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Abstract Samarium doped tungsten oxide film was syn-
thesized by a hydrothermal method with sodium tungstate
as W precursor and samarium oxide as dopant. After
annealing at 450 °C for 0.5 h, the morphology and struc-
tural characterization of as-prepared films were determined
with scanning electron microscopy, X-ray diffraction and
high-resolution transmission electron microscope. For the
pure and Sm-doped WO; films serving as the photoanodes,
photoelectrocatalytic properties were demonstrated by
degrading methyl orange and methylene blue solution,
showing that Sm-doped WOj film has faster degrading rate
than pure WO3; film. Photoelectrochemical properties were
investigated using linear sweep voltammetry, electro-
chemical impedance spectroscopy, Mott—Schottky and
incident photon to current conversion efficiency. Sm-doped
WO; achieves a high photocurrent of 1.50 mA cm™? at
1.4 V versus. Ag/AgCl, which is 1.8 times as high as that
of pure WO; film (0.83 mA cmfz). Moreover,
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photogenerated hole injection efficiency was improved by
retarding the recombination at the interface of elec-
trode/electrolyte. The results indicate the Sm,0O3 formed by
excess doping led to a better photoelectrocatalytic and
photoelectrochemical activities of Sm-doped WOj; film,
suggesting that the doping of Sm is a favorable strategy to
improve the performance of WOj3; film photoanode.

1 Introduction

Tungsten trioxide (WO;) has been the focus of extensive
research for semiconductor materials because of its supe-
rior photoelectrocatalytic properties, low-toxic, excellent
reactivity and high photocorrosion resistance [1, 2]. It has a
better hole mobility (10 cm? V! sfl) and a more mod-
erate hole diffusion length (150 nm) compared with o-
Fe,05 (1072107 em® V7! s7! and 2-20 nm) and TiO,
(100 nm), which shows the inherently good electron
transport properties [3—6]. However, there are still some
deficiencies which limited the use of WO; thin-film pho-
toanode as photoelectrocatalytic material. The first barrier
for WO3 is that the band gap (E, ~ 2.5-2.8 eV) limits the
photoresponse region in the solar spectrum, which results
in the unsatisfactory solar to hydrogen conversion effi-
ciencies of the devices (less than about 5% as experimental
validation) [7-10]. Another one is the serious recombina-
tion of electrons and holes, which is a common problem for
the semiconductor photoanode. To increase the photo-
electrocatalytic performance, reducing the recombination
of electron-holes pairs of WO; and improving the lifetime
of photoelectrons are still necessary.

An effective way to improve the photoelectrocatalytic
activity is constructing one or two dimensional materials.
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Compared with the nanocrystal film, the nanostructural
film (such as WOj; plate-like arrays film) provides a more
useful method to achieve high photocurrent. Mallouk et al.
[11] reported a route to fabricate vertically aligned WO;
nanoparticulate flakes with high surface area and sufficient
film thickness for good light absorption. Su et al. [12]
synthesized vertically aligned WO; nanowire and nano-
flake arrays by the solvothermal technique, and they
showed high photocurrent and efficient charge transfer. Joo
et al. [13] demonstrated a facile hydrothermal method to
grow oriented WO; nanorods on fluorine-doped tin oxide
(FTO), which provided the direct pathway for charge
transfer. Wang et al. [14] reported a facile hydrothermal
method for growing WO; nanoplate arrays with (002)
oriented facets on FTO. Sun et al. and Li et al. [15-17] also
synthesized vertically plate-like WO5; arrays by
hydrothermal method. The results of above literature
demonstrated that one or two dimensional nanostructure
film exhibits a high surface area, unique morphology and
efficient charge transfer by providing the direct pathway.

Furthermore, some strategies, such as coupled with co-
catalysts [18-23], doped with metal or nonmetal elements
[24-29] and modified with noble metals [30, 31], have also
been taken into consideration by numerous researchers.
Besides, surface modification of semiconductor photoan-
odes with passivation overlayers was introduced to PEC,
with the aim of improving the charge separation and
charge-transfer processes across the semiconductor—elec-
trolyte interface.

