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CdWO4 nanocrystals with controlled particle size and crystallinity were successfully synthesized via a simple
hydrothermal method using citric acid as the capping agent. By systematic sample characterization using
X-ray powder diffraction, transmission electron microscope, selected area electron diffraction, BarretEmmett-Teller technique, Fourier transformed infrared spectra, UV-visible diffuse reflectance spectra, and
photoluminescence spectra, all as-prepared CdWO4 samples were demonstrated to crystallize in a pure-phase
of monoclinic wolframite structure. With varying the reaction temperature from 160 to 220 °C, particle size
was controlled to grow from 11 to 21 nm. With particle size reduction, CdWO4 nanostructure showed a
lattice expansion, as is followed by a surprisingly lowered lattice symmetry, band gap broadening, and redshift of Au vibration mode. Photocatalytic activity of CdWO4 nanocrystals was examined by monitoring the
degradation of methyl orange dye in an aqueous solution under UV radiation of 254 nm. High crystallinity
CdWO4 nanostructures with relatively small particle size showed an optimum photocatalytic performance.
Consequently, systematic control over semiconductor nanostructures is proved to be useful, in some cases
likely general, in achieving the advanced photocatalytic properties for technological uses.
1. Introduction
Exploring novel semiconductors of photocatalytic activity has
received great attention because of the merits in degradation of
organic pollutant in water or air, necessary for resolving many
environmental pollution problems that mankind is facing
nowadays.1 Depending on the types and activities of semiconductors, photocatalytic reactions can work at ambient conditions,
producing nontoxic CO2 and water without generating any
additional pollutant substances.2
It is well-known that the photocatalytic activity of semiconductors is strongly determined by several microstructural factors
such as particle size, surface chemistry, morphology, and
crystallinity. Among these factors, two contradictory aspects
of almost all nanostructures, small particle size and high
crystallinity, could be most important, since small particle size
may give rise to large surface area and moreover significant
amounts of active sites, while crystallinity directly determines
the lattice perfection and moreover the electronic structures for
activities.3 When absorbing a photon with energy higher than
or equal to the band gap energy, electrons in semiconductors
can be excited from the filled valence band to the empty
conduction band, leaving a “hole” in the valence band. These
separated electrons and holes can induce an efficient photodegradation of organic pollutants, since the conduction band
electrons can interact with the dissolving oxygen to generate
highly reactive superoxide radicals to oxidize many organic
compounds, while the holes can oxidize the organic pollutant
by reacting with H2O or OH- on the surface of photocatalysis
to produce a powerful oxidant such as hydroxyl radicals.4 The
recombination rate of the electron and hole may thus have a
great impact on the photodegradation efficiency. Since the
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recombination of electrons and holes readily occurs at lattice
defects, small particle size and high crystallinity that govern
the solid defects should be the key for excellent photocatalytic
activity of semiconductors.3a,b,4c
There are two approaches that are frequently used to enhance
the crystallinity of semiconductors: prolonging the reaction time
or increasing the reaction temperature. Nevertheless, both
approaches will also result in a significant grain growth, which
in turn reduces the surface area and furthermore decreases the
photocatalytic activity due to the reduced active site numbers
and photonic efficiency.4d,5 How to prepare semiconductors that
simultaneously possess two contradictory features of high
crystallinity and smaller particle size is a challenge to achieve
excellent photocatalytic performance.
We anticipate that it is highly possible to synthesize small
particle-sized semiconductors of high crystallinity via a sizecontrolled synthesis using citric acid as the capping agent, since
capping molecules of citric acid can effectively adjust the
relative activity of the cation and moreover retard the grain
growth of semiconductors.6 For this purpose, the wide-gap
semiconductor CdWO4 was taken as a model compound to
