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M. A. Pérez-Guzmán . M. Ortega-López
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Abstract This work describes a novel method to
prepare reduced graphene oxide (rGO) sheets decorated with copper oxide and copper nanoparticles, by
annealing copper foil-supported graphene oxide (GO)
under an Ar atmosphere. The GO reduction level, the
predominant Cu or Cu2O compound, and the particle
size strongly depend on the process temperature.
Scanning electron microscopy and X-ray diffraction
analysis revealed that rGO–Cu2O and rGO–Cu
nanocomposites developed on the Cu foil surface at
the annealing temperatures of 200–600 and
800–1000 °C range, respectively. Raman spectroscopy corroborates the effective GO reduction.
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Introduction
Graphene-based materials such as graphene oxide (GO)
and graphene/inorganic nanoparticle composites are
intensively studied due to their extraordinary physicochemical properties, which hold promise for applications in technological areas such as biomedical, energy,
environmental remediation, and electronics (Allen et al.
2009; Bai and Shen 2012; Choi et al. 2012; Li et al.
2014; Neo and Ouyang 2013; Xu et al. 2013). Pristine
graphene has mostly been studied for advanced electronics. For other applications than those, graphene
needs to be functionalized because of its strongly
hydrophobic character (Cai et al. 2012; Wu et al. 2013).
Indeed, the recent interest in modifying the electronic
properties of graphene has fueled research on graphene
chemical doping by attaching specific functional groups
at graphene plane (Liu et al. 2011).
Currently, GO is considered an important precursor
for graphene mass production and chemically modified
graphene, which includes the reduced version of GO
(rGO; Casabianca et al. 2010; Pei and Cheng 2012).
GO is obtained by chemical exfoliation of graphite
under strongly oxidative processes (Dreyer et al.
2010), so that the final product comprises GO
nanosheets with a disrupted conjugation, containing
hydroxyl and epoxide groups on the basal plane and
carboxyl and carbonyl groups at the sheet edge
(Compton and Nguyen 2010).
Techniques used to reduce GO include thermal
annealing under an inert atmosphere (Zhao et al. 2012),
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chemical treatment using strong (Park et al. 2011) or
green reductive reagents (Fernández-Merino et al.
2010), and electrochemical reduction (Guo et al.
2009). In general, the above methods do not completely
remove functional groups from GO, producing socalled partially reduced GO (rGO; Singh et al. 2011).
Nowadays, GO and rGO have emerged as promising materials to obtain a variety of nanocomposites
together with inorganic and organic nanostructures
(Menchaca-Campos et al. 2013; Shi et al. 2011;
Stankovich et al. 2006).
In this work, we report our attempts to reduce GO
using copper foils as substrate. Surprisingly, besides
reducing effectively GO, copper and copper oxide
nanostructures were developed during the annealing
process. We believe that this is a useful and novel
method to prepare rGO sheets decorated with Cu or
Cu2O nanoparticles. In the proposed method, the GO
sheets are first prepared by graphite chemical exfoliation and then annealed under an Ar atmosphere using
Cu foil-supported GO. Interestingly, well-crystalized
Cu-based nanoparticles developed at temperatures as
low as 200 °C, but their predominant phase strongly
depended on the annealing temperature. In fact, Cu2O
and Cu were predominant ones at 200–600 and
800–1000 °C, respectively.
The physical properties of the obtained materials
were assessed by using X-ray diffraction (XRD),
Raman spectroscopy, and Fourier transform infrared
spectroscopy (FT-IR).
Copper-based nanostructures grown on Cu foils
were recently reported by Dong et al. (Dong et al.
2014). They prepared Cu2O nanoparticles-decorated
rGO nanocomposites using a Cu foil immersed in a
GO aqueous dispersion, under hydrothermal conditions at 160–240 °C for 24 h. Hien et al. (Hien et al.
2013) synthesized copper or copper oxide nanowires
using copper-supported etched-graphene by a hotplate heating method under oxidative conditions, at
temperatures around 450 °C.

