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Abstract—Cerium and dysprosium co-doped ZnO nanoparticles were synthesized through a simple co-pre-
cipitation approach at low temperature. X-ray diffraction was used for the structure and purity analysis of the
samples prepared. A hexagonal wurtzite structure was observed with no secondary peaks. The average particle
size was ~35 nm. Morphology was studied using scanning electron microscopy. A change in morphology
from elongated nanorods to nanoflowers was observed as the concentration of dopants increased. Photolu-
minescence spectra confirmed the shift of absorption edge towards the visible region of the solar spectrum.
Red shift was confirmed by UV–Vis spectroscopy which also revealed the narrowing of bandgap in co-doped
samples. The photocatalytic activity of the nanoparticles was evaluated in photodegradation of rhodamine B
(RhB) under UV irradiation. The experiment revealed a total degradation of the organic molecules indicated by
the elimination of the dye color. The results showed that ZnO photocatalyst, co-doped with cerium and dyspro-
sium (Zn0.90Ce0.05Dy0.05O), exhibited much improved photocatalytic performance (98% degradation) in com-
parison to un-doped ZnO. The enhanced photocatalytic performance of co-doped samples could be explained
by an increase in the amount of surface oxygen vacancies, improved absorption capacity and delayed recombi-
nation of photo generated electrons and holes owing to creation of trap states in the bandgap of ZnO.
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INTRODUCTION
In recent times, semiconductor nanomaterials have

been vital in the advancement of electronics and tech-
nology. Some semiconductors such as TiO2, ZnS,
ZnO, ITO, CdSe, etc. exhibit excellent optical proper-
ties [1]. Amongst them, ZnO being the II–VI semi-
conductor has a high binding energy at room tempera-
ture. ZnO also has a wide bandgap (3.37 eV), high
chemical stability and high melting point (1975°C). It
is the most commonly used semiconductor in opto-
electronic applications like photocatalysis, solar cells
and field emission displays due to its low cost, easy
synthesis, low toxicity, electron transport capability
and low crystallization temperature [2–7].

Physical properties of semiconductor nanomateri-
als are tuned by intentional incorporation of impurity
ions into the host lattice-doping [8–12]. Doping is
seen to modulate the optoelectronic and magnetic
properties of ZnO. Radiative transitions of 4f electrons
of rare earth ions have been under research because of
their unique luminescent and recombination sites for
electron-hole pairs [13]. Semiconductor based photo-
catalysts such as ZnO are of pivotal importance in alle-
viating the global concerns primarily related to the

