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A series of graphene/CaIn2O4 composites were synthesized using a facile solvothermal

method to improve the photocatalytic performance of CaIn2O4. The reduction of graphene

oxide to graphene and the deposition of CaIn2O4 nanoparticles on the graphene sheets can

be achieved simultaneously during the solvothermal process. The photocatalytic activities

of as-prepared graphene/CaIn2O4 composites for hydrogen evolution from CH3OH/H2O

solution were investigated under visible light irradiation. It was found that graphene

exhibited an obvious influence on the photocatalytic activity of CaIn2O4. The graphene/

CaIn2O4 composite reached a high H2 evolution rate of 62.5 mmol h�1 from CH3OH/H2O

solution when the content of graphene was 1 wt%. Furthermore, the 1 wt% graphene/

CaIn2O4 composite did not show deactivation for H2 evolution for longer than 32 h. This

work could provide a new insight into the fabrication of visible light driven photocatalysts

with efficient and stable performance.

Copyright ª 2013, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
1. Introduction utilization, which accounts for only 4% of the incoming
Hydrogen fuel has been recognized as an environmental

friendly renewable source for the future. Since photoelectron-

chemical splitting of water was reported by Fujishima and

Honda in 1972 [1], the production of hydrogen using photo-

catalyst has received a lot of attention. Among the semi-

conductor photocatalysts, TiO2 is the most widely used

photocatalyst due to its non-toxicity, good stability and

excellent photocatalytic activity [2,3]. However, the relatively

wide band gap of TiO2 (3.2 eV for anatase) limits the
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solar energy. Therefore, development of visible-light-driven

photocatalysts becomes critical in current photocatalysis

research, because visible light contributes to about 43% of the

solar spectrum.

Metal oxides are potential candidates for visible-light-

driven photocatalysts, and promising results have been re-

ported for WO3 [4], BiVO4 [5], In1�xNixTaO4 [6], CaBi2O4 [7], etc.

CaIn2O4 is a ternary semiconductor oxide that belongs to the

AB2O4 family of ternary compounds. It is considered as a po-

tential eco-friendly and visible-light-driven photocatalyst for
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the degradation of organic pollutants although its light ab-

sorption ability is weak [8e15]. We previously reported that a

type of CaIn2O4 nanorods was synthesized using a low tem-

perature solution combustion method followed by a post-

calcination process [16]. The nanorods shows better visible

photocatalytic activity for methylene blue degradation,

toluene oxidation and water decomposition than that of the

sample synthesized by the conventional solidestate reaction.

However, the efficiency for H2 evolution fromwater splitting is

still far from satisfactory. It is therefore highly desirable to

develop a new modification that can enhance the photo-

catalytic activity of CaIn2O4.

Graphene is a two-dimensional peconjugation sheet of

carbon atoms bonded through sp2 hybridization. Its remark-

able electrical conductivity, large theoretical surface area,

high chemical and thermal stability, and flexible structure

have attracted great interest. During the past few years,

numerous attempts have been made to combine graphene

with semiconductor photocatalysts to enhance their photo-

catalytic performances [17e23]. Li Q et al. [24] pointed out that

CdS/graphene composite was a highly efficient visible-light-

driven photocatalyst for hydrogen production with apparent

quantum efficiency of 22.5% at wavelength of 420 nm. Cheng P

et al. [25] synthesized a TiO2/graphene composite and applied

it as the photocatalyst in hydrogen evolution under irradiation

of UVeVis light, obtaining a maximum H2 evolution rate of

668 mmol/h. Tang XS et al. [26] demonstrated that CuInZnS/

graphene composite shows an enhancement of photocatalytic

activity for hydrogen evolution in comparison with pure

CuInZnS. As an excellent supporting matrix for photo-

catalysts, graphene can efficiently facilitate the charge sepa-

ration and transportation from photocatalysts to graphene,

suppress the recombination of photogenerated electrons and

holes, and therefore enhance the photocatalytic performance.

In this work, we present a general approach for the prep-

aration of graphene/CaIn2O4 composites in ethanol using

graphene oxide as a precursor for graphene under sol-

vothermal reaction. During the solvothermal process, the

reduction of graphene oxide to graphene and the deposition of

CaIn2O4 nanoparticles on the graphene sheets can be achieved

simultaneously. The introduction of graphene can reduce the

probability of electronehole recombination and improve the

separation efficiency. As a result, highly enhanced perfor-

mance for hydrogen production was achieved using the ob-

tained graphene/CaIn2O4 composite as the photocatalyst.

