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a b s t r a c t
In this work, to further promote the photocatalytic activity of ZnO, T-ZnO with enhanced simulated 
sunlight-driven photocatalytic activity was prepared by a sol-gel method with the aid of thiourea. 
The samples were characterized by Brunauer–Emmett–Teller, X-ray diffraction, UV-Vis diffuse 
reflectance, surface photovoltage spectroscopy and scanning electron microscopy. The level of •O2

– 
formed in different photocatalytic systems was compared using nitroblue tetrazolium method. The 
catalytic properties of the photocatalysts toward elimination of rhodamine B were evaluated under 
simulated sunlight irradiation. The observations reveal that adding thiourea into the synthetic 
system of ZnO boosts the photo-induced charge separation rate of ZnO, resulting in enhanced pho-
tocatalytic performance. The photocatalytic reaction results exhibit that the photocatalytic activity 
of T-ZnO is more than twice of that of the reference ZnO (R-ZnO).
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1. Introduction

As n-type II-VI metal oxide semiconductor, ZnO has 
drawn considerable interests owing to its exceptional 
advantages, such as low cost, easy preparation, high electron- 
mobility and facile electron shuttling property during 
photocatalytic reactions [1,2]. These entire outstanding 
pro perties make ZnO outperform other photocatalysts [3]. 
However, high recombination rate of photoinduced carriers 
(e––h+) results in relatively low photocatalytic performances 
[4,5]. Therefore, it is crucial to ameliorate the photocatalytic 
efficiency of ZnO by promoting the separation of photo-
generated carriers. To achieve this goal, massive strategies 
have been executed to regulate the photocatalytic activity 
of ZnO by facilitating the separation of photogenerated 
carriers [1,6–9].

Photocatalysis takes place on the surface of a semi-
conductor; therefore the surface properties will definitely 
affect the adsorption of pollutants on the surface of the 
photocatalyst and the separation behaviors of the pho-
to-generated carriers [10–12], evidently in turn influencing 
the photo catalytic properties. From above analysis, it is 
apparent that the photocatalytic performance of ZnO can 
be modulated by adjusting the surface properties of ZnO to 
facilitate the separation of photoinduced carriers.

Our previous results display that the photocatalytic 
performance of ZnO can be remarkably boosted by a urea- 
assisted Sol-gel routine [13]. As analogue of urea, it is 
anticipated that thiourea also can promote the photocatalytic 
performance of ZnO. Herein, we report a solid and facile 
method to ameliorate the photocatalytic performance of ZnO 
with the assistance of thiourea. The results demonstrate that 
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ZnO prepared with the assistance of thiourea holds higher 
photocatalytic activity than the reference ZnO.

2. Experimental section

2.1. Preparation of ZnO

ZnO samples were prepared by a typical Sol-gel method as 
given in the study by Shirdel and Behnajady [14]. Typically, 
2.19 g zinc acetate dihydrate was dissolved in 100 mL 
ethanol at 333 K under vigorous stirring for 30 min, then 
20 mL thiourea-ethanol solution was added into the above 
solution (the molar ratio of N from thiourea/Zn was 0.5%). 
The mixed solution was marked as solution A. 2.51 g oxalic 
acid was dissolved in 40 mL ethanol at 333 K and designed as 
solution B. Solution B was added dropwise into the solution 
A, and then continuously stirred to form a gel. The dried 
gel was calcined at 673 K for 2 h; the sample was designed 
as T-ZnO. For comparison, the reference ZnO was prepared 
as the above recipe absent of thiourea and named as R-ZnO.

