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Abstract

We have characterized and evaluated changes in graphene oxide (GO) induced by means of
freeze-drying. In order to evaluate these changes, we investigated the effects of freeze-drying and
chemical reduction processes on the structure, morphology, chemical composition, and Raman
properties of GO and reduced GO. The freeze-dried GO had a pore structure, maintaining a
pored morphology even after thermal annealing. The freeze-dried samples were composed of a
single folded nanosheet or a few nanosheets stacked and folded. The oxygen-containing
functional groups were removed not only during the freeze-drying but also during the reduction
processes, with an accompanying decrease in the average size of the sp2 carbon domain (i.e. an
increase in the ID/IG value).
Keywords: freeze-drying, graphene oxides, Raman
(Some ﬁgures may appear in colour only in the online journal)
1. Introduction

chemically modiﬁed graphene [1], with its conductivity and
mobility being sufﬁciently large for applications where
inexpensive and moderate performance electronics are
required [10, 11]. Because graphene possesses outstanding
physical and chemical properties [12, 13], both RGO and
pristine graphene can be used to fabricate important devices.
The porous structures of carbon materials have been
widely used due to their extraordinary properties. These
structures enlarge a surface area, thereby enhancing the capability of the materials. For example, porous graphene is a
collection of graphene-related materials with nanopores in the
plane, exhibiting properties distinct from those of graphene. It
has widespread applications in various ﬁelds such as molecular sieving [14], gas separation [15, 16], hydrogen storage
[17], atmospheric nanoﬁlter [18], and cathode materials for
high-capacity and high-rate rechargeable Li-O2 batteries [19].
It also exhibits promising electrochemical capacitive

Graphene oxide (GO), which is a two-dimensional (2D)
network of sp2- and sp3-bonded atoms [1, 2], is a precursor to
large-scale production of a form closer to pristine graphene
called reduced graphene oxide (RGO) [3, 4]. The electronic
and mechanical properties of GO can be efﬁciently tuned by
controlled oxidation, in which complete removal of the C-O
bonds (i.e. removal of the oxygen atoms) brings about formation of graphene [5–7]. Pristine graphene is a 2D electronic
material with a unique electronic structure, but GO and RGO
have an electronic structure modulated due to the presence of
oxygen functionalities and broken bonds [5, 7, 8]. Highly
distorted RGO has a lower carrier mobility than pure graphene [9]. RGO is referred to as functionalized graphene or
5
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−50 °C and at a pressure of 10−3 Torr for 24 h, sublimated
about 95 percent of the water in the material. Third, the
secondary drying process removed the unfrozen water
molecules, in which the temperature was raised to 0 °C to
break any physico-chemical interactions that were formed
between the water molecules and the frozen material. The
obtained products were denoted as FDGO and FDRGO.
A horizontal alumina tube furnace was used for thermal
annealing of the GO or FDGO samples at 1100 °C under a
mixture of H2/Ar gas. In brief, the GO or FDGO (0.3 g) was
put into an alumina boat, which was subsequently introduced
into an alumina tube reactor ﬁlled with H2 and Ar at atmospheric pressure. The system was ﬁrst heated to 250 °C for 3 h
to remove all the moisture with a mixture of H2 (20
sccm) + Ar (100 sccm). Subsequently, the temperature was
raised to 1100 °C for 90 min. An annealing reaction was
carried out for 5 h. Finally, the system was naturally cooled
down to room temperature at a constant (Ar + H2) ﬂow rate of
120 sccm. The choice of 1100 °C as the graphitization temperature was guided by related literature reports [23–28].
From our experimental experiences, most unnecessary chemical functional groups and amorphous carbon were efﬁciently removed by the annealing at a temperature higher than
1000 °C. Accordingly, we have chosen 1100 °C as a graphitization temperature.
The samples were characterized by a ﬁeld-emission
scanning electron microscope (FE-SEM, JSM-6700, JEOL
Ltd, Tokyo, Japan) operated at an accelerating voltage of
12 kV. X-ray diffraction (XRD) patterns were obtained using
a D/MAX Rint 2000 diffractometer model (Rigaku, Tokyo,
Japan) with CuKα radiation (λ = 1.541 78 Å, 40 kV, 200 mA).
High-resolution transmittance electron microscopy (HRTEM)
was performed by using a TECNAI 20 microscope operating
at 200 kV. Raman spectroscopy was conducted by using a
Jasco Laser Raman Spectrophotometer NRS-3000 Series,
with an excitation laser wavelength of 532 nm, at a power
density of 2.9 mW cm−2. X-ray photoelectron spectroscopy
(XPS, VG Multilab ESCA 2000 system, UK) analysis using a
monochromatized Al Kα x-ray source (hν = 1486.6 eV) was
carried out to analyze the elemental compositions and the
assignments of the carbon peaks of the samples at the Korean
Basic Science Institute.