Under visible light irradiation, the maximum hydrogen evo-

lution rate achieved was 62.5 mmol h�1 from CH3OH/H2O so-

lution when the content of graphene is 1 wt%, which was 6.6

times higher than that of pure CIO. This study shows a facile

way to fabricate graphene-based semiconductor photo-

catalysts with high efficiency.
2. Experimental sections

2.1. Chemicals and materials

Indium nitrate was purchased from Aladdin Industrial Inc.

Natural graphite powder, Calcium nitrate and glycine were

supplied by Sinopharm Chemical Reagent Co., Ltd. All other
reagents were at least of analytic reagent grade and used

without further purification.

2.2. Synthesis of CaIn2O4

CaIn2O4 (CIO) was synthesized by a low temperature solution

combustion method, which was also used in our previous

study [16]. Briefly, 0.71 g Ca(NO3)2$4H2O, 1.8 g In(NO3)3 and

1.0 g C2H5NO2 were dissolved in 30 mL deionized water. The

solution was left in air more than 24 h for diffusion. After that,

themixed solution was placed in an electrical furnace at 473 K

for 30 min, and then slowly heated to 623 K in 50 min. During

this period, a spontaneous combustion took place and a fluffy

powder was formed. At last, the powder was annealed at

1373 K for 12 h in air.

2.3. Fabrication of graphene/CaIn2O4 composite
photocatalysts

The graphene/CaIn2O4 (G/CIO) composites were obtained by a

solvothermal method. In a typical process, a given amount of

graphene oxide (GO, prepared from natural graphite powder

by the modified Hummers’ method [27]) was dissolved in

80 mL of absolute ethanol under ultrasonic shaking for

several hours to obtain a well-dispersed GO suspension.

Then, 500 mg of as-prepared CIO powder was added to the

calculated amount of the above GO solution to prepare 0.5, 1,

2, and 5 wt% G/CIO with different weight ratios of graphene.

The mixed solution was stirred for 1 h to obtain a homoge-

nous suspension. Next, the suspension was transferred to a

100 mL Teflon-lined stainless steel autoclave with up to 80%

of the total volume. The autoclave was sealed and kept at

453 K for 12 h to simultaneously achieve the reduction of GO

and the deposition of CIO nanoparticles on the graphene

substrate. Finally, the product was collected and washed

using absolute ethanol and deionized water several times

before drying at 353 K. In addition, the bare graphene sample

without any CIO powder was prepared under the same

experimental conditions for comparison. The samples with

different contents of graphene to CIO (0, 0.5, 1, 2 and 5 wt%)

were labeled as G0/CIO, G0.5/CIO, G1/CIO, G2/CIO and G5/CIO,

respectively.

2.4. Characterization

The surface characterization was carried out using X-ray

Photoelectron Spectroscopy (XPS, ESCALAB 250, Thermo-VG

Scientific) with a base pressure lower than 1.0 � 10�10 Pa

and MgKa radiation (E ¼ 1253.6 eV) operated at 150 W as the

X-ray source. Raman spectra were recorded with an InVia

microscopic confocal Raman spectrometer using a 514.5 nm

laser beam. Powder X-ray diffraction (XRD) patterns were

measured using a Rigaku D/max-gA rotation anode diffrac-

tometer with CuKa radiation (l ¼ 0.15148 nm) at a scan rate

of 5� min�1 to determine the crystal phase of the prepared

samples. The average grain size was calculated using the

Scherrer’s equation of three prominent XRD lines with

correction for instrumental line broadening. The BET surface

area was determined by an adsorption-desorption method

(Micromeritics ASAP 2000) with N2 as the adsorbent.
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Fig. 1 e High-resolution XPS spectra of C1s from GO (a) and graphene (b).

Fig. 3 e XRD patterns and photographs of GO (a) and

graphene (b).
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Transmission electron microscopy (TEM) images were taken

on a Hitachi H-800 TEM operating at 200 kV. The UV/Vis

diffuse reflectance spectrum was measured at room tem-

perature using a UV/Vis spectrometer (SolidSpec-3700, Shi-

madzu, Japan) using BaSO4 as the reference.

2.5. Photocatalytic experiments

The photocatalytic activity for water splitting was measured

in a 330 mL top-irradiation gas-closed circulation reactor.

