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ABSTRACT

n-Type TiO2/p-type Cu2O nanodiode photocatalyst with different Cu2O con-

tents had been successfully synthesized. The nanocomposite also had been well

characterized and tested for its photocatalytic activity toward reduction of

10 ppm K2Cr2O7 aqueous solution under visible light illumination. It was found

that 30 % Cu2O loading in the nanocomposite had the best photocatalytic ac-

tivity in detoxifying Cr(VI) without any hole scavenger agents and the solution

pH adjustment. As a result, water was simultaneously oxidized by photogen-

erated holes to evolve oxygen. The 20 mg as-prepared TiO2/Cu2O nanocom-

posites could reduce almost 100 % of 10 ppm K2Cr2O7 aqueous solution in

90 min under 150 W halogen lamp illumination. From the results, it was con-

cluded that the photocatalytic activities of p–n heterojunction of TiO2/Cu2O

nanodiodes had proven to be an efficient photocatalyst under visible light

illumination. The photocatalytic performances of TiO2/Cu2O nanocomposites

and its photoreaction mechanism were proposed and discussed in this work.

Introduction

One of the heavy metal ions with highly toxic property

is hexavalent chromium (Cr(VI)) which is widely used

in industrial activities such as plastic, leather, textile,

metal, electroplating processing [1, 2]. The existence of

Cr(VI) in drinking water has engrossed the attention of

many scientists to remediate it due to its poisonous

property and adverse effect on drinking water [3]. The

highly mobile nature [4, 5] and non-biodegradability

[6] of Cr(VI) are not only harmful to aqueous

environment but also to human life. The World Health

Organization (WHO) suggested that only 0.05 ppm

Cr(VI) is allowed in drinking water [7]. Due to the

toxicity and carcinogen of Cr(VI), the US Environment

Protection Agency (USEPA) and International Agency

for Research on Cancer (IARC) have classified it in the

top priority list of pollutants [8]. Therefore, to reduce

Cr(VI) to Cr(III) with low toxicity is highly required for

environmental remediation.

To remove the Cr(VI) from aqueous solution, many

methods such as chemical precipitation, membrane
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process, coagulation, flotation, biological processes,

and adsorption had been applied [9–13]. However,

these kinds of methods did not only need high

operational cost and large amount of chemicals but

also generate secondary wastes [13]. To overcome

these problems, the lower cost of reduction reactions

based on photocatalytic processes is the appropriate

and powerful technique to remove Cr(VI). Photo

detoxification of metallic element based on semicon-

ductor materials has been widely used in aqueous

phase [14–18]. Among the semiconductor nanoparti-

cle-based photocatalysts, TiO2 was the famous one

that had been used in many applications. However,

due to its limited 4 % light absorbance under sunlight

[19–21], TiO2 had some drawbacks in applications

when it was used as a single-phase photocatalyst.

Therefore, to couple TiO2 with quantum-confined

inorganic semiconductor sensitizers with a smaller

band gap was a promising strategy to design a high-

efficient photocatalyst [22–26]. Moreover, the cou-

pling strategy by forming p–n heterojunction diode to

obtain the visible light-responded photocatalyst can

be simply created by selecting p-type and n-type

semiconductor materials. The p–n heterojunction had

been studied and the efficient photogenerated elec-

tron and hole pairs separation on p–n heterojunction-

based photocatalyst also had been shown in many

research works [27–34].

One of the promising p-type materials is Cu2O,

which has been used in many research works due to

its non-toxicity and high abundance in earth crust

[35]. Furthermore, it has a large absorption coefficient

over violet to green solar spectrum with a bandgap

energy of 2.17 eV [36]. Therefore, it is suitable to

convert solar energy to electrical and chemical energy

[37, 38]. Other interesting applications of Cu2O are

they can be used as photocatalysts for water splitting

[39], organic pollutant degradation [40–42], gas

sensing [43, 44], anti fungal and bacterial application

[45], a catalyst for N-arylation [46], CO oxidation [47],

electrode for Li-ion batteries [48], and inks for print-

able conductive interconnects [49]. The enhancement

of photocatalytic activities of n-TiO2/p-Cu2O com-

posite has been well studied. The best photocatalytic

performance was related to the improved charge

carrier separation from the p–n heterojunction effect

[36, 50, 51]. To the best of our knowledge, the n-TiO2/

p-Cu2O composite has not been used for photo

detoxification of aqueous hexavalent chromium

solution.

