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ABSTRACT

The Zn1−xCexO nanoparticles thin films (x = 0.01, 0.03, 0.05, 0.07, and 0.1) were deposited on
glass substrates by pulsed laser deposition (PLD) technique with the view to use in photocat-
alytic water decontamination applications. The pre-synthesized Ce-doped ZnO targets of
various Ce dopant levels were subjected to PLD for the deposition of films. The optical eval-
uation of the Ce-doped compared to pure ZnO thin films by diffuse reflectance spectroscopy
(DRS), revealed the dependence of the extension of the absorption edge in the visible region
with the increasing Ce contents, whereas the shifts in the Raman spectra verified the inser-
tion of Ce in the lattice. The structural and morphological characterization of the fabricated
films was carried out by XRD, FESEM, and AFM. The variations in the oxidation states of
the components of the films during the deposition were evaluated by XPS. The photocat-
alytic activity of the Ce-doped films, in comparison to bare ZnO, was evaluated in natural
sunlight exposure for the removal of 2-chlorophenol. The as-fabricated Ce-doped films exhib-
ited substantially high degradation/mineralization activity as well as stability against the
photocorrosion as compared to pure ZnO. The film with 3% Ce contents showed the highest
activity. The salient feature of the study was the low exposed area as compared to the overall
size of the reactor. The kinetics of the photocatalytic degradation/mineralization process and
the stability of the films in the repeated cycles were also evaluated.
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1. Introduction

Although with the discovery of cheap and non-
toxic semiconducting materials such as TiO2 and ZnO,
photocatalysis has been recognized as the leading

technique for environmental remediation, however,
the requirement of UV light as excitation source
because of the wide bandgaps has restricted its com-
mercial scope [1–7]. The cost and associated limita-
tions in the use of artificial UV light have restricted
photocatalysis to academic research. The natural sun-
light that carries 3–5% UV and 46% visible photon*Corresponding author.
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being ample, free, ever renewable can be a suitable
alternative as an excitation source but requires the
development of narrow bandgap active photocatalysts
with the capability to engage a major portion of the
solar spectrum [8,9]. Various techniques are reported
in the literature to shrink the wide bandgap materials
for better spectral response and activity. The alteration
of the band structure by inserting the metal ions in
the lattice without disturbing the crystal structure is a
suitable tool in this contest. The inserted metal ions
not only improve the spectral response by lowering
the conduction band, but also improve the delivery of
the excited electrons to the adsorbed species [10–14].
The alteration of the existing wide bandgap materials
such as TiO2 and ZnO by metal doping in powder
form and casting thin films is a popular area of
research [15–18]. The use of pure and doped photocat-
alysts in powder form is abundant however, the thin
films are rarely used in photocatalytic applications.
Although already existing, the abundant use of
nanoparticles has further intensified the concern on
the removal of photocatalysts after decontamination
process. The use of thin films as immobilized
photocatalysts can completely eliminate the issue of
retrieval.

Although ZnO is comparable to TiO2, both in
terms of chemical and photocatalytic properties, how-
ever, its extended absorption cross section augments
its suitability for sunlight photocatalytic applications.
The photocatalytic studies in the sunlight exposure
using pure or modified ZnO films are rare. Some
recent studies have been reported on the use of ZnO-
based thin films for water treatment using UV light as
excitation source [19–22]. Although, few studies
regarding the fabrication of metal doped ZnO films by
PLD are reported in the literature [23,24], however,
the experimental protocol which we adopted is com-
pletely different from the reported procedures. Addi-
tionally, the studies regarding the use of Ce3+ doped
films for the removal of 2-CP particularly in sunlight
exposure are rare.

In this work, we fabricated 4 × 2.5 cm pure and
Ce3+ doped zinc oxide (ZnO) nanoparticles thin film
using pulse laser deposition technique by the targets
of the pre-synthesized Ce3+ doped ZnO powders. The
current work is motivated by our previous work
[25,26], in which we reported the excellent photocat-
alytic activity of Ce3+ surface modified ZnO powder.
The Ce3+ doping level was varied from 1 to 10
(atom)% to fabricate Zn1−xCexO (x = 0.01, 0.03, 0.05,
0.07, and 0.1) films. The as-produced films were char-
acterized by different techniques like UV–vis, DRS,
Raman spectroscopy, XRD, XPS, AFM, and FESEM.