For example, Sivula et al. [32] said that an Al,O3
overlayer deposited using atomic layer deposition (ALD)
decreases the overpotential required for water oxidation on
hematite due to the passivation of surface trapping states.
Yang et al. [33] reported the effect of ultrathin TiO,
deposition prepared using the ALD method on the perfor-
mance of hematite photoanodes. Li et al. [34] passivated
the surface states of one-dimensional anodic titanium oxide
nanotube by coating with an Al,O5 layer using ALD. For
WOs;, Al,O5 overlayer as a passivation layer was loaded on
the surface of WO; by atomic layer deposition, which
facilitated the photoelectron transfer to the external circuit
in the presence of a positive bias. Yang et al. [35] reported
WO; vertically plate-like arrays were covered with HfO,
overlaryers, enhancing the photoelectrochemcial properties
by inhibiting the recombination of electrons and holes at
the interface of electrode/electrolyte. In addition, Fujishima
et al. said that Gd ion doping had the effect on bottle-
necking of photoelectrons trapping at surface states of
TiO,. It means that surface doping with high ionic radii
rare earth metals can not only modify the bandgap, but also
inhibit the recombination of electrons and holes at the
interface of electrode/electrolyte. Although several earlier
papers have explained the advantages of the rare earth ion

doped semiconductor particles in promoting photocatalytic
activity, the photoelectrocatalytic mechanism in the form
of film electrode still need a further investigation [36-38].
In this paper, Sm-doped tungsten trioxide film was pre-
pared by hydrothermal method with sodium tungstate as W
precursor and samarium oxide as dopant. The photoelec-
trocatalytic ability and corresponding photoelectrochemi-
cal properties of Sm doped WO3 nanoplates film were
investigated in detail using the degradation of MO and MB.
The study of the mechanisms is applied with linear sweep
voltammetry (LSV), electrochemical impedance spec-
troscopy (EIS), Mott—Schottky, incident photon to current
conversion efficiency (IPCE) and injection efficiencies
(Mirj)- The role of Sm in the enhanced photoelectrocatalytic
ability of WOsj; is also discussed.

2 Experimental section
2.1 Preparation of nanostructured films

All chemicals were of analytical grade and were used
without further purification. Tungsten oxide thin film was
synthesized by hydrothermal method with sodium tungstate
as precursor and ammonium oxalate as the assistant agent
[16, 39, 40]. In a typical procedure, dispersing 0.231 g
Na,WO, into 30 mL deionized (DI) water, and the
samarium oxide (0.010 g) was added at the same time.
Then 6 mL of 3 M HCI was added dropwise to the solution
with magnetic stirring for 10 min. 0.200 g (NH,4),C,0,4
was added with additional stirring for 20 min. Afterwards,
34 mL DI water was added to the solution and stirred for
5 min. The mixture was transferred to a 100 mL Teflon-
lined stainless steel autoclave with two clean FTO glasses
(2 x 3 cm?) in an oblique position against the wall. The
whole system was moved to the oven under 120 °C for
12 h after being sealed and then cooling to room temper-
ature. The films were taken out, washed with DI water and
absolute alcohol respectively and placed in the oven under
60 °C for 30 min. Finally, the films were placed in com-
bustion boat and annealed at 450 °C for 1 h under air
atmosphere with a heating rate of 2 °C min~', which is
donated as Sm—WO;. For comparison, the pure WOj; is
fabricated in the same way without adding the Sm,0Os.

2.2 Characterizations

X-ray diffraction (XRD) was used to characterize the
crystalline phases of all the samples in the range of 15°-70°
with a step width of 0.02° and the scanning rate of
10°min~" using Cu Ko radiation (D/Max 2250, Rigaku
Corporation, Japan). Scanning electron microscopy (SEM,
JSM6700F, JEOL Company, Japan) was applied to observe
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the surface and cross-sectional morphology as well as
particle sizes. High-resolution transmission electron
microscope (HRTEM, TECNAIG2 F20, FEI, Japan) was
operated at 200 kV to investigate the microstructure. UV—
Vis spectra of the film photoanodes, in the range of
400-530 nm, was obtained with a spectrophotometer
(PGeneral TU-1901). X-ray photoelectron spectrograph
(XPS, ESCALAB250Xi,ThermoFisher-VG Scientific) was
recorded for the chemical composition and the valence
states of Sm—WOs;.