In this present work, the commercially available

TiO2 was used to be coated with Cu2O using a simple

sol–gel method to form n-TiO2/p-Cu2O nanodiodes.

The as-prepared nanocomposites were tested to

detoxify hexavalent chromium under visible light

irradiation without using any hole scavenger agents

and the pH adjustment. The facile synthesis and pho-

tocatalytic performance of n-TiO2/p-Cu2O nanodiode

photocatalyst in detoxifying hexavalent chromium

were investigated and discussed in this work.

Experimental

Materials

Materials used in this work were commercially

available without any further purification treatment.

Preparation of TiO2/Cu2O nanocomposites

To prepare TiO2/Cu2O nanocomposites, 350 mg TiO2,

525 mg Cu(NO3)2, and 4500 mg polyvinyl propylene

(PVP) were added to 500 ml breaker glass containing

225 ml deionized water. The solution was then dis-

persed by ultrasonication probe for 15 min and stirred

for 30 min. To reduce Cu2? to Cu?, 150 lL hydrazine

(N2H4) was added to the solution and stirred for 30 min.

The obtained precipitation from reaction solution was

collected by centrifugation, washed for three times

using 50 % ethanol, and finally dried using a rotary

evaporator. The as-prepared powder was 50 % Cu2O-

loaded TiO2/Cu2O nanocomposites. To achieve an

optimal photocatalytic activity of the nanocomposites,

several systems of TiO2/Cu2O nanocomposites with 0,

10, 20, 30, 50, and 80 wt%. Cu2O loading were prepared

using the same procedure.

Characterization

The morphology and microstructure analyses of

TiO2/Cu2O nanocomposites were examined by field-

emission scanning electron microscopy (FE-SEM, JSM

6500F, JEOL, Tokyo, Japan) and high-resolution

transmission electron microscopy (HRTEM, Tecnai

F20 G2, Philips, the Netherlands). The element

mappings of nanocomposites were evaluated by

STEM (Tecnai F20 G2, Philips, the Netherlands).

Powder X-ray diffraction (XRD) pattern of TiO2/

Cu2O nanocomposites was recorded using Bruker
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D2-phaser diffractometer using Cu Ka radiation with

a wavelength of 1.5418 Å. The UV–Vis diffuse

reflectance spectra (DRS) and peak absorbance of

Cr(VI) degradation at 542 nm were recorded using a

JASCO V-670 UV–Visible-Near IR Spectrophotome-

ter. Photoluminescence (PL) emission spectra were

examined by a JASCO FP-8500 UV–Vis spectrofluo-

rometer. X-ray photoelectron spectroscopy (XPS)

measurements were done on a VG ESCA Scientific

Theta Probe spectrometer system with Al Ka
(1486.6 eV) source and 15–400 mm X-ray spot size by

using ion gun operated at 3 kV and 1 mA.

Photo detoxification experiments

The photo detoxification experiments were carried

out in a 100 mL photoreactor which was placed on a

magnetic stirrer machine at room temperature. The

reactor was equipped by a 150 W halogen lamp that

was set parallel in a water-cooling annular quartz

glass to avoid overheating during the experiment.

The halogen lamp emitted light with wavelength

more than 400 nm. Prior to illumination, after adding

20 mg TiO2/Cu2O nanocomposites in 100 mL

K2Cr2O7 solution, the suspension was stirred for

30 min to reach the adsorption and desorption equi-

librium between the nanocomposites and Cr(VI) ions.

During the photo detoxification sessions, TiO2/Cu2O

nanocomposite-dispersed K2Cr2O7 aqueous solution

was stirred vigorously to prevent the photocatalyst

aggregation at the bottom of reactor. At a same time

interval, 4.5 ml of solution was sampled and cen-

trifuged to remove the catalyst. The existences of

Cr(VI) in supernatant were then determined by col-

orimetry method. After one drop of diphenyl car-

bazide and one drop of sulfuric acid were added [52],

the sample was analyzed using UV–visible spec-

trometer to measure the concentration of Cr(VI) at

542 nm. The experiment of the control sample was

also carried out by using the similar experimental

procedure without adding any photocatalyst.

