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Simple glycerol-assisted and morphology
controllable solvothermal synthesis of CeVO4/
BiVO4 hierarchical hollow microspheres with
enhanced photocatalytic activities†

Miao Wang, Yingying Guo, Zedong Wang, Huihui Cui, Tongming Sun* and
Yanfeng Tang *

CeVO4 hierarchical hollow microspheres with various morphologies have been synthesized via a simple

glycerol (Gl)-assisted solvothermal route. They are constructed using different morphological

nanoscaled units (nanoflakes, nanorods and nanowires) by adjusting the solvent ratio of the system.

The Gl and L-aspartic acid (L-Asp) molecules act as structure–directing agents, meaning the CeVO4

hierarchical materials feature adjustable structural variations with 0D, 1D, and 2D structures. A possible

formation mechanism is proposed based on the Gl content-dependent and time-dependent morphological

evolution results. Under visible-light irradiation, the degradation results towards methylene blue (MB)

indicate that the photocatalytic performance of the CeVO4/BiVO4 composites could be easily tuned by

simply varying the Gl content ratio and the amount of BiVO4 NPs. Compared with pristine CeVO4, the

photodegradation efficiency of the hierarchical nanowires-assembled CeVO4/BiVO4 hollow microspheres

exhibit a two-fold increase after doping with 10% BiVO4 and the degradation rate reached 97.8% in 30 min.

Owing to the easy fabrication, our strategy may provide broad possibilities for the future development of

other hollow micro/nanostructures that exhibit an efficient performance.

1. Introduction

As one of the lanthanide vanadates, cerium vanadate (CeVO4)
has attracted significant attention owing to its broad applications
in supercapacitors, laser host and electrochromic materials, gas
sensors and catalysts.1–5 In particular, with a wide band gap
energy of around 3 eV, CeVO4 may offer a large number of
opportunities for photocatalysis. Despite the significant progress
that has been made in previous studies, the applications of
CeVO4 photocatalysts are still restricted by many factors, such as
their small surface area, fast charge recombination and limited
light absorption under visible light.6–8 It is highly desirable to
maximize the light absorption and efficiency of photocatalysis for
practical applications. Therefore, significant efforts have been
made to design and synthesize CeVO4 semiconductors for
highly-efficient photocatalytic activities. Consequently, various
micro/nanosized CeVO4 structures have been prepared (particles,
rods, cube-like and microspheres).9–12 As is well known, the
photocatalytic efficiency of CeVO4 is strongly reliant on the
morphology and crystalline structure. However, to the best of

our knowledge, hierarchical CeVO4 hollow microspheres
organized by nanowires have not been reported and the relation-
ship between the morphology and photocatalytic properties needs
to be investigated further.

Nowadays, the designing of efficient hybrid visible-light
responsive photocatalysts for the removal of organic contaminants
from water has been considered as a great option for solving
environmental crises.13–18 Among the visible-light-driven photo-
catalysts, the BiVO4-supported nanocomposite has been widely
investigated owing to its excellent chemical stability and suitable
electronic band structure (2.4 eV).19–21 On the other hand, owing
to the superior characteristics (low density, large surface area,
high permeability and countless active sites), the 3D hierarchical
structures have received extensive attention owing to the excellent
photocatalytic efficiency and adsorption performance towards
organic contaminants.22–25 In this research, we explored the
preparation of CeVO4 hierarchical hollow microspheres with
various morphologies via a simple glycerol-assisted solvothermal
route, in which glycerol (Gl) and L-aspartic acid (L-Asp) act as
structure–directing agents. The influence of the Gl content and
the reaction time on the morphology and crystalline structure of
the products was examined. In addition, we proposed a possible
growth mechanism of the hierarchical CeVO4 hollow microspheres
assembled from different building units. Furthermore, the
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photocatalytic performance of the CeVO4 and CeVO4/BiVO4

hierarchical hollow microspheres towards methylene blue (MB)
was thoroughly investigated under visible-light irradiation.
When the molar ratio of CeVO4 and BiVO4 was 1 : 0.1, the MB
degradation rate reached 97.8% within 30 min.

