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Reduced graphene oxide (rGO)-wrapped octahedral Cu,O composites (GCCs) were successfully produced
by an ultrasonication-assisted reduction of graphene oxide (GO) in the Cu,O precursor solution. During the
ultrasound reaction, the reduction of GO and the growth of octahedral Cu,O crystals occurred
simultaneously in conjunction with the deposition of Cu,O crystals on graphene. As a result of the
introduction of rGO, the light absorption of octahedral Cu,O was markedly improved, the size of Cu,O
crystals was decreased, and the self-aggregation of Cu,O crystals was effectively prevented. More
importantly, the charge separation and transfer were effectively enhanced. Compared to the pure
octahedral Cu,O crystals and commercial TiO, (P25), the GCCs exhibited an increased degradation rate
of methyl orange (MO) by 4.5 and 20.2 times, respectively. Meanwhile, upon the graphene loading, the
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1. Introduction

Recent research has witnessed rapid advances in syntheses of
nanostructured semiconductors of different sizes, shapes and
compositions for use in photocatalysis, light-emitting diodes,
solar cells, lithium ion batteries, and chemical sensors.'”
Among a large variety of metal oxide semiconductors, cuprous
oxide (Cu,O) as an intriguing p-type semiconductor with a band
gap of 1.9-2.2 eV has garnered increased attention, due to its
higher absorption coefficient and minority carrier diffusion
length in the visible region, making Cu,O an attractive candi-
date material for photocatalysis and photovoltaics. The theo-
retical photon-to-electron conversion efficiency of Cu,O is 20%.*
Moreover, Cu,O is abundant and nontoxic, and has low
production cost.>” However, there are intrinsic drawbacks of
Cu,0, including the instability in wet air, photo-corrosion
under light irradiation, particularly the fast recombination of
the photo-generated electron-hole pairs, which lead to the
deactivation of Cu,O and thus limit its practical applications.
Much work has been concentrated on the reduction of the
recombination of electrons and holes by coupling Cu,O nano-
particles with other materials, such as noble metals,® semi-
conductor nanoparticles,”' carbon materials,"** etc.
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0.151%, representing an 8 fold higher efficiency than that of pure Cu,O crystals.

In the latter context, carbon nanostructures such as carbon
nanotubes and graphene offer new opportunities to develop
nanocomposites with unusual electro-catalytic properties.
Graphene has been widely recognized as a rising star in the
carbon family, because of its unique properties and a diverse set
of potential applications. Among its various exciting charac-
teristics, the unique structural and electronic properties of
graphene, including the giant 2D structure, high surface area,
and high mobility of charge carriers, render it an excellent
electron-transport material in the photocatalytic and photo-
electrochemical processes.*** 1In addition, the surface
properties of graphene can be modified through chemical
methods, making its use in composites possible.” Thus, various
forms of graphene-based nanocomposites have been investi-
gated, most of which are proposed for catalytic and electronic
applications.™

Recently, materials produced by combining rGO with metal
oxide semiconductors have emerged as promising products for
a wide range of potential applications in electronic devices,
drug delivery, photocatalysis, energy conversion and
storage.''® Notably, the attachment of metal oxide nano-
particles onto graphene may also prevent the restacking and
agglomeration of graphene sheets due to van der Waals inter-
actions between them during the reduction process. Some
studies have been carried out in the synthesis of rGO/Cu,O
composites and their applications in electrocatalysts for oxygen
reduction reactions, supercapacitors, and lithium ion
batteries.”*" In contrast, the work on the implementation of
GCCs in photocatalysis is comparatively few,?* and surprisingly,

This journal is © The Royal Society of Chemistry 2015


http://crossmark.crossref.org/dialog/?doi=10.1039/c5ta05508c&domain=pdf&date_stamp=2015-09-10
http://dx.doi.org/10.1039/c5ta05508c
http://pubs.rsc.org/en/journals/journal/TA
http://pubs.rsc.org/en/journals/journal/TA?issueid=TA003037

Published on 12 August 2015. Downloaded by Georgia Institute of Technology on 16/09/2015 21:06:06.

Paper

there is no report on the photovoltaic performance of rGO/Cu,O
composites.