properties as a supercapacitor [20]. Since porous carboneous
materials have great potential for future development, it is
very important to develop effective preparation techniques.
The porogen method has been a useful method for the
preparation of porous materials, which have widespread
applications in medicine, the petrochemical industry, tissue
engineering, and environmental protection [21].
Among the porogen methods such as foam forming,
particle leaching, and freeze-drying, freeze-drying is the most
attractive because water can be used as the porogen to prepare
porous materials that have been safely used for cell culture
scaffolds [21]. The freeze-drying technique is the most simple
and convenient way to fabricate the oriented and uniform
pored structure. To date, in spite of its technical superiority,
the application of the freeze-drying technique is still in a
somewhat preliminary state. This limited availability of the
technique is primarily due to the lack of research into
understanding and evaluating the freeze-drying process in
terms of the change of structure and properties. Accordingly,
the study on development and characteristics of the freezedrying process will be urgently needed. This is the ﬁrst report
to apply the freeze-drying method to prepare porous carbon
materials. In this work, in order to investigate the precise
effect of the freeze-drying process, we carried out freezedrying on GO and RGO. In addition, we have evaluated the
freeze-drying process by comparing it with chemical reduction (i.e. thermal annealing) processes. We comparatively
analyzed the structural, chemical, and Raman characteristics
of GO, RGO, freeze-dried GO (FDGO), freeze-dried RGO
(FDRGO), annealed GO, and annealed FDGO. This study
ﬁnds that large-scaled porous graphene may be efﬁciently
fabricated by means of freeze-drying GO, in conjunction with
post-annealing.

2. Experimental
GO was synthesized from graphite powders by a modiﬁed
Hummers method. The details of the synthesis procedure
have been reported in a previous publication [22]. Exfoliation
of GO was achieved by sonication in water for 7 h. The
exfoliated GO nanosheets were chemically reduced to graphene in the presence of hydrazine. Typically, 500 ml of the
exfoliated GO was stirred for 30 min, and 50 ml of hydrazine
monohydrate was added. The mixtures were heated at
90 ± 5 °C using a water bath for 24 h; a black solid precipitated (called RGO) from the reaction mixtures. The
resulting product was collected by centrifugation at 12
000 rpm for 45 min and washed with deionized (DI) water
and methanol until the pH = 7. The GO and RGO were dried
and stored in a vacuum oven at 90 °C. On the other hand, the
porous GO or RGO was obtained by freeze-drying the
exfoliated GO (∼5 mg mL−1) and RGO (∼5 mg mL−1) in ID
water (Bench Top Manifold Freeze Dryers, Millrock Technology, Inc., Kingston, NY), respectively. First, the material
was placed in a freeze-drying ﬂask rotated in a bath, which
was cooled by dry ice. Second, the primary drying process,
which was conducted at a temperature of between –80 °C and

3. Results and discussion
Figure 1 shows the FE-SEM images of the GO, FDGO,
FDRGO, and 1100 °C-annealed FDGO. While the as-synthesized GO exhibits a lumped structure (ﬁgure 1(a)), the
FDGO and FDRGO show a porous structure (ﬁgures 1(b) and
(c)), suggesting that the pores have been generated during the
freeze-drying process. It is noteworthy that the FDGO
maintained a porous structure in spite of the annealing at a
high temperature (ﬁgure 1(d)).
Figure 2(a) shows digital photographs of the FDGO,
FDRGO, and 1100 °C-annealed FDGO. It is observed that the
FDRGO slightly collapsed. On the other hand, the FDGO
maintained its original shape and size even after annealing at
2