Results and discussions

X-ray diffraction patterns of TiO2, Cu2O,
and their TiO2/Cu2O nanocomposite

Figure 1 shows X-ray diffraction patterns of com-

mercial TiO2, as-prepared Cu2O nanoparticle, and

TiO2/Cu2O nanocomposite. It was found that most of

the peaks of commercial TiO2 had the anatase phase

together with one specific peak of rutile phase at 28�.
The anatase and rutile peaks of TiO2 were all well

consistent to JCPDS 21-1272 and JCPDS 21-1276,

respectively. All the peaks of as-prepared Cu2O

nanoparticles also well agreed with JCPDS 77-0199,

which had a cubic structure with a space group of

pn3m. After Cu2O nanoparticles were deposited on

TiO2, the TiO2/Cu2O nanocomposite exhibited all the

peaks of TiO2 and Cu2O simultaneously. However,

due to the small amount of Cu2O nanoparticles (only

30 %) on TiO2 surfaces, not all of the peaks of Cu2O

could be observed in the nanocomposite pattern.

Only the highest peak of Cu2O at 36� could be noticed

in the pattern of TiO2/Cu2O nanocomposites. From

the results, we could confirm that the Cu2O

nanoparticles had been deposited on the TiO2

nanoparticles to form TiO2/Cu2O nanocomposites.

Morphology and microstructure analyses
of TiO2/Cu2O nanocomposite

Figure 2 shows morphology and microstructure of

TiO2 nanoparticles and TiO2/Cu2O nanocomposites. It

was quite difficult to clearly determine the particle size

of Cu2O nanoparticles shown in Fig. 2a–d, since the

Figure 1 XRD pattern of Cu2O, TiO2, TiO2/Cu2O, and the

references of JCPDS cards.

J Mater Sci



particle size was so tiny. The particle sizes of TiO2 with

irregular shape shown in Fig. 2a could be estimated to

be 20–50 nm. There were no observable differences

between TiO2 nanoparticles shown in Fig. 2a and the

TiO2/Cu2O nanocomposites shown in Fig. 2b–d due

to the tiny size of Cu2O nanoparticles that deposited on

TiO2 surfaces. However, the aggregations of Cu2O

nanoparticles were formed at high amount of 50 and

80 % Cu2O loadings as shown in Fig. 2e, f with the red

circle marked area. To confirm the deposition of Cu2O

on TiO2 nanoparticles, the nanocomposites were ana-

lyzed with high-resolution transmission electron

microscopy (HRTEM). Figure 3a shows the TiO2

nanoparticles with tiny particles of Cu2O (\10 nm) on

their surfaces. To show it clearly, the indicated red

rectangle area in Fig. 3a is magnified to show the lattice

fringes of TiO2 and Cu2O. It was found that the lattice

fringes corresponded to TiO2 and Cu2O d-spacings at

Figure 2 FE-SEM images of a TiO2 nanoparticles and TiO2/

Cu2O nanocomposites with a 10 %, b 20 %, c 30 %, d 50 %, and

e 80 % Cu2O loading. The red circle areas in e and f are related to

Cu2O aggregation at high loading amount of Cu2O in TiO2/Cu2O

nanocomposite.
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(101) and (111) planes, respectively. The mixing

selected area electron diffraction (SAED) patterns of

TiO2 and Cu2O are also indicated in Fig. 3c. Figure 3a–

c shows the images which were related with the 30 %

Cu2O-loaded TiO2/Cu2O nanocomposites. At high

amount of Cu2O loading (80 %) in nanocomposites,

Cu2O nanoparticles were aggregated without deposit-

ing on the TiO2 nanoparticle surfaces as clearly

shown in Fig. 3d. To ensure the deposition of Cu2O

nanoparticles on TiO2 surfaces, the position of each

element in TiO2/Cu2O nanocomposites was deter-

mined by element mapping. Figure 4b–d shows the

locations of Ti, Cu, and O, respectively in nanocom-

posite that were analyzed from the high-angle annular

dark field (HAADF) imaging of TiO2/Cu2O nanocom-

posites, as shown in Fig. 4a. The uniform deposition of

Cu elements on TiO2 surfaces with a lower contrast

shown in Fig. 4c also confirmed the small size and

low amount of Cu2O nanoparticles in nanocom-

posites.

