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a  b  s  t  r  a  c  t

Reduced  graphene  oxide  (rGO)–copper  oxide  nanocomposites  are prepared  by covalent  grafting  of  CuO
nanorods  on  the  rGO skeleton.  Chemical  and  structural  features  of  rGO–CuO  nanocomposites  are  probed
by FTIR,  XPS,  XRD  and  HRTEM  analyses.  Photocatalytic  potential  of  rGO–CuO  nanocomposites  is explored
for  reduction  of  CO2 into  the methanol  under  the visible  light  irradiation.  The  breadth  of CuO  nanorods  and
the  oxidation  state  of Cu  in  the  rGO–CuO/Cu2O  nanocomposites  are  systematically  varied  to investigate
their  photocatalytic  activities.  The  pristine  CuO  nanorods  exhibited  very  low  photocatalytic  activity  owing
to fast  recombination  of  charge  carriers  and  yielded  175  �mol  g−1 methanol,  whereas  rGO–Cu2O  and
educed graphene oxide
hotocatalysis
O2 reduction
ethanol

rGO–CuO  exhibited  significantly  improved  photocatalytic  activities  and  yielded  five  (862  �mol g−1)  and
seven  (1228  �mol g−1)  folds  methanol,  respectively.  The  superior  photocatalytic  activity  of  CuO  in  the
rGO–CuO  nanocomposites  was  attributed  to  slow  recombination  of  charge  carriers  and  efficient  transfer
of photo-generated  electrons  through  the  rGO  skeleton.  This  study  further  excludes  the  use  of  scavenging
donor.

©  2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Accumulation of carbon dioxide (CO2) in the environment is ris-
ng at an alarming rate and has become a major cause of the global

arming [1]. In the recent past, the use of fossil fuels had increased
ignificantly, which is responsible for higher CO2 emission and
epletion of these resources. The photocatalytic conversion of CO2

nto the fuels like methane, methanol, formic acid etc. based on
ight irradiation could help at some extent to reduce the CO2 in
he environment and meet the increasing demand of energy [2–4].
uring the 80s, Inoue et al. reported for the first time the photo-
atalytic reduction of CO2 into valuable chemicals using various
emiconductors based catalytic materials [5]. Conversion of CO2
y photocatalysis, artificial photosynthesis, electrochemical, chem-

cal and biological approaches not only mitigate increasing level of
O2 in the environment but also provides alternative fuel and valu-
ble chemicals [6–8]. Till date, several photocatalysts such as TiO2,
norganic metal complexes, metal oxide, metal sulphides, carbon-
ased composites etc. along with co-catalyst/photo sensitizers have

een demonstrated for the photoreduction of CO2 under the light

rradiation [9–21]. Band gap energy of semiconductors plays an
mportant role to control the photocatalytic activity of nanomate-
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rials and it should be in an appropriate range to absorb the visible
light [22]. Most of metal oxide semiconductors are unable to absorb
visible light because of their wide band gap. While, small band
gap containing semiconductors exhibit fast recombination phe-
nomenon, hence photo-generated holes and electrons unable to act
efficiently for photocatalytic conversion. The recombination time
can be delayed by monitoring the defect density in the semicon-
ductor lattice, trapping the photo-generated electrons or holes by
introduction of co-catalyst, doping of hetero-atom and function-
alization of photocatalysts [23–25]. The organic reducing agents
e.g., triethanolamine, triethylamine, alcohols etc. have been used
as hole scavengers to oxidize holes; simultaneously, freely avail-
able photo-electrons can reduce the CO2 into the chemicals [26,27].
Water and other protic solvents have also been used for photo-
catalytic hydrogenation of CO2. The nanostructural semiconductor
based catalysts provide active sites for adsorption of CO2 where
the photo-generated electrons could reduce CO2 into the desired
products [28]. The presence of co-catalyst/photo sensitizers further
facilitates the photocatalytic activity and enhanced the conversion
rate.