study. CdWO4 represents a very relevant class of semiconductors
because of its applications in many fields including phosphors,
laser crystals, and catalysis. CdWO4 crystallized in a monoclinic
wolframite structure with a relatively high chemical stability.7
Recently, Ye et al.8 investigated the photocatalytic property of
monoclinic CdWO4 by UV light photodegradation of MO and
found that CdWO4 exhibits photocatalytic activity comparable
to the known semiconductors ZnWO4 and TiO2. Nevertheless,
the particle size reported for CdWO4 nanostructures in literature9
is always lack of control, which makes it very difficult to
understand the impacts of the crystallinity and particle sizes on
the photocatalytic activity.
In this work, we report on a systematic control over the
CdWO4 nanostructure for optimum photocatalytic activities.
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CdWO4 nanocrystals with different size and crystallinity were
hydrothermally synthesized using citric acid as the capping
molecule. Our preliminary experimental results showed that both
crystallinity and small particle sizes of CdWO4 nanocrystals
could be balanced to show optimum photocatalytic activity.
2. Experimental Section
2.1. Sample Preparation. Different particle sizes of CdWO4
nanocrystals were synthesized by simple hydrothermal method.
All chemicals were analytical grade and used without further
purification. CdCl2 · 2.5H2O (2.96 g, 0.013 mol) and
C6H8O7 · H2O (2.73 g, 0.013 mol) were dissolved into certain
amounts of deionized water and then mixed with Na2WO4 · 2H2O
(4.29 g, 0.013 mol) to get a clear solution. A well-controlled
NaOH solution was added into the clear solution with magnetic
stirring until the pH value reached 8. This resulting mixture
was transferred to a 100 mL Teflon-lined stainless steel
autoclave that was allowed to react at given temperatures for
16 h and then cooled to room temperature naturally. The white
products were centrifuged and washed with deionized water
several times to remove all impurity species and then dried at
80 °C for 3 h.
2.2. Sample Characterization. Infrared spectra of the
samples were measured on a Perkin-Elmer IR spectrophotometer
at a resolution of 4 cm-1 using KBr pellet technique. Photoluminescence (PL) properties of the samples were recorded on a
Varian Cary Eclipse Fluorescence spectrophotometer. The
sample structures were characterized by X-ray diffraction (XRD)
on a Rigaku MiniFlex II benchtop X-ray diffractometer using
a copper target. The average crystallite size, D, was calculated
from the diffraction line (110) using the Scherrer formula, D )
0.9λ/βcosθ, where λ is the X-ray wavelength employed, θ is
the diffraction angle of the diffraction peak (110), and β is
defined as the half-width after the instrumental broadening
is subtracted. The lattice parameters of the samples were
calculated by a least-squares method using Rietica Rietveld
software. Ni powder serves as an internal standard for peak
position determination.
Particle size and morphology of the samples were determined
using transmission electron microscope (TEM) on a JEM-2010
apparatus with an acceleration voltage of 200 kV. UV-vis
diffuse reflectance spectra of the samples were recorded on a
Varian Cary 500 scan UV-vis-NIR spectrophotometer with
BaSO4 as the background and in the range 200-800 nm.
Specific surface areas of the samples were determined from the
nitrogen absorption data at liquid nitrogen temperature using
the Barrett-Emmett-Teller (BET) technique on a Micromeritics ASAP 2000 surface area and porosity analyzer.
2.3. Photocatalytic Activity Test. Methyl orange (MO) was
used as a probe molecule to evaluate the photocatalytic activity
of the samples in response to ultraviolet light at room temperature. MO is a water-soluble azo dye and is a water pollutant
frequently produced in textile, paper manufacture, printing, pulp
processing, and pharmaceutical industries.10 All experiments
were carried out as follows: 150 mg of the samples was
dispersed in 150 mL of 10 ppm MO aqueous solution in a quartz
tube with 4.6 cm inner diameter and 17 cm length. Prior to
illumination, the suspensions were magnetically stirred in the
dark for 3 h to ensure the establishment of absorption/desorption
equilibrium of MO on the sample surfaces. Subsequently, the
suspension was irradiated around by four UV lamps (4 W) with
a wavelength centered at 254 nm (Philips, TUV 4W/G4 T5). A
3 mL aliquot was taken at given intervals and subsequently
centrifuged at a rate of 6500 rpm for 15 min to remove the