Materials and methods
Materials
Graphite flakes (?100 mesh), sodium nitrate (C99 %),
potassium permanganate (C99 %), and hexane
(C99 %) were purchased from Sigma-Aldrich. Sulfuric
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acid (95–98 %) was obtained from Reproquifin. Hydrogen peroxide (30 %), acetone (99.77 %), and copper
foil (99.99 %) were obtained from J. T. Baker. Ethanol
(99.5 %) was purchased from Reasol. All reagents were
used as received without further purification.
Synthesis of GO
GO was synthesized by a modified Hummers method
(Chen et al. 2010; Hummers and Offeman 1958).
Briefly, graphite flakes (2 g), NaNO3 (1 g), and
concentrated H2SO4 (46 ml) were added in an Erlenmeyer flask, under stirring in an ice bath. Then
KMnO4 (6 g) was slowly added under stirring condition, and the temperature of the system was controlled
at 20 °C. After 5 min, the mixture was removed from
the ice bath and heated at 35 °C for 1 h. Next, 92 ml of
water was slowly added into the system, and stirring
was maintained for 15 min. Then, 140 ml of water
was added at 60 °C, as well as 5 ml of 30 % solution
of H2O2. Finally, the resulting mixture was centrifuged (4000 rpm for 30 min), and the supernatant
was decanted away. The yellow–brown product was
washed with warm water until pH 7 was reached.
Finally, the product material in an aqueous medium
was treated by mild ultrasound for 2 h.
Thermal reduction and decoration of GO
Prior to GO deposition, the Cu foil (0.02 mm thick and
1 9 1 cm2) was cleaned by sequential sonication in
hexane, acetone, and ethanol. The sample for GO
reduction was prepared as follows. The initial GO
dispersion was water evaporated using a rotary
evaporator (BUCHI R-200) to get a 2 mg/ml concentrated dispersion and then drop-casted on the cleaned
Cu foil to form a thin film. Before the high-temperature process, the sample was dried at 80 °C for
15 min under nitrogen flux.
The reduction process was carried out in an
atmospheric pressure CVD apparatus equipped with
a quartz tube. The annealing process was performed at
200, 400, 600, 800, and 1000 °C under an inert
atmosphere of Ar for 1 h. In all cases, the GO film
underwent a color change from brown to black after
the thermal process. For characterization, the rGO
films were peeled off with stainless steel tweezers and
stored under environment conditions and then analyzed after one month.
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Characterization
The structure and morphology were studied using
XRD (X’Pert Pro with Cu Ka radiation), field
emission scanning electron microscopy (FESEM,
Zeiss Auriga), and energy dispersive X-ray spectrometry (EDS, Bruker Xflash 5010 detector) was used to
characterize composition. Raman spectra were
recorded with a Horiba Jobin–Yvon HR800 Raman
apparatus, using a 509 objective lens with 532 nm
laser excitation. FT-IR was done on KBr-supported
sample pellets using a Perkin-Elmer spectrum 100.

Results and discussion
XRD characterization
The thermal annealing of the GO–Cu foil system
produces a hybrid inorganic–organic nanocomposite
consisting of rGO sheets decorated with Cu or Cu2O
nanoparticles; the inorganic dominant phase depended
on the annealing temperature. This was corroborated
by means of XRD measurements.
Figure 1 shows the XRD patterns of the asdeposited GO (a) and annealed samples at
200–1000 °C (b–f). The XRD pattern of the asdeposited GO displays the typical diffraction peak at
2h = 10.9°, which has usually been attributed to the

