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Abstract
To achieve better photocatalytic performance, we proposed a facile solid-state reaction method to produce  CeO2/ZnO het-
erostructures. Ceria and zinc oxide were synthesized simultaneously by thoroughly grinding the mixture of zinc acetate 
dihydrate, cerium nitrate hexahydrate and sodium hydroxide. The morphology of the as-prepared heterostructures varies 
dramatically as different amount of ceria was introduced in the composition. The photocatalytic performance of  CeO2/ZnO 
heterojunctions was 4.6 times higher than that of pure ZnO. The enhanced photocatalytic activity could be ascribed to that 
more electrons and holes could transport to the surface of catalysts and react with the pollution due to the extended light-
responsive range, accelerated migration, increased specific surface area and suppressed recombination of photogenerated 
carriers.

1 Introduction

Oxide semiconductor photocatalysis is an environmentally 
friendly approach toward solving the energy shortage and 
realizing environmental remediation issues [1–3]. As a 
widely used metal oxide semiconductor, zinc oxide (ZnO) 
is regarded as an ideal candidate for gas sensing [4], dye-
sensitized solar cells [5] and photocatalysts [6]. Due to its 
unique optical and electronic properties, ZnO has become a 
potential photocatalyst for industrialized application. How-
ever, the practical use of ZnO is limited for its wide band 
gap and rapid recombination of charge carriers [7]. Several 
means have been used to improve the photocatalytic property 
of ZnO, such as doping with foreign atoms [8–11], defect 
control [12–14], deposition of noble metals [15–17] and for-
mation of heterostructures with semiconductors [18–21] and 
carbonaceous materials [22, 23]. Among all these methods, 
formation of composite photocatalysts has been considered 
the most efficient strategy to improve the photocatalytic 
property of ZnO. Han and co-workers prepared a ternary 
CdS-decorated 1D ZnO nanorods–2D graphene hybrid by 
a simple, low-temperature synthesis approach [24]. The 

as-prepared nanocomposite showed greatly enhanced pho-
tocatalytic performance in reduction of 4-nitroaniline to 
p-phenylenediamine compared with both ZnO and CdS-
decorated ZnO.

Ceria  (CeO2) has attracted much attention due to its 
applications in catalysis and chemical material [25, 26]. 
The smaller band gap of  CeO2 promises its broader spectral 
responsive range than that of ZnO. For better photocatalytic 
performance, extensive researches have been developed to 
prepare  CeO2/ZnO heterostructures by different approaches. 
Li et al. prepared  CeO2/ZnO nanofibers via electrospin-
ning technique [27]. The photocatalytic activity of  CeO2/
ZnO nanofiber is 2.1 times higher than that of pure ZnO. 
Faisal et al. reported  CeO2/ZnO nanoparticles which showed 
excellent performance in photodegradation of methylene 
blue [28]. The results indicate that forming heterojunctions 
with  CeO2 could enhance the optical absorption property 
of ZnO and thus improve the photocatalytic performance. 
However, all these methods involved complex procedures 
and rigorous experimental conditions, such as high tempera-
ture and a long processing time, and the products obtained 
often showed poor photocatalytic activity. Therefore, it is 
extremely necessary to develop simple and reliable synthetic 
methods for heterojunctions with excellent photocatalytic 
properties. Herein, we suggested a facile solid-state reaction 
method which is simple, fast and economic, and does not 
require high-temperature process and complicated setups. 
What’s more, the heterostructures prepared via solid-state 
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reaction method show good photocatalytic activity for deg-
radation of Rhodamine B (RhB).

2  Experimental section

2.1  Materials and synthesis of samples

All reagents were analytically pure and used with-
out further purification. In a typical procedure, 0.219 g 
Zn(CH3COO)2∙2H2O were blended with different amount 
of Ce(NO3)3∙6H2O in an agate mortar and ground for 20 min 
at room temperature. Then, 0.32 g NaOH was added to the 
mixture and ground for another 60 min. After that, the paste 
was washed with distilled water and absolute ethanol in turn 
for three times. Finally, the products were obtained after dry-
ing at 60 °C for 8 h. The illustration for synthesis of  CeO2/
ZnO heterostructures is shown in Fig. 1. The samples with 0, 
2, 5 and 10% (molar ratios)  CeO2 were marked as ZnO, 2% 
 CeO2/ZnO, 5%  CeO2/ZnO and 10%  CeO2/ZnO, respectively.