2.3 Photoelectrocatalytic measurements

The detection of photoelectrocatalysis performance was
measured using a standard three-electrode system with
platinum foil as a counter electrode, Ag/AgCl (saturated
KCl) as a reference electrode, and pure WO3 or Sm—-WO;3
films electrode (2 x 1.5 cm?) as the photoanode. In order
to determinate photoelectrocatalytic activities, the pho-
toanode was immersed in a 80 mL methyl orange solution
(MO 15 mg L™" and 0.5 M NaCl), which is adjusted to
pH =4 by 3M H,SO,. The mixture was placed for
15 min in the dark to reach the adsorption—desorption
equilibrium. Irradiation of photoanode by 500 W xenon
lamp from the backside of FTO, and the photoanode was at
the potential of 0.8 V (vs. Ag/AgCl). 1 mL solution was
taken out at a given time for analysis. Methylene blue
solution (MB 10 mg L™' and 0.5 M NaCl) was also
degraded in the same method. The solution samples were
analyzed by recording variations in the absorption of the
UV-Vis spectra for MO and MB using an ultraviolet
spectrophotometer (UV-1081).

2.4 Photoelectrochemical measurements

Photoelectrochemical measurements were performed on a
Zahner electrochemical workstation (Zennium, Zahner,
Germany) using standard three-electrode system with plat-
inum foil as a counter electrode, Ag/AgCl (saturated KCl) as
a reference electrode, pure WO3 or Sm—WOj; nanoplate
electrode (1 x 1.5 cm?) as the photoanode, and 0.2 M
Na,SO, solution as electrolyte solution. The Linear sweep
voltammetry (LSV) were used for photocurrents character-
ization with potential range from —0.05 to 1.4 V (vs. Ag/
AgCl) and scan rate of 20 mV s~' under AM 1.5G illumi-
nation. The electrochemical impedance spectroscopy (EIS)
was measured under potential of 0.6 V (vs. Ag/AgCl), with
an alternating voltage (AC) perturbation of 10 mV, and the
AC frequency was from 10 kHz to 0.1 Hz. The Mott—
Schottky plots were measured at an AC frequency of 1 kHz.
The incident photon to current conversion efficiency (IPCE)
of the photoelectrodes were measured at a bias voltage of
1.2 Vin 0.2 M Na,SO, solution.
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3 Results and discussion
3.1 Morphology and structure characterization

XRD patterns were employed to detect the structural
properties. The diffraction peaks for both pure WO; and
Sm-WOj; nanoplates are shown in Fig. 1. The significant
diffraction peaks (23.12°, 28.91°, 33.70°, 34.15°, 41.95°,
51.53° and 55.98°) can be observed, which is assigned to
monoclinic WO3 (JCPDS no. 72-0677). Monoclinic WO3
is the most common crystal form and has fairly good
chemical stability [41]. There are also some diffraction
peaks (26.54, 33.80, 37.85, 51.88) corresponding to
tetragonal SnO, (JCPDS no. 46-1088), suggesting that both
samples are loaded on FTO. The refinement of XRD data
shows a slightly change of lattice parameters (Table 1).
The slight increase of the cell volume may caused by the
larger atomic (1.80 A) [42, 43] and ionic radii (0.964 A)
[44] of Sm than that of W (1.370, 0.60 A) [45, 46], indi-
cating that the few Sm has been doped in the unit cell [47].

The chemical composition of Sm—WO; and the valence
states of various species were determined by X-ray pho-
toelectron spectroscopy. Figure 2 shows the XPS patterns
of Sm—WOj; thin film. In Fig. 2a, only peaks assigned to
Sm, O, W and C electrons were identified. The peaks
around 1090 eV are corresponding to Sm 3d peaks, certi-
fying the doping of Sm in WOj3; nanomaterials [48]. The
peaks at 530.4 and 37.5 eV can be assigned to the O 1s and
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Fig. 1 XRD patterns of pure WOz and Sm—WO; nanoplate

Table 1 Lattice parameters a, b, c, beta angle (f8), and the cell vol-
ume of pure WO; and Sm—-WO;

