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Abstract
CeVO4 as UV light-driven photocatalyst was synthesized by sol-gel method using tartaric acid as a complexing reagent with
subsequent calcination at 450–600 °C for 2 h in ambient air. The as-synthesized products were characterized by thermogravi-
metric analysis (TGA), X-ray diffraction (XRD), scanning electronmicroscopy (SEM), transmission electronmicroscopy (TEM),
Fourier transform infrared spectroscopy (FTIR), and Raman spectroscopy. The precursor shows two weight loss steps due to the
evaporation and decomposition of absorbed water, tartaric acid, and nitrate constituent until at a temperature above 450 °C. XRD
patterns of the samples were indexed to tetragonal zircon-type CeVO4 structure. The degree of crystallinity and size of the CeVO4

sample were increased by the high growth rate of CeVO4 nanoparticles at high temperature calcination. Particle sizes of the
products were 20–40 nm for CeVO4 with 450 °C calcination and 80–120 nm for CeVO4 with 500 °C calcination. The detection of
V–O and Ce–O stretching modes indicates the formation of tetragonal zircon-type CeVO4 structure. The photocatalytic activity
of the as-synthesized CeVO4 nanoparticles was evaluated via the degradation of methylene blue (MB) under UV light irradiation.
In this research, CeVO4 with 450 °C calcination showed the highest photocatalytic activity of 94.58% within 120 min under UV
light irradiation because of the highest available surface active sites for photodegradation of MB under UV light irradiation.
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Introduction

In recent years, nanomaterials are much attractive and are
extensively potential application in different fields such as
catalysis, magnetic properties, biosensors, information stor-
age, and morphology dependent on chemical and physical

properties controlled by their size, shape, morphology, and
surface state as compared with bulk counterpart [1–3]. The
surface area to volume ratio of nanoparticles is very high.
Thus, they exhibit structural stabilities, prominent spatial uni-
formity, and more reactive sites as compared with larger par-
ticles and bulk counterpart [1, 4, 5].

Rare earth metal-based orthovanadate (AVO4) such as
LaVO4, PrVO4 and NdVO4 as the important materials show
potential application in different fields such as lithium-ion
batteries, humidity sensors, catalysis, solar cells, gas sensors,
microwave application, photoluminescence, scintillation ma-
terials and optical fibers [1, 6–8]. They have long been viewed
as promising system in optoelectronic technology for laser
application because of the strong absorption of VO4

3− group
and efficient energy transfer [7, 8]. Among them, CeVO4

as a zircon-type tetragonal material is an important member
of rare earth metal orthovanadate which has been widely
used for catalysis, solar cells, magnetic and optoelectronic
nanodevices, and biochemical tags [6, 7, 9]. It shows high
catalytic activity for dehydrogenation of propane at low tem-
perature. It also represents a new class of optically inactive
material used as counter electrode [2, 6].
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CeVO4 nanostructure has been prepared using different
methods such as solid state reaction [10, 11], hydrothermal
process [12, 13], precipitation [14, 15], microwave method
[16, 17], and sol-gel [18]. Sol-gel method was chosen for the
synthesis approach owing to the molecular similarity, possible
use of different precursors, ability to dope trace amount of
different elements, microstructural property control, high pu-
rity crystal under low condition and low cost [18–21].

In this work, CeVO4 samples were synthesized by sol-gel
method using tartaric acid as a complexing reagent with the
subsequent calcination at 450–600 °C for 2 h in ambient air.
Effect of calcination temperature on photocatalytic degrada-
tion of methylene blue (MB) under UV light irradiation was
investigated. Phase, molecular vibration and morphology of
the as-synthesized products were studied by thermogravimet-
ric analysis (TGA), X-ray diffraction (XRD), Raman spectros-
copy, Fourier transform infrared (FTIR) spectroscopy, scan-
ning electron microscopy (SEM), and transmission electron
microscopy (TEM). They found that CeVO4 with 450 °C cal-
cination shows the highest photocatalytic activity for MB deg-
radation due to its smallest particle and highest surface area.
The photocatalytic stability of reused CeVO4 was investigated
for five cycles. The role of active species for photodegradation
of MB over CeVO4 was intensively studied and discussed.