Figure 1. Selected XRD patterns of CdWO4 prepared at different
temperatures. Vertical bars represent the standard diffraction data for
bulk CdWO4. Bracketed numbers are the Miller indices for specific
crystal faces. Symbol * represents the diffraction lines of internal
standard nickel.

powders. UV-vis absorption spectra of the supernatant were
then measured with a Perkin-Elmer UV lambda 35 spectrophotometer.
3. Results and Discussion
3.1. Structure and Morphology of the Size-Controlled
Monoclinic CdWO4 Nanophases. Figure 1 shows XRD patterns of the samples that were prepared at temperatures ranging
from 160 to 220 °C. The standard diffraction data for bulk
CdWO4 (JCPDS, no. 14-0676) are also shown for comparison.
It is seen that the diffraction peaks can be indexed as a
monoclinic wolframite structure with no traces of impurities.
With increasing the reaction temperature, XRD patterns became
sharper, which indicates the increased crystallinity and grain
growth as well. From the indexing results in Figure 1, the main
peak (-111) is seen overlapped with (111) peak when the
samples were prepared at lower temperatures. Particle sizes for
the as-prepared samples were estimated from (110) peak
broadening. When prepared at 160 °C, the particle size was as
small as 11 nm. Increasing the reaction temperature to 220 °C
led to an increase in particle size to 21 nm. These estimated
particle sizes were approximately the same as those observed
by TEM (Figure 2). Therefore, particle size of CdWO4 nanocrystals could be effectively controlled in the presence of citric
acid by varying the reaction temperature, which appears superior
over the literature work.8,9,11 For the latter cases, the synthesis
of CdWO4 nanoparticles is always lack of control, and the
relevant particle sizes are usually larger ranging from tens of
nanometers to hundreds of nanometers.
The successful control over the CdWO4 nanostructures in this
work might be benefited from the capping agent citric acid that
was involved. When CdCl2 and citric acid were dissolved into
water, citric species might be easily chemically bonded to Cd2+
to form the relatively stable coordination complexes. These
stable coordination complexes could not release Cd2+ into the
reaction systems to react with WO42-, and therefore, no CdWO4
was formed at room temperature. Adding some amounts of
NaOH can alter the activity of WO42- species and the coordination ability of Cd2+ to citric species that may favor the formation
of the CdWO4 seeds. Consequently, CdWO4 nanocrystals with
controlled particle size and crystallinity were achieved by
altering the reaction temperature.6
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Figure 2. (a) TEM, (b) HRTEM, and (c) SAED images of 11 nm CdWO4; (d) TEM, (e) HRTEM, and (f) SAED images of 21 nm CdWO4.

Particle sizes and morphologies of CdWO4 nanocrystals were
determined by TEM observations. As indicated in Figure 2a
and d, CdWO4 nanocrystals prepared at 160 °C are an aggregate
of tiny spindly-like particles with diameter of about 11 nm,
consistent with XRD analysis. From the high-resolution TEM
image (Figure 2b), the spacing between two adjacent lattice
fringes was 0.3074 nm, compatible with that of 0.3077 nm for
the (1j11) plane by selected area electron diffraction (Figure 2c).
When the formation reaction increased to 220 °C, particles grew
up to 21 nm, showing a short rodlike shape. These rodlike
particles are tiny single crystals, showing lattice plane spaces
of 0.5020 and 0.5864 nm that can be indexed as (100) and (010)
(Figure 2e). By comparative analysis of HRTEM and SAED
images (Figure 2b, e, and f), 21 nm CdWO4 was found to show
a better crystallinity. Therefore, the increase in particle size is
followed by an apparent crystallinity enhancement.
Closely related to the rodlike morphology is the aspect ratio,
which is important in controlling the exciton transport rate and
moreover the photocatalytic oxidation ability. As indicated in
Figure 2d, the particles for 21 nm CdWO4 are all larger and
distributed in a broad range, which makes it difficult to precisely
obtain the aspect ratio. Here, the diffraction intensity ratio of
line (010) to (100) was used to define the aspect ratio, since
short-rod CdWO4 nanocrystals grew along the normal direction
of (100) face and the angle between planes (010) and (100) is
very close to the right angle. It is found that the aspect ratios
for CdWO4 nanocrystals were varied in a narrow range from
0.67 to 0.74 as particle size increased from 11 to 21 nm.
Particle size can impose great impacts on the lattice parameters. For 11 nm CdWO4, the lattice parameters are a ) 0.5039
nm, b ) 0.5892 nm, c ) 0.5105 nm, and β ) 91.71°, which
are all slightly larger than those of the bulk CdWO4 (JCPDS,
no. 14-0676). Figure 3 illustrates the particle size dependences
of the lattice volume and β angle. It is seen that the lattice
volume increased monotonically as particle size reduced, which
indicates a lattice expansion. Similar phenomena had already
been observed in several oxide nanoparticles12 such as CaWO4,
YPO4, rutile TiO2, ZnO, and R-Fe2O3. It is also noted that the
lattice expansion is followed by an increase in β angle that
systematically deviates from the right angle, which indicates

