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Nonmetal doping is an efficient way to increase the photoresponse range of ZnO. However, the mechanism
for improving the light response range of ZnO with nonmetal doping is not clear. Herein, ZnO doped with S
was successfully prepared by ion exchange and calcination methods, which resulted in the uniform
distribution of sulfur ions in ZnO. The S element doped was mainly $** and $®*, which was identified by
XPS. We studied the influence of S on the photogenerated charge characteristics of ZnO with SPS.
Results indicated that the uniform distribution of S dopants elevated the valence band maximum by
mixing S 3p with the upper valence band states of ZnO. The valence band maxima of S-ZnO was
0.37 eV higher than that of ZnO. This result was the main reason for the improvement in the light
response. We also studied the photocatalytic activity of Ag/S—-ZnO. Ag/S-ZnO with 10 wt% Ag loading
showed the highest photocatalytic degradation rate for MO. In this paper, a potential photocatalytic

rsc.li/rsc-advances mechanism has been proposed.

Introduction

Photocatalytic reactions have attracted much attention in recent
years due to their value in applications involving solar energy
conversion and environmental purification. Over the past few
decades, zinc oxide (ZnO) has been recognized as a promising
photocatalyst for decomposing organic pollutants due to its
high electron mobility, faster photoinduced electron transport
rates, and high catalytic activity."® However, ZnO can only
utilize ultraviolet light for its wide band gap, which is about 4%
of the solar spectrum. This implies that visible light, which is
about 42% of the solar spectrum, is not effectively utilized. In
order to increase the photoresponse range of ZnO and improve
the photocatalytic activity of ZnO, considerable efforts have
been made such as controlling the morphology,*” combining
ZnO with other semiconductor materials,*** loading noble
metals,” and doping with other elements.**** Among these, one
efficient way involves doping with metals such as cobalt, iron or
manganese.'*'> However, doping with metals often causes
thermal instability, which is easy to become the carrier recom-
bination center.'® In 2001, Asahi et al. proved the feasibility of
doping nonmetal elements by theoretical calculations."”
Nonmetal doping with N, C, F has become a hot research topic
for improving the activity of semiconductor photocatalysts.'**
In general, nonmetal doping can result in lattice defects or
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energy level impurities, which can enhance the visible-light
response of ZnO, improve carrier mobility rate and enhance
the photogenerated charge separation efficiency.”*** For
example, Feng et al. prepared sulfur-doped carbon nitride,
which showed a higher photocatalytic H, evolution activity than
that by carbon nitride.** Xiang et al. synthesized nitrogen and
sulfur co-doped TiO,, which showed an enhanced photo-
catalytic activity for degrading 4-chlorophenol compared to
pure TiO,.>® However, there are relatively few studies on S doped
ZnO for the photocatalytic degradation of organic pollutants
and the photocatalytic mechanism of S-ZnO is not clear.

Herein, we utilized ion exchange and calcination methods
for the synthesis of S-ZnO photocatalysts, which resulted in the
uniform distribution of sulfur ions in ZnO. We discovered that
the S element doped was mainly S** and S°*. The obtained S-
ZnO sample extended the photoresponse range for ZnO. In
order to explore S element doped ZnO, the photogenerated
charge properties of S-ZnO were characterized by surface pho-
tovoltage spectroscopy (SPS). In this paper, a possible photo-
catalytic mechanism has been proposed.

Experimental section
Material synthesis

The ZnO nanoflowers were synthesized using the hydrothermal
method. First, 0.878 g Zn(CH;COO),-2H,0 was dispersed in
60 mL deionized water. Then, 20 mL NaOH (3 mol L") was
added to the above solution with stirring. The clear solution
turned turbid. When NaOH was added in excess, the solution
turned from turbid to clear. The solution was stirred for 5

This journal is © The Royal Society of Chemistry 2019
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additional minutes, transferred to a 100 mL stainless steel
autoclave, and maintained at 160 °C for 10 h. The obtained
white powder was washed with water and absolute ethanol
several times and dried at 80 °C for 12 h.

0.2 g of the obtained white powder was added into a round-
bottom flask. 50 mL Na,$ (0.5 mol L") was added to the round-
bottom flask. Then, the mixed solution was maintained at 60 °C
for 4 h with stirring. The obtained powder was washed with
deionized water and ethanol. The powder was then treated with
NaOH (4 mol L™"). The sample was heated at 600 °C for 6 h.