Herein, we report on a viable strategy for crafting
rGO-wrapped octahedral Cu,O composites (GCCs) at low
temperature by capitalizing on, for the first time, ultra-
sonication, without the need for the application of surfactants
as in copious past work. The rGO sheets not only provide a large
surface area that is accessible for target molecules, but also
serve as anchoring spots for the deposition of octahedral Cu,O.
The photocatalytic and photovoltaic performances of GCCs
were evaluated and compared with those of pure octahedral
Cu,O particles, signifying the importance of the anchoring of
octahedral Cu,O particles on GO sheets. It is noteworthy that
such an ultrasonication-based strategy is simple yet effective,
imparting the effective hybridization (i.e., interfacial contact) of
graphene with Cu,0, and thus improving the charge transport
characteristics. As such, it opens up a new avenue creating
rGO-wrapped semiconductor composites for a variety of energy
conversion and storage applications.

2. Experimental
2.1 Preparation of rGO/octahedral Cu,O composites (GCCs)

The fabrication of GCCs is schematically shown in Fig. 1. The
graphene oxide (GO) sheets were first synthesized by a modified
Hummers' method.” In a typical synthesis of rGO-Cu,0, 50 mg
of GO sheets was dispersed in 100 mL 0.25 M CuSO, solution by
ultrasonication for 30 min, resulting in a green mixture. 100 mL
1 M NaOH was then added into the above solution. The color of
solution turned dark blue quickly. After ultrasonication for
15 min, 1.5 mL NH,OH-HCI was added into the blue solution.
The reaction mixture was then treated with high-intensity ultra-
sound (100 W, 40 kHz) at room temperature in air for a certain
period of time. The reduction of GO was also confirmed from the
color change of the solution before and after reduction (from
brown to dark, as shown in the inset of Fig. 1). Subsequently, the
resulting black solid was centrifuged, washed and dried in a
vacuum at 60 °C for 3 h prior to characterization. Pure Cu,O was
also obtained by a similar process in the absence of GO.

2.2 Characterization

The phase and composition of products were determined by
using a Dmax-3f diffractometer with nickel-filtered Cu Ka
radiation (1 = 1.54178 A). The size and morphology of samples
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Fig.1 Schematic illustration of synthesis of rGO-wrapped octahedral
Cu,0O composites (i.e., GCCs; that is rGO/Cu,O composites).
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were investigated by field emission scanning electron micros-
copy (FESEM; JEOL-6300F) and energy dispersive spectroscopy
(EDS). Transmission electron microscopy (TEM) was conducted
on a Tecnai F20 microscope (FEI Corp.). Fourier transform
infrared spectroscopy (FTIR) spectra were recorded on an
Equinox 55 spectrophotometer. The measurements were
performed in solid phase using KBr pellets. An ultraviolet-
visible (UV-Vis) spectrophotometer Perkin-Elmer Lambda
35 was used to carry out the UV-Vis absorption measurement on
the samples. Raman spectroscopy was performed by using a
RFS 100/s Bruker NIR-FT spectrophotometer in the range from
500 to 2000 cm .

2.3 Photocatalytic measurements

In a typical reaction, 40 mg of rGO/Cu,O composites (GCCs) was
added to 40 mL methyl orange (MO) solution (concentration,
¢ =20 mg L "). The suspension was first magnetically stirred in
the dark for 0.5 h to ensure the establishment of the adsorption/
desorption equilibrium of MO onto the surface of GCC photo-
catalysts. Subsequently, the suspension was placed under
visible-light. At various time intervals, a portion of the mixture
was taken, separated magnetically and analyzed with a UV-Vis
spectrophotometer to evaluate the catalytic degradation of MO
with a UV-2401 spectrophotometer. For comparison, the
photocatalytic activity of pure Cu,O and P25 was also detected
by the same approach.

2.4 Photoelectrochemical measurements

Briefly, the GCCs and pure Cu,O particles were deposited as a
thin film onto Fluorine-doped Tin Oxide (FTO) by spin coating a
suspension of this powder in ethanol, respectively, which were
used as photoanodes in solar cells. The solar cells were
assembled in a typical sandwich type by placing a platinum-
coated conducting glass on the dye-sensitized photoanode
separated by using a ca. 50 mm polymer spacer. The active area
of the cell was 5 x 5 mm?®. An electrolyte was prepared with
1.0 M 1-butyl-3-methylimidazolium iodide (BMIMI), 50 mM LiI,
30 mM I, and 0.5 M tert-butylpyridine in a mixed solvent of
acetonitrile and valeronitrile. The photocurrent tests and the
photocurrent-voltage (I-V) characteristics of the obtained
materials were measured using the electrochemical workstation
(CHI660C, Chenhua, China). The light was produced by using a
solar simulator (Newport, Oriel class A) at 100 mW cm > (1 sun)
intensity. Electrochemical impedance spectroscopy (EIS)
measurements were also performed on the same electro-
chemical workstation over a frequency range from 0.01 Hz to
100 kHz at the open-circuit voltage.