Figure 3. Particle size dependences of (a) lattice volume, V, and (b)
β angle of CdWO4 nanocrystals.

the lowered lattice symmetry at small particle sizes. This
observation is interesting, since it is contrary to what is observed
in many oxide nanoparticles.12a,b,13 For the latter cases, lattice
expansion is popularly accompanied by an enhanced symmetry.
The lattice expansion with abnormal symmetry lowering for the
monoclinic CdWO4 nanoparticles might be closely related to
the interactions of surface exposed layer molecules and the
difference between the W-O bond and the Cd-O bond, which
will be described below.
It is well-documented that the defect surface chemistry is a
highly possible reason for the lattice expansion.12 As particle
size reduces, there will be more atoms exposed on surfaces with
lower coordination. These exposed surface atoms will most
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Figure 5. Representative nitrogen desorption/adsorption isotherms for
21 nm CdWO4. Inset illustrates the relationship between specific surface
area and particle size of CdWO4 nanoparticles.

Figure 4. (a) IR spectrum of 11 nm CdWO4 and (b) particle size
dependences of the relative changes of Au mode frequency and lattice
volume. Inset illustrates the enlarged Au mode around 455 cm-1 for
all samples. Relative changes in lattice volume and Au mode frequency
are represented by ∆V/V0 ) (V - V0)/V0 and ∆ω/ω0 ) (ω0 - ω)/ω0,
respectively, where V0 and ω0 denote the lattice volume and Au mode
frequency for 21 nm CdWO4.

likely lead to a significant increase in the numbers of dangling
bonds, which could be compensated by absorbing some small
molecules like H2O to form terminal hydration layers, as is
confirmed by IR in Figure 4. Because of the polarity and the
same tropism of H2O molecules, surface defect dipoles are
expected to be perpendicular to the outer surface of each CdWO4
nanocrystal. The roughly parallel array of surface dipoles would
repel each other and result in a larger equilibrium lattice constant
than that for the bulk,13 which explains the apparent lattice
expansion for CdWO4 nanocrystals.
Concerning the lowered lattice symmetry, the anisotropic
nature of the monoclinic CdWO4 should be taken into account.
XRD Rietveld refinements showed that, as the particle size
reduced from 21 to 11 nm, both the b and c-axes became
elongated by 0.36% and 0.47%, respectively, which compares
to only a 0.12% increase for the a-axis. Therefore, the lowered
lattice symmetry for CdWO4 nanocrystals is associated with an
anisotropic lattice expansion that is likely originated from the
variation of the Cd-O bond length in the presence of hard
W-O6 octahedra. Since the lattice expansion is equivalent to
the “negative pressure”, the nature for the lowered lattice
symmetry could be acknowledged by comparison with the
structural evolution of bulk CdWO4 under high pressure.
Lacomba-Perales et al.7e studied the pressure dependence of bulk
CdWO4 lattice parameters by ab initio total-energy and latticedynamics calculations and found anisotropic lattice contraction
with increasing pressure in which the Cd-O bond length
decreases faster with pressure than the W-O bond length.
Consequently, the different chemical nature between W-O and
Cd-O bonds can be expected in CdWO4 nanocrystals, which
accounts for the lowered lattice symmetry at small particle sizes.