Graphene, a most emergent material of current decade,
promises immense potential for large range of applications includ-

ing transistors, optoelectronics, polymer composite, drug delivery,
hydrogen production, energy storage devices, sensors, lubrica-
tion, catalysis to name a few [29–34]. Recently, graphene-based
materials have been gaining large interest as promising candidate
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or photocatalytic activities owing to their unique characteris-
ics such as high specific surface area, high adsorption capacity,
xcellent mobility of electrons, ease of chemical modification and
lectrochemical stability [35]. The graphene oxide (GO) as a semi-
onductor photocatalyst with an apparent band gap of 2.4–4.3 eV,
enerates hydrogen by splitting of water under light irradiation,
owever, during the photocatalytic process, GO losses oxygen

unctionalities and bandgap gradually reduced toward the rage
f conductive materials [36]. The reduced graphene oxide (rGO)
rafted with semiconductor material has the unique ability to store
nd shuttle electrons via electron transfer process, which is very
rucial for photocatalytic reactions [37]. The TiO2–rGO nanocom-
osite as a photocatalyst exhibits great adsorptivity of dyes,
xtended light absorption range and efficient charge separation
roperties, which eventually leads to efficient photo-degradation
f organic dyes [38].

Low-cost copper-based semiconductors, which are abundantly
vailable in the earth crust, are gaining large interest for photo-
atalytic reactions. The nanocomposites of Cu, Cu2O and CuO with
iO2 demonstrated excellent photocatalytic activities compared to
are and the noble metal loaded TiO2 [38–40]. The bare copper
xide absorbs visible light efficiently, however, fast recombination
vents hold back its potential for the photocatalytic activities [41].
ecently Tian et al. demonstrated that CuO/Cu2O/Cu nanorods-
ecorated rGO composite generates photo-current under visible

ight irradiation, where the rGO not only accepts the electrons from
he CuO–Cu2O–Cu nanorods but also facilitates electrons transfer
ithin the composite [42]. Herein, we have prepared nanocompos-

tes based on rGO and copper oxide (CuO and Cu2O) nanomaterials.
hese nanocomposites were evaluated for their potential to pho-
ocatalytic conversion of CO2 into the methanol under the visible
ight irradiation. The breadth of CuO nanorods grafted on the rGO
keleton found to control the photocatalytic efficiency. Chemical
nd structural features of nanocomposites were thoroughly char-
cterized by FTIR, XRD, XPS and HRTEM.

. Experimental

.1. Materials

Graphite powder (Sigma–Aldrich), sodium nitrate (98%, Alfa
esar), KMnO4 (99%, Fischer Scientific), H2SO4, copper(II) acetate
onohydrate (98%, SDFCL), NaOH pellets (98%, Fischer Scientific),

-aminopropyltrimethoxysilane (APTMS; 97%, Sigma–Aldrich)
ere used without further purification.

.2. Synthesis of rGO–CuO nanocomposites

Initially the CuO nanorods and the GO, precursors to
GO–CuO/Cu2O nanocomposites, were synthesized individually.
n a typical procedure, CuO nanorods were prepared by simple

ixing of Cu(CH3COO)2·H2O with aqueous solution of NaOH at
oom temperature for two hours under uninterrupted stirring.
n order to prepare, different sizes of CuO nanorods, 0.0125 mol
f Cu(CH3COO)2·H2O was mixed with different molar concentra-
ions of NaOH (0.05, 0.1, 0.2 and 0.3 mol). The synthesized CuO
anorods were collected by centrifugation at 3000 rpm and then
ere washed several times with water to remove the physisorbed

eaction precursors. Ethanol was used for the final washing. The
uO nanorods prepared by using 0.05, 0.1, 0.2 and 0.3 moles of
aOH were named as CuO14, CuO18, CuO116 and CuO124, respec-
ively. A 950 mg  of CuO was yielded in the each reaction batch. The
O was synthesized by harsh oxidation of graphite powder using
aNO3, H2SO4 and KMnO4 as strong oxidizing reagents and then
ltrasound-assisted exfoliation of the oxidized product [43]. The
ironmental 181 (2016) 352–362 353