3. Results and discussion

The morphology, size and microstructure of pure Cu,O particles
and as-prepared GCCs (Fig. 1 in the Experimental section) were
scrutinized by SEM and TEM. The FESEM images in Fig. 2a
clearly show the octahedral morphology of pure Cu,O particles
with an average edge length of approximately 150 nm. After
modifying the Cu,O particle surface with rGO, the morphology
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of the final materials is shown in Fig. 2b-d. In contrast to the
previous study where small Cu,O nanoparticles (<50 nm) were
dispersed on rGO,* in this work rGO was loaded on large Cu,O
particles, yielding rGO-wrapped octahedral Cu,O composites.
Notably, the loading mechanism is governed by the relative size
of materials,* where smaller rGO tends to be loaded on larger
Cu,0 particles and smaller Cu,O particles tend to be deposited
on larger rGO. Moreover, Cu,O particles were well separated
from each other and dispersed by rGO. In contrast, pure Cu,O
octahedra were slightly aggregated, as shown in Fig. 2a. It is
interesting to note the rGO served as an additional surfactant,
the size of Cu,O particles (approximately 100 nm) wrapped by
graphene was smaller than that of pure Cu,O particles.

Fig. 3a shows the XRD patterns of GO, Cu,O particles and
GCCs. For GO, the dominant diffraction peak at 10.4° corre-
sponds to the (002) interlayer spacing of 0.83 nm, which can be
ascribed to the fact that graphite was considerably oxidized.
Notably, the GCCs displayed a similar crystalline structure to
that of pure octahedral Cu,O particles, which can be indexed to
the standard Cu,O nanocrystal with a cubic structure (JCPDS 05-
0667). However, the peak intensity of the (111) plane for GCCs
became weaker than that for pure octahedral Cu,O particles,
indicating that the growth of the (111) plane was inhibited due
to the presence of rGO. Moreover, no peaks for graphite at 26 =
26.3°, corresponding to the (002) plane, can be observed, sug-
gesting no further agglomeration of few-layer rGO sheets as they
were hindered by the presence of Cu,O particles. Furthermore,
the diffraction peak of GO at 2 = 10.4° cannot be observed,
signifying the reduction of GO. To further confirm that it was
octahedral Cu,O loaded on the rGO sheets, the corresponding
energy-dispersive X-ray (EDX) measurement on the composites
was also performed (Fig. S1, ESIt). There were only Cu, O and C
seen in the composites, verifying the existence of Cu,O on the
surface of rGO.

Fig. 3b compares the FTIR spectra of GO, Cu,O and GCCs
samples. In the case of GO, the peaks at 1625 and 1739 cm ™ are
attributed to the O-H bending vibration and the C=O0O

Fig. 2 (a and b) FESEM and (c and d) TEM images of pure Cu,O and
GCCs.

19150 | J Mater. Chem. A, 2015, 3, 19148-19154

View Article Online

Paper

b

rGO/Cuy0

Cu0

Intensity (a.u.)
Transmittance (a.u.)

) LR 70 400 30 000 250 2000 1500 1000 500
2 theta (deg. i
(deg) Wavenumber (cm™)

c d

rGO/Cuy0

rGO/Cuy0

(ahy) "2 evm)!/2

Absorbance (a.u.)

4 500 ™ 20 "6 18 20 22 24 26 28 30
Wavelength (nm) Photo energy /eV

Fig. 3 (a) XRD patterns and (b) FTIR spectra of the as-prepared GO,
Cu,O particles and GCCs, respectively. (c) UV-Vis spectra and (d)
(«hv)? as a function of photon energy of the Cu,O particles and
GCCs, respectively.

stretching of the COOH group, respectively. As for GCCs, the GO
peaks were not observed, suggesting that the reduction of GO to
rGO was completed by NH,OH-HCl in an alkaline environment.
The intense absorption bands at 624 and 1581 cm ™' can be
assigned to the Cu-O stretching vibration in the Cu,O phase
and the C=C skeletal vibration of rGO, respectively.