Sample Pure WO; Sm-WO;
a (A) 7.30204 7.3039

b (A) 7.53464 7.539

c (A) 7.63805 7.63771
B©) 90.581 90.594

V (A% 420.378 420.542
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W 4f, respectively [18, 49, 50]. Moreover, the C 1s peak at
284.8 eV is due to the adventitious carbon species such as
organic groups ((CHj)n) or molecules of the XPS instru-
ment [51-53]. In the XPS Sm 3d spectrum (Fig. 2b), two
peaks observed at binding energies of 1110.19 and
1082.99 eV are corresponding to Sm 3d 3/2 and Sm 3d 5/2,
respectively, which confirmed the existence of Sm in the
Sm—WO3; nanoplates [54]. In the O 1s region (Fig. 2c), the
peak at 530.7 and 532.0 eV can be assigned to oxygen
atoms in the tungsten oxide (W-O) and surface hydroxyl
oxygen (O-H) [19]. Jung et al. [55] reported that the
interfacial O-H can achieve greatly enhanced PEC water
oxidation activity. Figure 2d shows the XPS W 4f spectra
of Sm—WOj; films, and the two peaks at the binding ener-
gies of 36.29 and 38.44 eV are corresponding to the
deconvolved W 4f 7/2 and W 4f 5/2 peaks, respectively
[56, 57].

To study the surface configuration of pure WO; nano-
plates and the Sm—WOj; nanoplates films, SEM micro-
graphs were measured and shown in Fig. 3. In Fig. 3a, it
can be seen that pure WO; film exhibits highly dense and
uniform vertical nanoplates, and the average height of film
is approximately 1.7 pm (inset of Fig. 3a). For the Sm—
WO3 nanoplates film (Fig. 3b), the surface is relatively
rough and the average size of nanoplates is increased
compared with the pure one, which may provide the more
bonding sites of oxidizing reaction. Meanwhile, the aver-
age height has no obvious change. To further investigate

more details of the microstructure of the samples, high-
resolution transmission electron microscope (HRTEM)
image (Fig. 3c) of the Sm—WO; was recorded. The lattice
fringes of the two different area in the HRTEM are shown
in the inset of Fig. 3c. The lattice spacing of blue square
area of the HRTEM is 0.359 nm, corresponding to the (2 0
0) plane of monoclinic WOz (JCPDS no. 72-0677). The
lattice spacing of the red square area was 0.229 nm, cor-
responding to the (4 2 2) plane of cubic samarium oxide
(JCPDS no. 42-1461). It is because that the content of Sm
exceeds the solubility limit for WO3, and the excessive Sm
atoms exist as samarium oxide [58]. Recently, Sudhagar
et al. have reported the similar phenomenon that the lattice
fringe of pure Gd,O5 was found in the Gd** doped TiO,,
and they considered Gd>" ions are occupied at the grain
boundaries of TiO, clumps [59]. This external layer is
suggested with passivation of recombination route of
photoelectrons and holes.

3.2 Optical characteristic

The UV-Vis absorbance spectra of both undoped WO; and
Sm doped WO; films scanning from 400 to 530 nm were
shown in Fig. 4. The light absorption edge of the undoped
WO; is about 466 nm, which is in accordance with the
band gap energy of 2.63 eV. After samarium doping, the
absorption edge increases from 471 to 479 nm, corre-
sponding to the band gap energy of 2.59 eV. It can be
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Fig. 3 SEM images a WOj3; nanoplate film and b Sm-WO3 nanoplate
film ¢ high-resolution transmission electron microscope (HRTEM) of
the Sm—-WO;3

Absorbance (a.u.)

400 420 440 460 480 500 520
Wavelength (nm)

Fig. 4 UV-Vis absorbance spectroscopy of WOz and Sm—WO;

explained by the orbital overlap of O 2p and Sm 4£/5d,
which causes the formation of conjugated structure
[60, 61]. The slight change of bandgap is due to the limited
doping volume caused by the large ionic radius of Sm**. It
is similar with Yang et al. result [62], in which the bandgap
of WO; decrease from 2.60 to 2.51 eV after doping of Fe
element. Moreover, the absorbance of Sm—WO; in the
region of 480-530 nm is marginally higher than that of
WO;. It is because that the surface of WOj3 nanoplates may
be covered by Sm,O;.