2.2  Characterization

The phase structure of the  CeO2/ZnO heterostructures was 
examined by X-ray diffraction (XRD; X’pert, Philips, Eind-
hoven, The Netherlands). The morphology was investigated 
using field emission scanning electron microscopy (FE-
SEM; JSM-6701F, JEOL, Tokyo, Japan) and transmission 
electron microscopy (TEM; Tecnai F30G2, FEI, Hillsboro, 
OR, USA). The X-ray photoelectron spectroscopy (XPS) 
measurements were performed on a spectrometer (VGES-
CALAB220i-XL, Thermo Scientific, Waltham, MA, USA). 
Their light absorption abilities were analyzed in the range 
of 300–700 nm by the UV–Vis spectrometer (U-3900H, 
Hitachi, Tokyo, Japan), during which  BaSO4 was employed 
as the internal reflectance standard. The photoluminescence 
(PL) spectrum was recorded with a fluorescence spectro-
photometer (F-4600, Hitachi, Tokyo, Japan) excited by an 

incident light of 325 nm. The Brunauer–Emmett–Teller 
(BET) surface area was determined by nitrogen adsorp-
tion–desorption isotherm measurements (VSorb-2800 P, 
Gold APP Corp., Beijing, China) at 77 K. Electrochemical 
impedance spectrometer (EIS; CHI660E, Chenhua, Shang-
hai, China) experiments were performed with a conventional 
three-electrode cell, using a Pt plate as the counter elec-
trode and an Ag/AgCl electrode (3 M KCl) as the reference 
electrode.

2.3  Evaluation of photocatalytic activity

The photocatalytic activity of  CeO2/ZnO heterostructures 
was evaluated by photodegradation of RhB under simulated 
solar light. 30 mg of the catalyst was dispersed in 30 mL 
RhB aqueous solution with a concentration of 10 mg/L and 
stirred for 30 min in dark to establish adsorption/deposition 
equilibrium. Then the suspension was exposed to a Xe lamp 
(500 W, 300–800 nm) for photocatalytic reaction under vig-
orous stirring. The suspension was taken out every 15 min 
and centrifuged. Change in the concentration of dye was 
analyzed by UV–visible spectrophotometer (UV-2450, Shi-
madzu, Kyoto, Japan).

3  Results and discussion

To analyze the phase structure of the products, XRD pat-
terns of all samples are shown in Fig. 2a. All peaks of ZnO 
are in good agreement with the standard spectra (JCPDS 
no. 36-1451). The peaks located at 31.8°, 34.5°, 36.3°, 
47.6°, 56.6°, 62.9°, 66.4°, 68.0° and 69.1° are ascribed to 
the (100), (002), (101), (102), (110), (103), (200), (112) and 
(201) lattice plane of ZnO. The peak located at 28.55° corre-
sponding to (111) crystal plane of fluorite  CeO2 (JCPDS no. 
34–0394) is also observed in the insert of Fig. 2a. The cal-
culated grain size of ZnO and  CeO2 in each sample is listed 
in Table 1. The results indicate that introduction of  CeO2 in 

Fig. 1  Preparation procedure of  CeO2/ZnO heterostructures
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the synthesis process could reduce the grain size of ZnO. 
The grain size of  CeO2 in the as-prepared heterostructures 
is about 4–5 nm. The weak diffraction peaks of  CeO2 can 
be attributed to the small grain size of  CeO2 nanoparticles. 
In fact, doping of Ce into ZnO lattice is not possible due 
to the difference in the coordination numbers of  CeO2 and 
ZnO. It is difficult for the eight coordinated Ce presenting 
in cubic  CeO2 lattice to replace the four coordinated Zn in 
hexagonal ZnO. Further, in consequence of the high differ-
ence in the ionic radius  (Zn2+, 0.074 nm;  Ce4+, 0.093 nm), 
lattice substitution in ZnO by  Ce4+ is highly improbable. The 
XRD observations indicate that  CeO2/ZnO heterostructures 
could be obtained by the facile solid-state reaction method.

