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ABSTRACT

N-, S-, and C-doped ZnO (N,S,C-Zn0O) particles were synthesized from thiourea and zinc sulfate via a
precipitation method and were characterized by XRD, XPS, UV-vis spectroscopy, and BET techniques.
The photocatalytic activities of the N,S,C-ZnO samples were evaluated by the degradation of acid orange
7 (AO7) and phenol under UV and visible light illumination. XRD results showed that crystallization of
the N,S,C-ZnO samples was not well developed after calcination below 700°C. XPS results suggested
that N, S, and C atoms in the samples were predominantly in the bonds of Zn—N, Zn—S and Zn—C after
calcination at 500°C, and were transformed to oxidized forms at 800 °C. UV-vis spectroscopy indicated
that dopants N,S,C-species can shift the absorption edge to the visible light region. Incorporating N,S,C-
species at appropriate quantities reduced the crystal size and increased the surface area of ZnO samples.
The visible light activity of the N,S,C-ZnO samples was confirmed by degradation of phenol. The optimal
molar ratios of thiourea to zinc sulfate are 1 and 2 for the highest photocatalytic activities under UV and
visible light illumination, respectively. Under visible light illumination, AO7 probably degrades through
both the photocatalytic and photosensitized pathways as a result of visible light absorption by N,S,C-ZnO

and AO7.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Photocatalysis is an advanced technology for the degradation
of toxic and nonbiodegradable compounds to carbon dioxide and
inorganic constituents using semiconductors as catalysts [1]. The
photocatalytic process originates from the generation of the charge
carriers, electrons (e~) in the conduction band, and holes (h*) in the
valence band, caused by the photoexcitation of the semiconductors.
Some e~ -h* pairs escape the recombination process and migrate
to the semiconductor surface, where they participate in a series of
reactions to form HO* free radicals [1]. HO® free radicals have been
widely accepted as the principal oxidizing agents responsible for
photocatalytic degradation.

Among the semiconductors applied, titanium dioxide is the
most widely employed photocatalytic semiconducting materials
because of its chemical inertness, nonphotocorrosion, low cost,
and nontoxicity. Although a great deal of effort has been devoted
to improving the photocatalytic activity, titanium dioxide suffers
from low efficiency under visible light illumination since it has a
large band gap energy of 3.2 eV, corresponding to a threshold wave-
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length of 388 nm. Only approximately 3-5% of the solar energy
that reaches the earth can be utilized for photocatalytic reactions
when TiO, is used as the catalysts [2]. For useful utilization of
solar energy, the development of visible light-induced photocata-
lysts is important. Although numerous attempts have been devoted
to preparing solar-driven photocatalysts by doping TiO, with tran-
sitional and noble metals [3-6], these processes often suffer from
thermal instability or an increase in the carrier-recombination cen-
ters [6]. Dye-sensitized semiconductors have also been applied to
develop visible light catalyzed reactions [7,8]. Unfortunately, they
cannot be used in photocatalytic detoxification because the sensi-
tizer may be degraded in the presence of oxygen [9].

Recently, some groups have demonstrated that doping with
a nonmetal impurity can provide an effective modification of
the electronic structure of TiO, and thereby narrowing the band
gap [10-18]. Substituting oxygen with nitrogen to form TiO;_,Ny
has been shown to be an efficient route to increase visible light
photocatalytic activity [10-12]. Fluorine doping shifts the opti-
cal absorption edge of TiO, to a longer wavelength, and then
increases photocatalytic activity in the visible light region [13].
Lettmann et al. [ 14] prepared visible light active carbon-containing
TiO, using a sol-gel method. The highly condensed, carbonaceous
species formed during calcination is responsible for the photosen-
sitization. Chemically modified carbon-substituted TiO, has shown
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efficient photochemical water splitting under visible light illumina-
tion [15,16]. Doping sulfur is also an efficient method for narrowing
the band gap energy of TiO; and shifts the threshold wavelength to
the visible light region [6,17,18].