Fig. 1 XRD patterns of (a) the as-deposited GO and annealed
samples at (b) 200, (c) 400, (d) 600, (e) 800, and (f) 1000 °C, for
1h
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(002) reflection of samples comprising stacked GO
sheets (Hadadian et al. 2014). After the annealing
process, the peak shifts toward the 24–26° interval as
the annealing temperature increases, hence the interlayer separation decreases with temperature. Previous
studies on the thermal reduction of GO sheets prepared
by oxidative exfoliation of graphite revealed that the
GO interlayer separation was larger than that of
graphite, due to intercalation of H2O and functional
groups (Bose et al. 2012; Notley 2012). Furthermore,
the GO lattice as well as interlayer distance became as
those of graphite [JCPDS 56–159] as the functional
groups were thermally detached from graphene plane
(Moon et al. 2010).
Therefore, XRD testify the effective reduction of
GO. In all cases, the interlayer distance of our samples
was larger than that graphite (3.4 Å). An interlayer
distance of 8.1 Å was calculated for GO by using the
Bragg diffraction formula and the XRD data of
Fig. 1a. For annealed samples, on the other hand, the
estimated interlayer distances varied from 3.63 to 3.46
Å as the annealing temperature ranged from 200 to
1000 °C. The decrease in the interlayer separation
appears to be correlated to the reduction process of
GO, as suggested by the Raman spectra of samples
(see Fig. 3 below), the smaller is the interlayer
distance, the more reduced is the material. A similar
behavior was previously reported (Huh 2011; Na et al.
2015; Some et al. 2013).
Notice that the (002) peak intensity decreases with
the annealing temperature probably due to a change in
the stacking of GO caused by the reduction and the
composite formation, as reported by other workers
(Hu et al. 2013; Mai et al. 2011; Xu et al. 2009).
In regarding to the Cu-related phases, XRD patterns
in Fig. 1 show that Cu2O dominates at lower temperatures (200, 400, and 600 °C), because all discernible
peaks could be associated to the Cu2O cubic phase
[JCPDS 5–667]. The diffraction peaks at 2h = 36.4°,
42.3°, and 61.3° corresponded to (111), (200), and
(220) planes, respectively. The XRD patterns of the
high-temperature samples (800 and 1000 °C) displayed diffraction peaks of the cubic Cu [JCPDS
4–836]. The peaks located at 2h = 43.3°, 50.4°, 74.1°,
and 89.9° could be ascribed to (111), (200), (220), and
(311) planes, respectively. It was also observed that,
the FWHM peak decreased with the annealing temperature, indicating the particle size increased with
temperature.
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Raman and FT-IR characterization
Figure 2 displays the typical FESEM images of (a) the
bare Cu foil support and (b) as-deposited GO on the Cu
foil after being annealed at 80 °C. The bare surface
had a granular morphology with particles 7–18 nm in
size. According to the EDS analysis, (not shown here)
the Cu foil surface comprised carbonaceous species as
ad-impurities and oxygen probably forming copper
oxide.
The GO morphology consisted of crumpled and
stacked sheets as indicated for Fig. 2b.
The effective reduction of GO was assessed by
Raman spectroscopy. It is well known that Raman
spectra of graphitic materials, including GO, exhibit
the typical G and D bands which are associated with
in-plane vibrations of carbon sp2 bonds and structural
defects, respectively. For GO, the reported wavenumber localization of G and D bands are around 1600 and
1350 cm-1, respectively (Sobon et al. 2012). These
bands change in position and intensity as oxygenated
groups are detached to restore the graphene structure.
Particularly, the G and D bands red shift, and the
intensity ratio, I(D)/I(G), increases as reduction progresses (Zhenyuan et al. 2013).
The Raman spectra of the samples prepared in this
work (Fig. 3) all exhibited the above mentioned
features. The as-deposited GO displayed G and D
bands at 1598 and 1357 cm-1 in good agreement with
the wavenumber localization reported by Chen et al.
(Chen et al. 2010), for G and D bands, respectively. It
was also seen that G peak underwent a regular red shift
from 1597 to 1587 cm-1 as the annealing temperature
increased in the 200–1000 °C range. For the D band, a
significant red shift was only observed at annealing
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temperatures higher than 400 °C. For samples
annealed at 200 and 400 °C, the D band remain
localized at the same wavenumber value as the asdeposited sample (1357 cm-1), while it shifted
1342 cm-1 for annealing temperatures higher than
400 °C.
In summary, the above described behavior for the G
and D bands corroborates that GO effectively reduces
with temperature, and that the reduction level
increases as annealing temperature does. The gradual
red shift of the G band suggests the reduction of GO
and the recovery of the sp2 domain, in the case of the D
band shift is associated with the size of the in-plane sp2
domain (Chen and Yan 2010; Zhang et al. 2012).
Likewise, the increase in the I(D)/I(G) ratio from 0.91
to 1.20 indicates the formation of numerous aromatic
domains of smaller overall size in graphene (Stankovich et al. 2007).
It is noteworthy that the Cu2O phase was not
detected by means of Raman spectroscopy, because no
characteristic signals of Cu2O (*219, 400 and
624 cm-1) (Deng et al. 2012) are discernible in the
Raman spectra of our samples (Fig. 3). Similar results
were obtained by Dong et al. (Dong et al. 2014) in
well-coated rGO–Cu2O nanoparticles. The presence
of metallic Cu at 800–1000 °C suggests that it could
exist not as a bare nanoparticle, but as a core-shelled
rGO–Cu nanostructure, the rGO-coating protecting to
Cu from oxidation.
The FT-IR technique allows for identifying the
functional groups bound to the GO sheets. Figure 4
shows the IR spectra of (4a) the as-deposited GO and
(4b–f) annealed GO at different temperatures. The IR
spectrum of the as-deposited GO (Fig. 4a) exhibits
the O–H stretching vibrations (3300 cm-1), C=O