The salient feature of the study was the estimation of
the photocatalytic activity of the Ce3+ doped ZnO thin
film by exposing the 10 cm2 glass substrate film with
the photocatalyst layer of ~90 nm in a glass reactor
with the area of 189 cm2 containing 100 cm3 of 2-CP
solution. The degradation was measured by HPLC,
whereas the mineralization was assessed by total
organic carbon (TOC) measurements. Several other
parameters were also studied.

2. Experimental details

In the current study, Zn1−xCexO (x = 0.01, 0.03,
0.05, 0.07, and 0.1) nanoparticles were synthesized by
sol–gel technique. Appropriate amount of Zn
(NO3)3·6H2O (Sigma-Aldrich, 99.99% pure) and Ce
(NO3)3·6H2O (Sigma-Aldrich, 99.99% pure) were used
as the sources of Ce3+ and Zn2+ ions. To synthesize
the Zn0.99Ce0.01O having 1% atomic ratio of Ce/Zn,
4.50 g of zinc nitrate and 0.0309 g of cerium nitrate
were dissolved in 2:1 ratio of deionized water and
ethanol mixture under constant stirring for two hours
at 80˚C. The mixture of metal ion solution was slowly
hydrolyzed with dropwise addition of 0.1 M KOH
solution and adjusted the pH at 8. The obtained gel
was heated at 200˚C till the complete transformation
of gel to precipitates. The precipitates were filtered,
thoroughly washed with water and acetone/ethanol
mixture (50:50) for the complete removal of unreacted
KOH, and dried in hot air oven overnight. The dried
powder was grinded and calcined at 500˚C in a muffle
furnace for six hours. Other compositions of
Zn1−xCexO photocatalyst containing different Ce/Zn
ratio were also prepared accordingly.

Pulse laser deposition (PLD) technique was
applied for the synthesis of Zn1−xCexO (x = 0.01, 0.03,
0.05, 0.07, and 0.1) films at different concentrations by
using the PLD system, Neocera Pioneer 180, Neocera,
USA. In a typical deposition, a 1-inch pallet of synthe-
sized photocatalytic powder material was pressed as a
target for PLD system hydraulic pressing. Krypton flu-
oride laser medium was used to generate Excimer
Laser at 248 nm and the laser power was adjusted at
270 mJ. The deposition on a glass slide was done at
room temperate located above the target by ~12 cm.
The number of pulses was 12,000 and the pressure
was adjusted to 10 mtorr by using the oxygen gas
with a flow rate of 30 sccm. The films were annealed
at 500˚C for 1 h. For the structural and morphological
characterization of synthesized thin films, a field emis-
sion scanning electron microscopy (FESEM JSM-7500F,
JEOL) and tapping mode atomic force microscopy
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(AFM, UHVAFM/STM model XA 50/500), Omicron,
Germany with the scanning area of 0.5 × 0.5 μm were
used. UV–vis diffuse reflectance spectrophotometer
(DRS) equipped with an integrating sphere recorded
the solid-state absorption and diffuse reflectance spec-
tra of the synthesized thin films in 200–900 nm range.
The bandgap was evaluated by extrapolating the
curve obtained by plotting (F(R) × hv)1/2 vs. hv. where,
F(R) is the Kubelka-Munk transformations of the %R
values in diffuse reflectance spectra. Raman shifts
were measured with a DXR Raman microscope
(Thermo Scientific, USA) using a 13 mW power and
780 nm laser as the excitation source. The crystal
structure and phase purity of the material assimilated
from X-ray diffraction (XRD, Ultima-IV diffractometer
Rigaku, Japan) with Cu Kα radiation source. X-ray
photoelectron spectroscopy (XPS) measurements were
carried out using a PHI 5000 (VersaProbe, Japan). The
samples were irradiated with monochromatic Al Kα
radiation (hν = 1,486.6 eV). Survey scans were per-
formed using a step size of 0.25 eV/step. The obtained
curves were fitted using Multipack v8.2c data analysis
software, which was provided with the PHI-5000 Ver-
saProbe ESCA instrument, using a combination of
Gaussian and Lorentzian peak shapes. The photocat-
alytic performance of the Ce3+ doped films, in com-
parison to pure ZnO, was evaluated for the
degradation of 2-chlorophenol (2-CP). In a typical
experiment, the film was submerged in 100 ml of
20 ppm 2-CP solution in a Pyrex® glass reactor. The
dimensions of the reactor are mentioned in our previ-
ous communication [5,27]. The coated portion was
directed towards the direction of sunlight. The experi-
ments were performed in the natural environment
without controlling any parameters such as tempera-
ture and pressure. To estimate the adsorption, the
2-CP submerged films were kept in the dark for
30 min prior to the exposure. The solution was
exposed to sunlight with an illumination of 1,050
± 50 × 102 lx during fixed period of daylight for
240 min. To monitor the progress of degradation
process, the samples were drawn at regular intervals
and subjected to HPLC (HPLC, (SPD-20A, Shimadzu
Corporation, Japan) analysis. The samples for TOC
(TOC-VCPH total carbon analyzer, Shimadzu Corpo-
ration, Japan), IC (Thermo scientific, USA, ion chro-
matograph, Dionex (ICS-5000 + EG) Eluent Generator)
and ICP-AES (Shimadzu, Japan) analysis were also
collected at the same time. The experiments in the
visible region of the sunlight were performed by using
Pyrex® glass as UV cutoff filter. The stability of the
Ce3+ doped ZnO was evaluated by using the same
film and fresh 2-CP solution in the five successive
cycles.

