
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Ja

nu
ar

y 
20

19
. D

ow
nl

oa
de

d 
on

 7
/1

3/
20

24
 1

0:
42

:2
3 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Template-free hy
Center of Electron Microscopy, State Key L

Materials Science and Engineering, Zheji

China. E-mail: mseweixiao@zju.edu.cn;

87952797; Tel: +86 571 87952797

† Electronic supplementary informa
10.1039/c8ra06671j

‡ These authors contributed equally to th

Cite this: RSC Adv., 2019, 9, 2567

Received 8th August 2018
Accepted 3rd January 2019

DOI: 10.1039/c8ra06671j

rsc.li/rsc-advances

This journal is © The Royal Society of C
drothermal synthesis of MgWO4

nanoplates and their application as photocatalysts†

Jie Meng, ‡ Tao Chen, ‡ Xiao Wei,* Jixue Li and Ze Zhang*

As a semiconductor, MgWO4 has a potential in photocatalytic applications; however, it has been overlooked

in previous studies; in this study, it has been demonstrated that MgWO4 exhibits the ability to drive

photocatalytic hydrogen evolution. Compared to nanoparticle structures, MgWO4 nanoplates show an

increased photocatalytic ability due to their higher specific surface area. Moreover, the formation

mechanism of MgWO4 nanoplates has been discussed. An oriented attachment and ripening process is

proposed for the formation of the MgWO4 nanoplates. This study demonstrates that MgWO4 can be

considered a valuable photocatalytic material, and future studies should be focused on how to promote

its photocatalytic conversion efficiency.
Introduction

Magnesium tungstate (MgWO4), known as a semiconductor
with a wide band gap, has been extensively studied in various
applications including luminescence, dielectric ceramics,
catalysis, solid state lasers and so on.1–4 MgWO4 is currently of
interest in the abovementioned elds due to the advantageous
combination of light (Mg and O) and heavy (W) elements in its
composition and the corresponding special structures.5 As re-
ported in previous studies, the optical band gap of MgWO4 is
about 4 eV with UV response.4 Moreover, the bottom of the
conduction band (CB) is lower than H+/H2 and the top of the
valence band (VB) is higher than O2/H2O; this indicates that the
photo-excited hole and electron pairs have enough energy to
oxidize and reduce water, respectively.3,6 However, to the best of
our knowledge, MgWO4 has remained unexplored in photo-
catalysis when compared with other compounds of the AWO4 (A
¼ Ca, Sr, Ba) family.7,8

Furthermore, as is well-known, the physical and chemical
properties of semiconductors highly depend on their micro-
structures such as sizes, morphologies, crystal structures and so
on.9–12 Therefore, the desired properties could be obtained by
rational control and design of the abovementioned parameters.
In particular, explorations of two-dimensional (2D) nanoplates
with novel structures contribute signicantly to the evaluation
of their possible roles in photocatalysis.13,14 Furthermore, the
plate-like or sheet-like structure may not only enhance the
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specic surface area but also suppress the recombination of
photo-induced holes and electrons because these carriers can
migrate from the interior to the surface more conveniently; this
has been demonstrated in previous work.15 Moreover, it would
be benecial to prepare plate-like structures through template-
free and surfactant-free routes with low-cost and controllable
synthesis processes. However, a MgWO4 photocatalyst with
a nanoplate structure has not yet been reported in previous
literatures.

Hence, in this study, the MgWO4 nanoplates were prepared
by a facile hydrothermal reaction without any templates or
surfactants. The formation process and possible mechanism of
the MgWO4 nanoplates have been discussed. Moreover, as
a semiconductor, MgWO4 has the ability to drive photocatalytic
hydrogen evolution; this has been conrmed in this study.
Compared with the nanoparticle structures, MgWO4 nanoplates
show an enhanced photocatalytic ability because of the higher
specic surface area. This study demonstrates that MgWO4 can
be included in the family of photocatalysts, and themorphology
of nanoplates provides a reference for the modication of other
similar materials.
Results and discussion
Morphology and microstructure

The XRD pattern of the as-prepared MgWO4 nanoplates aer
hydrothermal reaction for 12 h is displayed in Fig. 1b. All the
diffraction peaks can be indexed to the tetragonal structure of
MgWO4 with a lattice constant of a¼ b¼ 5.63 Å and c¼ 10.81 Å;
this is in agreement with the standard card (JCPDS no. 52-0390).
Compared with the main peaks present in the standard pattern
(Fig. 1a), the dominant diffraction peak in (003) indicates that
the as-obtained samples may show a preferred orientation
along the (001) planes; this has been further discussed
RSC Adv., 2019, 9, 2567–2571 | 2567
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Fig. 1 XRD patterns of the (a) standard JCPDS card (52-0390) and (b)
MgWO4 nanoplates (12 h).
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hereinaer via selected area electron diffraction (SAED) and
high-resolution transmission electron microscopy (HRTEM)
results.10