GO was  then reduced into the rGO using hydrazine hydrate as a
reducing agent (Scheme 1c and d) to restore the graphitic char-
acteristics. This was followed by introduction of selective oxygen
functionalities at the edge and defect sites of 50 mg  rGO via mild
oxidation using the nitric acid as an oxidizing reagent (Scheme 1d
and e) [44]. In a parallel step, wet cake of CuO nanorods was
thoroughly dispersed in the toluene and then purged with nitro-
gen. A 1.5 mL APTMS was  added to the CuO dispersion and the
resulting mixture was  refluxed overnight with continuous stir-
ring under the nitrogen atmosphere. At completion of the reaction,
the mixture was allowed to cool down and then centrifuged at
3000 rpm for 10 min. The APTMS-functionalized CuO nanorods
(Scheme 1b) were washed several times with toluene and then
rinsed with ethanol and water in the subsequent order. The APTMS-
functionalized CuO nanorods having amino functionality as a head
group, was  thoroughly mixed with aqueous dispersion of selec-
tively oxidized rGO nanosheets and the pH of the reaction mixture
was maintained as ∼10. The temperature of alkaline reaction mix-
ture was raised to 80 ◦C and reaction was  carried out for 15 h under
uninterrupted stirring. The synthesized rGO–CuO nanocomposite
(Scheme 1f) having 1:20 ratio of rGO and CuO was  washed several
times with water and ethanol, and then dried at 65 ◦C for 6 h in
the air-oven. The synthesized nanocomposites of rGO with CuO14,
CuO18, CuO116 and CuO124 nanorods, were coined as rGO–CuO14,
rGO–CuO18, rGO–CuO116 and rGO–CuO124, respectively. For a
comparison purpose, rGO–Cu2O116 nanocomposite was prepared
by hydrothermal reduction of rGO–CuO116. In this context, a Parr
reactor bomb was  charged with aqueous dispersion of rGO–CuO116
nanocomposite. The hydrothermal reduction was carried out at
300 ◦C for 2 h. At completion of the reaction, reactor bomb was
allowed to cool down under ambient condition. The developed
product (rGO–Cu2O116) was washed with water and ethanol in
subsequent order, and then dried at 65 ◦C in the air- oven.

2.3. Chemical and structural characterizations

The crystalline nature of rGO–CuO/Cu2O nanocomposites was
examined by powder X-ray diffraction (XRD) using a Bruker
D8 Advance diffractometer operated with Cu K� radiation of
0.15418 nm wavelength at 40 kV and 40 mA. The chemical fea-
tures of all nanocomposites were probed by Fourier transform
infrared (FTIR) and X-ray photoelectron spectroscopy (XPS). FTIR
measurements were carried out using a Thermo-nicolet 8700
Research spectrometer with a resolution of 4 cm−1. XPS analyses
were carried out using a JPS-9010TRX electron spectrophotome-
ter. High-resolution transmission electron microscopy (HRTEM) of
rGO–CuO/Cu2O nanocomposites was  carried out to probe the nano-
structural features and their lattice fringes. UV–vis absorbance
spectra of all samples were taken by using a Shimadzu UV-2600
spectrophotometer. The BaSO4 was  used as reference material for
UV–vis measurements. The Brunauer–Emmett–Teller (BET) sur-
face area, pore volume and average pore size of all samples were
obtained from the N2 adsorption/desorption isotherms using BEL-
SORP max  (Japan) surface area analyzer at 77 K. The samples were
degassed and dried under a vacuum at 250 ◦C for 4 h prior to mea-
surement.

2.4. Photocatalytic reactions

The photocatalytic experiments for CO2 reduction were carried
out using rGO–CuO14, rGO–CuO18, rGO–CuO116, rGO–CuO124,
rGO–Cu2O116, CuO116 and rGO as the photocatalysts. In a typical

experiment, a 100 mL  cylindrical vessel (� = 5 cm) made of borosil-
icate glass, was  charged with a mixture of DMF  (45 mL)  and water
(5 mL). It was  purged with nitrogen gas for 15 min to degas the
reaction mixture. This was  followed by purging of the solution
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Scheme 1. Schematic model of (a) CuO and (b) APTMS-functionalized CuO
nanorods. APTMS was  grafted on the CuO nanorods by chemical interaction between
methoxy groups of APTMS and hydroxyl functionalities decorated on the CuO
nanorods. (c) GO, (d) rGO and (e) selectively oxidized rGO nanosheets. The rGO was
prepared by reduction of GO using hydrazine hydrate as a reducing agent. The defect
and  edge sites of rGO were then converted into carboxylic and hydroxyl groups
via  its mild oxidation with HNO3. (f) In the subsequent step, CuO nanorods were
grafted on the GO skeleton via charge induced and hydrogen interaction between the
amino group of APTMS-functionalized CuO nanorods and carboxylic and hydroxyl
functionalities of rGO, respectively.
ironmental 181 (2016) 352–362