treatment of waste water. Water pollution and scarcity
of water are the major scientific challenges impacting
billions of people world over. Textile industry and dye
production units produce enormous amount of eff lu-
ent water containing intense colored toxic dyes.
Rhodamine B (RhB) is the most widely used dye in
the textile industry and dye production units owing to
its high stability. However, it is extremely harmful to
human and aquatic life due to its carcinogenic and
mutagenic nature. Hence degradation and decompo-
sition of Rhodamine B dye is absolutely important for
conservation of water, aquatic life and human safety
[14]. Photocatalysis has emerged as the most efficient,
low cost and green process for waste water treatment.
Many semiconductor nanomaterials like TiO2, SnO2,
ZnO have been of high interest for researchers due to
their excellent photocatalytic performance. Among
the semiconductive oxides, ZnO is most suitable for
photocatalysis and degradation of organic compounds
because of its non-toxicity, chemical and corrosion,
stability and low cost [15–19]. However the major
shortcomings of un-doped ZnO nanoparticles for
practical applications pertain to its narrow spectral
range of response (λ < 380 nm) which comprises only
1900
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6–8% of solar energy while as visible light contributes
to 46% of the spectrum. Thus, to obtain a better pho-
tocatalyst from ZnO, its absorption edge needs to be
moved from UV to visible region. Further, less separa-
tion gap between electrons and holes, generated after a
high energy photon absorption by ZnO, leads to
recombination and energy dissipation within nano-
seconds. As photogenerated electrons and holes can
act as powerful oxidizing and reducing agents respec-
tively, a better charge separation between them can
pave the way for redox reactions, and, as a result,
improved photocatalysis can be achieved [20, 21].
These improvements in photocatalytic properties can
be achieved through doping with rare earth ions [22–
26]. Doping of lanthanides in ZnO have been studied
with metals like cerium (Ce), lanthanum (La), and
dysprosium (Dy) [27–31]. Among the rare earth dop-
ants with 4f configuration, cerium is particularly inter-
esting owing to its larger ionic size which causes a
localized charge perturbance when substituted into
the ZnO lattice, hence increasing its photocatalytic
activity [32–36]. Doping of ZnO with rare earth ions
is extensively studied, hardly leaving any scope for fur-
ther investigations in this area. However, a combina-
tion of rare earth dopings can be investigated for vari-
ous advantages over the single metal doping. Very few
works are available on these combination doping stud-
ies [37–43]. Our curiosity towards investigating the
impact of combination doping on optical properties of
semiconductors, motivated us for a detailed analysis of
Ce and Dy co-doping into ZnO matrix.To our excite-
ment, improvements in the optical properties were
observed on three fronts. We, herein, report an opti-
mized and enhanced photocatalytic performance of
ZnO nanoparticles with better optical bandgap depen-
dant on the co-dopant concentrations, a prolonged
separation between photogenerated charge carriers
due to induced trap levels in the bandgap of ZnO and
a red shift towards visible region for productive utiliza-
tion of solar energy.

Rare earth ion doped ZnO nanoparticles have been
synthesized by various methods like forced hydrolysis
[44], pulsed laser deposition [45], and combustion
method [46]. These methods are complex and usually
require high temperatures, costly machinery and
harmful chemicals.

A simple, cost effective and environmental
friendly method of co-precipitation has been used
for the synthesizing Ce and Dy co-doped ZnO
nanoparticles in the present work. ZnO nanoparti-
cles with an increasing concentration of co-dopants
i.e., Zn0.98Ce0.01Dy0.01O, Zn0.96Ce0.02Dy0.02O,
Zn0.94Ce0.03Dy0.03O, Zn0.92Ce0.04Dy0.04O and
Zn0.90Ce0.05Dy0.05O were synthesized for comparative
optical studies. Structural, morphological, optical and
photoluminescence features of the co-doped samples
were studied using XRD, SEM, UV–Vis spectropho-
tometer and photoluminescence, respectively, in the
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present work. The photocatalytic performance of the
pure and co-doped samples was studied by observing
the degradation of rhodamine B dye under UV light
irradiation. The degradation of harmful organic waste
and consequent removal of color was considerably
improved with Ce and Dy co-doped ZnO nanoparti-
cles as photocatalyst, in comparison to the un-doped
ZnO nanoparticles.The mechanism of degradation of
rhodamine B dye with nano photocatalyst is also dis-
cussed in current work.

EXPERIMENTAL
A facile, low cost and ecofriendly co-precipita-

tion route was used for synthesizing Ce and Dy co-
doped ZnO nanoparticles, i.e. (Zn0.98Ce0.01Dy0.01O,
Zn0.96Ce0.02Dy0.02O, Zn0.94Ce0.03Dy0.03O,
Zn0.92Ce0.04Dy0.04O, and Zn0.90Ce0.05Dy0.05O). The mole
fraction of dopant ions in the co-doped ZnO nanoparti-
cles was maintained by adjusting the weight ratio of dop-
ants, Ce and Dy, to host zinc. The starting salt and dop-
ant sources used i.e., host (zinc(II) acetate dihydrate
[Zn(COOCH3)2⋅2(H2O)] and dopants cerium(III) ace-
tate sesquihydrate [Ce(CH3COO)3⋅1.5(H2O)], dyspro-
sium(III) acetate tetrahydrate [Dy(CH3COO)3⋅4H2O)]
were of high purity(Sigma Aldrich, 99% purity). The
reagents were used without further purification. Dis-
tilled water was used as solvent and diethylamine was
used as a base and stabilizing agent. To begin with,
pure ZnO nanoparticles were synthesized. For this
0.5 M zinc acetate solution was prepared in a beaker at
60°C and 5 mL of diethylamine was slowly added to it.
The reaction was carried out for 30 min followed by
heating at 180°C. The precipitate was centrifuged and
annealed at 500°C in a muffle furnace for 1 h.