3. Results and discussion

3.1. “Films” characterizations

The absorption spectra of pure and Zn1−xCexO
(x = 0.01, 0.03, 0.05, 0.07, and 0.1) films is presented in
300–800 nm range are compared in Fig. 1. The initial
observation was the enhanced absorption in the visible
region as well as unique single absorption edges.
These observations lead to the conclusion that the fab-
rication procedure, PLD, inserted Ce in the lattice of
the ZnO without the formation of individual surface
oxides. Probably, the alteration of the conduction band
of ZnO composed of Zn2+ (3d104s0) by the implanted
Ce (4f1) bands consequences the enhanced absorption
of the films in the visible region. The setting up of the
additional levels below or beside the existing conduc-
tion bands generates additional transitions by sharing
the common O 2p valence band. With the increase in
the impurity level, the magnitude of the transitions
involving the parallel conduction band established by
the Ce entities is increased that, consequences the aug-
mented absorption in the visible region. The evalua-
tion of the bandgaps of the Ce-doped films by plotting
(F(R) × hν)1/2 vs. photon energy (hν), where F(R) is the
Kubelka-Munk transformation of the reflectance data,
also resulted in the red shifted bandgap energies com-
pared to ZnO with the unique absorption edges that
verified the skeletal insertion of Ce. This result is pre-
sented in the inset shown in Fig. 1. The evaluated
bandgaps for pure and Zn1−xCexO (x = 0.01, 0.03, 0.05,
0.07, and 0.1) films were ~3.15, ~3.05, ~2.97, ~2.95,
~2.9, and ~2.88 eV.

Fig. 1. Comparison of the solid state absorption spectra of
pure and Zn1−xCexO (x = 0.01, 0.03, 0.05, 0.07, and 0.1)
films in 300–800 nm. The inset shows the graphical evalua-
tion of the bandgaps of the fabricated films.
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The Raman spectra of the pure and Ce-doped ZnO
films in 300–700 cm−1 range are presented in Fig. 2. In
the current study, we exclusively concentrated on the
E2 (high) vibrational mode that corresponds to the
Zn–O lattice stretching vibrations. In the pure ZnO
film, the E2 mode at ~439 cm−1 was in accordance
with the literature values [28]. A noticeable shifting in
the E2 band, for the Zn1−xCexO films, depicted the
increased stiffness or more restricted stretching vibra-
tions as compared to Zn–O bond that identified the
insertion of Ce in the lattice thus leading to Zn–O–Ce
type structures. Such type of observations are already
reported for a similar type of systems [29]. The
increasing level of Ce in the films substantially
enhanced the activity of the band, however, its overall
position remain preserved for all the Ce-doped films.
Moreover, the appearance of additional bands proba-
bly representing the vibrations of Ce–O and Ce–O–Ce
type structures.