with CO2 gas for 30 min  under continuous stirring to saturate the
solution with CO2. The 100 mg  photocatalyst was added to reac-
tion mixture and vessel was  sealed with a septum. Reaction vessel
was irradiated to visible light using a 20 W white cold LED flood
light. The distance between the reaction vessel and light source
was maintained as 5 cm and irradiated intensity on reaction vessel
was found to be 85 W m−2. The reaction progress was  monitored
by collecting and then analyzing the sample at regular interval. The
each sample was analyzed by injecting in GC-FID (Varian CP3800 by
using CP Sil 24CB LOW BLEED/MS column, flow rate: 0.5 mL  min−1,
injector temperature: 250 ◦C, FID detector temperature: 275 ◦C) for
quantitative determination. In order to check the linear response
of GC-FID over different concentration and quantification of prod-
uct, a calibration curve was  prepared using standard samples of
methanol. Furthermore, photocatalytic reaction product was char-
acterized by HPLC (Shimadzu UFLC, by using Oyster BDS Premium
C18 250 × 4.6 mm,  5 �m column mobile phase acetonitrile:acetone
60:40, flow rate 0.5 mL  min−1 at wavelength of 205 nm). Gaseous
products were determined with the help of GC-TCD and GC-FID
(Agilent 7890A GC system) using capillary column (RGA, refinery
gas analyzer) at the flow rate of 35 mL  min−1 for H2, 350 mL  min−1

for air, 27 mL  min−1 for makeup flow, 45 mL  min−1 for TCD refer-
ence flow and 2 mL  min−1 for helium flow; injector temperature:
220 ◦C, TCD detector and FID detector temperature: 220 ◦C. For
determining the gaseous products 20 �L sample was injected in
GC and then yield was correlated by injecting standard gaseous
mixture. Blank reactions were carried out to ensure that originated
methanol was photoreduction product of CO2. In the first blank
reaction, no catalyst was  added and all other conditions were main-
tained the same; while in the second reaction, same catalyst and
solvent system were used except reaction was conducted in the
dark. A third additional blank experiment was conducted by visible-
illuminating reaction vessel having the catalyst, but was purged
with N2 rather than CO2.

3. Results and discussion

The CuO nanorods were synthesized by facile chemical pro-
cessing of aqueous solution of copper acetate monohydrate and
variable molar ratio of sodium hydroxide at the room tempera-
ture. The APTMS was used as a bi-functional linker to graft the
CuO nanorods on the rGO skeleton via chemical interaction as
demonstrated in Scheme 1. The crystal structure and composition
of rGO–CuO nanocomposites were examined by powder XRD mea-
surements. XRD patterns of rGO–CuO nanocomposites as shown in
Fig. 1 are in good agreement with the JCPDS (05-0661) data of CuO
[45]. The major peaks at 2� = 35.75◦ and 38.88◦ were attributed to
(1 1 1)/(0 0 2) and (1 1 1)/(2 0 0) planes respectively, and revealed
the monoclinic crystallinity of CuO in rGO–CuO nanocomposites.
The rGO exhibited very broad diffraction at 2� = ∼24◦ and is corre-
sponding to very few lamellae within the rGO nanosheets along
with their corrugated structure (Fig. S1, ESI). The XRD features
owing to the rGO could not be appeared in XRD patterns of
rGO–CuO nanocomposites because of the strong diffraction pattern
of CuO and low concentration of rGO nanosheets [46]. The prepara-
tion of rGO–Cu2O116 by hydrothermal reduction of rGO–CuO116
was confirmed by its XRD pattern (Fig. 1f) and is in complete agree-
ment with the JCPDS date card no. 01-78-2076 of Cu2O phase [45].