UV–visible diffuse reflectance spectra
and band gap determination of TiO2

and Cu2O

Panel a, b, and c in Fig. 5 shows the UV–visible diffuse

reflectance spectra and band gap determination of TiO2

and Cu2O, respectively. The DRS data showed that TiO2

nanoparticles had a high light absorption in UV region,

meanwhile Cu2O nanoparticles had light absorption

not only in UV region but also in visible region. There-

fore, after the deposition of Cu2O nanoparticles on TiO2

surfaces, the absorption edge of TiO2/Cu2O nanocom-

posites exhibited a red shift. The shifted light absorption

Figure 3 TEM images of a TiO2/Cu2O nanocomposite (30 %

Cu2O loading) with b the lattice fringes indicated by red rectangle

area in a and c the selected area electron diffraction pattern.

d Aggregation of Cu2O nanoparticles for 80 % Cu2O loaded TiO2/

Cu2O nanocomposite.
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in nanocomposite could enhance photocatalytic activity

under visible light illumination. Tauc plot was deter-

mined by the formula of ahm = A (hm - Eg)
m forEg[ hm

and ahm = 0 for Eg\ hm, where a is the material optical

absorbance; hm is the photon energy; Eg is bandgap

energy value; and m = 0.5 and 2 for materials with

direct and indirect allowed transition band gap,

respectively. The measured indirect and direct bandgap

energy values of TiO2 and Cu2O were 3.04 eV and

2.45 eV, respectively. The lower bandgap energy of

Cu2O nanoparticles could give a contribution to TiO2/

Cu2O nanocomposites to increase their visible light

absorption and trigger more photogenerated electrons

and holes which would be separated by the assistance of

p–n nano junction between p-type Cu2O and n-type

TiO2 [53].

X-ray photoelectron spectroscopy (XPS)
analysis

To confirm the chemical state of Cu elements in Cu2O

nanoparticles after deposition of Cu2O nanoparticles

on TiO2 surfaces, the XPS analysis was carried out.

Figure 6a shows the presence of Cu? with the bind-

ing energy values of Cu (2p1/2) and Cu (2p3/2) orbits

at 951.7 and 932.2 eV, respectively, which are con-

sistent to the literature data of Cu (2p1/2) at 952.4 eV

and Cu (2p3/2) orbits at 932.5 eV [54]. The XPS spectra

of TiO2/Cu2O nanocomposite after being used for

photo detoxification experiments were also carefully

examined. Figure 6b shows the XPS spectra of each

element in TiO2/Cu2O nanocomposite and precipi-

tated Cr(III) on nanocomposite after photo detoxifi-

cation sessions. The binding energy values of Ti (2p3/

2) and Ti (2p1/2) orbits were observed at 458 and

463.6 eV, respectively, which well agreed with our

previous work [55] of Ti (2p3/2) and Ti (2p1/2) orbits at

458.8 and 464.2 eV, respectively. The XPS spectra of

Cu (2p3/2) and Cu (2p1/2) orbits at 933.7 and 952.8 eV

were corresponded to the literature data of Cu (2p3/2)

and Cu (2p1/2) orbits at 933.6 and 953.5 eV, respec-

tively [53]. The binding energy of O (1s) orbit was

noticed at 529.3 eV which agreed with literature data

of O (1s) at 531 eV [53], confirming oxygen binding in

Figure 4 a HAADF image

and its element mapping of

b Ti, c Cu, and d O in TiO2/

Cu2O nanocomposites.
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metal oxides. The peak at 531.1 eV was related to

oxygen vacancy which well agreed with previous

work [56]. These results confirmed the formation of

CuO in TiO2/Cu2O nanocomposites after being used

for three times for photo detoxification of Cr(VI). The

formation peaks of Cr(III) were also observed at 577.4

and 586 eV which were corresponding to Cr (2p3/2)

and Cr (2p1/2) orbits, respectively. The binding

energy values were consistent to the literature data of

Cr (2p3/2) and Cr (2p1/2) orbits at 576.9 and 586.7 eV,

respectively [53, 57, 58]. The result confirmed the

formation of Cr(OH)3 which originated from Cr(VI)

reduction and deposited on the surfaces of TiO2/

Cu2O nanocomposites after being exposed to visible

light [59]. The formation of Cr(OH)3 also can be

observed from the greenish color of nanocomposites

after being collected by centrifugation.