H Ham et al

Nanotechnology 25 (2014) 235601

Figure 1. FE-SEM images of (a) GO, (b) FDGO, (c) FDRGO, and (d) 1100 °C-annealed FDGO.

thereby suppose that the freeze-drying process contributes to
the folding and overlapping of the graphene sheets.
Figure 4 shows the survey scan XPS spectra of the GO,
FDGO, RGO, FDRGO, 1100 °C-annealed GO, and 1100 °Cannealed FDGO. The peaks at around 284.6, 400.9, and
533.5 eV correspond to the C1s, N1s, and O1s core levels,
respectively. The atomic percentage (at%) of each element
was estimated from the survey data (table 1). The N1s peak in
the XPS spectrum of RGO can be ascribed to the formation of
the C-N species during hydrazine reduction. The content of
the oxygen (O) atoms of the RGO was signiﬁcantly smaller
than that of the GO, suggesting that effective chemical
reduction occurred. Similarly, the O content of the FDRGO
was considerably smaller than that of the FDGO.
Furthermore, for both the GO and the RGO, the O content was slightly decreased by the freeze-drying process,
presumably due to the removal of the residual water. However, for both the GO and FDGO, the O content was greatly
reduced by thermal annealing at 1100 °C, clearly indicating
that thermal annealing is an effective method for removing
the oxygen functional groups from the GO and FDGO.
Accordingly, survey scan XPS spectra revealed that the O
content of both the GO and RGO is reduced by the freezedrying process.

1100 °C. Accordingly, we found that freeze-drying dissipated
the GO to smaller pieces less severely than the chemical
reduction process. Figure 2(b) shows tweezers holding a piece
of FDGO. On the edge of the piece, there is a mark of the tip
of the tweezers, indicating that the FDGO is sufﬁciently soft.
A lump of produced FDGO is shown in ﬁgures 2(c) and (d).
Figures 3(a)–(c) show low-magniﬁcation TEM images of
the FDGO, FDRGO, and 1100 °C-annealed FDGO, respectively. The insets represent the corresponding selected area
electron diffraction (SAED) patterns. Figure 3(a) indicates
that the FDGO is composed of folded single-layer nanosheets.
The associated SAED pattern shows diffuse rings, conﬁrming
the amorphous nature of the GO structures. Figure 3(b)
represents an image of the FDRGO, which consists of a few
layers of nanosheets. The inset in ﬁgure 3(b) exhibits the
polycrystalline characteristics of FDRGO. We surmise that
each FDRGO is close to a single crystalline, but the SAED
pattern in ﬁgure 3(b) exhibits polycrystalline characteristics
due to the existence of several FDRGO layers. Figure 3(c)
shows a single-layer sheet of 1100 °C-annealed FDGO. The
SAED pattern clearly reveals the single-crystalline nature of
the 1100 °C-annealed FDGO. Figure 3(d) shows a latticeresolved TEM image of a 1100 °C-annealed FDGO layer. We
3
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Figure 2. (a) Digital photographs of FDGO, FDRGP, and 1100 °C-annealed FDGO. (b) A piece of FDGO being held by tweezers.

Arrowheads indicate marks made by the tip of the tweezers. (c), (d) A lump of produced FDGO.