Chemical features and grafting of CuO nanorods on the rGO
skeleton were examined by FTIR and XPS measurements. FTIR
spectra of rGO–CuO nanocomposites as shown in Fig. 2a exhibit

characteristic vibrations at ∼2925 and ∼2850 cm−1, attributed to
methylene asymmetric and symmetric stretches, revealing the
presence of APTMS in rGO–CuO nanocomposites. The higher inten-
sities of these vibrations for rGO–CuO14 were attributed to higher



R. Gusain et al. / Applied Catalysis B: Environmental 181 (2016) 352–362 355

Fig. 1. Powder XRD patterns of (a) rGO–CuO14, (b) rGO–CuO18, (c) rGO–CuO116 and (d) rGO–CuO124 nanocomposites. XRD patterns of (e) rGO–CuO116 and (f) rGO–Cu2O116
nanocomposites.
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ig. 2. FTIR spectra of (a and b) rGO–CuO14, rGO–CuO18, rGO–CuO116 and rGO–CuO
c)  FTIR spectra of rGO–CuO116 and rGO–Cu2O116 nanocomposites in the spectral 

rafting of APTMS on the CuO14 nanorods owing to their small size
nd higher specific surface area. Three strong vibrational bands
n the range of 600–400 cm−1 (Fig. 2b) revealed the monoclinic
rystalline structure of CuO in all rGO–CuO nanocomposites. How-
ver, rGO–Cu2O116 (Fig. 2c) exhibits an intense vibrational peak
t 625 cm−1 which was attributed to the Cu2O crystalline structure
n rGO–Cu2O116 [47]. The vibrational signatures in the range of
100–1000 cm−1 were associated to the Si O and C O linkage in
he rGO–CuO nanocomposites. The detailed peak characterizations
f all vibrational spectra are depicted in Table S1 (ESI).
Chemical state of constituent elements in the rGO–CuO
anocomposites was probed by XPS measurements. Fig. 3a shows
he high-resolution Cu 2p XPS spectra of rGO–CuO nanocomposites.
nocomposites in the spectral range of 3000–2800 and 1850–400 cm−1,  respectively.
 of 1000–400 cm−1, demonstrating IR modes of CuO and Cu2O.

The Cu 2p peaks were seen at ∼933.5 eV along with shake-up satel-
lite peaks at higher binding energy, revealing d9 electronic state
of copper and is characteristic to Cu2+ oxidation state in all the
rGO–CuO nanocomposites [48]. The grafting of CuO116 nanorods
on rGO via APTMS linker was  further confirmed by the appearance
of C 1s, N 1s and Si 2p peaks (Fig. 3b–d). High-resolution C 1s spec-
trum of rGO–CuO116 showed an asymmetric peak structure with
a broad shoulder at higher binding energy, attributed to different
types of carbon structure. The peak fitting of the C 1s spectrum of
rGO–CuO116 could be deconvoluted into chemically shifted three

major peak components (Fig. 3b) at 284.5, 287 and 288.4 eV. Among
them, a major component at 284.5 eV was  contributed by C C/C H
carbons of rGO skeleton and methylene units of APTMS in the
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ig. 3. High resolution (a) Cu 2p XPS patterns of rGO–CuO14, rGO–CuO18, rGO–CuO
 1s XPS peaks of rGO–CuO116 nanocomposites. The deconvoluted peak componen

n  the rGO–CuO116 nanocomposite.

GO–CuO116 nanocomposite. A peak component at 287 eV was
riginated from the residual oxygen functionalities of rGO and C O

inkage between the APTMS and CuO nanorods in the rGO–CuO116
omposite. High energy peak component with low intensity at
88.4 eV was due to the environmental contamination to the sam-

le. Importantly, the appearance of N 1s and Si 2p peaks in the
GO–CuO116 nanocomposites further showed that CuO nanorods
re grafted on the rGO skeleton via APTMS bifunctional thin film.
n this context, methoxy groups of APTMS covalently interacted
nd rGO–CuO124 nanocomposites. High resolution (b) C 1s, (c) N 1s, (d) Si 2p and (e)
the C 1s spectrum illustrate chemical linkages with various types of functionalities

with hydroxyl groups of the CuO nanorods and provided the Si O
linkages, which was  confirmed by appearance of Si 2p peak at
∼102 eV. The broad peak of N 1s spectrum revealed that amino
groups of APTMS-functionalized CuO nanorods plausibly interact
with oxygen functionalities of rGO via charge–induced interaction,

hydrogen bond linkage and covalent interactions [49,50].

The morphological features of rGO–CuO nanocomposites were
examined by the HRTEM analysis. The CuO nanorods are randomly
distributed on the rGO skeleton in the rGO–CuO nanocomposites as
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F (d) rGO–CuO124 nanocomposites. The rGO nanosheets are shown by red arrows. (For
i to the web  version of this article.)
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Table 1
Textural properties of rGO–CuO14, rGO–CuO18, rGO–CuO116, rGO–CuO124 and
rGO–Cu2O116 nanocomposites.