Photocatalytic activities of TiO2/Cu2O
nanocomposite

To evaluate photocatalytic activities of TiO2/Cu2O

nanocomposites, the Cu2O contents in nanocompos-

ites were varied as 0, 10, 20, 30, 50, and 80 %. Each of

the photocatalyst system was tested for its ability to

reduce 10 ppm K2Cr2O7 solution under visible light

illumination. Prior to photocatalytic detoxification of

Cr(VI), the TiO2/Cu2O nanocomposite-dispersed

K2Cr2O7 aqueous solution was stirred for 30 min to

reach the equilibrium of adsorption and desorption

between nanocomposites and Cr(VI) ions. The time

when turning on the halogen lamp was set at

t = 0 min, while the time started to disperse

nanocomposite powder in K2Cr2O7 solution was set

at t = -30 min. An aliquot was taken from the

K2Cr2O7 solution in the time interval of 15 min dur-

ing the halogen lamp illumination. Figure 7 shows

the photocatalytic performances of 0, 10, 20, 30, 50,

and 80 % Cu2O-loaded TiO2/Cu2O nanocomposites

in degrading Cr(VI) solution. The degradation is

referred to the decrement of Cr(VI) due to the pho-

tocatalytic reduction. The kinetic constants could be

calculated from Fig. 7a. The calculated kinetic con-

stants of 0, 10, 20, 30, 50, and 80 wt%. Cu2O-loaded

TiO2/Cu2O nanocomposites were respectively

0.0162, 0.02251, 0.0261, 0.02871, 0.02385, and

0.0136 min-1. These results revealed that the best

photocatalytic activity occurred for the 30 % Cu2O

loading in nanocomposites could have a 1.8-time

improvement as compared with that of pure TiO2

nanoparticles. However, because of the large band-

gap value of TiO2 as confirmed by DRS measure-

ment, TiO2 photocatalysis proceeded only at

wavelengths shorter than 400 nm. Therefore, TiO2

with low photocatalytic activity under visible light

irradiation only detoxifies 83 % Cr(VI) in 90 min. By
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increasing the amount of Cu2O content in nanocom-

posites, the photo detoxification of Cr(VI) became

worse. Because Cu2O was a p-type material that

played an important role for photo-oxidation reac-

tions and TiO2 was an n-type material that had an

important role for photoreduction reactions. There-

fore, if there was too much Cu2O nanoparticles on

TiO2 surfaces, nanoparticles of Cu2O would well

cover the surface of n-type TiO2 and retard the elec-

tron transport to outside surface for the photo

detoxification of Cr(VI). Based on the EDS results on

10, 20, 30, 50, and 80 wt%. Cu2O-loaded TiO2/Cu2O

nanocomposites, the actual amounts of Cu2O that

deposited on TiO2 surfaces were 3.16, 5.02, 12.04,

19.88, and 27.36 %, respectively. The optimal photo-

catalytic activities were reached at 30 % Cu2O load-

ing (actual amount = 12.04 %). Pure TiO2 or more

Cu2O loading in nanocomposite did not show a good

photocatalytic performance as shown in Fig. 7b. The

formation of p–n junction between TiO2 and Cu2O

nanoparticles needed appropriate amounts of TiO2

and Cu2O nanoparticles to detoxify Cr(VI), since TiO2

was n-type material and photogenerated electron

tended to transport to TiO2 surface for the reduction

reaction of Cr(VI). The appropriate amount of 30 %

Cu2O in TiO2/Cu2O nanocomposites could efficiently

separate photogenerated electron and hole pairs;

