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Abstract
Ce/ZnO crystallites along with bare ZnO were prepared by solution free mechanochemical method and characterized with 
powder XRD, SEM, EDX, XPS, UV–Visible and Photoluminescence (PL) spectra. The visible light photocatalytic per-
formance of these materials was investigated for  H2 evolution with the aqueous 10vol% methanol solution under one sun 
conditions using solar simulator. X-ray diffraction data suggests the hexagonal wurtzite structure for Ce/ZnO crystallites 
and the incorporation of  Ce4+ ion in ZnO is supported by the shifting of XRD peaks to lower Bragg angles that indicate 
lattice expansion. With the increase of Ce content in ZnO, the crystallite size of Ce/ZnO decreases and the specific surface 
area increases. UV–Visible spectra propose the decrease in optical band gap of Ce incorporated ZnO with the increase of 
Ce content up to 3 mol. %. The XPS analysis supports the incorporation of  Ce4+ in Ce/ZnO. The PL spectra propose that, 
with the insertion of Ce ions into ZnO, intensity of UV emission band decreases that reflects the low recombination rate 
of photogenerated charge carriers, which is responsible for higher photocatalytic  H2 production. The extent of hydrogen 
production is affected by calcination temperature of Ce/ZnO. 2 mol. % Ce incorporated ZnO calcined at 600 °C produces43 
μmolh−1  g−1 of hydrogen.
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Introduction

Investigation of clean and efficient alternative for the fos-
sil fuel is demanding area of research. Out of various non-
conventional energy sources,  H2 is the excellent alternative 
for fossil fuel because its use does not result in the emis-
sion of carbon dioxide, responsible for greenhouse effect. 
Now days,  H2 production is done by several methods, but 
the most eco-friendly method is the photochemical water 
splitting over semiconductor materials. This method is more 
economical and reasonable because of the easy availabil-
ity of sufficient quantity of sea water. In this regard,  TiO2 
has been extensively used over the last few decades because 

of its high chemical stability, nontoxic nature, economical 
and easy availability [1–3]. However, use of  TiO2 is only 
effective towards the utilization of the UV light in the solar 
spectrum, and it suffers with high recombination rate of 
photogenerated electrons and holes, which leads to a low 
quantum yield and poor photocatalytic activity [4]. ZnO 
is one of the substitutes for  TiO2 due to its similar opti-
cal properties, slightly lower band gap and excellent visible 
light response. In this contest bare ZnO is applied for the 
 H2 production by means of photochemical water splitting 
[5–7]. In photochemical reaction, the production of  H2 from 
water–methanol solution has a lower splitting energy than 
water (1.23 eV) and some reports propose that the over-
all methanol splitting reaction energy is 0.7 eV. However, 
it is difficult to overcome the redox potential for water or 
methanol decomposition using ZnO alone, therefore, vari-
ous nonmetals are incorporated in ZnO [8–10]. To improve 
photocatalytic activity towards  H2 production, ZnO is further 
modified by means of metal incorporation. In this concern, 
the photocatalytic hydrogen production from aqueous 10 vol 
% methanol solution using ZnO was investigated with aid of 
simultaneous metal deposition such as Ag, Au, Cu, Ni, Pd, 
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Pt, and Rh. Out of various metals, the additions of copper 
and silver ions were effective for the improvement of pho-
tocatalytic  H2 production from aqueous methanol solution. 
The photocatalytic  H2 production using ZnO photocatalyst 
with aid of simultaneous deposition of Cu was approxi-
mately 130 times better than those obtained with bare ZnO 
[11]. Cu (0.1, 0.5, 1.0, and 5.0 mol. %) incorporated ZnO 
nanoparticles are prepared by a hydrothermal method were 
used for photocatalytic  H2 production by means of decom-
position of water–methanol mixture. Among the different 
samples, 1 mol. % Cu incorporated ZnO shows the high-
est  H2 production (58.40 μmol) which is almost three times 
more than the bare ZnO (20.21 μmol) within 10 h [12]. Cu 
incorporated ZnO synthesized by sol gel method caused an 
enhancement in  H2 production from 7.49 to 41.55 μmol  g−1 
which is due to the reduced recombination of electrons and 
holes during photocatalytic reaction [13]. Ag-doped ZnO 
nano composites were synthesized by a plasma-assisted 
approach and used as catalysts in the production of hydrogen 
by photo-reforming of alcoholic solutions, yielding a stable 
 H2 evolution even by the sole use of simulated solar radia-
tion. The silver NPs play a key role in promoting the photo-
reforming of methanol/water solutions under UV–Visible 
irradiation. It is further noted that the highly dispersed Ag 
nanoparticles act as electron capturing centers to generate 
 H2 [14]. Photocatalytic hydrogen evolution over Ag-doped 
ZnO was also tested by water splitting using ethanol as sac-
rificial agent [15]. Au/ZnO materials were used for the pho-
tocatalytic production of  H2 from a water–ethanol solution 
under UV–Visible irradiation (λ > 300 nm). The efficiency 
of  H2 production appears to be related to the size of Au 
nanoparticles [16]. ZnO nanowires with a gold loading of 
10 wt.% is reported to be excellent photocatalyst toward the 
 H2 production with deionized water containing 0.5 M  Na2S 
and 0.03 M  Na2SO3 as sacrificial reagents [17]. Recently, 
photocatalytic  H2 production over Ca-doped ZnO [18], Zn/
ZnO composite [19], Ni–ZnO/Polyaniline composite [20] 
were also reported. Till today, photocatalytic  H2 production 
over rare earth metal incorporated ZnO is not reported by 
any research group. In this article, we report the efficient  H2 
production from a 10vol% methanol–water mixture by pho-
tochemical reaction using Ce/ZnO photocatalyst. Herein, we 
investigate the correlation between extent of  H2 production 
and Ce concentration in Ce/ZnO, calcination temperature, 
crystallite size, optical band gap energy and oxygen vacan-
cies of Ce/ZnO photocatalyst.