Material characterization

The crystal morphologies of the samples were obtained on an
XL 30 ESEM FEG field-emission scanning electron microscope
(FESEM; FEI Company). The X-ray diffraction patterns were
recorded on a Thermo Scientific ARL X’TRA Power Diffractom-
eter with Cu Ko radiation (A = 1.54056 A) in the 20-70° range.
The X-ray photoelectron spectra (XPS) of the samples were
characterized with an Escalab 250 spectrometer with mono-
chromatized Al Ka. The UV-Vis-NIR spectrophotometer (Shi-
madzu UV-3600) was used to characterize the UV-Vis diffuse
reflectance spectra (UV-Vis DRS) of the samples. The SPV of the
samples was characterized with an equipment reported in our
earlier study.

Photocatalytic reaction

The photocatalytic activity of the Ag/S-ZnO photocatalyst was
evaluated by photodegradation of methyl orange (MO). The
mixed light, provided by a 500 W Xenon lamp, acted as the light
source. 25 mg of photocatalyst was dispersed in a 25 mL MO
solution (10 mg L") by ultrasonication and stirring. In order to
obtain the adsorption and desorption equilibrium between the
catalyst and the dye solution, the solution was stirred in the
dark for 1 h before illumination. Then, aliquots were taken from
the suspension at 30 min intervals. The catalytic efficiency of
the photocatalyst was evaluated using a UV-2014 ultraviolet-
visible spectrophotometer. The results were used to monitor
absorbance changes at room temperature for the MO solution
at the maximum absorption wavelength (464 nm).

Results and discussion

Fig. 1 shows the XRD patterns for ZnO and S-ZnO. The
diffraction peaks for ZnO at 31.5°, 34.2°, and 36.2° can be
indexed to the wurtzite phase of ZnO. The ratio of the (100)
diffraction peak to the (002) diffraction peak was bigger than 1,
which indicates that ZnO grew along the polar and the non-
polar surfaces that were exposed to the outer surface. The
XRD pattern for the S-ZnO sample was similar to that of ZnO,
which indicates that S doping may not alter the crystal structure
of ZnO. However, the intensity of the ZnO diffraction peaks was
weaker than that of S-ZnO because S doping may have
decreased the crystallinity of ZnO.

The S-ZnO morphologies were studied using a field-
emission scanning electron microscope (FESEM). As shown in
Fig. 2(a), the ZnO sample after treatment with Na,S showed self-
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Fig. 1 The XRD patterns for ZnO and S-doped ZnO.

assembled nanoflowers having nanorods with the length of 3-
3.5 um and diameter of 350-700 nm. After treatment with
NaOH, the sample showed hollow nanometer rods (shown in
Fig. 2(b)). After calcination, the sample showed hollow porous
nanorods, which were made of nanoparticles (shown in Fig. 2(c
and d)).

In order to validate the valence state of S, the S-ZnO samples
were investigated by XPS. Fig. 3 shows the XPS survey spectrum
of S-ZnO, which clearly shows Zn 2p, Zn 3p, Zn 3s, C 1s, and O
1s peaks. The C 1s peak can be attributed to the adventitious
hydrocarbon from the XPS instrument and CO, adsorbed on the
sample.”® The high-resolution S 2p XPS spectra of S-ZnO are
shown in Fig. 2(b). The peaks at 169.0 eV and 170.0 eV can be
assigned to $*" and S®', respectively. This result reveals that the
high valent sulfur was doped into the lattice of Zn0.>"**

In order to study the photoresponse properties of S-ZnO
samples, the UV-Vis diffuse reflection spectra of ZnO and S-ZnO
were measured. As shown in Fig. 4, the undoped ZnO sample
showed a characteristic spectrum of pure ZnO with a sharp
fundamental absorption edge at ~390 nm. Compared to ZnO,
the absorption range of the S-ZnO sample showed a significant
red shift to the visible light region (550 nm) after S doping,
which indicated that S-ZnO can utilize the visible range.

In order to detect the photogenerated charge characteristics
of S-ZnO, a surface photovoltage technique (SPV) was used. SPV
is a powerful technique used to study the transfer behavior of
photogenerated charge carriers with high sensitivity (10° q
em™?). Fig. 5(a) shows the SPV spectra of ZnO and S-ZnO. It can
be seen that ZnO exhibits a high photovoltage response band
(300-385 nm) with the response edge of 385 nm, which is
related to the intrinsic transition of ZnO. The band gap of ZnO
was 3.22 eV. The photovoltage response of ZnO in the 300-
385 nm range was positive (shown in Fig. 5(a)) and the corre-
sponding phase spectrum was in the range of 0-90° (shown in
Fig. 5(b)), which indicated that the photogenerated holes
transferred to the photoelectrode under ultraviolet light.**** The
photovoltage response range of S-ZnO compared to that of ZnO
extended into the visible light region (500 nm) with the
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Fig. 2 FESEM images of (a) ZnO after treating with NaS, (b) ZnO after treating with NaOH, (c and d) S-ZnO.
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Fig. 3 XPS survey spectrum of S-ZnO (a). High-resolution S 2p XPS spectra (b).