2. Experimental section
2.1. Synthesis of hierarchical nanowires-assembled CeVO4

hollow microspheres

All the regents used were of analytical grade. Typically, a mixture
of Ce(NO3)3�6H2O (1.0 mmol) and L-Asp (1.0 mmol) was dissolved
in a solution of Gl (6 mL) and H2O (18 mL), then 1.0 mmol
NH4VO3 was added. After stirring vigorously for 20 min, the
mixture was sealed in a 30 mL Teflon-lined stainless steel
autoclave and heated at 150 1C for 24 h. After being cooled down
to room temperature, the obtained precipitate was filtered,
cleaned with distilled water and ethanol several times, and later
dried at 80 1C for 3 h. Different morphological CeVO4 micro/
nanostructures were prepared by comparative experiments
including different reaction times (3, 6 and 12 h) and different
volume ratios of Gl/H2O.

2.2. Synthesis of CeVO4/BiVO4 nanocomposites

A typical CeVO4/BiVO4 nanocomposite was prepared as follows:
1 mmol as-prepared CeVO4 was dispersed in 24 mL deionized
water with magnetic stirring. 0.1 mmol Bi(NO3)3�6H2O and
1 mmol NH4VO3 were subsequently added to the mixture, then
the solution was stirred for 20 min. The mixture was sealed in a
50 ml Teflon-lined stainless-steel autoclave, heated at 150 1C for
3 h, and then naturally cooled to room temperature. The
resulting solution was centrifuged and cleaned with distilled
water and ethanol several times, and later dried at 80 1C for 3 h
to gain a yellow powder. The molar ratios of CeVO4 and BiVO4

were 1 : 0.3, 1 : 0.5, 1 : 0.7 and 1 : 1. As a comparison, pure BiVO4

was prepared without the addition of CeVO4.

2.3. Characterization

The crystalline phase and structure of the products were analyzed
using X-ray diffractometry (XRD) on a Bruker D8-Advance powder
X-ray diffractometer (Cu Ka radiation l = 0.15418 nm). The surface
morphologies of the CeVO4 and CeVO4/BiVO4 were observed using
scanning electron microscopy (SEM, Hitachi S-4800) and trans-
mission electron microscopy (TEM, JEOL-2100F). The Brunauer–
Emmett–Teller (BET) specific surface area was obtained from
standard N2 adsorption–desorption isotherms measured using
Micromeritics ASAP 2020C apparatus. X-ray photoelectron
spectroscopy (XPS) spectra were collected on a ESCALAB MK
II X-ray photoelectron spectrometer using a nonmonochrome
Mg K-X-ray as an excitation source. UV-vis diffuse-reflectance
spectra (DRS) was recorded with a Shimadzu UV-3600 spectro-
meter. An EMX-10/12 electronic paramagnetic resonance (EPR)
spectrometer with a Xe lamp (Heraeus fur Strahler Q180,
Bruker) was used to record the EPR spectra.

2.4. Photocatalytic degradation of MB

The visible-light photocatalytic activity of the samples was deter-
mined by irradiating MB solution under a Xe lamp (100 W) with a
420 nm cutoff filter, which was conducted in an XPA-7 photo-
chemical reactor. Before irradiation, 24 mg of the CeVO4 sample
was added into a series of quartz cuvettes containing 30 mL of
MB solution (20 mg L�1) and this mixture was magnetically
stirred for 30 min in the dark to achieve an adsorption–
desorption equilibrium between the sample and the MB mole-
cules. During irradiation, the quartz cuvette was carefully taken
from the reactor at the given time. 3.5 mL of the solution was
taken out and centrifuged to separate the samples. The UV-Vis
absorption spectrum was then recorded on a Shimadzu UV-3600
spectrophotometer.

3. Results and discussion

Fig. 1a shows the XRD patterns of an as-prepared typical sample.
All diffraction peaks are in good agreement with the tetragonal
phase of CeVO4 (JCPDS No. 12-0757) and no impurities were
detected. The strong diffraction peaks show that CeVO4 are well-
crystallized. Fig. 1b and c shows the SEM images of the typical
CeVO4. The low-magnification SEM image indicated that some