The SEM image of the as-obtained MgWO4 nanoplates is
shown in Fig. 2a. It can be seen that theMgWO4 samples consist
of plate-like nanostructures with an irregular shape (the thick-
ness is about 45 nm). These plate-shaped structures were
further conrmed by the transmission electron microscopy
(TEM) image shown in Fig. 2b. Fig. 2c presents the selected area
Fig. 2 Electron microscopy characterization of MgWO4 nanoplates (12
electron diffraction (SAED) pattern and (d) high resolution TEM image.

2568 | RSC Adv., 2019, 9, 2567–2571
electron diffraction (SAED) pattern, and the three characteristic
spots can be indexed to the diffraction planes of (003), (004) and
(1/2 �1/2 0) for the tetragonal MgWO4 phase. The interplanar
spacing of about 0.363 nm is in agreement with the (003) facets
in the corresponding high-resolution transmission electron
microscopy (HRTEM) image (Fig. 2d). According to the SAED
and HRTEM analysis, the exposed facets of MgWO4 nanoplates
are the (110) planes. The EDS spectrum (Fig. S1 and S2†) indi-
cates that the MgWO4 nanoplates are composed of Mg, W and O
elements without other impurity phases, whereas the elements
Cu and C result from the micro grid. To further study the
surface chemical compositions and states of the MgWO4

nanoplates, X-ray photoelectron spectroscopy (XPS) measure-
ments were carried out, and the full range XPS spectrum and
the corresponding high-resolution XPS spectra of Mg 1s, W 4f
(4f7/2: 34.5 eV and 4f5/2: 36.6 eV) and O 1s are shown in Fig. S3.†
In the Mg 1s spectrum, we can nd that the Mg oxidation states
are mainly composed of +2, whereas the peak at 1302.9 eV may
correspond to the existence of Mg(OH)2.16 The XPS results
provide evidence of the existence of Mg2+ and W6+ on the
surface of MgWO4 nanoplates.1,2,17
Formation process

To better understand the formation process of the MgWO4

nanoplates, the samples obtained at different hydrothermal
reaction times were examined by TEM, SEM and XRD charac-
terizations (Fig. 3 and S4†). At rst, spherical nanoparticles were
h): (a) SEM image, (b) low magnification TEM image, (c) selective area

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Formation process of MgWO4 nanoplates at different reaction times by SEM (a–d), TEM (e–h) characterizations and schematic (i) of
MgWO4 nanoplates: (a and e) 10 min, (b and f) 30 min, (c and g) 1 h and (d and h) 2 h.
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formed aer reaction for 10 min (Fig. 3a). Then, the primary
nanoparticles tended to aggregate to produce the precursor of
MgWO4 nanoplates when time was prolonged to 30 min
(Fig. 3b). When the reaction time reached 1 h, the nanoplates
and nanoparticles are observed to co-exist, as shown in Fig. 3c.
Aer hydrothermal treatment for 2 h and corresponding
gradual ripening, the MgWO4 nanoplates were constructed, as
shown in Fig. 3d.

Based on the abovementioned morphology evolution,
a rational formation mechanism was speculated, and the cor-
responding schematic can be seen in Fig. 3i. (i) Under the
hydrothermal conditions, the reaction between Mg2+ and
WO4

2� starts in the mixed aqueous solution, and spherical
particles are generated as a result of homogeneous nucleation.18

(ii) The primary nanoparticles tend to aggregate to reduce the
surface energy, and oriented attachment occurs between
conjoined nanoparticles.19,20 (iii) From the thermodynamic
perspective, these two adjacent particles tend to share
a common crystallographic orientation via rotation or ne-
tuning.21 In addition, the main framework of nanoplates is
produced, and a crystallization process occurs, as conrmed by
the XRD patterns (Fig. S4†). (iv) Finally, the MgWO4 nanoplates
are formed at the expense of the rest of the nanoparticles via an
Ostwald ripening mechanism (Fig. S5†).22,23
Photocatalytic activity