Materials and methods

Ce/ZnO along with pure ZnO (for comparison) photocata-
lysts were prepared by our previously reported mechano-
chemical method for S/ZnO [21], using analytical grade zinc 

acetate di-hydrate (assay ≥ 99% Sigma-Aldrich), oxalic acid 
di-hydrate (assay 99.5%, Sigma-Aldrich), Cerium (IV) sul-
phate tetra-hydrate (Ce(SO4)2.4H2O) (assay ≥ 98%, Sigma-
Aldrich) etc. Other required chemicals are of analytical 
grade, obtained from Merck Limited, Mumbai, India and 
were used without further purification. The 10vol% aqueous 
methanol solutions were prepared by using double distilled 
water.

Ce/ZnO of different Ce ion content (0.5%, 1%, 2%, and 
3 mol. %) was prepared by two-step process. The first step 
is eco-friendly, solution free mechanochemical synthesis of 
oxalate precursor by solid state reaction and the second step 
is thermal decomposition of oxalate precursor to form Ce/
ZnO nano crystals. In a typical synthesis, 0.995 mmol of 
zinc acetate di-hydrate and 1.20 mmol of oxalic acid di-
hydrate taken in agate mortar and 0.005 mmol of Cerium 
(IV) sulphate tetrahydrate was added to the mixture as a 
source of Ce ion and mixture was hand ground for 10 min 
at room temperature. A solid state reaction occurs between 
zinc acetate di-hydrate and oxalic acid di-hydrate to form 
zinc oxalate and acetic acid byproduct. Acetic acid formed 
during the reaction act as internal solvent, which makes 
grinding process easier. Loss of acetic acid fumes becomes 
the driving force for the reaction. Oxalic acid also reacts 
with Cerium (IV) sulphate in acidic medium and expected 
to form Cerium (IV) oxalate. A thick semisolid paste of 
oxalate precursor was obtained within 20 min. Then the 
oxalate precursor was kept in oven at 70 °C for 30 min, so 
that most of the acetic acid byproduct goes off from the 
reaction mixture and semisolid gradually turns in to fine 
powder. Then oxalate precursor was calcined in muffle 
furnace at 600 °C for 2 h, to get 0.5%Ce/ZnO nano crys-
tallites. Similar procedure was repeated to obtain 1%Ce/
ZnO, 2%Ce/ZnO, 3%Ce/ZnO and bare ZnO using amounts 
summarized in Table 1. Ce/ZnO crystallites were character-
ized by X-ray diffractometer (D-8 Advance Bruker AXS), 
UV–Visible Spectrophotometer (UV-1601, Shimadzu), 
Photoluminescence (PL) spectra (Shimadzu, RF-5301PC), 
Scanning Electron Micrograph (SEM JEOL JSM-6360A) 
and Energy dispersive X-ray spectra (EDXS). X-ray Photo-
electron spectra (XPS) were recorded with a V.G. Microtech 
(UK) unit ESCA 3000 spectrometer equipped with Mg Kα 

Table 1  Summary of photocatalyst synthesis

Zinc acetate 
(mmol)

Oxalic acid 
(mmol)

Cerium (IV) sul-
phate (mmol)

Photocatalyst

1 1.2 0 Bare ZnO
0.995 1.2 0.005 0.5%Ce/ZnO
0.99 1.2 0.01 1%Ce/ZnO
0.98 1.2 0.02 2%Ce/ZnO
0.97 1.2 0.03 3%Ce/ZnO
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X-ray source (hυ = 1253.6 eV) and a hemispherical electron 
analyzer.

