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lons doping provides a powerful means for the fabrication of a functionalized photocatalyst that is both active and stable.

Herein, a series of Mo-doped monoclinic WO3 photocatalysts, in the form of well-shaped 2-dimension (2D) rectangular

nanosheets, were successfully synthesized via a simple hydrothermal process. It is assumed that Mo was homogeneously

doped into the crystal lattice of WOs. In addition to the 2D structure beneficial for charge transfer, Mo doping altered the

band structure of WOs3, enabling the further improvement of photocatalytic activity on rhodamine B degradation over the

nanosheets.

1. Introduction

Semiconductor mediated photocatalysis has become a
promising technologies in wastewater treatment.'> Among the
semiconductor photocatalysts, TiO, is the most widely used
photocatalyst because of its good stability, non-toxicity and
excellent photocatalytic activity.* > However, TiO, can only
adsorb the ultraviolet light, which occupies a little part of solar
light, due to its wide band gap (3.2 eV). Selecting novel visible-
light-driven photocatalytic materials have been investigated
because of their special band structure and efficient use of solar
energy.

Tungsten oxide (WO;) is an n-type semiconductor which has
good thermal stability, photosensitivity, stability against
photocorrcsion and good electron transport properties,® ’ and
has been extensively used infrared switching devices,®
catalysis,” '° gas sensors,'""!® photoelectrochemical systems'*'®
and flat panel.’” Although WO; has these promising
characteristics, the band gap of WO; (~2.8)'%%" is still large to
absorb sufficient solar spectrum. The photocatalytic
performance of WOj3 could be improved by modification WO;

through semiconductor coupling,?’?” noble metal deposition®®
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2% and doping,
Among them, doping is an effective strategy for narrowing the
band gap of WO; and enhancing photocatalytic activities. Sun
et al. doped carbon on WOj3, which decreased the band gap and
enhanced photocurrent density of C-doped WO, electrode.*
Song et al. synthesized Fe-doped WO; nanostructures and
founded a greatly enhancement of visible light photocatalytic
activity after doping Fe because of the red shift in the optical
absorption of WO; and trapping effect.>> Feng et al. reported
that Ti doped WO; nanocuboids exhibit much better
photoactivity than that of pure WO5.3' The ionic radius of
molybdenum®’ is close to that of tungsten®®, which enables
molybdenum to incorporate into the tungsten lattice and
improve the photocatalytic properties of WOj3 in the visible
range. Zhang et al. reported phase-pure Bi,Mo,W;Og
photocatalysts that could better utilize visible light after doing
Mo.** Song et al. prepared a novel Mo-doped WO; nanowires
exhibiting an excellent photocatalytic dye degradation.*®
However, underlining mechanism for various WO; based
catalysts, especially Mo doing, remained unclear and held great
potential for further exploitation.

Herein, we described a facile synthesis of Mo-doped WO,
photocatalysts in the form of well-shaped 2-dimension (2D)
rectangular nanosheet by an organic-additive-free hydrothermal
method and their photocatalytic performances in the
degradation of rhodamine B (RhB) wunder visible light
irradiation. Furthermore, the roles of different reactive species
were explored by introducing various scavengers into the
photocatalytic reaction system. In addition, the possible
mechanism of photocatalytic activity enhancement of Mo
doped WO; nanosheets was proposed.
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2. Experimental Section

2.1 Chemicals and materials

Sodium tungstate dehydrate (Na,WO,*2H,0), hexaammonium
heptamolybdate tetrahydrate ((NH;)sMo0O,4°2H,0), sodium
hydroxide (NaOH), nitric acid(HNOj3), hydrochloric acid (HCI)
and rhodamine B (RhB) were all purchased from the Shanghai
Chemical Reagent Company in analytical grade, and were used
as received without further purification. Deionized water was
used throughout the whole experiment.

2.2 Synthesis of the Mo doped WO; materials

Mo doped WO; nanosheets were successfully synthesized
according to a simple hydrothermal method.'® Typically, 10 mL
of 65% nitric acid was dissolved in distilled water(40 mL) and
stirred for 10 min.1 g Na,WO,*2H,0 and a certain amount of
(NH,4)sM00,4°2H,0 were dissolved homogeneously in 20 mL
distilled water and were slowly added into the above solution
under continuous magnetic stirring. After stirring for another
30min, the above suspension was transferred into a 100 ml
Teflon-lined stainless-steel autoclave, sealed and heated to 180
°C for 3h. After cooling naturally, the product was centrifuged
and washed with distilled water and ethanol several times. The
sample was dried in vacuum at 60 °C for 12 h. The prepared
samples with 0.5, 1, 2, 5, 10% Mo, defined as the molar ration
of Mo to WO3;, were named as S1, S2, S3, S4, S5.