Photoirradiation was carried out using a 300 W Xe arc

lamp (PLS-SXE 300, ChangTuo Ltd.) through Infrared and

UV cutoff filters to ensure visible illumination only

(420 nm� l� 750 nm). The distance between the lamp and the

solution surface was 30 cm.

In a typical photocatalytic experiment, 20 mg of the

photocatalyst was added into the reactor with constant

stirring in a 120 mL CH3OH/H2O (CH3OH: 20 mL, H2O: 100 mL)

solution. To eliminate any thermal effect, a water jacket

outside the reactor was used to keep the temperature of the

solution constant at room temperature by flowing cooling

water. Before the reaction, the circulation system was

purged with Argon several times to remove the dissolved

oxygen. The H2 evolved was analyzed using an online TCD

gas chromatograph (Shimadzu GC 14C, Argon as a carrier

gas, equipped with a TDX01 column). The amount of H2

evolution was calculated versus the amount of photocatalyst

in the system.
Fig. 2 e Raman spectra of GO (a), graphene (b) and G1/CIO

composite (c).
3. Results and discussion

3.1. Structures and morphology characterizations

XPS was used to investigate the reduction degree of GO to

graphene after the solvothermal process (Fig. 1). The XPS

spectrum of C1s from GO (Fig. 1a, solid line) can be deconvo-

luted into four smaller peaks (dashed lines), which are
Fig. 4 e XRD patterns of G0/CIO (a), G0.5/CIO (b), G1/CIO (c),

G2/CIO (d) and G5/CIO (e) composites.
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Table 1eAverage grain sizes and BET surface areas of the
synthesized G/CIO composites.

Sample Graphene
content (wt%)

Average
grain size (nm)

BET surface
area (m2 g�1)

G0/CIO 0 48 2.74

G0.5/CIO 0.5 46 3.01

G1/CIO 1 45 3.61

G2/CIO 2 46 4.43

G5/CIO 5 42 6.98
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ascribed to the following functional groups: CeC (sp2 bonded

carbon, 284.8 eV), CeO (epoxy/hydroxyl, 286.9 eV), C]O

(carbonyl, 287.9 eV), and OeC]O (carboxyl, 289.4 eV), indi-

cating a considerable degree of graphene oxidation [28e30].

After the solvothermal process, the significant decrease of

oxygen-containing functional groups is observed based on the

C1s XPS spectrum of graphene sample (Fig. 1b, solid line), and

the C]O peak almost vanished, indicating the partial removal

of the oxygen-containing functional groups [24]. Furthermore,

the degree of GO can be quantified by calculating the relative

content of carbon in the samples [31]. Briefly, GO has 40.4%

graphitic carbon and 59.6% oxidized carbon, while it is 62.5%

graphitic carbon and 37.5% oxidized carbon for graphene.

These results indicate the sufficient reduction of GO to gra-

phene by the solvothermal reduction treatment.

The structural changes from GO to graphene after the

solvothermal process are also reflected in their Raman spectra

(Fig. 2). As can be seen in Fig. 2, two characteristic peaks in the

spectrum of GO are named as the D band at 1350 cm�1 and the
Fig. 5 e The TEM images of GO (a), graph
G band at 1580 cm�1. The D band is ascribed to local defects or

disorders, while the G band arises from the sp2 hybridized

graphene domains. The D and G band of graphene were

roughly at the similar position to those of GO. However, the ID/

IG ratio of graphene decreased to 0.9 from 1.1 for GO, which

proves more graphitization of graphene after the sol-

vothermal process [32,33]. It is worth noting that a G band red-

shift from 1587 to 1595 cm�1 was observed for G1/CIO com-

posite compared with GO. The phenomenon was similar to

previous studies that the p-type doping of the graphene

caused red-shift of the G band, indicating the charge transfer

between graphene and CIO [34,35].