Experiment

Cerium(III) nitrate hexahydrate (Ce(NO3)3·6H2O, 99.99%
trace metal basis), ammonium metavanadate (NH4VO3,
ACS reagent, ≥ 99.0%), and tartaric acid (C4H6O6, ACS re-
agent, ≥ 99.5%) purchased from Sigma-Aldrich
Corporation, and methylene blue (C16H18ClN3S, 95.0-
10TiO1.0%) purchased from LobaChemie Pvt Ltd were
used without further purification.

CeVO4 as UV light-driven photocatalyst was synthesized
by sol-gel method. 0.005 mol Ce(NO3)3·6H2O and 0.005 mol
C4H6O6 (tartaric acid) were dissolved in 100 ml reverse os-
mosis (RO) water with being stirred by a magnetic stirrer.
Concurrently, 0.05 mol NH4VO3 was dissolved in 100 ml
RO water under stirring at 80 °C to obtain a clearly yellow
solution. The two solutions were mixed and heated at 80 °C
under stirring to form homogenous gel. The gel precursor was
heated at 120 °C in an electric oven and ground to obtain dried
powder. The dried powder was heated at 450–600 °C by a
heating rate of 10 °C min−1 in ambient air for 2 h to form
products for further investigation.

The thermal analysis was characterized by a simultaneous
thermal analyzer (STA 8000, PerkinElmer) at TR–1000 °C
with a heating rate of 10 °C min−1 in nitrogen atmosphere.
X-ray diffraction patterns of samples were obtained from a
Rigaku SmartLab X-ray diffractometer using Cu Kα radiation
as anX-ray source at a scanning rate of 0.005 o.sec−1 within 10

o – 60 o. Fourier transform infrared spectroscopy (FTIR) was
recorded by a Bruker Tensor 27 FTIR at room temperature.
The sample was diluted by KBr and recorded over the wave-
number of 400–4000 cm−1. Raman spectrophotometer
(Horiba Jobin Yvon T64000) was operated using 30 mW
HeNe laser 632.8 nm wavelength. Scanning electron micro-
graphs were taken using a scanning electron microscope
(SEM, JEOL JSM 6335F) operating at 20 kV. The samples
were dispersed in absolute ethanol by 10-min ultrasonic vi-
bration, dropped on a copper tape attached on aluminum
stubs, and dried at room temperature. To prevent charging
effect, the samples were gold sputtered by SPI module™ sput-
ter coater before SEM analysis. Transmission electron micro-
graphs were taken using a transmission electron microscope
(TEM, JEOL JEM-2100) operating at 200 kV.

Photocatalytic activity was evaluated through the degrada-
tion of MB solution. Three 18 W black light lamps were used
as a UV source. 0.2 g photocatalyst was added to 200 ml of
1 × 10−5 MMB solution which was homogenized by magnet-
ic stirring. For every 30-min specific time interval, 5 ml solu-
tion was withdrawn from the tested solution and centrifuged.
The absorbance was measured by a UV-visible spectropho-
tometer at 664 nm, corresponding to the absorption wave-
length of MB. The degradation of MB was calculated using
the below equation.

Decolorization efficiency %ð Þ ¼ Co−Ct

Co
� 100 ð1Þ

Co is the initial concentration of MB, and Ct is the concen-
tration of MB after UV light irradiation within the
elapsed time (t).