@ Springer

3.3 Photoelectrocatalysis performance

We compared the photocatalytic activity of the Sm—WO;
film with that of the WO; film by taking the decomposition
of MO as a model reaction. Both the samples immersed in
electrolyte solution and stirred in the dark for 10 min
before visible-light irradiation to reach basically adsorption
equilibrium. Figure 5b shows the temporal evolution of the
spectral changes during the photodegradation of MO by
WO; film, which is continuously decreasing in intensity
with reaction time. The characteristic absorption peak is at
about 504 nm, which depends on the solution pH [63]. He
et al. reported that the adsorption of methyl orange will be
gradually increased on the surface of WOs; film with
decreasing pH value [2]. The increased adsorption could
favor the removal of methyl orange. In Fig. 5a, the spectral
changes of degradation of MO by Sm—WO; film show a
significant decrease, indicating that MO molecules are
completely decomposed after the reaction for 3 min. In
contrast, decomposition of the same amount of MO
requires about 5 min when WO; film is used as catalyst. In
Fig. 5c, plots of the degradation ratio in the presence of
different catalysts under irradiation were obtained, where
C/Cy is the ratio between the concentration of the MO
(C) under different irradiation time and the concentration
of the MO prior to the decomposition reaction (Cyp). As a
comparison, the MO solution without addition of photo-
electrocatalysts was measured (Fig. 5c), and the catalytic
activity of Sm—-WO; film without irradiation was also
detected. Both of the two measurements show negligible
degradation of MO. The reaction kinetics can be plotted in
the natural logarithm of the (Cy/C) as a function of the
reaction time (7). As highlighted in Fig. 5d, the relationship
exhibits a linear dependence before the MO is decomposed
completely, indicating that the photoelectrocatalytic
decomposition reaction follows first-order Kinetics:
—In(C/Cy) = kt where k is the degradation rate constant
[64]. From the slopes of the fitted straight lines, the values
of k are 0.959 and 1.202 min~" for the reactions with WO,
film and Sm—WO; film as catalysts, respectively, indicating
the better photocatalytic ability of the Sm—WOj; film than
that of the WO; film. Figure 6a shows the degradation ratio
after lighting versus reaction time for the decomposition of
MB. After irradiation of 15 min, Sm—WO; film degraded
~91% MB, while WO3 film degraded ~35%. In Fig. 6b,
the fitted degradation rate constants are 0.029 and
0.146 min~" for the reactions with WO; film and Sm—-WO;
film, respectively. Both reactions of degrading MO and MB
have proved that Sm doped WO;3; shows the much better
photoelectrocatalytic decomposition efficiency than pure
WO; film.
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Fig. 5 Photoelectrocatalytic (a)
degradation of MO using a Sm—
WOj3 nanoplates film and

b WOs; film. ¢ the degradation
of MO in absence/presence of
WO3 or Sm—WO3; film under
irradiation and degradation of
MO in dark. d —In(C/Cy) versus
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3.4 Photoelectrochemical property

Generally, light absorption ability, surface properties and
photogenerated charge separation efficiency are three cru-
cial important factors of photocatalytic activity [65]. From
the UV-Vis analysis, it can be found that the change of
light absorption ability is slight. To further study the pos-
sible reasons for the enhancement of photocatalytic activ-
ity, several photoelectrochemical measurements were
performed. Linear sweep voltammetry (LSV) scans of
undoped and Sm doped WO; films were detected under
illumination or in the dark condition. In Fig. 7, the pho-
tocurrent density of the pure WO; is obviously lower than
the Sm—WO; film under illumination. At the potential of
1.4 V (vs. Ag/AgCl), the observed current density of Sm—
WO; film is 1.50 mA cm_z, which is about 1.8 times as

high as that of pure WOj5 film (0.83 mA cm™?). In the dark
condition, the current densities of both samples are about

16
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Fig. 7 Linear sweep voltammetry scans of the undoped and Sm—
WO; films under illumination and in the dark
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zero, indicating that the improved photocurrent is not
caused by chemical corrosion or electrocatalysis.