Photochemical splitting of 10vol% methanol–water was 
performed using a batch photo-reactor, under one sun condi-
tions using solar simulator. An Oriel Instruments solar simu-
lator equipped with a 300 W Xenon arc lamp system with an 
AM 1.5 cut-off filter as the irradiation source was employed. 
The above filter can be easily replaced with any other wave-
length cut-off filter to alter the radiation wavelength regime. 
The reaction vessel was kept 20 cm away from the light 
source to ensure the one sun condition, as suggested by the 
Oriel solar simulator manual. This was further confirmed by 
the current, as measured by a lux meter. Cool air circulation 
was employed to maintain a constant temperature (27 °C) 
during irradiation. During each  H2 production experiment, 
25 mg of the photocatalysts were added to 30 mL of aque-
ous 10vol% methanol solution in the batch photoreactor and 
irradiated with visible light from solar simulator for spe-
cific period of time. The photocatalysts were continuously 
dispersed in the aqueous methanol solution by a magnetic 
stirrer during the irradiation. Gas analysis was carried out 
by regular sampling every hour, with a gas chromatograph 
(GC) equipped with a TCD detector (Agilent 7890) and high 
purity carrier gas.

Results and discussion

Visible light hydrogen production over bare ZnO 
and Ce/ZnO:

Figure 1 shows the  H2 evolution by means of decomposition 
of a 10vol% of aqueous methanol solution over the bare ZnO 

and Ce/ZnO photocatalysts obtained at calcination tempera-
ture of 600 °C. The amount of  H2 evolved over bare ZnO, 
0.5%Ce/ZnO, 1%Ce/ZnO, 2%Ce/ZnO and 3%Ce/ZnO, are 
1.2, 17, 29, 43 and 38 μmolh−1  g−1, respectively. This indi-
cates that, Ce/ZnO is more active than bare ZnO towards 
the photocatalytic  H2 production and with the increase in 
extent of Ce in ZnO, the activity increases up to 2%Ce/ZnO; 
whereas, when Ce amount is further increased to 3 mol. % 
then activity was found to decrease. To alter the morphology 
and crystallite size of Ce/ZnO, calcination temperature dur-
ing photocatalyst synthesis was varied from 500 to 700 °C. 
Photocatalytic  H2 production is greatly affected by calcina-
tion temperature at which Ce/ZnO is obtained.

The extent of  H2 production increases with increase in 
calcination temperature of Ce/ZnO from 500 to 600 °C 
(Fig. 2). Further increase in calcination temperature from 
600 to 700 °C found to be unfavorable for photocatalytic 
 H2 evolution (Fig. 2). 2%Ce/ZnO calcined at 600 °C is the 
excellent photocatalyst for  H2 production from the decom-
position of water–methanol mixture. This is attributed to 
fact that crystalanity, morphology and crystallite size of 
semiconductor material is greatly affected by calcination 
temperature.

Characterization of Ce/ZnO and correlation 
with activity towards  H2 production

The crystal structure and crystallite size of pure and Ce/
ZnO was known by XRD analysis and results are depicted 
in Fig. 3a–e. Pure and Ce/ZnO (0.5%, 1%, 2%, and 3 mol. % 
Ce content) samples show prominent peaks at 2 � of 31.82, 
34.42, 36.39, 47.65, 56.63, 62.93, 66.43, 68.02 and 69.15 

Fig. 1  Effect of extent of incorporation of Ce in ZnO on photocata-
lytic  H2 production by means of decomposition of 10vol% methanol–
water mixture

Fig. 2  Effect of calcination temperature of Ce/ZnO on photocatalytic 
 H2 production by means of decomposition of 10vol% methanol–water 
mixture
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attributed to the (100), (002), (101), (102), (110), (103), 
(200), (112), and (201) planes, respectively, of hexagonal 
wurtzite structure of ZnO for the JCPDS No. 36-1451. How-
ever, no any XRD pattern corresponding to secondary phase 
of cerium oxide state was observed indicating the absence 
of  CeO2 phase of dopant.