Sr. no. Sample description Pore volume
(cm3 g−1)

BET surface area
(m2 g−1)

1 rGO–CuO14 0.241 87.6
2  rGO–CuO18 0.707 128.9
3  rGO–CuO116 0.788 116.6
ig. 4. HRTEM images of (a) rGO–CuO14, (b) rGO–CuO18, (c) rGO–CuO116 and 

nterpretation of the references to color in this figure legend, the reader is referred 

hown in Fig. 4. The rGO nanosheets are highlighted by red arrows.
n increasing molar ratio of copper salt to NaOH, from 1:4 to 1:24,

ncreases the breadth of CuO nanorods and was found to be 3–6,
–9, 9–11 and 10–15 nm in rGO–CuO14, rGO–CuO18, rGO–CuO116
nd rGO–CuO124 nanocomposites, respectively. For comparison
tudy, rGO–Cu2O116 was prepared by hydrothermal reduction of
GO–CuO116 nanocomposite. Fig. 5 shows that CuO116 nanorods
n rGO–CuO116 were reconfigured to the Cu2O116 nanoparticles of
–6 nm diameter. These nanoparticles were thoroughly distributed
n rGO skeletone as illustrated in Fig. 5d and e. Furthermore, high
esolution images explicitly differenciate the rGO skeleton from
he CuO116 nanorods in the rGO–CuO116 (Fig. 5c) and Cu2O116
anoparticles in the rGO–Cu2O116 (Fig. 5e and f). The textural prop-
rties of rGO–CuO and rGO–Cu2O nanocomposites were obtained
rom their nitrogen adsorption–desorption isotherms (Fig. 6). The
igher absorption capacity of rGO–CuO116 could be attributed to
he larger surface area and pore volume of the material (Table 1).
he pore size distribution of rGO–CuO and rGO–Cu2O nanocompos-

tes, suggested the presence of mesopores in the materials. The BJH
ore size distribution (Fig. 7) revealed that the most of pores in the
GO–CuO14 are below the 10 nm.  Both the pore size and the pore
ize distribution range were further increased with increasing the
readth of CuO nanordos as deduced from Fig. 7. The rGO–CuO18

2 −1
xhibited largest surface area, i.e.,  128.9 m g , while rGO–CuO116
howed highest pore volume (0.788 cm3 g−1) among all the sam-
les being studies for the photocatalytical activities.
4  rGO–CuO124 0.453 95.87
5  rGO–Cu2O116 0.434 64.06

The influence of the CuO nanorod breadth on optical absorption
properties of rGO–CuO nanocomposites were probed by UV–vis
absorption spectroscopy. The rGO–CuO nanocomposites shows
(Fig. S4, ESI) a wide-range absorption between 200 and 700 nm,
attributed to the characteristic absorption of CuO nanoparticles
[51]. The characteristic absorption of rGO was overlapped with CuO
absorption in the range of 250–270 nm.  Interestingly, absorption
maxima of rGO–CuO was  gradually shifted toward higher wave-
length with increasing the breadth of CuO nanorods and found to be
maximum for rGO–CuO116. Further, the rGO–CuO116 nanocom-
posites exhibited maximum absorption ability among all samples
being studied.

Photocatalytic potential of rGO–CuO nanocomposites was

examined by reduction of CO2 into methanol by using water/DMF
mixture under visible light irradiation. In order to probe the
reaction progress, 1 �L liquid sample was  withdrawn during the
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ig. 5. HRTEM images of (a–c) rGO–CuO116 and (d–f) rGO–Cu2O116 nanocomposit
u2O116 nanoparticles (� = 3–6 nm), which are thoroughly distributed on the rGO 

igh  resolution images. (For interpretation of the references to color in this figure l

hotoreduction and analyzed by using a GC/FID system. The results
howed the formation of methanol is the only liquid product. The
bsence of other possible products such as HCOOH and HCHO
as confirmed by injecting the standard solutions of respec-

ive compounds (Fig. S7). Further confirmation of the absence

f other products was done by HPLC (Fig. S8). Hence, the per-
ormance of each catalyst was evaluated in terms of methanol
ield. The methanol yield (�mol  g−1 cat) by photocatalytic conver-
ion of CO2 in water/DMF mixture using rGO–CuO14, rGO–CuO18,
ring hydrothermal reduction, CuO116 nanorods in rGO–CuO116 are converted into
on. The rGO nanosheets are shown by brown arrows and are explicitly seen in the
, the reader is referred to the web version of this article.)