Fig. 2 FESEM images of (a) the surface Cu foil after being cleaned (b) as-deposited GO on Cu foil after drying at 80 °C
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decreased in intensity. Particularly, the stretching
vibration band of the C=O group at 1721 cm-1
vanished entirely, even at the processing temperature
of 200 °C.
As Raman spectroscopy, FT-IR was unable to detect
IR bands of the oxidized copper, particularly those
associated with the Cu–O bond vibrations of Cu2O
which is located at *617 cm-1 (Necmi et al. 2005).
Morphology

Fig. 3 Raman spectra of (a) as-deposited GO and annealed
samples at (b) 200, (c) 400, (d) 600, (e) 800, and (f) 1000 °C, for
1h

Fig. 4 FT-IR spectra of (a) the as-deposited GO and (b–f) samples
annealed in the temperature range 200–1000 °C

stretching vibrations (1721 cm-1), C=C stretching,
skeletal vibrations of unoxidized graphitic domains
(1620 cm-1), O–H deformation (1421 cm-1), C–OH
stretching vibrations (1232 cm-1), and C–O stretching vibrations (1072 cm-1), all of which are usually
observed in GO (Dong et al. 2013; Shen et al. 2011).
Figure 4b–f illustrates the evolution of the reduction process with the annealing temperature. It was
seen that the absorption bands associated with the
abovementioned oxygenated groups gradually