Zn0 is a promising semiconductor material for advanced
applications due to its unique chemical and physical properties,
environmental stability, and low cost as compared to other binary
nanosize metal oxides [19]. The energy levels for the conduction
and valence bands, and the electron affinity of zinc oxide are
similar to those of TiO,, making ZnO a likely candidate as a semi-
conductor material for photocatalysis. It is also anticipated that
nanostructured ZnO can become a versatile alternative to TiO,
since some researchers [20-23] have mentioned that zinc oxide is
much more efficient than titanium dioxide, particularly for photo-
catalytic degradations of azo dyes [20,21], pulp wastewaters [22],
and phenols [23] under UV irradiation. Recent studies have also
demonstrated that ZnO exhibits more efficiency than TiO, in photo-
catalytic degradation of some dyes under visible light illumination
[24]. In addition, ZnO nanocrystals can be applied in hydrogen pro-
duction and dye-sensitized solar cells with high efficiency [19,25].
However, little attention has been devoted to studying the effect
of nonmetal dopants on the photocatalytic activity of ZnO, par-
ticularly under visible light illumination [26,27]. Accordingly, the
present work attempts to modify ZnO photocatalysts with thiourea
to enhance their photocatalytic activity by nonmetal dopants under
visible light illumination. The characteristics of the modified ZnO
are also examined to relate to the photocatalytic activity. AO7 and
phenol are employed as the model contaminants to evaluate the
photocatalytic activity of the modified ZnO samples under UV and
visible light illumination due to their toxic and nonbiodegradable
properties.

2. Experimental
2.1. Preparation of catalysts

N,S,C-ZnO powders were prepared using a precipitation method.
Thiourea was mixed with zinc sulfate in 500 ml distillated water to
form a 0.25-M aqueous solution. Then, the solution was stirred for
3 h. Following complete dissolution, the solution was treated with
an ammonia solution (28%) until the solution pH reached 7. The
resulting solution was stirred for another 2 h. Precipitated products
were separated from the solution by centrifugation, and dried at
100°C for 24 h. The obtained products were ground and calcined
at an elevated temperature for 3 h with a heating rate of 5°C/min.
The T/Z ratio indicates the molar ratio of thiourea to zinc sulfate.
Samples were denoted as TZ0, TZ14, TZ12, TZ11, TZ21, and TZ31 to
indicate the T/Z ratios of 0, 1/4, 1/2, 1, 2, and 3, respectively.

2.2. Characterization of photocatalysts

The crystalline phases of the prepared samples were measured
by X-ray diffraction (XRD) using a Rigaku D/Max IIL.V X-ray diffrac-
tometer with Cu Ko radiation. The crystal size was assessed from
the half-height width of the diffraction peaks using the Scherrer
equation. X-ray photoelectron spectra (XPS) were recorded on a
Kratos Axis Ultra DLD XPS system. The amounts of the dopants
in the modified ZnO are determined by an elemental analyzer
(Vario, EL-III). Diffuse reflectance spectroscopy (DRS) was used to
determine the threshold wavelength and photoabsorbance of the
prepared samples using an UV-vis spectrophotometer (Hitachi, U-
3010), equipped with an integrated sphere assembly. The specific
surface areas, pore volumes and pore sizes of modified ZnO pow-
ders were measured using the Barrett—-Emmett-Teller (BET) and
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Fig. 1. The XRD spectra of the TZ11 samples at different calcination temperatures.

Barrett-Joyner-Halenda (BJH) approaches according to the nitro-
gen adsorption-desorption at 77 K on a Micromeritics ASAP 2020
apparatus.

2.3. Evaluation of photocatalytic activity

Photocatalytic testing was conducted in a thermostatic cylin-
drical Pyrex reactor with a 500 ml capacity operated at 298 K. A
125-W mercury lamp (HPI 125 W, Philips), with a major emission
at 365 nm, was used as the UV light source, and four 10W white
fluorescent light lamps (FLIOW-EX, TFC) were used as the visible
light source. At the beginning of a run, the desired amount of pho-
tocatalyst and 250 ml AO7 solution were fed to the reactor. The
solution pH was adjusted by diluted HCl and NaOH solutions. Agita-
tion was produced by a magnetic stirrer rotating fast enough to put
the reaction into the region of chemical reaction control. The result-
ing solution was then stirred continuously in the dark for 60 min
to achieve adsorption equilibrium of AO7 on the catalyst. Then, the
photocatalytic run was started under UV or visible light illumina-
tion. Samples were periodically taken from the reactor, centrifuged
at 6000 rpm for 5 min, and then filtered through a 0.22-pwm mem-
brane filter before being measured on a UV-vis spectrophotometer
(Hitachi, U-3010). Photocatalytic activity was evaluated according
to the photoabsorbance of AO7 at the maximum absorption wave-
length of 486 nm. The procedure for the photocatalytic degradation
of phenol is similar to that for AO7, except that a HPLC system
(PerkinElmer, 200S) equipped with a C18 column was used to deter-
mine the residual concentration of phenol.