Fig. 1 XRD (a), SEM (b and c), TEM (d and e), HRTEM (f), SAED pattern
(g) and N2 adsorption–desorption isotherm (h) of a typical CeVO4 sample.
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hollow microspheres with an average diameter of about 2 mm
were formed. The hollow interior and the shell outside are clearly
observed in some broken spheres. The magnified SEM image
from a single hollow sphere (Fig. 1c) reveals that it is self-
assembled from a significant number of nanowires with an
average length of about 400 nm. The hollow interiors of the
CeVO4 microspheres were also directly reconfirmed using the
TEM images, as shown in Fig. 1d and e, an obvious contrast
between the edges and the center can be observed under the
electric beam, evidently confirming the hollow nature of the
CeVO4. The high magnification TEM image illustrates that
the hollow microsphere is comprised of numerous nanowires,
consistent with the SEM results. The high resolution transmission
electron microscopy (HRTEM) image and the selected area
electron diffraction (SAED) pattern (Fig. 1f and g) of a typical
nanowire show that it is single-crystalline, and the spacing of
approximately 0.35 nm between adjacent lattice planes corre-
sponds to the distance between two (200) crystal planes. The
BET specific surface area of the as-synthesized typical CeVO4

hollow microspheres was investigated using N2 adsorption–
desorption measurements. As shown in Fig. 1h, the isotherm
displays a typical H3 type hysteresis loop at a relative pressure
(P/P0) of between 0.6 and 1.0. The presence of hysteresis
revealed the existence of hollow structures in the sample, which
is in agreement with the observations from SEM and TEM.
The BET surface area of the nanowires-assembled CeVO4

hollow microspheres obtained using the typical procedure was
146.76 m2 g�1.

The chemical composition and electronic state of the as-prepared
samples were further measured using XPS measurements. Fig. 2a
displays the XPS survey spectra of the as-prepared samples,
indicating that there are only Ce, V, O and C elements. In the
high-resolution Ce 3d spectra (Fig. 2b), two characteristic peaks
of Ce 3d5/2 are observed at about 885.7 and 881.5 eV, and those
representing Ce 3d3/2 are observed at about 904.1 and 900.3 eV,
implying the existence of Ce3+ ions.26 The V 2p spectra (Fig. 2c)

of all samples are at approximately 516.9 eV (V 2p3/2) and 524.7 eV
(V 2p1/2), ascribed to V5+. The fitted result of the O 1s spectrum in
Fig. 2d displays two binding energies at 529.8 and 531.5 eV,
indicating contributions from the two species of lattice oxygen
(O2) in CeVO4.26,27

To study the effects of the Gl content on the morphology and
crystalline structure of the products, a series of contrast experi-
ments were performed. Similar procedures were performed under
the same reaction conditions, except for the use of different mixed
solutions with Gl volumes of 0, 12, 18 and 24 mL instead of the
previously used solution (6 mL Gl/18 mL H2O). Fig. 3a shows the
XRD patterns of the as-prepared CeVO4 samples with various Gl
dosages. All the diffraction peaks are indexed to pure tetragonal
CeVO4. With a decrease in the amount of added Gl, the diffraction
peaks of the samples become sharper and the growth rate of the
(200) lattice plane is faster than that of the other lattice planes,
suggesting the introduction of water is beneficial to the crystal-
linity and growth of CeVO4. The SEM images of the products
obtained using different Gl contents are shown in Fig. 3b–f. There
are many nanoflake-aggregated hollow microspheres in the
absence of Gl (Fig. 3b), which is consistent with results reported
in our previous work.12 As shown in Fig. 3c–f, nanowires, nanorods
and nanoparticles-assembled microspheres are obtained when
6 mL Gl, 12 mL Gl and 24 mL Gl are used, respectively.
Comparatively, the dimensions of the nanowires are much
larger than those obtained with larger amounts of Gl, suggesting
the addition of GL is unfavorable to the nuclei and the growth of
CeVO4 nanostructures. Therefore, Gl molecules play a key role
in the formation of CeVO4 with different morphologies and
crystallinities. In a typical procedure, a suitable dosage of the Gl
molecule will increase the opportunity for the formation of one-
dimensional CeVO4 aggregated microspheres.

To better understand the formation process of the hierarchical
structure, time-dependent experiments were conducted and the Gl
volume was fixed as 8 mL. The intermediate products were
measured using XRD and SEM analysis. As shown in Fig. 4a, the
relative intensity of the samples is increased with an increase in
the reaction time, revealing the crystallinity is improved. Detailed
information on the corresponding microstructures is characterized
and listed in Fig. 4b–f. After 3 h of reaction, many irregular tiny
nanoparticles-assembled aggregates were prepared (Fig. 4b).
After reacting for 6 h (Fig. 4c), the as-obtained nanoparticles

Fig. 2 XPS spectra for the as-obtained CeVO4: (a) wide spectrum, (b) Ce
3d, (c) V 2p, and (d) O 1s.