Results and discussion

Thermal analysis of precursor was studied by TGA at TR–
1000 °C with heating rate of 10 °C min−1 in nitrogen atmo-
sphere as the results shown in Fig. 1. The TGA curve of
precursor shows two weight losses at TR–210 °C and 210–
450 °C. The first weight loss of 12% is associated with the
evaporation of absorbed water in the precursor [22–24]. The
second weight loss of about 18% is caused by the decompo-
sition of tartaric acid containing in the precursor and nitrate of
the starting materials [22–24]. The rate of weight loss was the
highest at 200–220 °C. At a temperature higher than 370 °C,
TGA curve of precursor shows a slow weight loss and be-
comes stationary upon reaching the complete formation of
final product [22–24]. The thermal analysis of precursor indi-
cates that the suitable calcination temperature should exceed
450 °C. Thus, 450–600 °C range was selected for calcination
of the precursor of the present work.
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Crystalline structure of the as-synthesized CeVO4 samples
with 450–600 °C calcination was analyzed by an X-ray dif-
fractometer at 2θ = 10o–60o as the results shown in Fig. 2. The
XRD patterns exhibit well defined diffraction at 2θ = 18.18o,
24.05o, 30.33o, 32.42o, 34.30o, 36.84o, 39.07o, 43.50o, 46.40o,
47.88o, 49.23o, 50.41o, 55.55o, and 56.64o which correspond
to the (101), (200), (211), (112), (220), (202), (301), (103),
(321), (312), (400), (213), (420), and (004) planes of
tetragonal zircon-type CeVO4 structure of the JCPDS card
no. 12-0757 [25], respectively. No impurity peaks were de-
tected in these XRD patterns. They indicate that all
samples are good single crystalline phase. Intensity of
all diffraction peaks of the samples was increased with
increasing in the calcination temperature. The degree of

crystallinity and size of the CeVO4 samples are also
increased due to the higher growth rate of CeVO4 par-
ticles at higher calcination temperature.

Raman spectroscopy was also used to determine crystalline
structure of CeVO4 nanoparticles by investigating bonding
state of different atoms. At ambient condition, CeVO4 zircon
structure contains two formula units per individual primitive
cell. Group theory analysis predicted 12 Raman-active modes
of 2A1g + 4B1g + B2g + 5Eg which are classified into internal
(ν1–ν4) and external (translational (T) and rotational (R))
modes of VO4 units [10, 26]. Figure 3 a shows Raman spec-
trum of the as-prepared CeVO4 sample with 450 °C calcina-
tion over wavenumber range of 100–1000 cm−1. The highest
intensity Raman peak at 857 cm−1 was specified as the internal
symmetric-stretching ν1(A1g) mode [10, 14, 26]. The sharp
and shoulder peaks at 783 and 793 cm−1 are attributed to the
asymmetric-stretching ν3(Eg) and ν3(B1g) modes, respective-
ly. Those Raman peaks at 467 and 383 cm−1 are associated
with the v4(B2g) and v2(B1g) deformation [10, 14, 26]. The
external modes of CeVO4 vibration are below 250 cm−1 [10].

The FTIR spectrum of as-prepared CeVO4 sample
with 450 °C calcination (Fig. 3b) shows IR bands at
772 cm−1 and 441 cm−1 which are attributed to the
V–O stretching mode of VO4 tetrahedral units and
Ce–O stretching vibration of CeVO4 lattice. The results
indicate the formation of tetragonal zircon-type CeVO4

structure [2, 17, 18, 26]. The observed broad band at
3200–3400 cm−1 is assigned as the OH stretching vibra-
tion of physically adsorbed water on the surface of as-
prepared CeVO4 sample [2, 3, 17, 18, 26].

Effect of calcination temperature at 450–600 °C on mor-
phology and size of as-synthesized CeVO4 samples was char-
acterized by SEM as the results shown in Fig. 4. In this re-
search, all samples were composed of particles with different
size controlled by calcination temperature. SEM images show
particles with the size of nanoscale range of 30–50 nm for
CeVO4 with 450 °C calcination and 80–120 nm for CeVO4

with 500 °C calcination. At the calcination temperature higher
than 500 °C, CeVO4 nanoparticles grew up and became mi-
croparticles with the size ranges of 500–800 nm and
800–1500 nm for CeVO4 with 550 and 600 °C calcina-
tion, respectively. Upon increasing in calcination tem-
perature, the particles were enlarged and the size distri-
bution became more non-uniform.