To prepare the Ce and Dy co-doped ZnO nanoparti-
cles, the solutions of dopant ions (cerium(III) acetate
sesquihydrate and dysprosium(III) acetate tetrahy-
drate) of mole fractions varying from 0.01–0.05 with
concentration step of 0.01 were prepared in distilled
water. These solutions were then added to the solution
of 0.5 M zinc acetate. Afterwards, 5 mL of diethyl-
amine was slowly dropwise added to the above solu-
tion under continuous stirring at 60°C. The solution
was further heated and stirred for 1 h. The final prod-
uct was centrifuged, washed with ethanol and
annealed at 500°C in a muffle furnace. Table 1 pres-
ents the standard conditions and molarities used for
the synthesis of Ce and Dy co-doped ZnO nanoparti-
cles.

The structural features of nanoparticles were ana-
lyzed using X-ray diffractometer with CuKα radiation
(k = 1.54052 Å). The diffraction patterns were
recorded in the range of 2θ from 10° to 90° with a step
of 0.01°. The morphology of undoped ZnO and Ce
and Dy co-doped ZnO nanoparticles was studied
using SEM. Horiba LabRam spectroscopy system
with an excitation source wavelength of 325 nm and an
l. 95  No. 9  2021
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Table 1. Standard conditions for synthesis of Ce, Dy co-
doped ZnO nanoparticles (0.5 M zinc acetate, 5 mL of
diethylamine, xCe and xDy are concentration of cerium ace-
tate and dysprosium acetate, respectively)

xCe, M xDy, M

0.000 0.000

0.005 0.005

0.010 0.010

0.015 0.015

0.020 0.020

0.025 0.025
accumulation time of 2 s was used to record the PL
spectrum of the un-doped and co-doped ZnO
nanoparticles. Optical absorbance was measured on
UV–Vis spectrophotometer (Perkin Elmer, Lambda 35)
in the wavelength range from 200–800 nm.

Photocatalytic Activity Measurement

To measure the photocatlytic activity of un-doped
and Ce and Dy co-doped ZnO nanoparticles, a
10 ppm solution of rhodamine B dye was prepared.
10 mL of this solution was taken in 250 mL beaker,
which was then diluted with distilled water to make a
total of 40 mL solution. The prepared nanoparticles
(40 mg) were added to the solution under constant
stirring. The solution was wrapped, kept in dark and
stirred for half an hour to disperse the nanoparticles
(photocatalyst) and to establish the adsorption–
desorption equilibrium. Afterwards, the solution was
irradiated with UV light in the photocatalytic reactor
(M/S Technistro, Nagpur, Maharashtra) fitted with
high pressure mercury lamp with 450 W power (oper-
ating voltage 110–220 V), whilst the stirring was con-
tinued. An aliquot of 3 mL was withdrawn after every
10 min and immediately centrifuged to removes cata-
lyst nanoparticles. The absorbance of the samples was
measured with a UV–Vis spectrophotometer (Perkin
Elmer Lambda 35) between 400–600 nm wavelength.
The gradual decrease in the absorbance of dye,
together with the removal of color, confirmed the deg-
radation of rhodamine B dye with un-doped and Ce
and Dy co-doped ZnO nanoparticles as photocatalyst.