Fig. 3 XRD (a), and SEM images of the CeVO4 samples obtained from
different content of Gl: (b) 0 mL, (c) 6 mL, (d) 8 mL, (e) 12 mL, (f) 24 mL.
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further grew into one-dimensional nanorods, thus nanorods-
assembled hierarchical CeVO4 microspheres were formed. With
the reaction time increased from 9 to 24 h, as shown in Fig. 4d–f,
the nanorods gradually evolved into nanowires, namely, the
aspect ratio and particles sizes are larger than those of samples
obtained within 3 h. Therefore, with the increasing reaction
time, the as-obtained CeVO4 samples undergo a morphological
evolution from nanoparticles-assembled spheres to nanowires-
assembled hierarchical hollow microspheres. These results
indicate that the reaction time is a crucial factor in controlling
the morphology of the products.

A possible formation mechanism was proposed based on the
morphological evolution results, as shown in Fig. 5. Briefly, two
key strategies are involved, namely, Gl content-dependent and
time-dependent. With carboxyl and amino groups, the amino
acid is a versatile, cheap and green complex agent and has been
widely used as a morphology and structure directing agent in
the nuclei, crystallization and aggregating process for inorganic
nanomaterial synthesis.12,28,29 Firstly, the VO3� ions reacted
with the Ce3+ ions to form CeVO4. In distilled water (Step I), the
initial CeVO4 nanoparticles prefer to form 2D nanoflakes with
the assistance of L-Asp and finally nanoflakes-assembled hollow
microspheres are prepared, which have been reported in our
previous work.12 On the other hand, as a simple and potentially
tridentate ligand, Gl molecules can effectively coordinate with
rare-earth cations resulting in the formation of numerous
complexes.30 In the mixture of Gl and distilled water (step II),
an extensive system of intermolecular hydrogen bonds between
the OH–groups of the Gl kinetically control the anisotropic
growth rates along the different crystal directions, which can
lead to the formation of 1D micro/nanomaterials. Therefore,
the formation of CeVO4 with different morphologies results

from the combined effects of L-Asp, water and Gl. Driven by the
surface energy of the nanoparticles, CeVO4 nanoparticles tend
to grow along the 1D direction to form nanorods-assembled
hollow microspheres and finally form nanowires-assembled
hollow microspheres under suitable Gl conditions and longer
reaction times, which are consistent with the Ostwald ripening
(OR) mechanism.31

The XRD patterns of the typical CeVO4/BiVO4 composites
(molar ratio as 1 : 0.1) are shown in Fig. 6a. There are coexisting
diffraction peaks for both CeVO4 and BiVO4. The SEM image
shown in Fig. 6b demonstrates the particles of BiVO4 are well
distributed on the surface of the CeVO4 hollow microspheres.
In addition, the elemental distribution of the sample was studied
using TEM line mapping and elemental mapping images (Fig. S1,
ESI†), proving that the elements Ce, V, O and Bi were homo-
geneously distributed through all the whole hollow micro-
spheres. The energy band structure of a semiconductor is a
crucial factor in determining its photocatalytic activity. The DRS
spectra of the samples were measured. As shown in Fig. 6c,
nanowires-assembled hollow microspheres of CeVO4 have an
obvious absorption in the region of 250–700 nm, as for pure
BiVO4, there is a broad absorption peak range from 200 to 500 nm.
The band gaps of CeVO4 and BiVO4 are 1.00 and 2.06 eV (Fig. 6d),
respectively, which are slightly lower than that of the previous
reports.26 Furthermore, the band gaps of the CeVO4/BiVO4 com-
posites increase gradually with the addition of the BiVO4, confirm-
ing the possible electronic transition between CeVO4 and BiVO4.
Photoluminescence (PL) studies were performed to investigate the
transfer and recombination process of the charge carriers in the
samples. As presented in Fig. 6e, the broad emission peak centered
at about 505 nm is ascribed to the radiative recombination process
of self-trapped excitation. Compared with pure CeVO4, CeVO4/
BiVO4 heterostructures exhibited a weaker emission peak, showing
that the recombination efficiency of the photoinduced carrier
reduced, thereby giving a higher photocatalytic performance.
Interestingly, the lowest PL intensity was obtained for the
sample CeVO4/BiVO4 (1 : 0.1), revealing that the significantly

Fig. 4 XRD (a), and SEM images of the CeVO4 samples obtained from
different reaction times: (b) 3 h, (c) 6 h, (d) 9 h, (e) 12 h, (f) 24 h.