3.2. Surface Chemistry and Vibrational Properties of the
Size-Controlled Monoclinic CdWO4 Nanophases. The relationship between particle size and specific surface area of the
as-prepared CdWO4 nanocrystals was investigated based on the
nitrogen adsorption and desorption isotherm curves. Shown in
Figure 5 are the representative adsorption/desorption isotherms
for 21 nm CdWO4. Type III isotherm with a type H3 hysteresis
loop is observed according to the Brunauer-DemingDeming-Teller classification.14 Inset of Figure 5 illustrates the
particle size dependence of the BET surface area. It is seen that
the BET surface area increased markedly as particle size reduced
from 21 to 11 nm.
Large surface area allows surface modifications by chemical
species. The chemical species absorbed on surfaces of CdWO4
nanocrystals were examined by FT-IR spectra. Figure 4a shows
a typical infrared spectrum for 11 nm CdWO4, and the spectra
of other sample are illustrated in the Supporting Information.
It is clear that a large amount of absorbed water and hydroxyl
groups coexisted on nanostructure surfaces. The broad absorption band centered at 3428 cm-1 is attributed to the vibration
of H-O bonds for surface hydration layers, and the weak
absorption located at 1633 cm-1 is associated with the deformation vibration of H-O-H bonds of the water molecules.15 Two
strong bands centered at about 1395 and 1568 cm-1 correspond
to the symmetrical and asymmetrical vibrations of the carboxylate groups, respectively. Two weak bands detected at 1061 and
1139 cm-1 characterized the C-O stretching vibrations of the
citric species,6 which indicates the presence of the citrate capping
on CdWO4 nanostructures.
A set of bands below 1000 cm-1 in Figure 4a is characteristic
of the vibrations of W-O bonds. CdWO4 is thermodynamically
4
stable in a wolframite structure of C2h
symmetry (space group,
P2/c). According to the group theory, 33 vibration modes can
be expected: Γ )8Ag + 10Bg + 7 Au +8 Bu, where Au and Bu
modes are infrared active.16 Bu mode for asymmetrical and
symmetrical stretching vibrations of the short W-O bond in
the WO42- group is represented by two sharp bands at 823 and
876 cm-1 (Figure 4a), while the bands at 679 and 639 cm-1 are
assigned to the asymmetrical stretching vibrations of the
W-O-W bond in the WO42- group, respectively. The sharp
bands observed at 503, 442, and 407 cm-1 are assigned to the
in-plane deformation of the WO42- group.17
As illustrated in the inset of Figure 4a, the Au mode associated
with the deformation vibration of the WO42- group shifted
toward lower wavenumbers with particle size reduction. To get
into the cause for this observation, the relationship between Au
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Figure 6. (a) UV-visible diffuse reflectance spectra and (b) energy dependence of (RhV) /2 for CdWO4 nanocrystals at different particle sizes.

mode frequency change and lattice expansion was first addressed. According to the literature, lattice expansion can give
rise to the weakened force constants between pairs of ions, and
thus, red shift for the absorption bands can be expected for small
sizes like other nanoparticles12a,b,e of CaWO4, YPO4, or R-Fe2O3.
Figure 4b shows the relative changes in lattice volume and Au
mode frequency as a function of particle size. It is clear that
the lattice volume increased while the phonon frequency of Au
mode decreased monotonically. This could be associated with
a “polaron” effect in CdWO4 nanocrystals, since the lowering
of lattice symmetry is followed by a large red shift of phonon
frequency.6,18 Therefore, lattice expansion and “polaron” effect
could be the dominant factors for the red shift of the Au vibration
mode.
3.3. Electronic Structures of the Size-Controlled Monoclinic CdWO4 Nanophases. Electronic structures for CdWO4
nanoparticles were measured by diffuse reflectance spectroscopy
at room temperature. As demonstrated in Figure 6a, CdWO4
nanocrystals showed an intense band-to-band absorption in the
UV region, which is originated from the absorption of the
allowed transitions 1A1g - 1T1u in the (WO6)6- complex.19 Since
the particle sizes (>11 nm) of all CdWO4 nanocrystals are much
larger than the exciton radius of approximately 4 nm for
CdWO4,19b,c the optical absorption edge of an idealized parabolic
band bulk semiconductor with allowed transitions can be fit
using the Tauc equation:20

RhV ) K(hV - Eg)1/n
where R is the absorption coefficient, K is the characteristic
constant of semiconductors, hν and Eg are photon energy and
optical band gap energy, respectively, and n equals 1/2 because
CdWO4 is an indirect gap semiconductor.8,21 The Eg values were
thus determined by extrapolation of the linear portion of the
(Rhν)n curve versus the photon energy hν to (Rhν)n )0. As
illustrated in Figure 6b, the band gap for CdWO4 nanoparticles
slightly shifted from 3.77 to 3.87 eV with particle size reduction
from 21 to 11 nm. It is well-known that the transition 1A1g 1
T1u is electric dipole allowed from the valence band to the
conduction band.19 The slight blue shift in the transition energy
for 1A1g - 1T1u indicates a broadened band gap, a common
feature for bulk semiconductor nanocrystals,22 which could be
related to the surface band bending23 due to the surface structural
modifications of highly concentrated hydroxyls and citric-related
groups.
Figure 7 shows the photoluminescence spectra measured at
room temperature for CdWO4 nanocrystals of different particle
sizes. It is seen that under 290 nm excitation, all CdWO4