After the heat treatment at 200–1000 °C, Cu2O- or
Cu–rGO nanocomposite was observed at the Cu foil
surface, depending on the annealing temperature. In
all cases, well-crystallized Cu2O or Cu nanoparticles
were obtained, as indicated by the XRD analyses.
Figures 5 and 6 reveal the annealing temperature
strong effect on the morphology of Cu-based nanoparticles, as well as the GO network. In all cases,
polydisperse nanoparticles were obtained, and they
increased in size with annealing temperature; the
particle mean size was 15, 25, 45, 90, and 600 nm for
200, 400, 600, 800, and 1000 °C, respectively.
Figure 5 displays FESEM images of representative
samples prepared at 200 and 400 °C for 1 h. In this
temperature range, the inorganic nanoparticles were
predominantly cubic Cu2O. The sample at 600 °C
(omitted here) displays similar morphological features
as those of 400 °C.
The FESEM images in Fig. 6 correspond to samples prepared at 800–1000 °C. In this temperature
range, elemental Cu develops as the predominant
inorganic phase nanoparticles.
As far as we know, there are no reports on Cu or
Cu2O nanoparticles synthesis by following a similar
process as the one reported here, including reports on
the graphene synthesis on Cu foil (Li et al. 2009;
Wofford et al. 2015) or on Cu-evaporated thin films
(Mattevi et al. 2011).
Recently, Glover et al. (Glover et al. 2011) reported
the spontaneous formation of copper and silver
nanoparticles at the surface of the corresponding
metal object under ambient conditions. Therefore, it is
quite probably that the studied nanoparticles here were
developed from the preformed copper oxide nanoparticles, which grew during the GO-copper foil sample
preparation. During the thermal process, the preformed nanoparticles diffused across the Cu foil
surface on a thin layer of partly melted copper. Then
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Fig. 5 FESEM images of samples annealed at (a) 200 and (b) 400 °C, for 1 h. It is seen that the nanocomposite comprises embedded
(circle) and surfaced Cu2O nanoparticles in rGO network

Fig. 6 FESEM images of samples annealed at (a) 800 and (b) 1000 °C for 1 h

they self-assemble to produce bigger nanostructures of
copper oxide or elemental copper.
To explain the formation of Cu or Cu2O as the
predominant phase, we have assumed that copper
oxide develops in the entire annealing temperature
range, and that it transforms into Cu or Cu2O through a
carbothermal reduction process involving the gaseous
species carbon monoxide (CO) and carbon dioxide
(CO2) (Goldstein and Mitchell 2011). In other words,
it is very probable that copper oxide phases other than
the native one, developed from the melted copper and
oxygen interaction, oxygen (O2) being produced during the GO thermal reduction (Chen and Yan 2010).
Previous studies on the graphene oxide thermal
reduction have demonstrated that O2 and other
gaseous species such as CO and CO2 evolved during
the thermal process, even at temperatures lower than
200 °C (Chuang et al. 2014; Ganguly et al. 2011).
According to the XRD and FESEM studies, the
annealing temperature strongly affects the

123

nanocomposite morphology and its phase composition. An additional effect can be noted by comparing FESEM images (Figs. 1a, 5 and 6). The initial
sample (Fig. 1a) comprises crumpled GO sheets,
which transform into smoothed and stacked rGO
sheets after the thermal treatment (Figs. 5 and 6).
Furthermore, the holed aspect of rGO sheets appears
to suggest Cu nanoparticles consumed some amount
of surrounding carbon to get a carbon coating.
Notice that the hole size increases as annealing
temperature does, following a similar trend as that
of the Cu nanoparticle size.
The FESEM image (Fig. 6b) displays the striking
morphology of the sample prepared at 1000 °C. It
consists of Cu nanostructures decorating the rGO
sheets and some holes on the rGO sheet. As in the
previous samples treated at lower temperatures
(Fig. 5), it is seen that the nanocomposite comprises
embedded (circle) and surfaced Cu nanoparticles in
rGO network.
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Conclusions
We propose a novel and simple method to simultaneously reduce GO and decorate it with copper oxide or
copper nanoparticles. The method consists of annealing, under an Ar atmosphere, the as-deposited GO
sheets using a copper foil as the GO support. It was
demonstrated that the Cu-based rGO sheets nanocomposite could be prepared at temperatures as low as
200 °C. Importantly, the Cu2O and Cu can be obtained
by varying the process temperature. In regard to the Cu
nanoparticles stability, we suggested that they could
be coated by rGO, but a further study should be
addressed to corroborate this issue.
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