In the XRD analysis, the major reflections for pure
ZnO film at the 2θ values of 31.8˚, 34.5˚, 36.2˚, 47.6˚,
56.8˚, 63.1˚, and 68.0˚ corresponded to (1 0 0), (0 0 2),
(1 0 1), (1 0 2), (1 1 0), (1 0 3), and (1 1 2) planes. These
values were in close agreement with the literature val-
ues of highly crystalline hexagonal ZnO wurtzite
structure [30]. The XRD patterns of the deposited
polycrystalline Zn1−xCexO films (x = 0.01, 0.03, 0.05,
0.07, and 0.1) is presented in Fig. 3. In all the patterns,
the careful analysis revealed no additional peak, corre-
sponding to the supplementary phase that indicated
the phase purity of the films. Concentrating on the
(1 0 1) plane at 36.2˚ for pure ZnO, the reflection was
shifted to 37.34˚. The shift in the position of the reflec-

tion was attributed to the strain introduced in the film
with the insertion of Ce that causes a change in the
diffraction angle [31].

The wide angle XPS survey scan of Zn0.95Ce0.05O
film is presented in Fig. 4(a) where the peaks at differ-
ent binding energies represented the components (Ce,
Zn, O) of the film. The deconvolution and fitting of
the raw peak Ce3d5/2 exposed at least four peaks at
the binding energies of ~880.95, ~883.84, ~886.21, and
~888.12 eV (Fig. 4(b)). As mentioned in the experimen-
tal details, Ce3+ was used as the precursor for the syn-
thesis of the Ce-doped ZnO powder initially and
fabrication of Zn1−xCexO (x = 0.01, 0.03, 0.05, 0.07, and
0.1) films finally, the appearance of the peaks corre-
sponding to 3+ and 4+ oxidation states revealed the
oxidation states transformation during the fabrication
process. The intense peaks at ~883.84 and ~886.21 eV
represented the Ce in 3+ oxidation state, whereas the
low intensity peaks at 880.95 and 888.12 eV identified
the 4+ oxidation states. The coexistence of 3+ and 4+
oxidation states of Ce is well documented in the litera-
ture [32–34]. The asymmetry was observed in the high
resolution scans of Zn2p and O1s core levels due to
the changed chemical environment in Zn1−xCexO
(x = 0.01, 0.03, 0.05, 0.07, and 0.1) films compared to
pure ZnO. As presented in Fig. 4(c), the deconvolution
of the asymmetric peak of Zn2p3/2 levels revealed the
intense peak at 1,020.07 eV and low intensity peak at
~1,021.62 eV. Although both of these peaks repre-
sented Zn in 2+ oxidation, however, indicated differ-
ent chemical environments. The asymmetry in the
shape of the peak indicated the initiation of the
additional peaks of oxygen from the chemically differ-

Fig. 2. Comparison of the Raman spectra of pure and
Zn1−xCexO (x = 0.01, 0.03, 0.05, 0.07, and 0.1) films in the
wavelength range of 300–700.

Fig. 3. Comparison of the solid state absorption spectra of
Zn1−xCexO (x = 0.01, 0.03, 0.05, 0.07, and 0.1) films in the
2θ range of 20–80˚.
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ent origin. The deconvolution of the asymmetric O1s
narrow-angle scan is presented in Fig. 4(d). The
intense peak at ~530.5 eV represented the majority
oxygen attached to Zn in ZnO whereas the low inten-
sity peaks at ~528.4 and ~532.44 eV were assigned to
the oxygen attached to Ce(III, IV) and the surface
hydroxyl groups, respectively.