therefore it enhanced the photocatalytic activities

under visible light illumination. This result was

supported by UV–Vis diffuse reflectance spectra

shown in Fig. 5 and photoluminescence (PL) mea-

surement shown in Fig. 8. In Fig. 5a, TiO2 nanoparticles

exhibit a steep absorption edge located at 380 nm,

while Cu2O nanoparticles display a strong capability

of light absorption in both UV and visible light

(200–600 nm) which lead to a good visible light

photocatalytic activity. The absorption edge above

400 nm for TiO2/Cu2O nanocomposites was attrib-

uted to the presence of Cu2O nanoparticles as a vis-

ible light sensitizer. PL measurement showed that the

emission peak of TiO2 was much reduced after

deposition of Cu2O nanoparticles. This result

revealed that the recombination rate between photo-

generated electrons and holes was much suppressed

by the p–n nano junction between TiO2 and Cu2O

nanoparticles [53]. However, phase separation

between TiO2 and Cu2O occurred at high Cu2O

loading in nanocomposite as shown in Fig. 2e, f.

Therefore, the photocarrier separation became inef-

fective due to the aggregation of Cu2O nanoparticles

and caused lower photocatalytic reduction of Cr6? as

shown in Fig. 7b. TiO2 is n-type material which

dominates in photoreduction of Cr6?. The coverage

of high amount of Cu2O on TiO2 surfaces caused

aggregation of Cu2O nanoparticles or a limitation

interaction with Cr6? ions on TiO2 surfaces leading to

lower photocatalytic activities.

Reusability experiments

To test the sustainable use of TiO2/Cu2O nanocom-

posites, the as-prepared nanocomposites were

repeatedly used to detoxify 10 ppm K2Cr2O7 aqueous

solution under visible light illumination. Each time

after being used, the nanocomposite powder was

collected by centrifugation and dried at 80 �C for 12 h

before being used for the next run. The experiments

were carried out for four runs and the results are

shown in Fig. 9a. It can be observed that the

remaining Cr(VI) in solution is gradually increased

after first run. The remaining Cr(VI) amounts were

3.4, 23.2, 43.2, and 43.5 % for each of the four

reusability runs. The inhibition of Cr(VI) degradation

was mainly caused by the deposition of Cr(OH)3 on

nanocomposite surfaces after photo detoxification of

Cr(VI) into Cr(III) as confirmed by XPS spectrum of

Cr(III) shown in Fig. 6b. It is well-known that after

the reduction process of Cr(VI) to Cr(III), Cr(III) will

precipitate as Cr(OH)3. Cr(VI) is known as a highly

mobile and toxic ion, but after being precipitated as

metal hydroxide on catalyst surface, chromium can

be simply removed from solution. A typical amount
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Figure 8 Photoluminescence spectra of TiO2 nanoparticles and

TiO2/Cu2O nanocomposites.
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of 2.5 % Cr element which deposited on TiO2/Cu2O

nanocomposites was also confirmed by EDS spectra

shown in Fig. 9b. Furthermore, the formation of CuO

also could not be avoided. The Cu2O nanoparticles

were oxidized to CuO after photo detoxification

experiments which could be observed from the XPS

spectra shown in Fig. 6a, b. Figure 6a shows the Cu?

chemical state spectra in Cu2O nanoparticles for the

as-prepared nanocomposites of TiO2/Cu2O. After the

photocatalytic experiments, copper in the state of

Cu2? had been detected on TiO2/Cu2O nanocom-

posites by the XPS and the binding energy values of

Cu peaks had shifted to the characteristic XPS peaks

of Cu2?, as shown in Fig. 6b. The XRD patterns of as-

prepared TiO2/Cu2O nanocomposites before and

after being used for photocatalytic experiments were

also examined and compared to each other as shown

in Fig. 9c. As can be seen, a small peak of CuO phase

at 32.5� 2h appeared. This result confirmed that the

Cu2O oxidized itself to CuO by reducing Cr(VI) to

Cr(III), where the Cr(III) would be in the form of

Cr(OH)3 and directly deposit on TiO2 surfaces. This

deposition caused the nanocomposite color change

from yellow to greenish after being used. CuO phase

with higher oxidation number was detected to be

more stable than Cu2O. Although CuO was n-type

material [60], which should be good for photore-

duction reaction, the surfaces of nanocomposites

were covered by Cr(OH)3 to retard the photocatalytic

activity [59]. The XRD pattern in Fig. 9c indicates the

peak of Cu2O phase on nanocomposite. This result

informed us that there was a mixed phase between

Cu2O and CuO. The mixed phase maybe formed

from another p–n nanodiode that improved the

charge separation. Although the potential reduction

of Cr(III) was more negative than that of water,

Cr(III) could not be oxidized back to Cr(VI) because

Cr(III) was precipitated as Cr(OH)3 on catalyst sur-

faces. As a result, water would be oxidized to oxygen

during the photoreduction of Cr(VI).