2.3 Characterization

The structural and morphology of the samples were
characterized by X-ray diffraction (XRD, Bruker D8-Discover
with Cu-Ka radiation), Scanning electron microscopy (SEM,
JSM-7800F), transmission electron microscopy (TEM, Hitachi
H-600, FEI Tecnai G2 F30) and X-ray photoelectron
spectroscopy (XPS, 2000 XPS system with a monochromatic
Al-Ka source). Diffuse reflectance UV-visible spectra of the
Shimadzu UV 3600
spectrometer. The BET surface areas of the samples were
obtained from a Micromeritics ASAP 2020M system at liquid
nitrogen temperature (77K). The chemical composition of the

samples were obtained from a

samples was analysed by inductively coupled plasma optical
emission spectrometer (ICP-OES, Varian ICP-OES 720). The
zeta potentials of the samples in aqueous suspension were
measured as a function of pH using a Zetasizer Nano ZS 90
(Malvern).

2.4 Photocatalytic activity testing

The photocatalytic activities of the samples were evaluated
through the photocatalytic degradation of rhodamine B (RhB)
in aqueous solution under visible light from a 500W Xe lamp
furnished with a 420 nm cutoff filter at room temperature.
Typically, 0.20 g of photocatalyst was dispersed in 200mL of
30 mg L aqueous RhB solution. Before the light was turned
on, the suspensions were magnetically stirred for 30 min in the
dark to establish an adsorption-desorption equilibrium. 5 mL of
the sample was extracted in a 30 min interval. The absorbance
of RhB was measured by a 722s spectrophotometer (Shanghai
Precision and Scientific Instrument Company, China) with the

2| J. Name., 2012, 00, 1-3

maximum absorption wavelength at 554nm. The photocatalytic
performance was measured by the dye removal rate, which is
calculated by the following formula:
p=5=C100%

C

where D (%) is the degradation rate, Cy (mg L") denotes the
initial RhB concentration, and C (mg L) represents the RhB
concentration in the filtrates after irradiation.

3. Results and discussion
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Fig. 1 XRD patterns of WOs, S1, S2, S3, S4, S5.

Fig.1 shows the XRD patterns of the as-prepared of WO; and
Mo doped WOj; nanosheets synthesized by hydrothermal
method. The pure WO; could be well indexed to the monoclinic
WO; (JCPDS 43-1035) with the lattice constants of a = 0.7297
nm, b = 0.7539 nm, ¢ = 0.7688 nm, and = 90.91°. With the
increasing Mo contents, no apparent peaks of molybdenum
trioxide or other phases could be detected in the doped samples.
This phenomenon could be attributed to the relatively low
concentration of Mo and nearly the same radius of Mo®" (0.59
A) and W® (0.60 A). In this case, Mo®" ions were expected to
homogeneously embed into the crystal lattice of WO; without
affecting the crystal structures.

The morphology of these samples was then investigated by
SEM. As shown in Fig. 2, all the samples possessed a
rectangular sheet-like shape with the side length ranging from
400 to 1600 nm and a thickness round 150 nm. Similarly, the
morphology of the samples was not changed with the
increasing of Mo contents. The crystal structure was further
examined by TEM, corresponding SAED patterns and
HRTEM. As shown in Fig. 3(a), the rectangular structure was
further confirmed by the 90° corner of a crystal. The SAED
pattern (Fig. 3c) indicates that the WO; nanosheets were single-
crystalline. An interplanar spacing of 0.382 nm as shown in
Fig. 3e can be indexed to the 002 lattice diffraction of WOs;.
Again, with the same reason mentioned above, no notable

This journal is © The Royal Society of Chemistry 20xx
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lattice space changes can be observed after doping 1% Mo (Fig. distributions of W and O were observed in the nanosheets (Fig.
3d-f). To further confirm the existence of Mo in WO; 4b—c) which were consistent to the SEM image. Highly
nanosheets, the doped WO; was characterized by STEM-EDX dispersed Mo element with quite low density could also be
mapping. Obviously, as shown in Fig. 4, homogeneous observed (Fig. 4d).