Figure 5 shows TEM images and SAED patterns of as-
synthesized CeVO4 samples with 450 and 500 °C calcination.
The samples were composed of nanoparticles with particle
size of 20–40 nm and 80–120 nm for the as-
synthesized CeVO4 samples with 450 and 500 °C cal-
cination. The SEAD patterns of as-synthesized samples
with 450 and 500 °C calcination show diffraction ring
patterns of the (101), (200), (211), (112), (220), and
(202) planes of CeVO4 polycrystal.

Fig. 1 TGA and DTG curves of precursor at TR–1000 °C in nitrogen
atmosphere

Fig. 2 X-ray diffraction patterns of CeVO4 samples synthesized by sol-
gel method and followed by 450–600 °C calcination for 2 h in ambient air
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The photocatalytic performance of as-synthesized CeVO4

with 450–600 °C calcination was investigated through
photodegradation of MB solution under UV light irradiation.
Figure 6 shows absorption spectra of MB solution over
CeVO4 with 450 °C and 600 °C calcination within regular
time interval under UV light irradiation. The maximum inten-
sity of absorption MB peak at 664 nm over as-synthesized
CeVO4 with 450 °C and 600 °C calcination gradually de-
creases with the increase of UV irradiation time. At the end
of 120-min test, the absorption peak of MB almost disap-
peared for CeVO4 with 450 °C calcination. This indicates that

MB was rapidly photodegraded by CeVO4 with 450 °C
calcination under UV light irradiation. The maximum
intensity of MB absorption peak at 664 nm was blue
shifted to 658 nm caused by demethylation of MB un-
der photocatalytic reaction [27–29].

Figure 7a shows photodegradation of MB over CeVO4

with 450–600 °C calcination under UV light irradiation.
Clearly, photodegradation of MB over as-prepared CeVO4

sample with 450 °C calcination is 94.58% within 120 min
under UV light irradiation. This indicates that the CeVO4

photocatalyst exhibits an obvious simulated UV light-driven

Fig. 3 a Raman and b FTIR spectra of CeVO4 sample synthesized by sol-gel method and followed by 450 °C calcination for 2 h in ambient air

Fig. 4 SEM images of CeVO4

samples synthesized by sol-gel
method and followed by high
temperature calcination at (a)
450 °C, (b) 500 °C, (c) 550 °C,
and (d) 600 °C in ambient air
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Fig. 5 TEM images and SAED
patterns of CeVO4 samples
synthesized by sol-gel method
and followed by high temperature
calcination at (a) 450 °C and (b)
500 °C in ambient air

Fig. 6 UV–visible absorption of MB solutions containing CeVO4

samples synthesized by sol-gel method and followed by high temperature
calcination at (a) 450 °C and (b) 600 °C in ambient air

Fig. 7 a Decolorization efficiency and b reaction kinetics for
photodegradation of MB over CeVO4 samples synthesized by sol-gel
method and followed by 450–600 °C calcination in ambient air
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photocatalytic activity toward the MB dye degradation. The
photodegradation ofMB over CeVO4 with 600 °C calcination
was decreased to 41.29%. The phenomenon is attributed to
relate with the particle size of CeVO4 prepared using sol-gel
method and followed by high temperature calcination. Among
them, CeVO4 with 450 °C calcination has the highest photo-
catalytic activity. Probably, this sample has the highest avail-
able surface active sites for photodegradation of MB under
UV light irradiation [1, 15, 27, 28]. Figure 7 b shows linear
fitting curves of ln(Co/Ct) versus irradiation time (t) of CeVO4

with 450–600 °C calcination under UV light irradiation. The
curves follow the Langmuir–Hinshelwood kinetics as follows.