To further study the elemental chemical state in the as-
prepared  CeO2/ZnO heterostructures, X-ray photoelectron 
spectroscopy (XPS) analysis was adopted, and the results are 
shown in Fig. 3. The survey spectra of 5%  CeO2/ZnO indi-
cates the existence of Zn, O, Ce and C elements in the 5% 
 CeO2/ZnO sample. The C element is ascribed to the adven-
titious carbon-based additives (binding energy 284.6 eV) 
and used as reference for calibration. The Zn  2p3/2 peaks 
at 1021.08 and 1022.98 eV correspond to Zn–O bonds in 
the ZnO lattice and  Zn2+ in the zinc-deficient regions. The 
O 1 s spectra could be convoluted into three peaks. The 

main signal located at 530.28 eV is the result of  O2− bind-
ing to  Zn2+ in the lattice of ZnO. The peak with a lower 
binding energy of 528.18 eV is ascribed to the  O2− in  CeO2 
and the leftmost binding energy component at 531.88 eV is 
attributed to loosely bound oxygen on the surface, such as 
hydroxyls in oxygen-deficient regions. The surface hydrox-
yls can produce primary active hydroxyl radicals, which are 
capable of trapping photoinduced electrons and holes. Thus, 
the surface hydroxyls are very important for photocataly-
sis [29]. The Ce 3D spectra of 5%  CeO2/ZnO is shown in 
Fig. 3d. The spectrum is composed of two multiplets marked 
as p and q, corresponding to the spin–orbit split  3d3/2 and 
 3d5/2 core holes, respectively. A splitting about 18.4 eV 
between p1 and q1 is observed. The peak at 915.78 eV is the 
result of  Ce4+ in the as-prepared nanocomposites. The Ce 
3d spectra is in good agreement with other authors [30–32], 
which proved cerium element exists as  CeO2 in 5% Ce/ZnO 
sample. Hence, we have successfully synthesized  CeO2/ZnO 
heterostructures by the facile solid-state reaction method.

Figure 4 shows SEM images of  CeO2/ZnO heterostruc-
tures with different molar contents of  CeO2. It indicates 
that the heterostructures consist of clustered nanorods 
or nanosheets and the amount of  CeO2 plays an impor-
tant role in controlling the morphology of products. As 

Fig. 2  a XRD patterns of  CeO2/ZnO heterostructures with different amount of  CeO2, the insert is the magnification from 24° to 32°, b FWHM 
of (100), (002) and (101) peak for the as-prepared samples

Table 1  Calculated grain 
size of ZnO and  CeO2 in the 
as-prepared ZnO and  CeO2/ZnO 
heterostructures

Sample ZnO 2%  CeO2/ZnO 5%  CeO2/ZnO 10%  CeO2/
ZnO

Component ZnO CeO2 ZnO CeO2 ZnO CeO2 ZnO CeO2

Grain size (nm) 21.7 – 15.5 4.7 16.4 4.5 17.0 4.2



 C. Wang et al.

1 3

99 Page 4 of 12

observed in Fig. 4a, pure ZnO is formed by irregular bulks 
aggregated with small particles and short nanorods. Then 
nanorods on the surface of catalysts become longer with 
increasing amount of  CeO2 as shown in Fig. 4b, c. The 
lengths of the nanorods in 2%  CeO2/ZnO and 5%  CeO2/
ZnO are 150–200 nm and 300–500 nm, respectively. It 
indicates  CeO2 would promote the growth of the nanorods. 
When the molar ratio of  CeO2 reaches 10%, the morphol-
ogy turns into nanosheets sticking together, as Fig. 4d 
displayed. The length and width of the nanosheets in 
10%  CeO2/ZnO is about 200–300 nm. The thickness of 
the sheet is about 30–40 nm. The SEM observation dem-
onstrates that the amount of  CeO2 has a great impact on 
the micromorphology of the  CeO2/ZnO heterostructures. 
Impurities introduced in the synthesis process could 
greatly influence the morphology of ZnO [33]. The addi-
tion of  CeO2 will influence the nucleation and growth of 
ZnO in the synthesis process. Full width at half maximum 
(FWHM) of (100), (002) and (101) peak of ZnO is used 
to characterize the crystalline features of ZnO, as shown 