The X-ray diffraction patterns of GO, graphene and G/CIO

composites are shown in Fig. 3 and Fig. 4. The GO sample

exhibited an intensive peak at 11.6� (Fig. 3a), corresponding to

an interlayer spacing of 0.76 nm calculated by the Bragg for-

mula, which indicates the presence of oxygen-containing

functional groups [36]. As for graphene sample (Fig. 3b), the

diffraction peak at 11.6� disappeared and a very broad

diffraction peak atw25� appeared, demonstrating that almost

all GO sheets have been reduced to graphene with a random

packing and less functionalities [37]. In addition, from the

photograph shown in the inset of Fig. 3, the color of GO and

graphene dispersed in ethanol is remarkably different. The GO

dispersion exhibits a brilliant yellow color, while the color of

graphene dispersion is black, which indicates the richness of

oxygen-containing functional groups on the surface of GO

[29]. From Fig. 4, the main diffraction peaks of CIO are at 31.7�,
32.0�, 33.4�, 46.8� and 47.1� corresponding to the diffractions of

the (040), (320), (121), (241) and (401) planes of orthorhombic-
ene (b) and G1/CIO composite (ced).

http://dx.doi.org/10.1016/j.ijhydene.2013.10.077
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Fig. 6 e UVeVis diffuse reflectance spectra of G/CIO

composites (a), and plot of (ahn)1/2 versus photo energy (b).

Fig. 8 e Effect of methanol concentration on the

photocatalytic H2 evolution rate over G1/CIO composite.
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type CIO (PCPDF #17-0643) respectively. All the diffraction

peaks of G/CIO composites with different graphene content

are similar to that of pure CIO. No characteristic diffraction

peaks for carbon species are observed in the XRD patterns

because of the low amount and relatively low diffraction in-

tensity of graphene [38]. The average grain sizes and specific

surface areas of the G/CIO composites with different content

of graphene are listed in Table 1. It can be seen that the BET

surface area increased gradually from 2.74 to 4.98 m2 g�1 with

increasing graphene content, while the average grain size of

the composites was similar to that of the pure CIO. The larger

surface area of the composites could be beneficial for

enhancing the photocatalytic activity of the composites

studied.

TEM image of GO (Fig. 5a) reveals flexible and crumpled

sheets resulting from the deformation and distortion of

graphite sheets during the oxidation reaction. After the sol-

vothermal reaction, graphene also shows a paper-like struc-

ture with several stacking layers of the monatomic graphene

sheets (Fig. 5b). Fig. 5c and d show TEM images of G1/CIO
Fig. 7 e H2 evolution of G/CIO composites with different

content of graphene from CH3OH/H2O solution under

visible light irradiation.
composite. It can be seen that a large number of rod-shaped

CIO and a very small amount of spherical-shaped CIO are

dispersed on the graphene sheets. CIO can interact with the

graphene sheets through physisorption, electrostatic binding

or through charge transfer interactions [17].

The UVeVis absorption spectra for G/CIO composites are

shown in Fig. 6a. Although visible light absorption ability of

CIO is relatively weak, CIO was reported to show visible

photocatalytic activity for the degradation of organic pollut-

ants and the splitting of water. Compared with CIO, the ab-

sorption background in the visible region was enhanced for

the G/CIO composites and the background became gradually

stronger when the amount of graphene was increased from

0.5 to 5 wt%. This can be attributed to the presence of gra-

phene in the G/CIO composites. A Tauc’s plot [39] of the G/CIO

composites is shown in Fig. 6b. The estimated band gaps from

the slope are 3.42, 3.36, 3.32, 3.16 and 3.46 eV for G0.5/CIO, G1/

CIO, G2/CIO, G5/CIO and pure CIO, respectively. The band gap

narrowing should be attributed to the chemical bonding be-

tween CIO and graphene, which was also found in previous

studies [40,41].

3.2. Photocatalytic performance

In this work, photocatalytic H2 evolution activity of the pre-

pared G/CIO composites was evaluated in CH3OH/H2O solu-

tion under visible-light irradiation. Control experiments

showed that almost no H2 evolution was observed in the

absence of either irradiation or photocatalyst, indicating that

H2 was produced by photocatalytic reaction.

Fig. 7 shows that all the samples canproducehydrogen from

CH3OH/H2O solution without any noble metals under visible-

light irradiation. It can be seen that graphene exhibited an

obvious influence on the photocatalytic activity of CIO. Even

with a small content of graphene, the H2 evolution rate was

noticeably increased. For CIOalone, the amount ofH2 produced

in 8 h was about 76 mmol. Along with the increase of graphene

content, the photocatalytic activity of the G/CIO composites

first increasedand thendecreased.When thegraphene content

in the composite increased to 1 wt%, the amount of hydrogen

evolution enhanced to about 500 mmol with a rate of

http://dx.doi.org/10.1016/j.ijhydene.2013.10.077
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Fig. 9 e Stability of photocatalytic H2 evolution for G1/CIO

composite under visible light irradiation.
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62.2 mmol h�1, which is 6.6 times higher than that of pure CIO.