response edge of 435 nm, which indicated that the band gap of
S-ZnO was 2.85 eV. Yu et al. reported that the theoretical
calculation of the first-principle density function showed that
the ZnO band gap could be reduced with S doping.** The S-ZnO
sample was synthesized by ion exchange and calcination, which
resulted in the uniform distribution of sulfur ions in ZnO. The
uniform distribution of anion dopants could elevate the valence
band maximum by mixing anion doped states with the upper
valence band states of the bulk material.**** According to the
tested results of SPS (in Fig. 4(a)), the SPS response edge f S-ZnO
extended to 435 nm, which indicated that the valence band
maxima of S-ZnO was 0.37 eV higher than that of ZnO whose
SPS response edge was 385 nm. According to the band-to-band
transition, the photovoltage response of S-ZnO was in the range
of 300-435 nm and the phase spectrum was in the range of 0-
90°, which indicated that the photogenerated holes transferred
to the photoelectrode. The photovoltage response of S-ZnO in
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Fig. 6 Kinetics of the MO photodegradation under light illumination for Ag/S—-ZnO with various Ag/S—-ZnO mass fractions as catalysts (a). The
absorption spectra of the photodegradation of MO using Ag/ZnO sample (the inset shows the molecular structural formula of MO) (b).

the range of 435-500 nm is due to the sub-gap transition.
However, as seen in Fig. 4(a), the photovoltage response
intensity of S-ZnO in the range of 300-380 nm was weaker than
that of ZnO. This result, which is consistent with XRD analysis,
may be due to the lattice defect caused by the doping of sulfur
element. According to the band-to-band transition, the SPS
response was not sensitive to external bias. Therefore, we tested
the SPS response of S-ZnO at 410 nm with external bias. As
shown in Fig. S1,7 the SPS responses of S-ZnO with 0, 0.1, 0.5,
and 1 V external bias at 410 nm were 4.6469 x 10 °, 4.8272 x
107°, 4.7222 x 107°, and 4.2552 x 107" V, respectively. This
result also indicates that the SPS response of S-ZnO at 410 nm
was based on the band-to-band transition.

In order to evaluate the photocatalytic activity of the S-ZnO
sample, the degradation of a standard organic dye, methyl
orange (MO), was used as a probe reaction (molecular structural
formula of MO is shown in Fig. 6(b)). Fig. 6(a) shows the
degradation spectra of Ag/S-ZnO with various Ag/S-ZnO mass
fractions. As shown in Fig. 6(a), no degradation activity was
obtained without a catalyst, which implied that the reaction was
light-catalyzed. Pure S-ZnO showed poor degradation activity
with light, which caused the easy recombination of the photo-
generated charges in S-ZnO. After illumination for 90 min, only
about 62% of methyl orange (MO) degraded. Compared with
pure S-ZnO, Ag/S-ZnO composites exhibited significant
improvement in the photocatalytic degradation of MO. In

This journal is © The Royal Society of Chemistry 2019

addition, Ag/S-ZnO with 10 wt% Ag loading showed the highest
photocatalytic degradation rate for MO. After illumination for
90 min, about 100% of methyl orange (MO) was degraded.
Based on the above analysis, we proposed a possible pho-
tocatalytic mechanism. The potential photogenerated charge
transfer process of S-ZnO is shown in Scheme 1. The uniform
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Scheme 1 The schematic illustration of the photocatalytic mecha-
nism of S=Zn0O.
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distribution of S dopants could elevate the valence band
maximum by mixing S 3p with the upper valence band states of
ZnO. The valence band maxima of S-ZnO was 0.37 eV higher
than that of ZnO. When the photogenerated electrons from the
valence band of S-ZnO were transferred to the conduction band
under light, the photogenerated electrons were captured by Ag.
This resulted in the formation of a superoxide radical with
oxygen molecules on the surface. The photogenerated holes in
the valence band of S-ZnO degraded MO.

Conclusion

In this study, the ZnO doped with a high valent S element was
successfully prepared by ion exchange and calcination
methods, resulting in the uniform distribution of sulfur ions in
ZnO. We studied the influence of the uniform distribution of S
(s** and s°*) doping on photogenerated charge characteristics
of ZnO with SPS. The photoelectron response of ZnO was
extended to 500 nm due to the high valent S doping. The
uniform distribution of S dopants elevated the valence band
maximum by mixing S 3p with the upper valence band states of
ZnO. The valence band maxima of S-ZnO was 0.37 eV higher
than that of ZnO. Ag/S-ZnO, with 10 wt% Ag loading, showed
the highest photocatalytic degradation rate for MO.
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