RESULTS AND DISCUSSION

Structural Analysis

XRD pattern of un-doped and Ce and Dy co-
doped ZnO nanoparticles are shown in Fig. 1a. The
prepared materials displayed a hexagonal wurtzite
structure and their diffraction patterns correspond to
the International Centre for Diffraction Data (ICDD)
database no. 01-070-8072. The peaks corresponding
to reflections from (100), (002), (101), (102), (110),
(103), (112), and (201) planes belonged to varied (hkl)
families suggesting that all the samples had polycrys-
talline nature. No secondary peaks were observed
except ZnO suggesting that all samples formed were
pure phase. The dopant ions Ce3+ and Dy3+ have ionic
radii of 1.03 and 0.91 Å, respectively, which is quite
large when compared to the ionic radius of parent
Zn2+ ion (0.72 Å). This leads to a slight distortion in
the lattice of ZnO. Further, there was a shift towards
higher angle in the doped nanoparticles as compared
to un-doped nanoparticles as shown in Fig. 1b, which
RUSSIAN JOURNAL O
confirms substitutional doping of Ce and Dy ions into
the ZnO matrix.

The formulas below were used for the calculation of
crystallite size and lattice constants and the values of
same are stated in Table 2

(1)

(2)

(3)

where λ is the wavelength of X-ray radiation, i.e.,
1.5406 Å, θ is the diffraction angle, K is the shape fac-
tor, D is the crystallite size, while β is the full width half
maximum of a diffraction peak. It can be seen from
Table 1, the crystallite size decreases with increase in
doping concentration. Un-doped nanoparticles have a
crystallite size of 47 nm, while Zn0.90Ce0.05Dy0.05O
showed a crystallite size of 30 nm. Mismatch of ionic
radii of parent and dopant ions causes an increase in
bond length which gets reflected in increased values of
lattice constants a and c as shown in Table 2.

Morphological Studies
The SEM micrographs of un-doped ZnO and Ce

and Dy co-doped ZnO nanoparticles are displayed in
Figs. 2a–2e. SEM images confirm the XRD results.
The particle size decreases as the concentration of co-
dopants increases.The mismatch of ionic radii
between parent Zn2+ ion (0.72 Å) and dopant Ce3+

(1.03 Å) and Dy3+ (0.91 Å) ions leads to lattice strain
which eventually leads to smaller grain size of the co-
doped nanoparticles. Also the co-doped ZnO
nanoparticles exhibit f lower like morphology, this can
be possibly due to the doping with Ce3+ ions which play
a pivotal role in capping of co-doped nanoparticles
formed during nucleation [47]. Ce3+ ions in presence of
strongly absorbed stabilizing agent diethylamine cause

=
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Fig. 1. (a) XRD patterns of un-doped ZnO (1) and Ce,Dy co-doped ZnO nanoparticles (2—Zn0.98Ce0.01Dy0.01O, 3—
Zn0.96Ce0.02Dy0.02O, 4—Zn0.94Ce0.03Dy0.03O, 5—Zn0.92Ce0.04Dy0.04O, and 6—Zn0.90Ce0.05Dy0.05O); (b) expanded XRD
pattern showing peak shift towards higher angle values with increase in co-dopant concentration. 
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steric hindrances which lead to formation of flowers like
structure of Ce and Dy co-doped ZnO nanoparticles.
This phenomenon can be further elaborated on the
basis of growth and nucleation of nanoparticles. The
formation of seed nuclei is initiated by the precursor,
which grow into long rods by Ostwald ripening effect
where larger particles enlarge at the expense of smaller
particles. This mechanism is facilitated by a solvent and
the various subunits formed by this method are con-
nected by orientation attachment process leading to
flower like structure [48].