ln Co=Ctð Þ ¼ kt ð2Þ

Co andCt are theMB concentrations at irradiation time of 0
and t, and k is the pseudo-first-order rate constant of MB
photodegradation [3, 4, 28]. They show the linear lines with
R2 > 0.9 which certifies that the photocatalytic reaction follows
pseudo-first-order kinetics [3, 4, 28]. The calculated k values are
about 0.0226, 0.0172, 9.77 × 10−3, and 1.51 × 10−3 min−1 for
CeVO4 with 450, 500, 550, and 600 °C calcination, respectively.

Ethylenediaminetetraacetic acid disodium salt (EDTA-
2Na), p-benzoquinone (BQ), and isopropyl alcohol (IPA) for
trapping hole (h+), superoxide radical (●O2

−), and hydroxyl
radical (●OH) were used to explain the photodegradation of
MB over CeVO4 photocatalyst under UV light irradiation as
the results shown in Fig. 8 [2, 29–33]. The degradation effi-
ciency for MB was almost unchanged even after EDTA-2Na
adding. Thus, the role of h+ during photodegradation of MB
over CeVO4 photocatalyst is insignificant. When BQ and IPA
were added to the photocatalytic system, the photodegradation

of MB over the CeVO4 photocatalyst was decreased to
45.25% and 21.35%, respectively. Thus, ●O2

− and ●OH are
the main active species for photodegradation of MB over the
CeVO4 photocatalyst under UV light irradiation.

In order to understand MB dye degradation over the as-
prepared CeVO4 photocatalyst, a photocatalytic mechanism
was proposed according to the following. When CeVO4

photocatalyst was irradiated by photon with energy > Eg,
photo-excited electrons and photo-induced holeswere in conduc-
tion and valence bands, respectively. Subsequently, active radi-
cals were produced and degraded MB by transforming MB into
CO2 and H2O described by the following [1, 15, 34, 35].

CeVO4 þ hν→e− þ hþ ð3Þ
e− þ O2→

●O2
− ð4Þ

●O2
− þ H2O→HO2 þ OH− ð5Þ

2HO2→O2 þ H2O2 ð6Þ
H2O2 þ ●O2

−→●OHþ OH− þ O2 ð7Þ

hþ þ OH−→●OH ð8Þ
●O2

− þ dye→degradation products ð9Þ
●OHþ dye→degradation products ð10Þ

The r e cy c l e pho t o c a t a l y t i c e xp e r imen t f o r
photodegradation of MB dye over CeVO4 under UV light
irradiation was performed as the results shown in Fig. 9. At
the end of five-recycle run, photodegradation of MB over the
reused CeVO4 photocatalyst was 91.25%. Thus, the stability
o f CeVO4 photoca ta lys t i s ex t remely good for
photodegradation of MB dye under UV light irradiation.

Fig. 8 Decolorization efficiency for photodegradation of MB solutions
containing different scavengers over CeVO4 photocatalyst with 450 °C
calcination comparing with that for photodegradation of MB solution
without a scavenger

Fig. 9 Decolorization efficiency for photodegradation ofMB over reused
CeVO4 nanoparticles synthesized by sol-gel method and followed by
450 °C calcination in ambient air
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Conclusions

In summary, CeVO4 as UV light-driven photocatalyst was
synthesized by sol-gel method using tartaric acid as a
complexing reagent and followed by 450–600 °C calcination
for 2 h in ambient air. The photocatalytic properties of as-
synthesized CeVO4 samples were investigated by monitoring
through MB degradation under UV light irradiation. In this
study, CeVO4 with 450 °C calcination shows the highest pho-
tocatalytic activity for MB degradation of 94.58% within
120 min under UV light irradiation. The main active species
used for degradation of MB were ●O2

− and ●OH. The test for
photocatalytic stability showed that CeVO4 with 450 °C cal-
cination is a promising candidate for wastewater treatment.
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