in Fig. 1b. In ZnO, the FWHM of (100), (002) and (101) 
peak is all very low, especially for (002) peak. This results 
in the uniform growth of ZnO in all directions or a lit-
tle degree of oriented growth in the (002) lattice plane. 
Thus, pure ZnO is formed by irregular bulks aggregated 
with small particles and short nanorods. After addition 
of a small quantity of  CeO2 in 2%  CeO2/ZnO sample, the 
FWHM of (100) and (101) peak sharply increased from 
0.43 to 0.77 and from 0.43 to 0.74, respectively. How-
ever, the FWHM of (002) peak is still very low. It suggests 
that  CeO2 would suppress the growth of ZnO in [100] 
and [101] crystallographic direction without disturbing 
the growth in [002] direction, which results 2%  CeO2/
ZnO sample in a nanorod-like morphology. With further 
increasing the amount of  CeO2 in 5%  CeO2/ZnO and 10% 
 CeO2/ZnO sample, the FWHM of (002) peak still remains 
stable. Nevertheless, the FWHMs of (100) and (101) peak 
both slightly decreased. It implies that the suppression to 
the growth of [100] and [101] crystallographic direction 
is weakened by further increasing the amount of  CeO2. 

Fig. 3  XPS spectra of 5%  CeO2/ZnO: a fully scanned spectra, b  Zn2p3/2, c O1s, d Ce3d
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Thus, 5%  CeO2/ZnO displays a narrow nanosheet-like or 
nanorod-like morphology and large sheets are formed in 
10%  CeO2/ZnO sample.

Morphology changes of  CeO2/ZnO lead to increased spe-
cific surface area. The specific surface area of ZnO and 5% 
 CeO2/ZnO is 16.55 and 20.11 m2/g, respectively. It indicates 
that addition of  CeO2 in ZnO could increase the specific 
surface area of the catalyst, thus provides more active spots 
for the photocatalytic reaction. The existence of Zn, O, Ce 
elements in 5%  CeO2/ZnO is also evidenced in the element 
mappings, as Fig. 5 displays. It indicates that  CeO2 is uni-
formly dispersed in 5%  CeO2/ZnO sample, instead of form-
ing aggregates of irregular bulks.

The morphologies of pure ZnO and 5%  CeO2/ZnO are 
further investigated by TEM and HRTEM. As can be seen 
from Fig. 6a, c, pure ZnO and 5%  CeO2/ZnO are both con-
sisting clustered nanorods, while the nanorods in 5%  CeO2/
ZnO are much longer than that in pure ZnO. The high-mag-
nification image in Fig. 6d clearly demonstrates the forma-
tion of  CeO2/ZnO heterojunction. The interplanar spacings 
between adjacent lattice fringes are 0.26 and 0.32 nm, which 
represent the (001) crystal plane of hexagonal wurtzite ZnO 
and (111) of fluorite  CeO2, respectively. The grain size of 
 CeO2 in 5%  CeO2/ZnO are about 5 nm in length and 3 nm 

in width, which is in good accordance with the calculated 
results from the XRD analysis.

To evaluate the photo-absorption behaviors of the  CeO2/
ZnO heterostructures, the room-temperature UV–visible 
diffuse reflectance spectra was carried out and the results 
are shown in Fig. 7a. Pure ZnO only responded to ultra-
violet light (band edge absorption around 390 nm), while 
5%  CeO2/ZnO sample showed absorption peaks both in the 
UV and visible region.  CeO2 displayed a further extended 
visible light absorbance. The inset of Fig. 7a is the corre-
sponding Kubelka–Munk plots of ZnO and  CeO2. The cal-
culated band gaps of ZnO and  CeO2 are 3.20 and 2.76 eV, 
respectively. Thus, the formation of heterostructures with 
 CeO2 is an effective way to enhance the photo-absorption 
property of ZnO.