rGO–CuO116 and rGO–CuO124 as photocatalysts with light irra-
diation time is shown in Fig. 8. No methanol was  observed in
the absence of photocatalyst, whereas rGO–CuO nanocomposites
exhibited photocatalytic activity and provided methanol selec-
tively as the photoreduction product of CO2. The yield of methanol

was found to increase with increasing the breadth of CuO nanorods
in the rGO–CuO nanocomposites. After 24 h of visible light irradi-
ation, the yield of methanol was found to be 824, 997, 1228 and
1282 �mol  g−1 cat using rGO–CuO14, rGO–CuO18, rGO–CuO116
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Table  2
Photocatalytic reduction of CO2 into methanol under controlled experimental conditions.a

Entry Catalyst Reaction precursor Cat./mg Visible light illumination T/h Methanol yield
(�mol g−1 cat)

1 None CO2 None Yes 24 None
2  rGO–CuO14 CO2 100 Yes 24 824
3  rGO–CuO18 CO2 100 Yes 24 997
4  rGO–CuO116 CO2 100 Yes 24 1228
5  rGO–CuO116 N2 100 Yes 24 None
6  rGO–CuO116 CO2 100 No 24 None
7  rGO–CuO124 CO2 100 Yes 24 1282
8  rGO–Cu2O116 CO2 100 Yes 24 863
9  CuO116 CO2 100 Yes 24 175

10  rGO CO2 100 Yes 24 82

a Conditions: solvent system—DMF/water (45/5 mL), visible light source: 20 W LED.
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nd rGO–CuO124 photocatalysts, respectively. The formation of
ethanol was further confirmed by HPLC analysis as shown

n Fig. S8. Three blank experiments were further conducted to
onfirm that methanol was generated because of CO2 photore-
uction. In the absence of photocatalyst (Table 2, entry 1), in the
ark conditions (Table 2, entry 6), and using N2 instead of CO2
Table 2, entry 5) showed that no methanol was formed even after
4 h of reaction time. The quantum yield for methanol (�MeOH)
as estimated to be 0.008, 0.010, 0.012 and 0.013 in the pres-

nce of rGO–CuO14, rGO–CuO18, rGO–CuO116 and rGO–CuO124

anocomposites, respectively.

Quantum yield of Product (�Product) = [number of moles of
roduct × number of electrons required for reduction]/[moles of

ncident photons]
Fig. 8. Methanol yield by photocatalysis of CO2 as a function of visible light irradi-
ation time using rGO–CuO nanocomposite as photocatalysts.

The gaseous products were analyzed by GC-FID and GC-TCD
equipped with a RGA column. Gaseous phase analysis showed
the presence of hydrogen and oxygen without any evidence for

the formation of other gaseous products like CO,  CH4. The yield
of hydrogen by using rGO–CuO14, rGO–CuO18, rGO–CuO116 and
rGO–CuO124 was found to be 310, 362, 474 and 498 �mol  g−1 cat
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Fig. 11. Schematic illustration on plausible mechanism of photocatalytic conversion
sing CuO116, rGO–Cu2O116 and rGO–CuO116 nanocomposites as photocatalysts.

espectively, while the yield of oxygen was found to be 1064, 1270,
582 and 1654 �mol  g−1 cat respectively. The presence of oxy-
en in gaseous reaction products suggested that water splitting
as the route of holes scavenging and providing protons and elec-

rons required to complete the catalytic cycle. This fact was further
onfirmed by comparing the amount of evolved oxygen with the
ethanol. In all photocatalytic reactions, yield of oxygen was  nearly

.3 times than that of methanol and was in good agreement with
he stoichiometry of reaction as shown in the proposed mechanism
f CO2 reduction (Fig. 11).