Optical Studies

The study of optical properties plays an important
role in selection of nanomaterials for various applica-
tions. To investigate the optical properties like band-
gap, additional energy levels and absorption edge of
pure and Ce and Dy co-doped ZnO nanoparticles, we
used UV–Vis spectrometry in the wavelength range
200–800 nm. The absorbance spectra of un-doped
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A  Vo

Table 2. Calculated lattice parameters (a, c) and crystallite size
(d) of un-doped and Ce, Dy co-doped ZnO nanoparticles

Sample a, Å c, Å d, nm

Un-doped 3.196 5.204 47

0.01 M Ce,Dy co-doped 3.240 5.210 39

0.02 M Ce,Dy co-doped 3.243 5.218 36

0.03 M Ce,Dy co-doped 3.247 5.223 34

0.04 M Ce,Dy co-doped ZnO 3.250 5.230 33

0.05 M Ce,Dy co-doped ZnO 3.253 5.241 30
ZnO and Ce and Dy co-doped ZnO are shown in
Fig. 3. It is clear that the absorption of
Zn0.90Ce0.05Dy0.05O is highest because of the smallest
particle size. It can also be seen that the absorbance
peak has shifted towards the visible region upon
increase in doping concentration. Red shift towards
visible region is quite beneficial for improving the
photocatalytic properties of ZnO nanoparticles.

The bandgap of un-doped and co-doped zinc
oxide nanoparticles was calculated using the formula:

(4)

α here represents the absorption coefficient, A is a
constant, hν is the incident photon energy. To calcu-
late the bandgap, ( )2 in high absorption range was
plotted against hν and linear portion of the graph was
extrapolated to ( )2 = 0, as shown in Fig. 4. The
values of bandgaps were found to be 4.58, 4.55, 4.52,
4.45, 4.4, and 3.6 eV, respectively, for undoped and co-
doped ZnO nanoparticles for increasing dopant con-
centrations. The bandgap decreased from 4.58 to 3.6 eV
with increase in co-dopant concentration. Red shift in
the absorption edge along with the narrowing of band-
gap can be ascribed to the dopants induced creation of
oxygen vacancies and creation of additional energy lev-
els in the bandgap of ZnO. This results in increased
average atomic distance and decrease in bandgap. Oxy-
gen vacancies as already discussed assist the surface
adsorbed oxygen to capture electron which in turn leads
to generation of oxide radical. Hence oxygen vacancies
lead to better photocatalysis.

α ν ν= 1/2
g–( ,)EhAh

α νh

α νh
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Fig. 2. SEM surface micrographs of un-doped ZnO and Ce,Dy co-doped ZnO nanoparticles; (a) un-doped ZnO,

(b) Zn0.98Ce0.01Dy0.01O, (c) Zn0.96Ce0.02Dy0.02O, (d) Zn0.94Ce0.03Dy0.03O, (e) Zn0.92Ce0.04Dy0.04O, and (f) Zn0.90Ce0.05Dy0.05O. 
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Photoluminescence Studies
The photoluminescence (PL) spectroscopy is a

very effective tool for studying various important
properties of semiconductor nanomaterials like chem-
ical composition, impurities, bandgap and energy lev-
els. Figure 5a represents the PL spectrum of un-doped
and Ce and Dy co-doped ZnO excited at a wavelength
RUSSIAN JOURNAL O
325 nm. Pure or un-doped ZnO shows two emission

peaks at 390 and 710 nm, respectively. The peak at the

wavelength 390 nm corresponds to UV region of spec-

trum and can be ascribed to the near band edge emis-

sion due to recombination of free and bound exci-

tation pairs. The peak at 710 nm corresponds to the

near infra-red region of the spectrum and can possibly
F PHYSICAL CHEMISTRY A  Vol. 95  No. 9  2021
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Fig. 3. Optical absorbance spectra of undoped ZnO

(1) and Ce,Dy co-doped ZnO nanoparticles
(2) Zn0.98Ce0.01Dy0.01O, (3) Zn0.96Ce0.02Dy0.02O,

(4) Zn0.94Ce0.03Dy0.03O, (5) Zn0.92Ce0.04Dy0.04O, and

(6) Zn0.90Ce0.05Dy0.05O. 
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appear due to surface plasmon resonance [49]. Two
important consequences of Ce and Dy co-doping on
the PL spectrum of ZnO are, decreased intensity of
the emission peaks in the UV region and their shift
towards higher wavelength. Decrease in intensity of
emission peaks denotes transfer of energy from host to
dopants and confirms perfect substitution of dopant
ions into ZnO matrix. Decrease in energy also indi-
cates recombination is prevented as the concentra-
tion of dopants increases. As the concentration of
dopants increases, the surface bound states act as
trap (defect) states as a result relaxation occurs in
non radiative manner. The distance between these
states and their center-to-center interaction defines
the PL intensity. When there is spectral overlap
between the wave functions of these states, the energy
is transferred in a non-radiative manner, hence there
is decrease in intensity [50].