Table 1 Physicochemical properties and photocatalytic performances of as-prepared samples.

SampleTheoretical Mo Average Mo  surface Mo Surface area Band gap Zeta potential Degradation rate (%)
content (at. %) content (at. %)* content (at. %)° (m%/g)° (eV) (mV at pH 12)
WO; 0 0.00 0 7.852 2.60 -34.3 59.3
S1 0.5 0.49 0.38 9.884 2.56 -34.1 70.0
S2 1 0.94 0.67 8.103 2.51 -36.7 92.8
S3 2 1.97 1.43 8.274 2.46 -37.2 64.5
S4 5 4.75 343 8.683 2.39 -37.9 36.2
S5 10 9.97 8.37 8.425 2.36 -39.4 30.1

* Mo content measured ICP-OES.® Mo content measured from XPS. ¢ BET surface area.

Fig. 3 (a), (¢), (e) are TEM, corresponding SAED patterns and HRTEM
images of WOs3; (b), (d) and (f) are TEM, corresponding SAED patterns

Fig. 2 (a), (b), (¢), (d), (¢) and are the SEM images of the as-
& @, ®), ). @ (© @ € and HRTEM images of S2.

prepared WOs3, S1, S2, S3, S4 and S5, respectively.

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3
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Fig. 4 (a) STEM image of S2 and (b-d) the corresponding EDX
mapping of S2 at the region shown in (a) , indicating spatial distribution
of W, O, Mo, respectively.

The BET surface areas of the samples were carried out at liquid
nitrogen temperature (77K), and the corresponding values were
listed in Table 1. As can be seen, the pure WOj; displays a
lowest BET surface area 7.852 m%/g. the surface areas Mo
doped WO, nanosheets were between 8.103 to 9.884 m?*/g.
These results implied that the BET surface areas of the samples
are not changed significantly.
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Fig. 5 (a) XPS survey spectra of sample WO; and S2, (b-d) high
resolution XPS spectra of Mo, W and O.

We then investigated the surface chemical compositions and

electronic structure of the as-prepared samples by X-ray
photoelectron spectroscopy (XPS) analysis. As shown in Table

4| J. Name., 2012, 00, 1-3

1, the surface Mo content was similar to the bulk chemical
composition measured by ICP-OES, indicating a homogeneous
distribution of Mo in the as-prepared samples. Fig. 5a presented
the comparison of survey spectra of WO; and 1% Mo doped
WO;. Clearly, except Mo, both samples have shown binding
energies originated from W, O, and C. The appearance of C
peaks could attribute to adventitious carbon from the air. A
close examination using high resolution XPS scan was then
carried out on Mo 3d, W 4f and O 1s (Fig. 5b-d). Two peaks in
Fig. 5b at 235.7 and 232.5 eV could be assigned to Mo 3d3/2
and 3d5/2, respectively, suggesting the Mo (VI) state in the
samples.*’ Significantly, the binding energy of W 4f in the
doped sample reduced by 0.2 eV. The shift could be owed to
the substitution of Mo®" for W®" in the monoclinic lattice and
thereby the formation of W-O-Mo bonds.*!
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Fig. 6 (a) UV-vis absorption spectra of WO; and Mo-doped WOs3

nanosheets, (b) Plots of (ahv)* versus photon energy (hv) for the band
gap energies of WO; and Mo-doped WO3 nanosheets.

Optical property is one of the most important factors to evaluate
the light utilization efficiency of a given photocatalyst. To this
end, the as-prepared samples were further investigated by UV-
vis spectra. As shown in Fig. 6a, all samples showed single
steep edges, with onsets gradually shifted from 460nm to 540
nm when the doping amount of Mo was increased, indicating a
band-gap based transition. The band gap of the samples could
be calculated according to the following formula**:

_ _ n/2
ahv=A(hv-E,) 1

Where o, v, E, and A are absorption coefficient, light
frequency, band gap energy, and a constant, respectively.
Among them, n depends on the type of optical transition of a
semiconductor (n=1 for direct transition and n=4 for indirect
transition). For WOj;, the value of n is 4 for the indirect
transition.* According to Eq. (1), the energy of band gap (Ep)
can be estimated from a plot of (ahv)'? versus energy (hv),
while its value can be obtained by the intercept of the tangent to
the X axis (Fig. 6b). E, of WO; was calculated to be 2.60 eV.
And E, of Mo doped WOj3 decreased from 2.56 to 2.36 eV with
the increase of Mo atom content from 0.5 to 10%, as shown in
Tabe 1. This decrement should be a result from the narrowed
band levels composited by Mo, W and O orbits.