Photoluminescence emission spectra was obtained to 
investigate the role of  CeO2 in the heterojunction in the 
processes of charge migration, transfer and separation. 
As shown in Fig. 7b, the UV emission, centered at around 
390 nm (3.2 eV), is the exaction recombination related 
near-band edge emission or free exciton emission of ZnO. 
Several satellite peaks in the visible range are observed 
which are ascribed to the defects, like oxygen vacancies, 
in the catalysts [34–36]. Oxygen vacancies could serve as 

Fig. 4  SEM images of a pure ZnO, b 2%  CeO2/ZnO, c 5%  CeO2/ZnO and d 10%  CeO2/ZnO
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photoinduced charge traps, and also adsorption sites where 
the charge transfers to adsorbed species, which can reduce 
photoinduced electron–hole pair recombination. Compared 
with pure ZnO, the quenched peaks of 5%  CeO2/ZnO indi-
cates the suppressed recombination of photo-induced elec-
trons and holes. It demonstrates that the formation of hetero-
structures greatly enhanced the charge separation efficiency 
of the photo-induced electrons and holes.

The electrochemical impedance spectroscopy (EIS) is 
used to investigate the electrical conductivity of the samples. 
As shown in Fig. 8a, the decreased arc radius of Nyquist 
plot for  CeO2/ZnO heterostructures suggests a smaller 
charge transfer resistance compared with pure ZnO. This is 
also evidenced by the transient photocurrent response test 
(Fig. 8b). The photocurrent of 5%  CeO2/ZnO is twice more 
than that of pure ZnO. In addition, 5%  CeO2/ZnO also has 
faster photo-response rate. It indicates that  CeO2/ZnO het-
erojunction has greater electronic transportation ability than 
that of pure ZnO. Hence, the  CeO2/ZnO heterostructures are 
beneficial for photocatalysis.

The decomposition of RhB was carried out to evaluate 
the photocatalytic properties of the as-prepared  CeO2/ZnO 
heterostructures. Figure 9a presents the degradation pro-
files of RhB over four samples. The blank experiments are 

also performed to demonstrate that the photoinduced self-
degradation could be ignored with respect to that caused 
by photo degradation. As observed in the plot, the pho-
tocatalytic properties of the heterojunctions first increase 
and then decrease when an increasing amount of  CeO2 is 
introduced in the system. 5%  CeO2/ZnO, which can decom-
pose RhB completely (95%) in 90 min, shows the highest 
photocatalytic activity. For better understanding the differ-
ence between the four samples, corresponding kinetic linear 
simulation curves are shown in Fig. 9b. The apparent rate 
constants were calculated by Langmuir–Hinshelwood equa-
tion which could be described as:

where kapp is the degradation rate constant, C0 and C are the 
initial concentration of RhB and that after reaction time t. 
The calculated value of apparent rate constants are 0.00731, 
0.01025, 0.03319 and 0.00675 min−1 for ZnO, 2, 5 and 10% 
 CeO2/ZnO, respectively. Table 2 shows the apparent first-
order rate constants of 5%  CeO2/ZnO and other reported 
 CeO2/ZnO heterostructures. The temporal evolution of the 
spectral changes upon the photodegradation of RhB is shown 
in Fig. 9c. The absorption peak can hardly be found after 

(1)ln
(

C
/

C0

)

= −kappt,

Fig. 5  SEM and corresponding 
EDS mapping images of 5% 
 CeO2/ZnO heterostructures
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120 min in the presence of 5%  CeO2/ZnO catalyst. While 
pure ZnO could only decompose 56% of the RhB solution. 
No shift of peaks or new peaks were observed indicating the 

RhB was not transformed into other organic compounds but 
directly decomposed into inorganic substance, for instance, 
 CO2 and  H2O. The reason for performance loss of 10% 

Fig. 6  TEM and HRTEM 
images of a, b ZnO and c, d 5% 
 CeO2/ZnO

Fig. 7  a UV–visible absorption spectra of ZnO, 5%  CeO2/ZnO and  CeO2, the insert shows the corresponding Kubelka–Munk plots of ZnO and 
 CeO2; b fluorescence emission spectra of ZnO and 5%  CeO2/ZnO
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Fig. 8  a Nyquist impedance plots and b transient photocurrents as a function of incident light for ZnO and 5%  CeO2/ZnO