The EIS spectra of WO5; and Sm-doped WO; electrode
are shown in Fig. 8a. The Nyquist plot was measured under
the potential of 0.6 V (vs. Ag/AgCl), with an AC voltage
perturbation of 10 mV, and the AC frequency was from
10 kHz to 0.1 Hz. Under irradiation, the radius of Nyquist
plot of the Sm—WO3; electrode is smaller than that of pure
WO3, suggesting that the interfacial charge-transfer resis-
tance is decreased after doping of samarium, and the speed
of carrier transmission was dramatically improved. The
lower impedance also signifies the better photoelectric
property of Sm-doped WO; nanoplates film. It may be
caused by the passivation of recombination route, where
photogenerated holes can flow through the surface states or
interface defects to electrolyte so as to retard recombina-
tion. Figure 8b is the equivalent electric circuit of elec-
trochemical impedance spectra [66]. Rs represents the
resistance of solution acquired from the high frequency
region. Rct reflects the charge transfer resistance between
the electrodes and the solution interface, and the related

(a)
-250 4
o SmWOs - o
-2004 5 WO . o
’é‘ -150 4 o o
r—
s o a
N ~100- oo 2.8 o
ob o o
2] g .
o
N g & e
0 100 200 300 400 500
Z (ohm)
(b) Rs Rct
N\ —
CPE
>_
(©)

Theata (degree)

10000

0.1 1 10 100 1000
Frequence (Hz)

Fig. 8 a The electrochemical impedance spectra of WO; and Sm—
WO;3;. b The electrochemical impedance spectrum fitting circuit.
¢ The bode phase plots of the photoelectrodes
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parameters can be obtained from the low frequency region
of Nyquist plots. Figure 8c exhibits the bode plots of both
undoped and Sm-doped WO; films. As presented in
Fig. 8c, the f.x value of undoped and Sm-doped WO;
films is 24.31 and 13.66 Hz, respectively. The electron
lifetime (7) of photo-induced electron are calculated
according to the formula [18]:

1
T =
27Tfmax

where f,.x represents the frequency-peak of Nyquist plots.
The results are shown in the Table 2. The electron lifetime
of Sm-doped nanoplates film (12 ms) is longer than that of
pure WOj3; (6.4 ms). This result further confirms that
recombination of photogenerated electrons and holes are
inhibited after doping of Sm, which is in favor of extending
charge carriers lifetime, subsequently leading to much
improved photoelectrocatalytic ability.

The Mott—Schottky measurements were carried out with
1 kHz frequency to obtain flat band potential. In Fig. 9, the
slopes of both samples are positive which means the films
are n-type semiconductors with electrons as the major
carriers. The density of charge carrier depends on the value
of the slope of the Mott—Schottky. Compared with the pure
WO; film, the Sm-doped WOj; film suggests obviously
increased donor densities based on the following equation
[22]:

2 (U v ’ﬁ)
Csc?  €€g eoNy » q

where e is the electron charge; ¢,y means the dielectric
constant of WOj; and permittivity of vacuum, respectively.
N, is the donor density. The electron densities of pure WO;
and Sm-WO; film are 4.986 x 10" cm™ and
1.942 x 10°° cm™>, respectively, which indicates an
increased electron density after Sm doping. By extrapo-
lating the X-intercepts of the liner region in Mott—Schottky
plots, the flat band potential (Vg,) is estimated, and a
negative shift of Vp, is obtained for the WOj; film after
doping. It can be explained by the hybridization of O 2p
orbitals with the Sm 4f/5d states which lead to the gener-
ation of charge carriers in the form of electrons or holes.

To estimate the injection efficiencies (;,;) of WO5 and
Sm-WOj; film, current—potential curves were measured in

Table 2 The electron lifetime (tr) and the fitted parameters of
undoped and Sm-doped nanoplates WO; photoelectrodes

Sample Undoped Sm-doped
Frequence/Hz 24.3 13.7
Time/ms 6.4 12.0
Rs/ohm 26.0 25.7
Rct/ohm 420.8 213.8




J Mater Sci: Mater Electron (2017) 28:4004—4013

4011

5] O Smwos
o WOz
4
N
s
=
b 24 50 =
= O
14
a m]
0 y T T T
0.2 0.0 0.2 04 0.6 0.8
Potential/V vs Ag/AgCl