2.2. Characterization of ZnO samples

Brunauer–Emmett–Teller (BET) specific surface area 
measurements were carried out on a SSA-4200 automatic 
surface analyzer. X-ray diffraction (XRD) patterns were 
collected on a DX-2600 X-ray diffractometer using Cu 
Kα radiation. Scanning electron microscopy (SEM) and 
energy dispersive spectrometer (EDS) were performed by 
using a JSM-7500F. Optical properties were analyzed on a 
TU-1907 UV-vis spectrophotometer. Surface photovoltage 
spectroscopy (SPS) was employed to investigate the sep-
aration behaviors of photo-generated charge pairs on a 
homemade apparatus MODEL SR540 surface photovoltage 
spectrometer from 300 to 600 nm. SPS was measured on a 
solid junction photovoltaic cell (ITO/sample/ITO) using 
light source-monochromator-lock-in detection technique, 
the principle of SPS measurement was described in [15,16]. 
The level of •O2

– radicals was investigated using nitroblue 
tetrazolium (NBT) method as described in [17].

2.3. Photocatalysis

The photocatalytic abilities of two photocatalysts (T-ZnO 
and R-ZnO) toward decomposition of rhodamine B (RhB) 
aqueous solution (50 mL, pH = 7.0) were evaluated under 
simulated sunlight illumination. The detailed procedures 
were stated in the study by Liu et al. [18]. The irradiation 
source was a 500 W Xe lamp. The dosage of photocatalyst 
was 1 g/L, and the volume of RhB solution was 50 mL. The 
photocatalysis was performed at room temperature. At reg-
ular timespans, the samples were removed and centrifuged 
to separate the photocatalyst and the absorbance of the 
supernatant was measured at 554 nm. The decolorization (D) 
efficiency was determined as follows:

D
A A
A

=
−

×0

0

100%

where A0 and A are the absorbance of RhB before and after 
photocatalytic reaction, respectively.

3. Results and discussion

3.1. Characterization results of the samples

The specific surface area for R-ZnO and T-ZnO is 24.4 
and 26.3 m2/g, respectively. In view of the measurement 
error (±5 m2/g), two samples have no distinctly difference 
in specific surface area. Similar results were observed when 
urea was employed to prepare ZnO [13], which indicates 
that thiourea cannot affect the specific surface area of ZnO 
due to the removal of thiourea during baking process.

The XRD patterns of two samples are exhibited in Fig. 1. 
According to the reported data (JCPDS No. 79-0206), it is 
apparent that all the strong peaks can be attributed to the 
pure hexagonal phase of wurtzite-type ZnO. No peaks 
of impurities were detected, implying high purity of the 
samples. Moreover, the diffraction peak intensities of two 
samples have no distinct difference, suggesting that two 
samples have similar crystal size, which accords well with 
the results of SBET.

The microstructures of the two samples are exhibited 
in Fig. 2. It is evident that both two samples display lump-
like morphologies, indicating that the shape of the sample 
cannot be affected by thiourea. The shape of ZnO depends 
on the essence of the preparation processes and precursors. 
During the calcination process of ZnO, thiourea was com-
pletely oxidized. Consequently, the shape of ZnO cannot be 
altered by thiourea. Fig. 2c shows the EDS result of T-ZnO. 
Only C, O and Zn elements were observed and no S element 
was detected; therefore the influence of the residual S is 
ignorable.

As demonstrated in Fig. 3 (inset), two samples exhibit 
similar optical absorbance, which suggests that no S was 
doped into the lattice of ZnO or the effect of S on the band-
gap can be totally ignored. Although thiourea cannot affect 
the specific surface area, the crystal structure, morphology 
and band gap, the presence of thiourea in the synthetic 
system promotes the separation of photo-induced carriers, 
as displayed in Fig. 3. It is obvious that the T-ZnO holds 
stronger SPS response than R-ZnO. The SPS peak value 
of T-ZnO is more than twice of that of R-ZnO, which sug-
gests that adding thiourea into the synthetic system alters 
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Fig. 1. Crystal structures of the samples as prepared.
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the surface states of ZnO, promoting the separation of 
photogenerated carriers. Similar results were observed 
when urea was employed to prepare ZnO [13]. Generally, 
strong SPS signal implies high separation rate of photo-
generated carriers [19], therefore, the separation rate of 
photogenerated carriers of T-ZnO is more than twice than 

that of R-ZnO. It is well recognized that separation rate of 
photogenerated carriers plays leading role in affecting the 
photocatalytic performances [20]. It is naturally anticipated 
that T-ZnO would display higher photocatalytic ability 
than R-ZnO, which can be firmly supported by the results 
of photocatalysis (see Fig. 6).