Fig. 9  a Photodegradation profiles of RhB over  CeO2/ZnO hetero-
structures with different amount of  CeO2, b kinetic linear simulation 
curves of RhB photocatalytic degradation with four samples, c UV–

Vis spectra of RhB solution reduction by ZnO and 5%  CeO2/ZnO, 
and d cycling runs in the photocatalytic degradation of RhB by ZnO 
and 5%  CeO2/ZnO
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 CeO2/ZnO could be that excess amount of  CeO2 on the sur-
face of the photocatalyst covered a large amount of active 
spots on ZnO. Consequently, a decrease amount of ZnO is 
excited and less photogenerated carriers would be obtained 
when an overdose of  CeO2 is introduced.

To demonstrate the stability and potential applicability of 
the as-synthesised  CeO2/ZnO heterostructures, cycle experi-
ment was performed on ZnO and 5%  CeO2/ZnO sample. A 
significant photocorrosion effect was observed in ZnO. After 
five cycling reuse, a decrease about 44.9% (from 49 to 26%) 
was obtained on the photocatalytic efficiency of ZnO. While 
the photocatalytic efficiency of 5%  CeO2/ZnO catalyst for 
five cycling reuse was 95, 93, 91, 90 and 89% after 90 min, 
respectively. Only 5.2% of decrease is obseved after five 
runs. It is well known that ZnO displays a severe photocor-
rosion effect when exposed to holes in aqueous solution [37]. 
Chen et al. and Han et al. reported that formation of hetero-
structures with carbonaceous materials can greatly enhance 
the anti-photocorrosion performance of ZnO [38, 39]. In 
our case, the cycling run results indicate that coupling with 
 CeO2, a rare earth oxide, can also greatly improve the sta-
bility and photocorrosion resistance performance of ZnO.

The radicals and holes trapping experiments were 
designed on 5%  CeO2/ZnO sample to study the photodeg-
radation process of  CeO2/ZnO heterostructure. As shown 
in Fig. 10a, the photocatalytic process of  CeO2/ZnO heter-
ojunction is totally inhibited by the addition of ethylenedi-
aminetetraacetic acid disodium salt (EDTA-2Na), a strong 
hole scavenger. It indicates that the photogenerated hole is 
the main active species that can oxidize the adsorbed RhB 
dye into inorganic substance. The photocatalytic degrada-
tion rate changes distinctively when a hydroxyl radical 
(∙OH) scavenger, tert-butanol (t-BuOH), is injected in the 
system. After 90 min of irradiation, the RhB degraded 
only 47%. The results demonstrate that the surface hydrox-
yls of photocatalyst are also very crucial. To observe the 
photogenerated radical species, UV–Vis spectrophotom-
etry was carried out. Nitrotetrazolium blue chloride (NBT) 
can react with superoxide radical  (O2

·−) to produce tetrazo-
lium blue diformazan (BTDF), which shows an absorption 
peak at 560 nm [40]. The quantity of  O2

·− can be assessed 
by the intensity of absorption peak. On the other hand, 
salicylic acid (SA), which displays an absorption peak at 
303 nm, can react with hydroxyl radical (∙OH) and pro-
duce 2,3-dihydroxybenzoic acid (2,3-DHBA) [41]. Due 

to the absorption peak of 2,3-DHBA at 310 nm is rather 
low and could be disturbed by the absorbance of SA, we 
used the absorption of SA at 303 nm to observe the genera-
tion of ·OH. The reactions of NBT with superoxide radical 
and SA with hydroxyl radical are shown in Fig. 10c. As 
shown in Fig. 10b, the absorbance at 303 nm decreased 
and that at 560 nm increased linearly with time when the 
solution is exposed to light. It indicates that NBT reacted 
with  O2

·− and produced BTDF, while SA was turned into 
2,3-DHBA by ·OH. The concentration of BTDF and SA 
did not change in dark according to the horizontal absorb-
ance plot. This demonstrates that the  O2

·− and ·OH were 
photo-induced, but not generated by other pathway.