Second important consequence of Ce and Dy co-
doping, is that the peak in UV region shifts towards the
visible part of the Frauenhofer spectrum as shown in
Fig. 5b. This phenomenon can result in efficient utili-
zation of the solar energy and will have important
optoelectronic applications. This red shift can possibly
be credited to the origination of dopant-induced elec-
tronic levels near the conduction band of ZnO. The
red shift and consequent bandgap narrowing can also
be elucidated on the basis of dopant-induced localized
impurity state which merges with the conduction band
causing the narrowing of bandgap, as already reported
for the Ce doped nitrides [51]. Further, the potential
f luctuations caused by the dopants can tailor the
valence band and conduction band which causes nar-
row optical transitions within spin orbital levels that
leads to narrowing of the bandgap [52]. Also, the Pauli
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A  Vo
electronegativities of Dy3+ (1.22) and Ce3+ (1.12) are

less than that of Zn2+(1.65). Acceptor bound exci-
tation pair is generated due to coloumbic interaction
between electron-hole pairs bound by the isoelec-
tronic levels formed by Ce and Dy. So there is charge
transfer between conduction band of ZnO and differ-
ent states of Ce and Dy. This can also lead to bandgap
narrowing and red shift in Ce and Dy co-doped ZnO
nanoparticles [53].

Photocatalytic Studies

Photocatalytic activity of pure and Ce and Dy co-
doped ZnO nanoparticles were measured through
photolytic degradation of Rhodamine B dye under
UV light irradiation. The degradation of Rhodamine
B dye with photocatalysts, ZnO and Ce and Dy co-
doped ZnO nanoparticles is depicted in Fig. 6 at dif-
ferent reaction times (0–60 min). As the doping con-
centration increases, the absorbance of dye gets
decreased with reaction time. The degradation is
fastest and most efficient with Zn0.90Ce0.05Dy0.05O

photocatalyst.

Figure 7a reveals the photocatalytic performance
of the undoped and Ce and Dy co-doped ZnO
nanoparticles in degradation of the same dye. The
photocatalytic performance is shown as the plot
between Ct/C0 and irradiation time (t), where C0 rep-

resents the initial dye concentration and Ct denotes

the residual dye concentration at time t. The photo-
catalytic degradation of Rhodamine B dye roughly
follows the pseudo-first order kinetics with lower
concentrations of dye [54]:

(5)

In the above equation value K is the kinetic parameter
for different photocatalysts. The value of apparent
constant K can be estimated by linear fitting the slope
of graph of ln(Ct/C0) vs. irradiation time t as depicted
in Fig. 7b. The values of K were estimated to be 0.0247,
0.039, 0.0411, 0.0321, 0.0351, and 0.0428 s–1 for
undoped ZnO and Zn0.98Ce0.01Dy0.01O,
Zn0.96Ce0.02Dy0.02O, Zn0.94Ce0.03Dy0.03O,
Zn0.92Ce0.04Dy0.04O, Zn0.90Ce0.05Dy0.05O, respectively.
The value of apparent constant K is highest for
Zn0.90Ce0.05Dy0.05O. The efficiency of the photocata-
lysts was further estimated by calculating the degrada-
tion percentage using the formula given below:

(6)

where D is the degradation percentage, C0 and Ct are
the initial and residual dye concentrations, respec-
tively. The degradation percentage was highest (98%)
with Zn0.90Ce0.05Dy0.05O photocatalyst, as shown in
Fig. 7c. The decrease in particle with increased dopant