The photocatalytic activities of the as-prepared MgWO4 nano-
plates were evaluated for hydrogen evolution under UV light
This journal is © The Royal Society of Chemistry 2019
irradiation. For comparison, MgWO4 nanoparticles (Fig. S6 and
S7†) were used as photocatalysts under the same experimental
conditions. From the XPS valence band spectrum, it can be
deduced that the valence band position is located at around
2 eV (Fig. S8†). Because the band gaps of MgWO4 nanoparticles
and nanoplates are estimated to 4.15 and 4.10 eV, respectively
(Fig. 4c), the conduction band positions are about �2.15 and
�2.10 eV, indicating that the photo-excited electrons have
enough energy to reduce water (Fig. 5). As shown in Fig. 4a, both
MgWO4 samples exhibit photocatalytic activity; this implies
that MgWO4 can be a promising photocatalyst. In Fig. S9,† the
MgWO4 nanoplates do not show good stability in the recycling
tests; this may be related to the photo-corrosion. Moreover,
MgWO4 nanoplates exhibited better photocatalytic perfor-
mance than MgWO4 nanoparticles, and their photocatalytic
hydrogen evolution rate was about 1.35 times higher than that
of MgWO4 nanoparticles. It is known that the optical absorption
range and the separation and migration efficiency are the main
reasons impacting the nal photocatalytic performance. To
effectively study the possible mechanisms contributing to the
differences in the photocatalytic rate, related characterizations
were carried out, and the corresponding discussion have been
provided hereinaer. The typical UV-vis diffuse reectance
spectra (DRS) of the as-prepared samples is displayed in Fig. 4c.
The MgWO4 samples with nanoplate shapes show a similar
optical absorption ranges or edges with the nanoparticle
structures. This indicates that the solar absorption range is not
the key factor for the enhanced photocatalytic hydrogen evolu-
tion rate of MgWO4 nanoplates. Therefore, photoluminescence
RSC Adv., 2019, 9, 2567–2571 | 2569
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Fig. 4 (a) The photocatalytic hydrogen evolution, (b) N2 adsorption–desorption curves, (c) UV-vis diffuse reflectance spectra (inset: the band gap
determination by the Tauc method) and (d) PL spectra of MgWO4 nanoplates (12 h).
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(PL) emission spectra were obtained to characterize the
recombination of photo-induced carriers. As shown in Fig. 4d,
the strong emission peaks centered at about 335 nm could be
ascribed to the band–band PL phenomenon of a photo-excited
electron–hole; this was consistent with the DRS spectra.24 In
other words, the MgWO4 nanoplates show a lower recombina-
tion rate of photo-induced carriers when compared with
MgWO4 nanoparticles. As observed from the Brunauer–
Fig. 5 Schematic of photocatalytic hydrogen evolution for MgWO4 nano
agent).

2570 | RSC Adv., 2019, 9, 2567–2571
Emmett–Teller (BET) nitrogen adsorption–desorption curves,
the specic surface areas of the MgWO4 nanoparticles and
nanoplates are 10.46 and 14.05 m2 g�1, respectively (Fig. 4b and
Table S1†). The two samples show a typical IV isotherm, sug-
gesting the presence of pores, which is consistent with the TEM
analysis. Moreover, the corresponding H2 production rates per
surface area of the samples are almost the same (Fig. S10†).
Therefore, the increased specic surface areas should be a key
particles andMgWO4 nanoplates (triethanolamine (TEOA) as a sacrificial

This journal is © The Royal Society of Chemistry 2019
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factor for the enhanced photocatalytic activities of MgWO4

nanoplates. As is well-known, a plate-like or sheet-like structure
with high specic surface area can efficiently suppress the
recombination of photo-induced carriers due to the short
migration distance from the inner core to the surface; this is
demonstrated in that the average particle size of MgWO4

nanoparticles (72 nm) is larger than the average thickness of
MgWO4 nanoplates (45 nm). Furthermore, the high specic
surface area is also benecial for increasing the surface optical
absorption and redox reaction area. Because of the larger
specic surface area and corresponding efficient separation of
photo-generated holes and electrons, the MgWO4 nanoplates
present a lower PL intensity, thus promoting the photocatalytic
activity.

Conclusions

In summary, the MgWO4 nanoplates were synthesized by a one-
step hydrothermal reaction without any templates or surfac-
tants. An oriented attachment and ripening process are
proposed for the formation of the MgWO4 nanoplates. As
a semiconductor, MgWO4 has the potential to participate in
photocatalytic hydrogen evolution; this has been conrmed in
this study. Compared with nanoparticle structures, MgWO4

nanoplates show an increased photocatalytic ability as a result
of their higher specic surface areas. This study demonstrates
that MgWO4 can be considered a viable photocatalyst, and
future studies should be focused on how to promote its pho-
tocatalytic conversion efficiency.
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