As compare the XRD pattern of bare ZnO (Fig.  3a) 
the XRD patterns of 0.5%Ce/ZnO (Fig. 3b), 1%Ce/ZnO 
(Fig. 3c), 2%Ce/ZnO (Fig. 3d) and 3%Ce/ZnO (Fig. 3e) are 
found to be broader and show lower Bragg angle shifting, 
which supports incorporation of Ce ions in to the lattice of 
ZnO. Similar observation is reported by Li et al. [22]. It 
is to be noted that, as the extent of Ce increases, the peak 
becomes more and more broad. This is due to fact that, the 
ionic radius of  Ce4+ (97 pm) is slightly greater than that of 
 Zn2+ (74 pm), which causes the partial distortion of hex-
agonal wurtzite structure of ZnO. The crystallite size (D) 
of bare ZnO and Ce/ZnO calculated from the full-width at 
half maximum (FWHM) of the most intense peaks (101) by 
using Deby Scherer equation and the specific surface areas 
are determined by using the relationship, S = 6/� D, where S 
is the specific surface area in  m2  g−1, D is crystallite size in 
nm and � is the material density (for ZnO � = 5.61 ×  10–3 kg/
cm3). The results are depicted in Fig. 4.

The crystallite size of Ce/ZnO is smaller than that of 
bare ZnO. And with the increase in Ce content the crystal-
lite size was found to decrease. The specific surface area 
increase, as the content of Ce in Ce/ZnO increases (Fig. 4). 

The insertion of Ce into the ZnO lattice had a strong influ-
ence on  H2 production by means of photochemical split-
ting of water–methanol mixture. This is due to fact that, 
the crystallite size of Ce/ZnO decreases and specific sur-
face area increases with increase in concentration of Ce in 
ZnO. To correlate the optical absorption properties of the 
photocatalysts with its activity, the UV–Visible absorption 
spectra of pure and Ce/ZnO were investigated and results 

Fig. 3  XRD pattern of a bare 
ZnO, b 0.5%Ce/ZnO, c 1%Ce/
ZnO, d 2%Ce/ZnO and e 3%Ce/
ZnO

Fig. 4  Crystallite size (nm) and specific surface area  (m2/g) of Ce/
ZnO and bare ZnO
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are shown in Fig. 5a–e. As compare to bare ZnO, � max of 
Ce/ZnO shifts towards longer wavelength.

The λmax of bare ZnO, 0.5%Ce/ZnO, 1%Ce/ZnO, 2%Ce/
ZnO and 3%Ce/ZnO was found to 373 (Fig. 5a), 373.5 
(Fig. 5b), 373.7 (Fig. 5c), 376.3 (Fig. 5d) and 379.9 nm 
(Fig.  5e), respectively. It is also observed that, with 
increase in Ce content in ZnO, the absorption intensity 
decreases. It is well-known that optical absorption proper-
ties are associated with its optical energy gap (Eg). Hence, 
the optical energy gap is determined by Kubelka–Munk 
algorithm with tangent lines of the square root of F(R) 
against photon energy as shown in inset of Fig.  5f–j. 
The optical band gap of bare ZnO is found to be 3.18 eV 
(Fig. 5f), whereas, band gap of Ce/ZnO at different Ce 
content i.e. 0.5%, 1%, 2%, 3%, estimated from the tan-
gent lines are 3.12 (Fig. 5g), 3.09 (Fig. 5h), 3.05 (Fig. 5i), 
and 3.01  eV (Fig.  5j), respectively. The narrowing of 
band gap benefits for the utilization of the light of longer 
wavelength which is ultimately useful for visible light 
photocatalytic  H2 production. 2%Ce/ZnO has optimum 
band gap (3.05 eV) to absorb visible light and to mini-
mize photo generated electron–hole recombination which 
is attributed to highest photocatalytic  H2 production. Bare 
ZnO, 0.5%Ce/ZnO and 1%Ce/ZnO have larger band gap 
than the optimum value, makes difficult to absorb visible 
light, whereas, 3%Ce/ZnO has smaller band gap than opti-
mum value, favors electron–hole recombination and hence 
shows less photocatalytic activities. Photoluminescence 
(PL) spectra of bare ZnO and Ce/ZnO were obtained at 
330 nm excitation wavelength (Fig. 6a–e). Bare ZnO and 
Ce/ZnO shows two emission bands in the wavelength 
range of 350–550 nm, (a) Near band edge (NBE) or UV 