Figure 7. Photoluminescence spectra of CdWO4 nanocrystals at given
particle sizes under the measurement conditions: solid-state samples,
290 nm excitation, and room temperature.

nanocrystals gave a broad blue-green emission around 475 nm,
which is attributed to the charge-transfer transition between the
O 2p orbital and the empty d orbital of the central W6+ of WO6
octahedra or to the self-trapped exciton at a WO66- oxyanion
complex.24 PL intensity increased to show a maximum as
particle size became larger to 21 nm. It is known that several
factors such as particle size,12a morphology,25 crystallinity,26 or
surface modification27 can be responsible for the PL intensity
variations. Concerning the morphological impacts, aspect ratio
is important in controlling the exciton transport rate as reported
for other systems such as silica nanostructures25g and CdSe
nanocrystals.25h Nevertheless, as mentioned above, CdWO4
nanocrystals are all in a similar spindly short-rod shape, showing
an aspect ratio varied in a narrow range from 0.67 to 0.74 as
the particle size varied from 11 to 21 nm. Therefore, morphological changes might not be the predominant factor for the PL
intensity variations. Alternatively, surface hydration layers could
be a possible reason, since as for almost all oxide nanoparticles,
particle size reduction usually leads to a significant increase in
the amounts of surface absorbed water. The increased number
of OH- groups of surface absorbed water might act as the
luminescent quencher.27a As a consequence, PL intensity for
CdWO4 nanocrystals was expected to be relatively weak.
PL intensity can also be affected by the ligands of the citric
species that are absorbed on surfaces, because the citric species
could interact with the surface dangling bonds to reduce the
numbers of trap sites for nonradiative recombination. In this
case, the photoluminescence quantum efficiency could be
significantly enhanced,27c which is different from what one
expects for larger particle sizes of CdWO4 nanoparticles because
of the lower concentration of surface citric species. Therefore,
there may exist other factors for the increased PL intensity at
larger particle sizes (Figure 7). Crystallinity is investigated as
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Figure 8. Time-dependent absorption spectra of MO solution in the
presence of (a) 21 nm CdWO4 and (b) 11 nm CdWO4 under UV light
irradiation; (c) photocatalytic activities of CdWO4 nanostructures at
different particle sizes.