Fig. 5 Schematic illustration of the formation process of CeVO4 hollow
microspheres.

Fig. 6 (a) XRD patterns, (b) SEM image, (c) UV-vis DRS of the as-obtained
samples, (d) the plots of (ahn)1/2 versus hn and (e) PL of the typical CeVO4/
BiVO4 composites (molar ratio as 1 : 0.1).
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weakened PL performance of CeVO4/BiVO4 was attributed to the
synergistic effect of the electrons–holes transfer and BiVO4

nanoparticles.
The photocatalytic activities of the samples were evaluated by

measuring the decoloration of the MB solution under visible-
light irradiation. By using the different molar ratios of CeVO4/
BiVO4 composites as catalysts, Fig. 7a presents the degradation
efficiency of MB (C/C0) as a function of the irradiation time.
Without any photocatalyst or in the presence of pristine CeVO4,
the degradation of MB was very slow under visible-light irradia-
tion. Moreover, BiVO4 had a significant effect on the photo-
catalytic process. Employing a 20 mg L�1 MB solution as a
model pollutant, when CeVO4/BiVO4 (1 : 0.1) composites are
introduced, the MB degradation reaches 97.8% within 30 min,
which is higher than the other previously reported photocata-
lysts (Table 1). In addition, compared with pristine CeVO4, the
photodegradation efficiency of CeVO4/BiVO4 demonstrated a

two-fold increase after doping with 10% BiVO4. As the BiVO4

content increases or decreases, the photocatalytic efficiency of
the CeVO4/BiVO4 composites declined gradually (Fig. S2, ESI†),
suggesting it follows the pseudo-first-order kinetic equation.
Furthermore, the velocity constant value of CeVO4/BiVO4 (1 : 0.1)
is 4.67 � 10�2 min�1, which is higher than that of the other
molar ratio (Fig. 7b).35–37 Using fixed CeVO4/BiVO4 (1 : 0.1) as a
typical catalyst, the photocatalytic degradation at different con-
centrations of MB was also investigated. Obviously, the higher
the concentration of the MB solution, the lower the degradation
rate (Fig. 7c). Fig. 7d shows the CeVO4/BiVO4 (1 : 0.1) photo-
catalytic recyclability towards the degradation of MB. The
results indicated that CeVO4/BiVO4 (1 : 0.1) maintained its high
MB degradation efficiency for up to five cycles. As shown in
Fig. S3 (ESI†), the SEM and TEM images of the recovered samples
show that the morphology of CeVO4/BiVO4 remains the same,
suggesting the photocatalysts are of excellent chemical stability.
On the other hand, the photocatalytic activities of other different
morphological CeVO4/BiVO4 (1 : 0.1) micro/nano-structures were
also assessed (Fig. 7e). Compared with nanorods or nanoflakes-
assembled CeVO4/BiVO4 hollow microspheres, nanowires-
assembled CeVO4/BiVO4 porous microspheres exhibited the
best efficiency, implying the unique hollow microspheres had
an excellent photocatalytic activity under visible-light irradia-
tion. Therefore, the photocatalytic performance of the CeVO4/
BiVO4 composites can be easily modulated by simply changing
the morphologies of the CeVO4 building units. As known, many
factors including the size, crystallinity, morphology and BET
surface area of the nanomaterials are key factors in achieving
excellent photocatalytic performances. In this work, benefiting
from the synergistic effects of the larger BET surface area,
narrower energy gap, unique hierarchical structures and BiVO4

doping, the nanowires-assembled CeVO4/BiVO4 hollow micro-
spheres achieved a significantly improved photocatalytic efficiency.