This is attributed to two factors: (1) Graphene sheets with high

surface area offer more active adsorption sites and photo-

catalytic reaction sites, which favor enhanced photocatalytic

activity [26,28,40]. (2) In theG/CIO composites, graphene sheets

serve as electron acceptor andmediator, which can reduce the

probability of electronehole recombination, improve the sep-

aration efficiency, and therefore enhance the photocatalytic

activity for H2 evolution [19,21,22,38].

However, with further increasing the amount of graphene

to 2 wt%, the H2 evolution rate was decreased to

33.8 mmol h�1. A more obvious decrease in H2 evolution rate

was observed when the amount of graphene was increased

to 5 wt%. The reason may be attributed to the trade-off
Fig. 10 e XRD patterns (a), TEM image (b) and XPS spectra (cee)
between the excellent charge transfer capability of gra-

phene and its detrimental effect on visible light absorption

[42]. The observations are similar to the previous studies

showing that a suitable loading content of graphene is

crucial for optimizing the photocatalytic activity of G/CIO

composites [43].

The effect of methanol concentration on the photo-

catalytic activity was investigated. Fig. 8 shows the H2 evo-

lution rate over the G1/CIO composite with different content

of methanol. With the content of methanol varied from 5 to

40 mL (the volume of water was kept constant at 100 mL), the

H2 evolution rate was successively enhanced from 41.3 to

69.2 mmol h�1. The observation confirms the importance of

the sacrificial agent [44].

To investigate the stability of G1/CIO composite, we pre-

formed extended reaction of 8 h in each run with the system

purged between runs. No obvious deactivation of the photo-

catalytic activity was observed in G1/CIO composite for at

least 32 h (Fig. 9), indicating the composite photocatalyst has

good photocatalytic stability under visible light. The structure,

morphology and composition of G1/CIO composite after 4

runs of reaction were also analyzed by XRD, TEM and XPS

techniques (Fig. 10). XRD and TEM results (Fig. 10a and b)

demonstrated that the crystal structure and morphology of

G1/CIO composite did not change after the reaction. From

Fig. 10c and d, All the Ca2p and In3d spectra show two peaks

(346.5 and 350 eV with a peak splitting of 3.5 eV for the Ca2p

level, 443.8 and 451.4 eV with a peak splitting of 7.6 eV for the

In3d level), which indicates that the oxidation states of the

element Ca and In was 2þ and 3þ, respectively. Furthermore,

there is no obvious difference in the binding energy of the C1s

peaks before and after the reaction (Fig. 10e). These results
of G1/CIO composite after photocatalytic reaction for 32 h.

http://dx.doi.org/10.1016/j.ijhydene.2013.10.077
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Fig. 11 e Schematic illustration of the charge separation

and transportation over G/CIO composites under visible

light irradiation.
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indicate that the G1/CIO composite is a stable and effective

photocatalyst.

It is interesting to explore the possible reasons for this

considerable enhancement. A tentative mechanism for the

photocatalytic H2 evolution over G/CIO composites is pro-

posed in Fig. 11. Under visible light irradiation, CIO absorbs

visible light to generate electronehole pairs. Then, the pho-

togenerated electrons instantly transfer from the conduction

band of CIO to the carbon atoms of graphene sheets via a

percolation mechanism [45,46] and simultaneously these

electrons on the surface of graphene sheets can be captured

by the adsorbedHþ to produceH2. The holes left on the surface

of CIO are scavenged by the sacrificial reagents. In this case,

the introduction of graphene can effectively improve the

separation efficiency of photogenerated electronehole pairs.

Meanwhile, the unique two-dimensional features of graphene

sheets enable photocatalytic reactions to take place not only

on the surfaces of CIO but also on the graphene sheets, thus

remarkable enlarging the reaction space [21,24].
4. Conclusions

In summary, we have successfully synthesized graphene/

CaIn2O4 composites as photocatalyst for water splitting under

visible light irradiation. The as-prepared graphene/CaIn2O4

composites have been demonstrated to be efficient photo-

catalysts for H2 evolution from CH3OH/H2O solution under

visible light irradiation. The composite with 1 wt% graphene

exhibited the highest photocatalytic activity and did not show

deactivation for H2 evolution for longer than 32 h. The results

presented in this study indicated that graphene is a very

promising candidate for development of visible light driven

photocatalysts with efficient and stable performance.
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