The FESEM images of Zn0.95Ce0.05O film at the
magnification of 15,000× and 120,000× are compared
in Fig. 5(a) and (b), respectively. The images showed
the even deposition of the particles without cracks or
blank spaces. It is evident from the images that the
nanostructures with a uniform morphology are
formed with the adopted experimental conditions. The
particle size distribution ranged between 20 and
30 nm. The particles appeared as the aggregates of the
smaller particles that resulted in the random shapes.
The morphology and particle size of the other films of
different Ce concentrations are similar to those shown
in Fig. 5(a) and (b). Such types of findings are dis-
closed earlier [35].

To confirm the particle size deposited on the glass
slides by the PLD system, typical AFM images were
recorded and presented in this study. Fig. 6(a) and (b)
shows two-dimensional and three-dimensional AFM
images of Zn0.95Ce0.05O film. The observed morphol-
ogy is similar to that shown by SEM images. Nanopar-
ticles with sizes around 20–25 nm can be seen. Some
aggregated clusters are observed, but with a slight
height, which cannot significantly affect the deposition
quality. The other films of different Ce concentrations
exhibited similar features in their structure and mor-
phology. No significant changes in the particle size or
shape are observed by increasing the dopants concen-
tration. Perhaps the change in the particle size and
shape is negligible and could not be observed at this
ultrafine structure.

3.2. Photocatalytic studies

It is very well established that a cascade of ionic,
radical and molecular species is generated in the

Fig. 4. (a) The wide angle survey scan of 5 atom% Ce doped ZnO film whereas (b)–(d) shows the deconvolution and
curve fitting of the high precision scans of Ce3d5, Zn2p and O1s core levels, respectively.
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photocatalytic system with the interaction of photons
having energy sufficient enough to excite the valence
band electrons across the bandgap barrier. The oxygen
bearing ionic and radical entities are classified as reac-
tive oxygen species (ROS). The superoxide anion and
hydroxyl radicals are the primary oxidants that are
believed to be generated instantaneously by the
absorption of photons. The generation and life span of
the ROS are dependent on the suitability of the poten-
tial associated with the band edges in the aqueous
medium and pH of the system. Although, the hydro-
xyl radicals are assigned as the major contributors in
the oxidation of the substrates in almost all the com-
munications in the area of photocatalysis however,
based on the experimental facts, the stance of the sci-
entific community is diverting towards the superoxide
anion radicals as the leading oxidants as some recent
studies have questioned not only the formation but
also the involvement in the degradation mechanism

[36,37]. We believe that the careful analysis of the
experimental data of the photocatalytic degradation
studies can lead to the clues regarding the nature and
role of the ROS involved in the degradation process.

The interesting feature of the current study is the
assessment of the photocatalytic activity of the pure
and Ce-doped ZnO films, having a significantly lower
area available for exposure as compared to the total
area of the reactor. Additionally, the films were immo-
bilized in the middle of the reactor and no stirring or
shaking was applied. The adsorption of the 2-CP sub-
strate on pure and Ce3+ doped ZnO films was evalu-
ated by comparing the peak heights of the samples
collected after the dark experiments with that of 2-CP,
20 ppm standard. Compared to >20% for pure ZnO,
The average adsorption of 2-CP on the Ce-doped films
was <10%. A successive decrease in the adsorption
was noticed with the increasing Ce3+ contents of the
doped films.

As evaluated from the decrease in the HPLC peak
heights, the percentage degradation of 2-CP for the
pure ZnO and Zn1−xCexO films (x = 0.01, 0.03, 0.05,
0.07, and 0.1) as a function of sunlight exposure time

Fig. 5. The typical FESEM images of 5 atom% Ce doped
ZnO film at (a) 15,000× and (b) 120,000×.