The valence band (VB) edge position of Mo doped WO,
nanosheets was estimated according to the concepts of
electronegativity. Herein, the electronegativity of an atom is the

This journal is © The Royal Society of Chemistry 20xx

Page 4 of 8



arithmetic mean of the atomic electron affinity and the first
ionization energy. The valence band (VB) edge potential of a
semiconductor at the point of zero charge can be calculated by
flowing empirical equation®*%:

E,=X—-E°+05E,

where Eyp is the VB edge potential, X is the electronegativity
of the semiconductor, which is the geometric mean of the
electronegativity of the constituent atoms, E€ is the energy of
free electrons on the hydrogen scale (about 4.5¢V), E, is the
band gap energy of the semiconductor. The conduction band
(CB) edge potential (Ecg) can be determined by Ecg = Eyg —
E,. The X value for WOs is ca. 6.68, and the Eyg of WO3 is
calculated to be 3.48 eV. Thus, the Ecg of WO; is estimated to
be 0.88 eV.
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Fig. 7 (a) UV-vis absorption of RhB with variation of irradiation time
over S2 at pH 12, (b) photodegradation of RhB at pH 12 under visible
light under the same conditions with different photocatalysts (line 1:
without any photocatalyst; line 2: with S2 without light)

The photocatalytic activity of the Mo doped WO; nanosheets
was evaluated by degrading an aqueous solution of RhB at pH
12. Fig. 7a displays a gradual decrease of RhB absorption at the
wavelength of 554nm under visible light irradiation. The
comparison of activities for samples with different contents of
Mo was shown in Fig. 7b. Blank experiments without any
catalyst indicated no degradation, which implied the photolysis
process has a negligible contribution to the degradation process
of RhB. With the catalyst without light, RhB was also not
degraded. It could be observed that the photodegradation of
RhB over pure WO; was merely 60% after 3 h of visible light
irradiation. When Mo was introduced, the photoactivity was
significantly improved. The degradation rate increased with the
increment of the content of Mo and reached a peak value 92%
at the doping amount of 1% Mo. The degradation rates of the
samples were respectively shown in Table 1.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 8 (a) pH effect on the photodegradation of RhB with pure WO,
nanosheets and S2 under visible light illumination for 3 h, (b) zeta
potential of S2 suspended in water as a function of pH.

The reaction was also impacted by pH value of the suspension.
Fig. 8a shows the photodegradation efficiency of RhB solution
as a function of pH over WO; and 1% Mo-doped WO;
photocatalysts. It could be found that the photodegradation
efficiency in alkaline solutions was higher than that in acidic
solutions. We further investigated the surface charge of WO;
and 1% Mo-doped WO; photocatalysts by measuring the zeta
potentials of suspended particles as a function of pH (Fig. 8b).
No notable difference of the zeta-potential can be found
between WO; and the doped one. Both samples show a zero
charge at the pH value of around 4, which confirms the
negative surface charge at high pH of WOs;. Under acidic
conditions at pH value less than the points of zero charge, the
positively charged WO; nanosheets may repel the cationic RhB
group, reducing the dye adsorption and slowing degradation.
Under alkaline conditions, the surface of WO; nanosheets is
negatively charged and more readily adsorbs the RhB,
promoting degradation. In addition the generating of hydroxyl
radicals can be enhanced by the interaction between the
photogenerated holes and hydroxide ions (OH"), which in turn
would facilitate the photodegradation of RhB. Nevertheless, the
photodegradation efficiency stopped increasing with pH values
higher than 12. Similar arguments can be applied over the 1%
Mo-doped WO; photocatalyst.
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Fig. 9 Photodegradation of RhB using different radical scavenger and
under N,-saturated condition over 1% Mo-doped WO; nanosheets at pH
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12: (a) no scavenger under O,-saturated condition, (b) isopropanol for
-OH under O,-saturated condition, (c) triethanolamine for h* under O,-
saturated condition, (d) no scavenger under N»-saturated condition