The UV-Vis absorption spectra of pure Cu,O particles and
GCCs are shown in Fig. 3c. Obviously, the pure Cu,O exhibited
an absorbance in the visible region with a broad absorbance
peak at approximately 550 nm. Compared to pure Cu,O particles,
the GCCs displayed an enhanced absorbance in the entire visible
region, with a 30 nm red shift in the absorption edge, which can
be attributed to the presence of rGO in GCCs, similar to the study
on carbon-doped TiO, composites.*® Thus, the photocatalytic
activity is expected to be enhanced, and the solar energy may be
utilized more efficiently. Moreover, the plot of (c/v)">
constructed to estimate the band gap of the as-prepared mate-
rials, where « = (1 — R)?/2R, where R = 10" and 4 is an optical
absorption.”” The band gap of photocatalysts can be calculated
by extrapolating the linear section. The band gap of pure
octahedral Cu,O particles was estimated to be 1.94 eV, whereas
the band gap of GCCs was slightly reduced to 1.77 eV, as shown
in Fig. 3d. The formation of Cu-O-C may result in the up-shift of
the valence band edge, thereby reducing the band gap.

Raman spectroscopy is widely recognized as a versatile tool
for the characterization of rGO as it can identify the number of
layers, the electronic structure, the type of doping, and any
defects in rGO.”® Raman spectroscopy measurements were
conducted to confirm the formation of GCCs, and to further
analyze the reduction of GO. The characteristic Raman peaks of
graphite, GO and GCCs are shown in Fig. 4. The Raman spec-
trum of rGO was characterized by two main features: the G band
is usually assigned to the E,, phonon of C sp® atoms, while the
D band is a breathing mode of x-point photons of A;, symmetry,

~ hv was
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which is a common feature of sp® defects in carbon.> Therefore,
the amount of defects could be conveniently compared by the
relative peak intensity ratios of D to G bands (Ip/I;). As shown in
Fig. 4a, the Raman spectrum of the pristine graphite displayed a
strong G band at 1572 cm ™ * and a weak D band at 1340 cm ™. In
the Raman spectrum of GO (Fig. 4b), the G band was broadened
and blue-shifted to 1594 cm™ "' due to the presence of isolated
double bonds that resonate at higher frequencies than the G
band of pristine graphite.** Additionally, the intensity ratio
(In/Ig) for GO (0.995) was much higher than that for graphite
(0.217), indicating the presence of carbonaceous defects or edge
areas in the GO sheets due to the oxidation of graphite. For the
GCC composite (Fig. 4c), the Ip/I; ratio was further increased to
1.054, suggesting the formation of more sp® defects in carbon.
The increased ratio of D/G intensity was indicative of the
successful reduction of GO to rGO. The possible reason for the
increased sp® defects can be attributed to the strong interaction
(e.g., the Cu-O-C bond) between the interface of Cu,O octa-
hedra and rGO nanosheets.

To investigate the effect of rGO loading on photocatalytic
performance, photocatalysis experiments of GCCs, pure
octahedral Cu,O particles and P25 (commercially available TiO,
nanoparticles) were carried out by the degradation of MO dye
under visible light. Fig. 5a shows the changes in the optical
spectra of the MO solution at different intervals when the GCCs
were added. The intensity of the absorption peak at 464 nm of
MO decreased sharply as the time progressed, indicating that
the GCCs possessed a significant photocatalytic ability for
organic dye (i.e., MO molecules). Fig. 5b compares the relative
concentration variations of the MO solution over 50 min using
GCCs, pure octahedral Cu,O particles and P25, respectively. The
pure octahedral Cu,O particles outperformed P25 in the
photodegradation of MO, and the GCCs further improved the
photocatalytic performance over that of the Cu,O particles. A
simple calculation of the first-order degradation rate constant
(k) for these materials was quantitatively evaluated according to
k = —In(C/Cy)/t, as shown in Fig. 5c. The degradation rate of
GCCs was much improved as compared to that of the
un-modified octahedral Cu,O particles (by a factor of 4.5) and
P25 (by a factor of 20.2). Clearly, a markedly enhanced degra-
dation rate was found upon the surface modification of Cu,O
particles with rGO nanosheets. Such largely improved photo-
catalytic activity of GCCs can probably be attributed to the
enhanced light absorbance and the extended light absorption
range (Fig. 3c). Additionally, in comparison with pure Cu,O
particles, the lager surface of GCCs can offer more active
adsorption sites, resulting in enhanced adsorptivity of
contaminant molecules (Fig. S2, ESIT). It is not surprising that
when Cu,O particles are coupled with rGO, the photo-generated
electrons can easily transfer to rGO, leading to the enhanced
charge separation, which is crucial in enhancing the photo-
catalytic reactivity.