Fig. 6. The typical AFM images of 5 atom% Ce doped ZnO
film (a) two dimensional and (b) three dimensional.
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is presented in Fig. 7(a). The comparison of the degra-
dation curves for each film revealed the significantly
higher activity of the Ce3+ doped films as compared to
un-doped ZnO film. The activity of Zn0.99Ce0.01O,
Zn0.97Ce0.03O, Zn0.95Ce0.05O, and Zn0.93Ce0.07O films
was comparable with each other, however, the activity
of film doped with 3 atom% of Ce3+ was the highest
among all. A decreasing trend was observed with the
increase in the Ce3+ loading beyond 3 atom% Ce3+

doping and the minimum activity among all the
doped films was noticed for 10 atom% Ce3+ doped
ZnO film that was comparable with that of pure ZnO
film. Compared to 20% removal for pure ZnO, the Ce-
doped films degraded ~44, ~52, ~42, ~36 and ~24% of
the 2-CP substrate in 30 min of sunlight exposure. The
1, 3, and 5 atom% Ce3+ doped ZnO films removed

≥90% of 2-CP in 120 min of exposure. All the films
managed to remove >95% of the substrate in 240 min
of exposure. The representative HPLC profile for the
removal of 2-CP when Zn0.97Ce0.03O film was exposed
to sunlight is presented in Fig. 7(b), where the simul-
taneous removal of the substrate, as well as the inter-
mediates, formed during the degradation process, is
observable. The rate constants for the degradation of
2-CP in the presence of pure and Ce-doped films were
calculated by plotting ln(Co/C) vs. the exposure time
as per Langmuir–Hinshelwood kinetic model for
pseudo-first order reactions and presented in the inset
of Fig. 7(a). A deviation from the kinetic model was
observed for pure ZnO and Zn0.90Ce0.1O film as a lin-
ear increase in the rate was noticed till ~70% removal
of 2-CP substrate. A sharp increase deviating from lin-
earity was observed afterward. The increased rate of
degradation with the decreased concentration of 2-CP
indicated the ample availability of the ROS for the
degradation process as the overall number of ROS
remains constant for a particular system. The observed
rate constants for Zn0.99Ce0.01O, Zn0.97Ce0.03O,
Zn0.95Ce0.05O, and Zn0.93Ce0.07O films were 0.021,
~0.069, 0.020, and 0.018 min−1, respectively.

The mineralization of 2-CP substrate during the
degradation process for the pure, Zn0.99Ce0.01O,
Zn0.97Ce0.03O, Zn0.95Ce0.05O, Zn0.93Ce0.07, and Zn0.9Ce0.1
films is presented in Fig. 8(a). Compared to pure ZnO
film, a substantially high TOC removal was noticed
for all the Ce3+ doped films except Zn0.9Ce0.1O film.
Keeping in view the organic content of 11.2 mg/L for
20 mg/L 2-CP, the Zn0.97Ce0.03O, and Zn0.95Ce0.05O
films reduced the TOC level below 1 mg/L that repre-
sents more than 90% TOC removal in 240 min of
exposure. Consistent with our previous observations
[25,26], the rate of TOC removal was significantly
lower than the rate of the degradation process in the
initial one hour that disclosed the priority of the ROS
for the substrate. Additionally, the multistep nature of
the mineralization process as compared the degrada-
tion was also exposed. The presence of the intermedi-
ates in the HPLC profile (Fig. 7(b)) also validates the
same arguments. It can also be speculated that the lar-
ger intermediate fragments further interact to form
smaller fragments which are mineralized accordingly.
The rates of TOC removal are presented in Fig. 8(b).
As expected, the rates of mineralization were signifi-
cantly lower than those of degradation. The evaluated
rates of mineralization for the pure ZnO film and
Zn1−xCexO films (x = 0.01, 0.03, 0.05, 0.07, and 0.1)
were 0.0052, 0.0074, 0.011, 0.0095, 0.0064, and
0.0046 min−1, respectively. An increase in the rate of
TOC removal was observed with the decreasing 2-CP
concentration.