emission band (381 to 384 nm) and (b) green yellow emis-
sion band (410–500 nm). The UV emission band of bare 
ZnO and Ce/ZnO is attributed to the recombination of the 
free excitons of ZnO. As compare to bare ZnO, the inten-
sity of UV emission band edge free excitonic PL signal 
decreases with increase in the extent of Ce in ZnO up to 
2%Ce/ZnO (Fig. 6). This is mainly due to electronic cap-
ture of  Ce4+ to become  Ce3+ with a stable half-filled outer 
electronic structure. Therefore, the electrons captured by 
 Ce4+ cannot be bound by surface oxygen vacancies and 
defects to further produce excitons, which decreases exci-
tonic PL intensity [23]. The existence of  Ce4+ in Ce/ZnO 
is ensured by XPS analysis of most active 2%Ce/ZnO cal-
cined at 600 °C. Thus, the decrease in intensity of UV 
exitonic band with the increase in Ce content in ZnO sup-
ports less recombination of photogenerated electron–hole, 
which is attributed to more  H2 production over Ce/ZnO.

As compare to bare ZnO, Ce/ZnO shows more intense 
green emission band at 410 to 500 nm. With the increase in 
extent of Ce in Ce/ZnO, the intensity of green emission band 
increases and its position shifts to the higher wavelength 
(Fig. 6a–e). It is well-known that the green yellow emis-
sion band around 410–500 nm originates from deep level 
(DL) defect emission associated with oxygen vacancies in 
ZnO lattices. Larger the content of oxygen vacancy or defect, 
stronger is the PL signal of green yellow emission [23]. It 
means, as the amount of Ce in ZnO increases the extent of 
oxygen vacancy or defect increases, which favors the photo-
catalytic  H2 production. Because of more number of oxygen 
vacancies or defects in Ce/ZnO and less recombination of 
photo generated electron–hole, it shows higher photocata-
lytic  H2 production than bare ZnO. Thus, 2%Ce/ZnO found 
to be most active photocatalyst towards the evolution of  H2 

Fig. 5  UV–Visible spectra and Kubelka–Munk plots (inset) of a, f 
bare ZnO, b, g 0.5%Ce/ZnO, c, h 1%Ce/ZnO, d, i 2%Ce/ZnO and e, 
j 3%Ce/ZnO

Fig. 6  PL spectra of a bare ZnO, b 0.5%Ce/ZnO, c 1%Ce/ZnO, d 
2%Ce/ZnO and e 3%Ce/ZnO
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(43 μmolh−1  g−1) due to lowest electron–hole recombination 
along with optimum oxygen vacancies.

To investigate the effect of calcination tempera-
ture on crystalanity and morphology of 2%Ce/ZnO, 
SEM–EDX analysis is carried out and results are high-
lighted in Fig. 7a–d. SEM analysis of 2%Ce/ZnO calcined at 
500 °C shows the spherical, partially agglomerated particles 
(Fig. 7a). Due to agglomeration at 500 °C, less surface area 
is available which is attributed to less  H2 production (17 μ
molh−1  g−1). As the calcination temperature increased to 
600 °C, 2%Ce/ZnO has good crystalanity and spongy mor-
phology (Fig. 7b), which is favorable for  H2 production (43 μ
molh−1  g−1). When 2%Ce/ZnO calcined at 700 °C, in spite 
of spongy morphology and good crystalanity, (Fig. 7c), it 
shows less  H2 production (14 μmolh−1  g−1) because of larger 
crystallite size and hence less specific surface area. The EDX 
of most active, 2%Ce/ZnO calcined at 600 °C, shows the 
presence of Ce in addition to Zn and O elements (Fig. 7d).

The chemical state of Ce ions in the ZnO lattice and their 
vibration states are ensured by XPS analysis of 2%Ce/ZnO 

and bare ZnO (for comparison) samples and results are cor-
related with activity of these materials towards photocata-
lytic  H2 production. Figure 8a shows the full scan XPS of 
bare ZnO. High resolution XPS of  Zn2p region of bare ZnO 
shows peaks centered at 1021 and 1044.1 eV are assigned to 
the  2p3/2 and  2p1/2 states, respectively (Fig. 8b), which can be 
ascribed to  Zn2+ of ZnO lattice. Bare ZnO shows prominent 
and symmetric XPS peak in O1s region (Fig. 8c). Gaussian 
peak fitting shows two contributions: low energy prominent 
peak located at 530 eV and the high energy weak component 
centered at 531 eV.