Photocatalytic oxidation of water

To ensure the oxygen was evolved as a result of

water oxidation by photogenerated holes during the

photocatalytic reduction of Cr(VI), another photo-

catalytic experiment was carried out in 500 mL

quartz reactor with a connection to gas chromatog-

raphy (GC) system. In this experiment, the amount of

160 mg photocatalyst was used to disperse in 450 mL

of 10 ppm potassium dichromate solution and irra-

diated by 150 W halogen lamp under vigorous stir-

ring. In this experiment, much more photocatalyst

and solution was used to easily observe the oxygen

evolved during the photoreduction of Cr(VI). The gas

generated from photoreaction was sampled at the

time interval of 30 min. Ar gas as a carrier gas was
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Figure 9 a Four photo detoxification cycles of Cr(VI) using TiO2/

Cu2O nanocomposite as a catalyst in the presence of visible light

illumination, b EDS spectra of TiO2/Cu2O nanocomposites after

being used for three runs, and c XRD pattern of as-prepared TiO2/

Cu2O nanocomposite after photocatalytic experiment was repeated

for three times under visible light illumination.
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flowed into reactor at the rate of 100 mL/min and the

gas output from reactor was connected to GC system.

Prior to starting the experiment, the reactor contain-

ing TiO2/Cu2O photocatalyst-dispersed K2Cr2O7

aqueous solution was purged by Ar gas for 2 h, then

the air from reactor was checked by GC system to

ensure the remaining oxygen in reactor was removed.

Figure 10a shows the oxygen evolution and its rela-

ted maximum TCD voltage during the photoreduc-

tion of Cr(VI) in the presence of TiO2/Cu2O

nanocomposite under visible light illumination. After

the reactor is irradiated by visible light for 1 h, the

rate of oxygen was observed at the rate of 45.8 lmol/

g h, and at the same time TDC voltage also showed

the highest value but then decreased afterward as

shown in Fig. 10a. This result indicated that in one

hour, most of the Cr(VI) was reduced to Cr(III) by

photogenerated electrons, and at the same time water

was oxidized to oxygen by photogenerated holes as

shown in Fig. 10b. These mechanisms also confirmed

the recombination rate of photocarriers was much

suppressed during the detoxification of Cr(VI).

Mechanisms of photocatalytic activity

The mechanisms of photocatalytic activity of TiO2/

Cu2O nanocomposites originally come from the p–

n heterojunction between p-type Cu2O and n-type

TiO2. At first, p-type Cu2O and n-type TiO2

nanoparticles generally have different positions of

Fermi energy level when they are separated as an

individual [61]. However, when Cu2O nanoparticles

were attached to the surface of TiO2 nanoparticles, p–

n nano heterojunction was formed in the interfaces.

Electron transfer would occur from n-type TiO2 to p-

type Cu2O until the Fermi energy level was aligned

and reached thermal equilibrium [62, 63]. This align-

ment was caused by carrier concentration gradients,

the electrons would diffuse from n-type region to p-

type region and holes would diffuse from p-type

region to n-type region and form a depletion region in

the interfaces as shown in Fig. 11. Due to the negative

charge in p-type region and positive charge in n-type

region at the nano heterojunction, a built-in electric

field (n) was created in the interfaces between p-type

Cu2O and n-type TiO2. Once the nanojunction

between p-type Cu2O and n-type TiO2 was illumi-

nated with photon energy more than or equal to the

bandgap energy, the photogenerated electrons could

easily move to conduction band of n-type TiO2 and

holes could simply move to valence band of p-type

Cu2O due to the built-in electric field. However, due

to the higher bandgap energy of TiO2, only a few

electrons would be excited to CB of TiO2 under visible

light illumination. The built-in electric field obviously

retarded the recombination rate between photocarri-

ers and enhanced photocatalytic activities. Further-

more, the band bending and built-in electric field that

caused the better separation of photogenerated elec-

trons and holes in the p-type Cu2O and n-type TiO2

heterojunction were confirmed by comparing the PL

spectra of the commercial TiO2 and TiO2/Cu2O

nanocomposites as shown in Fig. 8. The PL spectra

can elucidate the separation and recombination rate of
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Figure 10 a The oxygen evolution rate and its related maximum