Figure 11 is the schematic diagram of photocatalytic 
mechanism for  CeO2/ZnO heterostructures. Band energy 
positions of  CeO2 and ZnO are required to establish the 
coupled semiconductor mechanism. To obtain the exact 
band positions of  CeO2, we followed the method used by 
Xu and Schoonen [42]. It has been confirmed for more 
than 30 oxide and sulfide semiconductors and was found 
to be in well agreement with the experimental results. 
According to this method, the electronegativity ( � ), elec-
tron affinity (EA) and ionization energy (IE) values of the 
semiconductor are equivalent to that of the Fermi level 
energy, CB energy and VB energy, respectively. The VB 
energy and CB energy could be calculated using

The values of valance band energy and conduction band 
energy obtained are in absolute vacuum scale (AVS), and 
can be converted to the normal hydrogen electrode (NHE) 
using

The values of VB and CB band positions calculated 
according to the above equations are listed in Table 3. The 
results show that both VB and CB energy of  CeO2 are more 
negative than that of ZnO. After the contract of  CeO2 and 
ZnO, the photoinduced electrons will transfer from CB of 
 CeO2 to that of ZnO, and holes will transfer from VB of ZnO 

(2)IE(ZnO) = EVB(ZnO) = �(ZnO) + 1
/

2Eg,

(3)EA(ZnO) = ECB(ZnO) = �(ZnO) − 1
/

2Eg.

(4)ECB(ZnO)(NHE) = ECB(ZnO)(AVS) − 4.5 eV.

Table 2  Apparent rate constants 
(kapp) for 5%  CeO2/ZnO and 
comparison with other reported 
 CeO2/ZnO heterostructures

Chemical Preparation kapp  (min−1) Morphology Ref.

CeO2/ZnO Solid state reaction (RT) 0.03319 Nanorod cluster This work
CeO2/ZnO Electrospinning + calcination (600 °C) 0.02107 Nanofiber [27]
CeO2/ZnO Solution method + calcination (400 °C) 0.01612 Nanoparticle [28]
CeO2/ZnO Wet-chemical method (90 °C) 0.00772 Microprism [36]
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to  CeO2 spontaneously. Thus, the formation of  CeO2/ZnO 
heterojunction would facilitate the transport of photogen-
erated carriers. The photoinduced electrons and holes could 
also be separated efficiently. Then, the holes at the VB of 
 CeO2, as main oxidative species, could directly oxidize the 
RhB or generate hydroxyls, which are also strong oxidants 
and could oxidize the dye into inorganic compounds.

Fig. 10  a Plots of photogenerated carrier trapping experiment in the 
degradation of RhB with EDTA-2Na (0.1 M) and t-BuOH (0.1 M), 
b time dependencies of absorbance at 303 nm for SA and 560 nm for 

BTDF, and c reactions of NBT with superoxide radical and SA with 
hydroxyl radical

Fig. 11  Scheme for the photocatalytic reaction of the  CeO2/ZnO het-
erostructures

Table 3  Calculated band gap, valance and conduction band energy of 
 CeO2 and ZnO

Semiconductor Band gap (eV) EVB (V) ECB (V)

ZnO 3.20 − 0.31 2.89
CeO2 2.76 − 0.32 2.44
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4  Conclusions

CeO2/ZnO heterostructures were successfully fabricated by a 
solid-state reaction method at room temperature without any 
surfactant or template. The amount of  CeO2 plays an impor-
tant role in controlling the morphology of the as-prepared 
nanostructures. The introduction of  CeO2 would enhance 
the photo-absorption property, accelerate the migration of 
photogenerated carriers, increase the specific surface area 
from 16.55 to 20.11 m2/g and suppress the recombination 
of electrons and holes, thus enhance the photocatalytic 
activity of ZnO. The 5%  CeO2/ZnO shows the highest pho-
tocatalytic activity and has a degradation rate constant of 
0.03319 which is four times more than that of ZnO. The 
 CeO2/ZnO heterojunctions also possess high stability and 
photocorrosion resistance. It demonstrates that the  CeO2/
ZnO heterostructure prepared under present approach is a 
promising candidate for scale-up industrial application in 
photocatalysis.
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