Full scan XPS of 2%Ce/ZnO is represented in Fig. 9a. 
High resolution XPS of  Zn2p region of 2%Ce/ZnO shows 
peaks centered at 1021.6 and 1044.9 eV, (Fig. 9b) which 
are slightly shifted to higher binding energy as compare to 
bare ZnO, which may be due to the smaller crystallite size 
of Ce/ZnO than that of bare ZnO. Figure 9c demonstrations 
XPS of O1s region of 2%Ce/ZnO which is asymmetric and 
composed of two components, low intensity peak centered 
at 530.13 eV and prominent peak centered at 531.54 eV. 

Fig. 7  SEM images of 2%Ce/ZnO calcined at a 500 °C, b 600 °C, c 700 °C, d EDX of 2%Ce/ZnO calcined at 600 °C
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The former is associated with photoemission in  O2− ions 
with valence state of lattice oxygen in ZnO and the latter 
is for lower valence oxygen i.e. surface adsorbed oxygen 

and  O− [24]. Thus, the O1s peak of 2%Ce/ZnO is asymmet-
ric and 531 component is more prominent than bare ZnO, 
which is indication of presence of more number of oxygen 

Fig. 8  a Full scan XPS of bare 
ZnO, High resolution XPS of b 
Zn2p region, c O1s region

Fig. 9  a Full scan XPS of bare 
2%Ce/ZnO, High resolution 
XPS of b Zn2p region, c O1s 
region, d Ce 3d region and e C 
1s region (reference)
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vacancies in 2%Ce/ZnO and attributed to more photocata-
lytic activity towards  H2 production.

Higher number of oxygen vacancies are responsible to 
more  H2 production [25]. High resolution XPS scan of  Ce3d 
region shows prominent peaks centered at 890.6 and 897 eV 
are assigned to  3d5/2 state of  Ce4+ ion and peaks centered 
at 906.7, 909.2 and 915.5 eV are assigned to  3d3/2 state of 
 Ce4+ ion in ZnO surface (Fig. 9d). These  Ce4+ dopant ions 
can capture photo generated electrons and restrict the elec-
tron–hole recombination. XPS of 2%Ce/ZnO and bare Zno 
were recorded with C1s reference with the binding energy 
284.8 eV (Fig. 9e).

Mechanism of photocatalytic  H2 production over Ce/
ZnO:

When Ce/ZnO is irradiated with light, electron–hole pairs 
are generated in the conductance band and valence band, 
respectively (Fig. 10).

These electrons and holes participate in redox pro-
cesses at the surface of photocatalyst. The splitting of water 
requires 237 kJ  mol−1 of energy, whereas, methanol has a 
lower splitting energy relative to water. Hence, the pho-
togenerated holes attack the methanol to form formaldehyde 
and hydrogen. Here, methanol also act as hole scavenger 
to increase the electron–hole separation [13]. Methanol 
is less polar (dipole moment is 1.69D) than water (dipole 
moment is 1.84D). When methanol is added to water it also 
weakens the strength of intermolecular hydrogen bonds of 
water molecules and makes water molecule free for photo-
chemical splitting. Holes are the strong oxidizing agent and 
responsible for splitting of water to form  H2. Photogenerated 
electrons reduce  Ce4+ ion to the  Ce3+ ion on the surface of 
ZnO. Hence  Ce4+ ion dopant act as an electron sink, on the 
ZnO surface can enhance the separation of photogenerated 

electron–hole pairs and inhibit recombination of generated 
charges in photocatalysis.

Conclusions

UV–Visible spectra suggest that the 2%Ce/ZnO has opti-
mum band gap (3.05 eV) to absorb visible light and to mini-
mize photo generated electron–hole recombination which 
is attributed to highest photocatalytic  H2 production. With 
increase in calcination temperature extent of  H2 production 
was found to increases up to 600 °C. 2 mol. % Ce incorpo-
rated ZnO calcined at 600 °C produces 43 μmolh−1 g−1 of 
 H2 which is 35 times greater than bare ZnO (1.2 μmolh−1 
g

−1) calcined at 600 °C. The higher hydrogen production 
over 2%Ce/ZnO as compare to bare ZnO is attributed to 
smaller crystallite size, greater surface area, more number 
of oxygen vacancies and reduction in recombination rate of 
photogenerated hole–electrons.
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