TCD voltage during the photoreduction of Cr(VI) in the presence

of TiO2/Cu2O nanocomposite under visible light illumination and

b simultaneous reduction of Cr(VI) to Cr(III) and oxidation of

water to evolve oxygen.
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photogenerated electrons and holes [64]. As can be

seen, the emission intensity of TiO2 was higher than

that of TiO2/Cu2O, indicating that the recombination

rate was greatly inhibited by TiO2/Cu2O with the p–

n heterojunction. Therefore, it would prolong the

lifetime of the photo-excited electrons, and holes then

induce higher quantum efficiency and greatly

enhance the photocatalytic activities. During the

photo detoxification of Cr(VI), the photo-induced

electrons will drift to n-type TiO2 to provide reduction

reactions to detoxify Cr(VI) to Cr(III) and holes will

drift to p-type Cu2O to oxidize water to oxygen as

shown in Fig. 11 and confirmed by the experiment of

water photocatalytic oxidation [59]. Many research

works claimed that the photo detoxification reaction

of Cr(VI) was much retarded without using hole

scavenger agents (organic compounds). Wang et al.

[65] utilized formic acid and Fe(III) as hole scavengers

to trap the photogenerated holes at pH = 2.5 for

detoxifying Cr(VI) under UV irradiation. Yang et al.

[66] employed Alizarin Red S as a hole scavenger to

reduce Cr(VI) at pH = 7 under visible light illumi-

nation. Qiu et al. [67] reported that hexavalent chro-

mium could be effectively reduced using phenol as a

hole scavenger at pH = 3 in the presence of visible

light illumination. Antonopoulou et al. [68] informed

the photodegradation of Cr(VI) was much increased

using benzoic acid as a hole scavenger at pH = 4 to

detoxify Cr(VI) under UV light irradiation. Siboni

et al. [69] used citric acid as a hole scavenger at

pH = 4 to degrade Cr(VI) under UV light illumina-

tion. Yoneyama et al. [70] utilized citric acid and H2O2

as hole scavengers to reduce Cr(VI) at pH = 6–8.5

under UV light irradiation. Liu [71] also reported

citric acid could be used as a hole scavenger agent to

detoxify Cr(VI) at pH = 2 under UV light illumina-

tion. However, it is worth to notice that the mecha-

nisms of the Cr(VI) photo detoxification in this work

does not use any scavenger holes and pH adjustment

due to the effectiveness of p–n nano heterojunction in

separating photo-induced electrons and holes.

Conclusions

n-Type TiO2/p-type Cu2O heterojunction-based

nanocomposites had been successfully prepared and

well characterized. The as-prepared TiO2/Cu2O

Figure 11 Schematic view of

photogenerated electron and

hole transfer in the interfaces

of n-type TiO2/p-type Cu2O

and the proposed

photocatalytic mechanisms of

the as-prepared TiO2/Cu2O

nanocomposites.
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showed significantly enhanced photocatalytic activi-

ties toward hexavalent chromium reduction under

visible light irradiation when compared to those

mono-oxide systems. The 10 ppm K2Cr2O7 that was

used as a toxic pollutant model could be degraded by

almost 100 % in 90 min. The mechanisms in pho-

toreduction reactions did not use the hole scavenger

agents and did not make solution pH adjustment as

done by many other works. As a result, the photo-

generated holes would oxidize water to evolve oxy-

gen during the photoreduction of Cr(VI). The

photoreactions were enhanced due to the nano p–

n heterojunction structure between p-type Cu2O and

n-type TiO2 that played important roles in separating

photogenerated electrons and holes to prolong life-

time between them.
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