetector with c-GO pieces
and the schematic drawing is shown in Fig.5(a). The cGO sheets on the annealed ZnO film are first transferred
to the SiO2 /Si and further reduced at high temperature.
The contact electrodes are fabricated by EBL with liftoff technology, and CuPc molecules as the photosensitizer are evaporated onto the c-GO pieces. The photoresponse of the device at a bias of 1 V under the white
light illumination with power density of 100 mW/cm2
is given in Fig.5(b). As shown, the photosensitivity of
the device (Ion /Ioff ) can be as large as ∼10 and the
photoresponse is reversible and very stable. Note that
there is no any photoresponse for the control devices
with the same size based on simple CuPc or reduced
c-GO, indicating the nanogap of the cracked GO sheet
plays an important role in the photorespense.
IV. CONCLUSION

The spontaneous cracking of the GO sheet on oxygen deficient ZnO film has been observed, which is in
stark contrast with the conventional wisdom that the
GO should always be stable due to its good mechanical property. Such a unusual phenomenon has been
carefully examined by a series of controlling experiments and a possible mechanism is proposed. It can
DOI:10.1063/1674-0068/27/01/87-91

be suggested that the oxygen vacancies in oxygen deficient ZnO film can annihilate the epoxy groups on the
surface of GO, leading to the unzipping of the aligned
epoxy groups on the GO sheet. A white light detector
based on the c-GO pieces has been fabricated, which has
achieved high stability and good reproducibility. Our
finding may offer new insight on the stability of GO
sheet and novel nanogap electrodes for optoelectronic
devices.
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