Fig. 7. (a) The percentage degradation of 2-CP for the pure
ZnO and Zn1−xCexO films (x = 0.01, 0.03, 0.05, 0.07, and
0.1) as a function of sunlight exposure time and (b) the
representative HPLC profile for the removal of 2-CP when
Zn0.97Ce0.03O film was exposed to sunlight. The inset of (a)
shows the graphical evaluation of rate constants.
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Apart from ZnO film doped with 10 atom% of
Ce3+, the activity of the other doped film was signifi-
cantly higher than that of pure ZnO film that indi-
cated the efficient role of the inserted Ce in
suppressing the excitons recombination process by
trapping the conduction band electrons and effective
transfer of the trapped electrons for the enhanced gen-
eration of the ROS. It might be presumed that the
excited electrons from the conduction band of Zn2+

(3d104s1) to the additional levels composed of Ce3+

(4f1) orbitals of the impurity. Probably, the capture of
the electron results in the increased energy that is dis-
sipated instantaneously with the transfer of electrons.
The highest activity of the film doped with 3 atom%
Ce3+ indicates the optimum level of the doping.
Beyond that limit, the electron transfer ability is
reduced, that affects the overall generation of ROS in

the system. Regarding the identification of the major
contributor among the primary ROS i.e. O��

2 and HO�,
the suitability of the conduction band potential of
ZnO (−0.31 V) indicate the feasibility of higher genera-
tion of superoxide anions as compared to hydroxyl
radicals. Additionally, the pHzpc (9.1) of ZnO also sup-
ports the extended lifetime of superoxide anions [37].

To estimate the mechanism and the nature of the
ROS involved, the ions generated during the degrada-
tion process were monitored by ion chromatography
(IC). The representative IC profile for the release of
ions during the degradation process in the presence
3 atom% Ce-doped ZnO film is presented in Fig. 9(a).
Interestingly, the concentration of the Cl− ions was
significantly lower than the expected value of
5.52 ppm for the completely dechlorinated 20 ppm 2-
CP. An additional peak at the retention time of
8.2205 min whose identification with the standard
revealed as ClO�

2 ion is also observable. The conver-
sion to ClO�

2 ions was identified as the source of the
low concentration of Cl− ions in the solution. From

Fig. 8. (a) Comparison of TOC (mg/L) removal and (b)
graphical evaluation of rate constants for mineralization
during the degradation of 2-CP for the pure ZnO and
Zn1−xCexO films (x = 0.01, 0.03, 0.05, 0.07, and 0.1) as a
function of sunlight exposure time.

Fig. 9. (a) IC profile for the released ions and (b) the evalu-
ation of film for reusability in five successive cycles for
Zn0.97Ce0.03O film.
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these observations, it can be anticipated that the Cl
groups of the 2-CP are displaced by the negative
charge bearing superoxide anions as the displacement
of a charged group by the neutral hydroxyl radicals
does not sound feasible that refers the major involve-
ment of O��

2 rather than HO�. It can also be speculated
that the interaction of O��

2 ions not only displace the
Cl− ions but also disintegrates the aromatic ring lead-
ing to the formation of smaller fragments that are
interacted further to complete mineralization. The
released Cl− ions initially interact with photon gener-
ated holes (h+) to form Cl� radicals. The interaction of
O��

2 in the solution form ClO�
2 ions. The same is

explained by the set of equations below:

Cl� þ hþvb ! Cl� (1)

Cl� þO�
2 ! ClO�

2 (2)

The reusability plot of 3 atom% Ce-doped ZnO film is
presented in Fig. 9(b). A mildly acceptable decrease in
the activity of the film was observed after five succes-
sive cycles. The adsorption of the released inorganic
may be the probable reason for this effect.

4. Conclusions

Ce doping not only enhanced the spectral response,
but also the photocatalytic activity of ZnO. The charge
trapping and transfer ability of the inserted Ce3+ aug-
mented the generation of ROS in the system for effi-
cient removal of 2-CP substrate. The study established
the viability of the photocatalytic decontamination pro-
cesses by exposing the active area of much smaller size
as compared to the total area of the reactor. The lower
rate of mineralization as compared to degradation dis-
closed the multistep nature of mineralization process
that proceeds through the formation of intermediates.
The escalated removal of 2-CP with the release of Cl−

and associated ions revealed the major contribution of
superoxide anions in the photocatalytic process. The
released Cl− ions are converted to ClO�

2 ions by h+ oxi-
dation and superoxide interaction. The use of thin
films and sunlight for the photocatalytic decontamina-
tion of water may eliminate the issues of high cost and
photocatalysts removal.
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