=0n[ ] ./l t CC Kt

= − ×0/, % (1 ) 100,t CD C
l. 95  No. 9  2021
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Fig. 4. The  vs.  diagram for the optical energy band gap determination of undoped ZnO and Ce,Dy co-doped ZnO

nanoparticles; (a) un-doped ZnO, (b) Zn0.98Ce0.01Dy0.01O, (c) Zn0.96Ce0.02Dy0.02O, (d) Zn0.94Ce0.03Dy0.03O,

(e) Zn0.92Ce0.04Dy0.04O, and (f) Zn0.90Ce0.05Dy0.05O. 
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concentration leads to an increased surface area and
eventually enhanced photocatalytic activity.

Enhancement of photocatalytic activity with Ce
and Dy co-doping can be understood by looking at the
degradation mechanism as follows. Initially the semi-
RUSSIAN JOURNAL O
conductor nano-photocatalyst under consideration is

excited with photons having energy hν > bandgap.

Excitation generates the electron-hole pairs on the

surface of semiconductor. The photo-generated elec-

trons are trapped by the O2 adsorbed on the surface of
F PHYSICAL CHEMISTRY A  Vol. 95  No. 9  2021
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Fig. 5. (a) Room temperature PL spectrum of undoped (1) and Ce,Dy co-doped ZnO nanoparticles (2—Zn0.98Ce0.01Dy0.01O,

3—Zn0.96Ce0.02Dy0.02O, 4—Zn0.94Ce0.03Dy0.03O, 5—Zn0.92Ce0.04Dy0.04O, and 6—Zn0.90Ce0.05Dy0.05O); (b) expanded UV

region of the spectrum showing red shift with increase in concentration of dopants. 
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nanoparticles, this is the rate determining step in pho-
tocatalysis. The 4f tconfiguration of co-dopants Ce
and Dy plays the most important role in generation,
charge transfer and inhibition of electron–hole

recombination. Ce4+ and Dy4+ act as scavengers for

the electrons from conduction band. In addition, Ce4+

and Dy4+ also act as stronger Lewis acids as compared
to O2 and are better at trapping electrons adsorbed by

O2. Hence the co-dopants trap electrons, which by

oxidative process get transferred to surface adsorbed

oxygen and produce superoxide radical ion (*O2–).
Also, the photoinduced electrons and holes can easily
recombine and dissipate the energy as heat in absence
of a defect state. Defect states prevent this from hap-
pening. In the current work, electron–hole separation
is enhanced by the presence of single oxygen vacancies

(Vo+) in the bandgap of ZnO. Oxygen vacancy acts as
an electron donor and forms charged oxygen vacancy
which acts as a trap for holes, thereby preventing the
recombination. Charged oxygen vacancy upon reac-

tion with (OH–) forms (OH•), which can also be
formed reaction of superoxide anion with hole. This
can be written as,

− +

+
→ +

Incident photons ZnO

electrons e h( ) (oles h ),

+ − ++ →4 3
Ce e Ce ,

+ − ++ →4 3
Dy e Dy ,

− • −+ →2 2e O O superoxide ,( )

+ + ++ → 2
Vo h Vo ,

+ − + •+ → +2
Vo OH Vo OH hydroxyl radical ,( )

• •− ++ →2
O 2H (2 OH),
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Oxygen vacancies in addition to trapping the holes

also help in adsorbing oxygen, hence presence of oxy-

gen vacancies greatly enhances photocatalysis [55]. The

efficiency of photocatalysts thus depends on a number

of factors, such as number of charge carriers at the sur-

face of photocatalyst and electron–hole recombination

rate, which in turn depends on the bandgap. In the cur-

rent work, photocatalytic efficiencies of Ce and Dy co-

doped ZnO nanoparticle based photocatalysts are

enhanced many fold as compared to un-doped ZnO

photocatalysts, with Zn0.90Ce0.05Dy0.05O exhibiting the

best results. The reason for much improved photocata-

lytic ability of Ce and Dy co-doped ZnO nanoparticles

can be ascribed to loading of the dopant ions on the sur-

face of host particles and availability of oxygen vacan-

cies due to Ce, Dy co-doping as a result of which, there

is accelerated transport of charge carriers (electrons) to

the adsorbed oxygen molecules. Further, more charge

carriers are available on the surface due to decreased

size and increased surface area as is clear from the

SEM analysis (Fig. 2).