Figures 5(a)–(f) show the high-resolution scan C1s
spectra of the GO, FDGO, RGO, FDRGO, 1100 °C-annealed
GO, and 1100 °C-annealed FDGO, respectively. We carried
out a curve ﬁtting by using a Gaussian-Lorentzian peak shape
after performing a Shirley background correction. The binding energy of the C=C bonding was estimated to be in the
range of 284.5 to 284.7 eV. In addition, the chemical shifts of
0.9 to 1.2 eV, 1.7 to 2.4 eV, 2.4 to 3.5 eV, and 4.5 to 5.2 eV
were assigned to the oxygen functional groups, the C-OH, CO-C, C=O, and COOH groups, respectively. Based on
ﬁgures 5(a) to (d), we observe that the peak ratio of the C=C
bond increases by means of the freeze-drying process. On the
other hand, the peak ratios of the C-OH and C=O bonds
decreased by this process. Accordingly, we reveal that the
reduction of the O convent by freeze-drying is related to the
reduction of the C-OH and C=O bonds. Similarly, based on
ﬁgures 5(a), (b), (e), and (f), we show that thermal annealing
reduces the C-OH, C-O-C, C=O, and COOH bonds from the
GO and FDGO. Accordingly, we reveal that reductions of the
C-OH and C=O bonds are mainly responsible for the reduction of the O content by freeze-drying.
Figure 6 shows the Raman spectra of the GO, FDGO,
RGO, FDRGO, 1100 °C-annealed GO, and 1100 °C-annealed
FDGO. A preliminary study indicates that the precursor
graphite has two bands: the G band at 1582 cm−1 and the D
band at 1358 cm−1 [29, 30]. In the Raman spectrum of GO,
the G band is broadened and shifted to 1601 cm-1, while the D
band at 1355 cm−1 becomes prominent, indicating destruction
of the conjugated system in the graphite due to harsh

oxidation by strong acids during preparation. When the GO
was chemically reduced, the D band became narrower and
more prominent, while the G band shifted from 1601 to
1593 cm-1, possibly due to the increase in the number of sp2
carbon domains in the graphene sheets. Moreover, after the
subsequent thermal reduction at 1100 °C, the G band of GO
was further shifted to 1588 cm−1, suggesting that the thermal
annealing efﬁciently removed the oxygen functional groups
and more sp2 carbon domains were generated in the graphene
sheets. Similarly, the G band of FDGO shifted considerably
from 1599 to 1590 cm−1, by means of the thermal annealing.
Note that the G band of the GO and RGO shifted slightly
from 1601 and 1593 cm−1 to 1599 and 1592, respectively, by
freeze-drying. These shifts might have been caused by the
removal of the residual water.
On the other hand, it has been reported that both carrier
doing and mechanical strain inﬂuence the Raman spectrum of
graphene. The G peak was shifted by both electron and hole
doping [31–33]. However, Casiraghi postulated that the G
peak intensity is independent of the doping [34]. Also, both
the Raman 2D peak and G peak were shifted under the uniaxial tensile strain [35, 36]. Accordingly, it is possible that the
shift of G peak in the present study will be inﬂuenced by the
unintentional doping and the evolution of mechanical strain
during the thermal annealing and freeze-drying processes.
With the intensity ratio of the D band and G band being
commonly used to measure the degree of disordered carbon,
the ID/IG ratios of the GO, FDGO, RGO, FDRGO, annealed
4
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Figure 3. Low-magniﬁcation TEM images of (a) FDGO, (b) FDRGO, and (c) 1100 °C-annealed FDGO. Upper left insets in (a), (b), and (c)
show the corresponding SAED patterns. (d) Lattice-resolved TEM image of a 1100 °C-annealed FDGO layer.

Table 1. Compositions of as-prepared samples estimated from XPS

survey scan.

Sample
GO
FDGO
RGO
FDRGO
annealed
FDGO
annealed
GO

Annealing
temperature
(°C)

Composition
(at%)
C

N

O

—
—
—
—
1100 °C

61.32
67.90
76.88
77.7
94.48

—
—
2.82
2.44
—

38.68
32.10
20.30
19.86
5.52

1100 °C

95.77

—

4.25

FDGO and annealed GO were estimated to be about 0.84,
0.99, 1.16, 1.20, 1.52, and 1.60, respectively.
We reveal that the ID/IG ratios of GO and RGO increased
from 0.84 to 0.99 and from 1.16 to 1.20, respectively, by
freeze-drying. The thermal annealing at 1100 °C further
increased the ID/IG ratio; the ID/IG ratios of GO and FDGO

Figure 4. Survey scan XPS spectra of GO, FDGO, RGO, FDRGO,

1100 °C-annealed GO, and 1100 °C-annealed FDGO.
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Figure 5. High-resolution scan XPS C1s spectra of (a) GO, (b) FDGO, (c) RGO, (d) FDRGO, (e) 1100 °C-annealed GO, and (f) 1100 °Cannealed FDGO.