To further reveal the effects of thiourea in the synthetic 
process on the formation of active free radicals, trapping 
and NBT experiments were performed. As shown in Fig. 4, 
isopropanol (IPA, for •OH), ammonium oxalate (AO, for h+) 
and benzoquinone (BQ, for •O2

–) execute different effects 
on the elimination of RhB. It is evident that BQ remarkably 
restrains the decay of RhB. The decay efficiency of RhB is 
the lowest after adding BQ into the photocatalytic reaction 
system, the result firmly indicates that •O2

– is the primary 
active free radicals, which accords well with our previous 
results [21].

NBT is a water-soluble substance with absorption 
peak at 259 nm, which can combine with four superoxide 
anions to form a purple water-insoluble substance [13]. 
Therefore, NBT was chosen to investigate the relative level 
of •O2

− generated in different photocatalytic systems. To 
further investigate the effects of thiourea in the synthetic 
process on the level of •O2

–, NBT experiments were carried 
out. As demonstrated in Fig. 5, the presence of thiourea 
in the synthetic system of ZnO indeed affects the level of 
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Fig. 2. SEM images of (a) R-ZnO, (b) T-ZnO, and (c) EDS pattern of T-ZnO.
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Fig. 3. SPS responses of the samples, the inset is the UV-Vis DRS.
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•O2
– generated in the photocatalytic system. According to the 

exclusive reaction between •O2
– and NBT, high level of •O2

– 
in the photocatalytic system will result in low absorbance 
of NBT [17]. The results indicate that the relatively higher 
separation rate of photo-induced carries results in high level 
of •O2

– prepared. In general, high separation efficiency of 
photo-generated charge and high level of •O2

– will expedite 
the degradation of RhB, manifesting high photo catalytic 
performances. The results agree well with the result of 
photocatalytic activities and SPS.

3.2. Photocatalytic properties

The adsorption of RhB on two photocatalysts and the 
photolysis of RhB after 20 min are less than 4% and can be 
neglected. Photocatalytic abilities of two samples toward 
decay of RhB were evaluated. As exhibited in Fig. 6, the 
photolysis of RhB under the simulated sunlight irradia-
tion without photocatalyst is less than 6%. Therefore, RhB 
will not be degraded without photocatalyst under the 

irradiation of simulated sunlight for 20 min. As expected, 
T-ZnO displays higher photocatalytic activity than R-ZnO. 
Additionally, the elimination of RhB over two photocata-
lyts follows a first-order kinetics. The decay rate constants 
of RhB over two photocatalysts are 0.039 and 0.081 min–1, 
respectively. Obviously, the decay rate constant of RhB 
over T-ZnO is more than twice of that over R-ZnO. In view 
of low loading and cost of thiourea, thiourea-assisted sol-
gel fabrication of ZnO is an effective and solid strategy to 
regulate the photocatalytic ability of ZnO by expediting 
the separation of photoinduced carriers. It is quite prom-
ising that this method can be employed to prepare other 
photocatalysts with exceptional photocatalytic abilities.

4. Conclusions

In summary, wurtzite-type ZnO photocatalyst with 
boosted sunlight-driven photocatalytic activity was obtained 
by a typical sol-gel approach with the assistance of thiourea. 
The results reveal that the photocatalytic performance of ZnO 
prepared with the assistance of thiourea is more than twice 
of that of the reference ZnO. The enhanced photo catalytic 
performance of ZnO toward elimination of RhB tightly 
relates to the improved photo-induced carriers separation 
rate. Thiourea-assisted fabrication of ZnO is an effective and 
solid strategy to promote the photocatalytic ability of ZnO.
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