The photoluminescence study of Ce and Dy Co-

doped ZnO also revealed the shift of absorption edge

towards the visible portion of solar spectrum and con-

sequent bandgap narrowing which eventually can lead

to better utilization of solar energy and hence more

efficient photocatalysis (Figs. 5a, 5b). Further, photo-

luminescence study reveals incorporation of addi-

tional levels in the bandgap of ZnO due to Ce and Dy

co-doping which delays the recombination of charge

carriers, which also contributes to enhanced degrada-

•+ +
= + +

2

2 2

Organic pollutant OH O

CO H O degraded products.
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Fig. 6. UV–Vis spectral changes of Rhodamine B dye solution during photocatalytic degradation with un-doped and Ce,Dy co-doped

ZnO nanoparticles under UV irradiation at different time intervals (min); (a) un-doped ZnO, (b) Zn0.98Ce0.01Dy0.01O,

(c) Zn0.96Ce0.02Dy0.02O, (d) Zn0.94Ce0.03Dy0.03O, (e) Zn0.92Ce0.04Dy0.04O, and (f) Zn0.90Ce0.05Dy0.05O.
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tion of rhodamine B dye. The red shift of the absorp-

tion band and the narrowing of bandgap is also con-

firmed by the UV–Vis analysis of un-doped and Ce

and Dy co-doped ZnO nanoparticles.
RUSSIAN JOURNAL O
CONCLUSION

Facile and cost effective co-precipitation tech-
nique was successfully utilized to obtain pure and Ce
and Dy co-doped ZnO nanoparticles. XRD analysis
F PHYSICAL CHEMISTRY A  Vol. 95  No. 9  2021
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Fig. 7. (a) Photocatalytic degradation of Rhodamine B dye solution un-doped (1) and Ce,Dy co-doped ZnO nanoparticles

(2—Zn0.98Ce0.01Dy0.01O, 3—Zn0.96Ce0.02Dy0.02O, 4—Zn0.94Ce0.03Dy0.03O, 5—Zn0.92Ce0.04Dy0.04O, and 6—

Zn0.90Ce0.05Dy0.05O); (b, c) reaction kinetics of photocatalytic degradation with un-doped ZnO nanoparticles and Ce,Dy co-

doped ZnO nanoparticles under UV irradiation at different time intervals. 
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confirmed successful formation of pure and co-doped
ZnO nanoparticles with slight distortion of lattice in
co-doped samples due to mismatch of ionic radii of
host and dopant ions. The average particle size was
calculated to be 35 nm. Morphological studies
revealed formation of f lower shaped nanoparticles
with increase in concentration of Ce and Dy co-dop-
ants. The photoluminescence studies revealed nar-
rowing of bandgap and that the emission could be
tuned because of Ce and Dy co-doping. Further, red
shift towards visible region was observed as doping
concentration was increased, making the nanoparti-
cles efficient candidates for optoelectronic and photo-
catalytic applications. Photocatalytic studies showed
that Ce and Dy co-doped ZnO nanoparticles had
much improved photocatalytic performance than un-
doped ZnO. The recombination rate of photogene-
rated charge carriers was suppressed in Ce, Dy co-
doped samples due to incorporation of trap levels,
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A  Vo
increased surface oxygen vacancies and charge trans-
fer. As a consequence, the photocatalytic activity of
co-doped nanoparticles was found to be exceedingly
enhanced in comparison to un-doped ZnO nanopar-
ticles for the degradation of Rhodamine B dye with
Zn0.90Ce0.05Dy0.05O exhibiting the highest activity.
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