To understanding the photocatalytic oxidation mechanism of
RhB, radicals and holes trapping experiments were conducted.
Fig. 9 displays the results of adding different scavengers into
reaction system using the 1% Mo-doped WO; nanosheets as
photocatalyst under visible-light irradiation. The
photodegradation was significantly inhibited when a -OH
scavenger, namely isopropanol” *® (Fig. 9b), was added.
Obviously, the addition of isopropanol in the reaction system
leaded to 80% decrease to the phtocatalytic degradation rate of
RhB. A Similar inhibition phenomenon for the photocatalytic

also the of
4951 scavenger for h' (Fig. 9c). Therefore, it

reaction was observed with presence
triethanolamine
could be concluded that -OH and h" are the main reactive
species for the degradation of RhB. The photodegradation
decreased under the anoxic suspension (N,-saturated condition,
Fig. 9d), indicating that O, reacted with excited electrons to
produce -OH radicals.'

In a dye photosensitization process, the light irradiation excites
electrons from the dye, and then the electrons can transfer to the
conduction band of the catalyst and react with O, to generate
the *O* oxidant’®
located at 554 nm, so the energy provided by the Xe lamp is

The maximum RhB absorption band is

enough for the photosensitization of the dye. However, the
‘OH, which implies that the
photosensitization process is not the predominant process. It is
well known that a dye photosensitization mechanism is closely

main reactive species was

related to the basic characteristics of the dye, such as the
structural stability of the dye, the adsorbability of the dye on
catalyst surface, and the absorbance of the dye under solar
irradiation. WO;3; and Mo doped WO; nanosheets possessed
similar surface areas (Table 1). The adsorbabilities of RhB thus
are almost the same. Accordingly, it is suggested that the
decrease of RhB concentration in the Mo doped WO,
nanosheets system under visible light irradiation is initiated
mostly by a photocatalytic process.
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Fig. 10 The possible mechanism of the charge separation and the
photocatalytic activity for the Mo doped WO; photocatalyst.

On the basis of above results, the possible photocatalytic
process was summarized in Fig. 10. Firstly, doping Mo®" ions
could create a donor level under the conduction band of WO; to
increase the absorption intensity of visible light.*> *> The
valence bands of all samples were barely unchanged. The E, of
S2 is 2.51eV. The Eyg of S2 is 3.48 eV. Thus, the Ecg of S2is
estimated to be 0.97 eV. Therefore, more electrons could be
excited under visible light region. Secondly, Mo®" doped into
the lattice of WOj; could trap electrons to
recombination between electrons and holes.” The synergy
between the two effects guaranteed the efficient enhanced
photocatalytic activity towards RhB degradation over the doped
WO; photocatalyst. The detailed reaction steps were showed as
follows:

suppress

WO;+hv —e +h' (1)
h"+ OH — «OH 2)
Mo®" + e —»Mo** 3)
Mo + 0, + H,0— Mo®" + «OH %)

100 A

1st 2nd . 3nd 4nd 5nd 6nd
;\380-
- |
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© |
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12 15' 18 21
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Fig. 11 Recyclability of photodegradation of RhB over S2 under
visible-light irradiation for 180 min at pH 12.

The stability and reusability of photocatalysts are important
factors for its application. Herein, we further investigated the
stability of the 1% Mo doped WO; nanosheets. After six
recycles for the photodegradation of RhB, no significant loss in
photocatalytic activity is observed, as shown in Fig. 11,
indicating an excellent stability of the Mo doped WO;
nanosheets.

4. Conclusions

In summary, a series of Mo-doped WO; rectangular nanosheets
were synthesized for the first time through a hydrothermal
synthetic method. The Mo-doped WO; nanosheets exhibited
enhanced photocatalytic activity compared to pure WO,
nanosheets over the degradation of RhB under visible light
irradiation. This improvement relied on the synergy of the well
narrowed band gap of WO; and facilitated separation of the

This journal is © The Royal Society of Chemistry 20xx
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photo-excited electrons and holes, both of which were created

by Mo doping. The photocatalytic degradation of RhB was

most efficient in alkaline conditions at pH 12. This work

provides a facile way to synthesize different photocatalysts for

enhancement visible-light-driven photocatalytic performance.
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