The effect of chemical grafting of CuO nanorods on rGO skeleton
nd oxidation state of copper in the developed nanocompos-
tes on their photocatalytic activity were examined under visible
ight irradiation using three different photocatalysts; bare CuO116,
GO–Cu2O116 (Cu+1) and rGO–CuO116 (Cu+2). As depicted in
ig. 9, these three catalysts showed photocatalytic activity and
ielded methanol by photoreduction of CO2. However, signifi-
ant differences were observed in their activity. Bare CuO116
xhibited low activity because of fast recombination process
nd yielded methanol only 175 �mol  g−1 cat after 24 h of vis-
ble light irradiation. The rGO–Cu2O116 showed comparatively

uch better photocatalytic performance and yielded five folds
ethanol (862 �mol  g−1 cat), whereas rGO–CuO116 exhibited

xcellent photocatalytic activity and yielded seven fold methanol
1228 �mol  g−1 cat) as compared to that of CuO116 nanorods.
ecently, it was revealed that rGO coating significantly increases
he activity of Cu2O for CO2 photoreduction to CO; a nearly six times
igher activity than the optimized Cu2O [52]. It was  attributed
o retarded electron–hole recombination, efficient charge trans-
er and protective function of rGO. Herein, CuO (Cu+2) nanorods
rafted on rGO showed better photocatalytic activities than that of
GO–Cu2O (Cu+1) nanocomposite.

Stability and recyclability of the rGO–CuO116 catalyst was
xamined for photocatalytic conversion of CO2 into methanol
nder visible light irradiation. The recovered rGO–CuO116 catalyst
as reused for the five subsequent runs (Fig. 10). In all experiments,

 yield of methanol remained almost the same. After, six cycles of
hotocatalytic reaction, the recovered rGO–CuO116 catalyst was
xamined by HRTEM and FTIR (Fig. S5 and S6, ESI) to probe the
tructural and chemical stability. No significant differences were

bserved in morphological and chemical features of pristine and
ecovered rGO–CuO116 catalyst, indicating that rGO–CuO116 cat-
of  CO2 into the methanol using rGO–CuO nanocomposites under the visible light
irradiation.

alyst is structurally and chemically stable under the photocatalytic
reactions.

CuO nanomaterials absorb visible light of solar spectrum very
efficiently and generate electron–hole pairs. However, owing to
the narrow band gap, these electron–hole pairs recombine very
fast, before they could be available for photocatalytic reaction.
Therefore, bare CuO116 showed very low photocatalytic conver-
sion (Fig. 9). The CuO116 nanorods grafted on the rGO skeleton
revealed remarkable enhancement in their photocatalytic activity,
which is most likely due to the nearly equal position of conduction
band of CuO (∼4.1 eV) and LUMO of graphene (∼4.4 eV) [53,54].
Thus, the photo-generated electron in the conduction band of CuO
can easily transfer to the rGO nanosheets, which inhibits the recom-
bination of electron–hole pairs and facilitate the electron transport
to the catalytic sites for reduction of CO2. The rGO with large sur-
face area and various defective sites are prone to absorb CO2. The
photo-generated electron on CuO nanorods are transmitted to the
catalytic sites of rGO and then reduced the absorbed CO2 into the
methanol. Eventually, photo-generated holes oxidized the water
molecules to give protons (H+) [55]. The one mole of CO2 and six
moles of H+ were reduced by interacting with six moles of photo-
generated electrons as shown in Fig. 11. Consequently, one mole of
methanol and 1.5 moles of oxygen should be generated. This was

further supported by mole ratio of photo-generated methanol and
oxygen, i.e.,  1:1.3.
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. Conclusions

Copper oxide (CuO and Cu2O) nanomaterials were covalently
rafted on the rGO nanosheets and then used for the photocatalytic
eduction of CO2 to methanol under visible light irradiation. The
readth of CuO nanorods in rGO–CuO nanocomposites was found
o play an important role in controlling the photocatalytic activi-
ies. The grafting of CuO nanorods on rGO significantly increased
he photocatalytic efficiency and provided nearly seven folds

ethanol yield in comparison to that of bare CuO nanorods. Fur-
hermore, rGO–CuO (Cu+2) showed superior photocatalytic activity
han rGO–Cu2O (Cu+1) under identical conditions. The improved
hotocatalytic activities of CuO in rGO–CuO nanocomposites were
ttributed to the slow recombination of charge carrier and efficient
harge transfer of photogenerated electrons through the rGO skele-
on. Furthermore, the use of readily available and low cost metal
xide catalyst offers great potential for the visible light-assisted
onversion of CO2 into valuable chemicals in a sustainable manner.
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