Based on the above analysis, a schematic illustration for the
photodegradation of MB by CeVO4/BiVO4 is proposed, as shown
in Fig. 8. When exposed to light irradiation, CeVO4 and BiVO4

can be activated and produce electrons and holes. For BiVO4,
the electrons in the valence band (VB) are excited to the
conduction band (CB) by leaving a hole on the VB. However,
for CeVO4, only part of the photoinduced electrons migrate
from the VB to the CB. The photoinduced electrons on the CB of
the CeVO4 flow to that of the BiVO4 and, in contrast, the holes on
the VB of BiVO4 migrate to that of the CeVO4. The CB potential of
the CeVO4 semiconductor (0.415 eV) is more positive than the
standard reduction potential of O2/�O2� (�0.046 eV).38 Thus, the

Fig. 7 Comparison of the photodegradation efficiency of MB on the
CeVO4/BiVO4 catalysts: (a) different molar ratios; (b) photocatalytic kinetic
reaction rate constant values; (c) different concentrations of MB;
(d) recyclability; (e) different morphologies; and (f) ESR spectra of DMPO–
�OH in a CeVO4/BiVO4 (1 : 0.1) sample.

Table 1 Comparison of MB degradation efficiency on CeVO4/BiVO4 hollow microspheres with other reported catalysts

Materials Light irradiation Amount of catalyst (mg) Degradable compounds Removal percentage

Z-scheme CeO2/CeVO4/V2O5
8 300 W Xe lamp 10 100 mL 10 mg L�1 MB 93.53% (240 min)

P-doped CeVO4 nanorods10 300 W Xe lamp 50 50 mL 20 mg L�1 MB 100% (180 min)
Hedgehog-like CeVO4–BiVO4

26 150 W Xe lamp 50 100 mL 50 mg L�1 levofloxacin 95.7% (300 min)
3% Dy doped CeVO4 nanorods32 UV light Irradiation 200 200 mL 1 mol L�1 MB 94% (80 min)
La2O3/CeVO4@halloysite nanotubes33 300 W Xe lamp 80 100 mL 20 mg L�1 tetracycline 61.9% (60 min)
InVO4/CeVO4 hollow nanobelts34 800 W Xe lamp 40 40 mL 20 mg L�1 tetracycline 92.4% (90 min)
CeVO4/BiVO4 microspheres 100 W Xe lamp 24 30 mL 20 mg L�1 MB 97.8% (30 min)
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electrons of CB on the CeVO4 surface cannot deoxidize O2 into
�O2�. The VB potential of the BiVO4 semiconductor (2.689 eV) is
more positive than that of �OH/H2O (2.27 eV).39 Thus, the photo-
generated holes in the BiVO4 directly oxidize MB and react with the
surface adsorbed OH� group forming �OH radicals to oxidize the
organic pollutants. To further confirm the existence of the active
species �OH in the photodegradation process, the electron para-
magnetic resonance (EPR) of CeVO4/BiVO4 was conducted (Fig. 7f).
It can be seen that the characteristic signal of �OH is detected
under visible light irradiation, and no signal is found in the dark.
Meanwhile, the intensities of the characteristic signals are
enhanced with the increasing irradiation time from 5 to 10 min,
showing �OH has a primary effect on improving the degradation of
MB, which is consistent with the previously reported literature.

4. Conclusions

Employing Gl and L-Asp as morphology-directing agents, a
simple solvothermal method was developed to prepare CeVO4

hierarchical hollow microspheres assembled using different
building units (nanowires, nanorods, nanoflakes and nano-
particles). Benefiting from the synergistic effects of the unique
hierarchical hollow microspheres and BiVO4 doping, nanowires-
assembled CeVO4/BiVO4 heterostructures have achieved a
significantly improved photocatalytic efficiency towards MB
under visible-light irradiation. The content ratio of Gl/H2O
and the reaction time play crucial roles in the formation of
products with different morphologies. The photocatalytic per-
formance of the CeVO4/BiVO4 composites can be easily modu-
lated by simply changing the morphologies of CeVO4, and the
photodegradation of MB demonstrates a two-fold increase after
doping with 10% BiVO4. Therefore, this simple Gl-assisted
and morphology-controllable solvothermal route will provide
an effective strategy for designing other hollow micro/nano-
structures and the obtained hierarchical CeVO4/BiVO4 hollow
microspheres are promising candidates for use in the photo-
catalytic field.
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