a possible reason. It is general that the crystallinity increase
can result in an enhanced emission intensity.26 As confirmed
by TEM measurement, the crystallinity was much improved with
increasing the particle size. The significantly increased emission
intensity for larger particle size (Figure 7) indicates the impacts
of crystallinity on PL intensity. Therefore, in comparison with
other two factors such as particle size and surface modification,
crystallinity could play a dominant role.
3.4. Photocatalytic Activity of the Size-Controlled Monoclinic CdWO4 Nanophases. Sample characterizations above
indicate that lattice structure, band gap, lattice vibration, and
photoluminescence of CdWO4 nanocrystals can be systematically controlled by particle size, which expects to give particle
size dependence of the properties for technological uses. As an
example, the photocatalytic activities of CdWO4 nanoparticles
were preliminarily studied. MO molecules were explored as the
probe for the photocatalytic activity examination. Figure 8a and
b illustrates the time-dependent absorption spectra of MO
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aqueous solutions during the UV light irradiation in the presence
of 11 and 21 nm CdWO4. For both nanostructures, the maximum
absorption of the MO solution gradually decreased with
prolonging the irradiation time. In the presence of 21 nm
CdWO4, MO solution was completely degraded after irradiation
for 50 min, while for 11 nm CdWO4, the irradiation time had
to last for 170 min to completely remove the MO molecules.
Figure 8c shows the normalized absorbance changes of all
solutions with irradiation time under UV light. It is clear that
with increasing the particle size, photocatalytic activity of
CdWO4 nanocrystals became better, among which 21 nm
CdWO4 shows the optimum activity.
To understand the variation of photocatalytic activity of
CdWO4 nanocrystals, several factors such as electronic structure,
surface property, morphology, and crystallinity have to be
addressed. Among these factors, the broadened band gap energy
is considered as a most likely reason,29 since it would enhance
the redox potentials of the photogenerated electrons and holes.
As stated above, the band gap energy for CdWO4 nanocrystals
slightly shifted toward the higher energy by only 0.1 eV as
particle size reduced from 21 to 11 nm (Figure 6). As a result,
the slightly shifted band gap seems not applicable for the present
work, since the photocatalytic activity for the as-prepared
CdWO4 nanocrystals tended to decrease with particle size
reduction.
With regards to the morphology, it is reported that semiconductors of different morphology can exhibit quite different
photocatalytic activity.30 Mclaren et al. investigated the photocatalytic activity of different morphology of ZnO and found
that hexagonal platelike particles displayed 5 times higher
activity than the rod-shaped particles in photocatalytic degradation of methylene blue.31 In the present work, the morphological
effect on photocatalytic activity can be insignificant, since all
CdWO4 nanocrystals had almost the same morphology with
roughly the same aspect ratios.
Another important factor could be from either specific surface
area or surface modifications. With regards to the surface
modification, the surface hydroxyl groups bound to the surfaces
may promote the photodegradation process, since much more
reactive surface HO• species can be produced and the
electron-hole recombination can be hindered.32 According to
the IR analysis, all CdWO4 nanocrystals are terminated by
surface hydration layers and citric acid species (Supporting
Information), and their relevant contents increased with particle
size reduction. Hence, photocatalytic activity is expected to
enhance with particle size reduction. However, this expectation
is somehow inconsistent with what we observed in CdWO4
nanocrystals. Therefore, there should be other factors that govern
the photocatalytic activity.
It is well-documented that the surface area of semiconductors
has a great influence on the photocatalytic activity and in some
cases can be a dominant factor.33 For nanocrystals of large
surface area, the ratio of the surface charge carrier transfer rate
to the electron-hole recombination rate can be greatly improved,
resulting in highly concentrated surface active sites and a higher
photonic efficiency.34 Based on this consideration, photocatalytic
activity should be enhanced with increasing the surface area.
As shown in the inset of Figure 5, the surface area of CdWO4
nanocrystals increased with particle size reduction. Comparing
to 15.3 nm CdWO4, the activity for 13 nm CdWO4 became
significantly improved (Figure 8c). At this point, surface area
seems to be the main factor that influences the photocatalytic
activity. However, when we have an overall look at all CdWO4
nanocrystals, it is found that the photocatalytic activity for
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CdWO4 nanocrystals enhanced with increasing the reaction
temperature regardless of the variations of surface area.
Therefore, surface area is also excluded as a possible cause for
the photocatalytic activity. The last possible factor could be the
crystallinity of CdWO4 nanocrystals. For instance, Amano et
al. have found that crystallization of Bi2WO6 leads to an increase
in absorbed photon and photocatalytic reaction efficiency.3b
Based on the above systematic sample characterization, it is
clear that the crystallinity of CdWO4 nanocrystals is extremely
enhanced with increasing reaction temperature, which is in
accordance with the order of photocatalytic activity of the asprepared CdWO4 nanocrystals (Figure 8c). Highly crystallized
21 nm CdWO4 displayed activity about 3 times higher than 11
nm CdWO4 (of a relatively low crystallinity) in photodegradation of MO solution. Therefore, crystallinity may dominate the
photocatalytic activity of CdWO4 nanostructures. This conclusion is further confirmed by the above photoluminescence: the
enhancement of photoluminescence as a result of crystallinity
means the delayed recombination of exciton so that electron or
hole can be effectively transported for oxidation of methyl
orange in water.
4. Conclusions
CdWO4 nanocrystals of controlled particle sizes were synthesized by hydrothermal method. When varying the reaction
temperature from 220 to 160 °C, the particle size of CdWO4
nanocrystals decreased from 21 to 11 nm. With particle size
reduction, there existed a lattice expansion as followed by a
lowered lattice symmetry, broadened band gap, and red shift
of the Au vibration mode. Photocatalytic activity of CdWO4
nanocrystals of controlled particle sizes was evaluated by UVlight photodegradation of methyl orange. CdWO4 nanoparticles
with particle size of 21 nm showed an excellent photocatalytic
activity, which is more than 3 times higher than 11 nm CdWO4.
This observation was explained in terms of the crystallinity that
varied with the particle sizes of CdWO4 nanostructures. Further
work will be highly necessary to understand the contradictory
factors of high crystallinity and small sizes for semiconductor
nanoparticles that will lead to excellent photocatalytic activity
for technological uses.
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