Due to the importance of stability of a photocatalyst for its
practical application,* the photocatalytic stability of GCCs was
further investigated by the cycling experiment. As shown in
Fig. 5d, the photocatalytic efficiency of GCCs exhibited no
visible change after five recycles, reflecting that the GCC

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 Raman spectra of (a) graphite, (b) GO, and (c) GCCs.

photocatalyst possessed a good reusability. In addition, due to
the incorporation of rGO, the GCC particles may easily and
quickly settle down from the dye solution, which is beneficial
for the collection of photocatalysts.

To evaluate the photoelectrochemical properties of GCCs, a
series of photoelectrochemical experiments were performed.
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Fig. 6a presents the photocurrent density-time characteristics
for pure Cu,O and GCC electrodes. Remarkably, as expected,
the GCCs were indeed able to generate a significant photocur-
rent. Specifically, the photocurrent density of GCC electrodes
was about 0.46 mA cm 2, which is nearly 23 times higher than
that achieved by the pure Cu,O electrode (0.02 mA cm™2). The
higher photocurrent density of GCC photoelectrodes was
indicative of an improved optical absorption capability and an
enhanced separation of photogenerated electrons and holes as
compared to pure Cu,O. The typical current density-voltage
(J-V) curves of Cu,0O and GCC electrodes during illumination
are shown in Fig. 6b. It should be noted that the open-circuit
voltage (Voc) was maintained at 0.308 V. As graphene is a zero
band gap material, the incorporation of rGO does not show
much effect on the apparent Fermi level of Cu,0.**** As a result,
the value of Vo remained the same. Interestingly, the short
circuit current density (Js¢) and conversion efficiency () of pure
Cu,O were very low, which are 0.106 mA cm™> and 0.017%,
respectively. In sharp contrast, the n of GCC was 0.151% with a
Jsc of 1.032 mA cm 2. Compared to the octahedral Cu,0, it is
remarkable that an 800% increase in n was obtained. This was
consistent with the results of the photocurrent response,
suggesting that rGO can act as an electron acceptor to effectively
improve the photovoltaic performance of the Cu,O photo-
cathode. In order to gain insight into the enhanced photovoltaic
performance by implementing the GCCs, the electrochemical
impedance spectroscopy (EIS) measurements on GCCs and pure
Cu,O were performed at a potential of —3.0 mV over the
frequency range from 100 kHz to 0.01 Hz (Fig. 6¢). Both
impedance curves showed a semicircle in the intermediate
frequency region. The diameter of this semicircle can be
attributed to the charge transfer resistance (R.). Clearly, the
semicircle diameter of GCCs is much smaller than that of pure
Cu,0, suggesting that the GCCs possessed a lower charge
transfer resistance, thereby leading to the increased photo-to-
current conversion efficiency.

4. Conclusions

In summary, we developed a facile strategy for synthesizing
rGO-wrapped octahedral Cu,O composites (GCCs) via an ultra-
sonication-assisted reduction of graphene oxide (GO) in the
Cu,O precursor solution at low temperature. Compared to pure
octahedral Cu,O, the resulting GCCs comprised smaller sized
Cu,0 particles, and exhibited a good dispersion of Cu,O parti-
cles and a largely improved light absorption. More importantly,
in comparison with pure octahedral Cu,O and P25, the presence
of rGO effectively facilitated the charge separation and transfer
in GCCs, thereby leading to a much increased degradation rate
of methyl orange by 4.5 and 20.2 times, respectively. Quite
intriguingly, it was demonstrated for the first time that the
introduction of rGO into Cu,O can markedly improve the
photovoltaic performance of Cu,O. The GCC electrodes showed
a photoelectric conversion efficiency of 0.151%, which was
800% higher than that of pure Cu,O particles (0.017%). Clearly,
such an ultrasonication-based strategy is simple and easy to
implement. Thus, it offers a particularly versatile way of creating

This journal is © The Royal Society of Chemistry 2015
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rGO-wrapped semiconductor composites for a diversity of
energy conversion and storage applications.
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