number of sp2 carbon domains within the initial GO sheets
upon the reduction [37], but this effect obviously cannot be
considered as the healing or repairing of the defects in the
GO. This is in good agreement with the XPS result (see

increased from 0.84 to 1.60 and from 0.99 to 1.52, respectively, by thermal annealing.
The increase in the ID/IG ratio is associated with not only
a decrease in the average size but also an increase in the
6
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Figure 6. Raman spectra of GO, FDGO, RGO, FDRGO, 1100 °C-

Figure 7. XRD patterns of GO, FDGO, RGO, FDRGO, 1100 °C-

annealed GO, and 1100 °C-annealed FDGO.

annealed GO, and 1100 °C-annealed FDGO.

ﬁgure 5), in which it was observed that the percentage area of
the C=C peak gradually increased, corresponding to a gradual
increase in the ID/IG ratio. Our observations are consistent with
those reported by Stankovich et al [3] and Sato et al [38],
where they showed that the graphitic domains created after the
reduction process were smaller than that for the GO, and
defects once formed during the exfoliation and reduction of
GO could be removed somewhat during the reduction process.
Figure 7 shows the XRD patterns of the GO, FDGO,
RGO, FDRGO, 1100 °C-annealed GO, and 1100 °C-annealed
FDGO. In a previous study of the precursor graphite, a strong
and sharp (002) diffraction line was observed at around
2θ = 26.45° [39], corresponding to an interlayer distance of
3.35 Å. In the case of GO, a stacked structure appeared at
around 2θ = 9.94° with an interlayer distance of 8.88 Å, being
analogous to those from previous works [40]. Similarly, the
FDGO exhibited a GO (001) peak at around 2θ = 10.0°,
corresponding to the interlayer distance of 8.83 Å. However,
for RGO, a (001) peak was found at 2θ = 11.84°, corresponding to the interlayer distance of 7.46 Å. Not only was
the (001) peak moved to a more positive value, but a broader
peak also appeared, centered at around 23.67°. This peak
corresponds to an interlayer distance of 3.75 Å. We suppose
that the chemical reduction of GO removed a considerable
number of oxygen functional groups, resulting in a decrease
in the interlayer distances. Similarly, for FDRGO, not only
was the (001) peak moved to a more positive value
(2θ = 11.87°), but a broader (002) peak also appeared, centered at around 24.30°. It corresponds to the interlayer distance of 3.65 Å. By comparing the XRD spectrum of the
FDGO with that of the GO, we found that the interlayer
distance decreased slightly from 8.88 to 8.83 Å. Similarly, the
interlayer distance of the RGO was slightly decreased by
freeze-drying. This suggests that the residual water in GO and

RGO was removed by the freeze-drying process. For both the
annealed GO and annealed FDGO, a (002) diffraction line
was observed at 2θ = 26.41°, corresponding to an interlayer
distance of 3.37 Å. This value is close to that of graphite
(3.35 Å), indicating that most oxygen functional groups were
removed by thermal annealing. In addition, the (102) peaks of
both the annealed GO and the annealed FDGO were seen at
2θ = 51.0°. For both the annealed GO and annealed FDGO, it
is noteworthy that there were peaks at 2θ = 33.8°. These peaks
may come from defects or disorders induced by the annealing
process.

4. Conclusions
We applied a freeze-drying technique to GO and investigated
the accompanying changes. The FE-SEM observation
demonstrated the existence of pore structures in the FDGO,
which were preserved even after thermal annealing. The
formation of the pore structures in the FDGO and FDRGO
samples is believed to result from the self-assembly of large
2D GO and RGO sheets during the freeze-drying process.
After the subsequent heat treatment, the residual water and
oxygen functional groups in the FDGO and FDRGO sheets
were further removed, yielding graphene sheets with a highly
porous architecture. The TEM investigation indicated that the
freeze-dried samples are composed of one folded nanosheet
or a few stacked and folded nanosheets. XPS, Raman, and
XRD analyses revealed that the chemical composition and
structure of the GO sheets were changed by means of the
freeze-drying, chemical reduction, and/or thermal annealing
process. Further XPS investigation revealed that reduction of
the C-OH and C=O bonds is mainly responsible for the
reduction of the O content by freeze-drying.
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