Fig. 9 Mott—Schottky plots of WO5; and Sm—-WO;

0.5 M potassium phosphate buffer solution (pH =~ 7) with/
without 0.5 M H,O,. As shown in Fig. 10a, b, Sm—WO;
shows a negative shift of onset potential when compared
with pure WOs. It means a negative of Vg, which is con-
sistent with the result of Mott-Schottky. When hydrogen
peroxide (H,O,) is used as hole scavenger during the
measurement, the #;,; is considered as 100% because sur-
face recombination is completely suppressed. Thus, it can
be calculated according to the equation:

Ning = I,0/ 11,0,

In Fig. 10c, the injection efficiency of Sm-WOj;
(~80%) is higher than that of pure WOz (~73%). It
indicates that the passivation by Sm,0; at the surface of
WOj3; plates inhibits the recombination of electrons and
hole at the interface of electrode/electrolyte so as to pro-
mote photo-generated holes participate in the reaction of
water oxidation.

Meanwhile, the incident photon to current conversion
efficiency (IPCE) is employed to investigate the effect of
samarium doping on the photoelectrocatalytic ability of
WO; film. The measurements were conducted at a bias
voltage of 1.2 V in 0.2 M Na,SO,4 solution. As shown in
Fig. 11, the results are calculated according to the fol-
lowing formula [67]:

1240 x 1

IPCE =
A X Jlight

where [ is photocurrent density (mA cm %), ) is the
wavelength (nm), Jygn is the power density of incident
light (mW cm™2).

It can be seen that the IPCE value of pure WOj3 drops to
zero at wavelengths longer than 460 nm, and the highest is
about 23.0% at the wavelength of 350 nm. After doping of
Sm, the photoresponse region shift to visible light slightly,
corresponding to the result of the UV-Vis diffused
reflectance spectroscopy. Meanwhile, IPCE value is
improved in the range of 330-470 nm, and the highest
value is about 30.5% at the wavelength of 360 nm. It is

(a)

Current density (mA/cm?)

00 02 04 06 08 10 12
Potential (V vs.Ag/AgCl)

(b)
20
1.6
1.24
0.8
0.4
0.0
-0.44
-0.84 ,
1.2
-1.64
-2.0

Current density (mA/cm’)

00 02 04 06 08 10 12
Potential (V vs.Ag/AgCl)
(c)

100

—u—WO3
204 —o— Sm-WO;

Injection coefficient (%)
8

o

02 04 06 08 10 12
Potential (V vs.Ag/AgCl)

Fig. 10 Current-potential curves of the undoped and Sm—WOj; films
under illumination/dark in 0.5 M potassium phosphate buffer solution
(pH = 7) a without/ b with 0.5 M H,0,_ ¢ The injection efficiency of
undoped and Sm—WOj3 films

35

%01 —a— WO3

29 e SmMAWOs

204

IPCE(%)

15-
104
05
004

360 400 440 480 520 560
‘Wavelength (nm)

Fig. 11 Incident photon to current conversion efficiency (IPCE) of
pure and Sm doped WOj; films
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consistent with the result of linear sweep voltammetry
scans, suggesting that the Sm—WO; film shows a better
photoelectrocatalytic activity due to the increased electron
lifetime, which is caused by inhibiting recombination of
electrons and holes at the interface of electrode/electrolyte.

4 Conclusions

In summary, Sm-doped WOj film has been synthesised by
the hydrothermal method and characterisated with a serious
of electrochemical methods to study the mechanisms of
photocatalytic activity enhancement. After modified with
Sm, the electron lifetime and the injection efficiency are
increased because the recombinations of photogenerated
electrons and holes are inhibited, leading to a better pho-
toelectrocatalytic ability for the Sm—WO5;. Meanwhile, the
photodegradation of MB and MO by Sm—WO5 film under
irradiation shows a greater ability in photoelectrocatalysis
than the pure WOs;, and the photocurrent of Sm—WO; film
is 1.8 times as high as that of the pure WO; film. As a
semiconductor material with better environmental protec-
tion and higher efficiency, the samarium doped tungsten
trioxide nanoplates have potential applications for the
treatment of dyeing wastewater.
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