3. Results and discussion
3.1. Characterization of doped ZnO composite

Fig. 1 shows the XRD patterns of the N,S,C-ZnO samples cal-
cined at various temperatures. At 400°C, a large number of weak
and indistinguishable XRD peaks appear, indicating that crystalliza-
tion is incomplete. However, ZnO and ZnS are suspected to appear
in the samples because the diffraction peaks at 260=31.7°(100),
34.4°(002), and 36.2°(101), attributed to the former, and those at
20=26.9°, 28.5°, 30.6°, 39.6°, and 47.7°, attributed to the latter,
are present. According to the JCPDS data (890138, 101255, 721249,
731416), some of the other peaks are suspected to mainly result
from S- and OH-containing compounds like Zn,(OH);S04. When
the calcination temperature reached 600°C, peaks that resulted
from the ZnO crystal sharply increased, while the other peaks sig-
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Fig. 2. The XPS spectra of theTZ21 samples at different calcination temperatures. (A) Zn 2p region, (B) O 1s region, (C) S 2p region, (D) N 1s region, and (E) C 1s region; line
a: 500°C, line b: 500°C after etching, and line c: 800 °C .The peak intensity of the insignificant peak is regulated by timing a factor to make it more observable.

nificantly decreased. The ZnO crystal is in the hexagonal wurtzite
phase. Most ZnS in the sample can be oxidized to ZnO and SO,
which can be removed from the sample or incorporated into the
ZnO structure on heating, as shown in the following equation. When
the calcination temperature increases to 800°C, only ZnO crystal
peaks can be identified in addition to an unknown peak centered
at 22.4°.

2ZnS + 30, — 250, +2Zn0 (1)

The specific surface areas and pore volumes of the doped ZnO
samples are listed in Table 1. When the T/Z ratio of the 500°C-
calcined samples increases from 1/4 to 2, the specific surface
area and pore volume increase from 1.9 to 20.5m?2/g and 0.008
to 0.046 ml/g, respectively. Further increasing the T/Z ratio to 3

decreases the specific surface area and pore volume to 11.6 m2/g
and 0.034 ml/g, respectively. For the TZ11 samples, increasing cal-
cination temperature from 400 to 700 °C increases the surface area
from 5.5 to 8.3 m2/g, which then decreases to 4.5 m2/g when the
calcination temperature reaches 800°C. It is suggested that ZnS
forms in addition to ZnO after calcination at lower calcination tem-
perature. At low T/Z ratios, the predominant product, ZnO crystal,
grows effectively, and then exhibits low surface area. As the T/Z ratio
increases, the quantity of ZnS increases, which prevents the growth
of ZnO crystal since both the sintering between particles and the
growth of the ZnO crystalline through a surface diffusion mecha-
nism are suppressed because of the dissimilar boundaries between
ZnS and ZnO [28], therefore, the surface area increases. When the
T/Z ratio reaches 3, a lot of ZnS and other N-, S-, and C-containing
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Table 1
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Specific surface areas, pore sizes, pore volumes, and crystal sizes of doped ZnO with T/Z ratios and calcination temperatures

Sample Calcination temperature (°C) T/Z ratio Specific surface area (m?/g) Pore volume (ml/g) Crystal size (nm)
TN11 800 1/1 4.5 0.009 31.6

TZ11 700 1/1 83 0.022 293

TZ11 600 1/1 7.2 0.024

TZ11 500 1/1 7.4 0.017

TZ11 400 1/1 55 0.015

TN14 500 1/4 1.9 0.008

TZ12 500 1/2 5.5 0.017

TZ21 500 21 20.5 0.046

TZ31 500 3/1 11.6 0.034

species are possibly adsorbed on the surface of ZnO, diminishing
the pore size and the pore volume, and leading to a decrease in
the surface area. This mechanism is also suspected to account for
the surface area of the 400 °C-calcined sample being lower than
that at 500°C, which goes against the general rule that a metal
oxide’s surface area decreases with increasing calcination temper-
ature. Chemical reactions of N,S,C-species adsorbed on ZnO with
increasing calcination temperature may also explain the results.
Calcination of doped ZnO at 800 °C can result in noticeable sintering
effect and/or grain growth of the doped ZnO sample; consequently,
the surface area decreases.

The chemical states of the atoms in the samples are examined
by XPS before and after etching by Ar* sputtering. The XPS survey
shows thatN, S and Catoms are all present and are incorporated into
the bulk phase of the sample after calcination at temperature higher
than 500 °C. Fig. 2(A) shows the spectra for the Zn 2p region. Binding
energies around 1020 and 1043 eV are assigned to Zn 2p3 and 2p1
electrons, respectively, indicating Zn is in the 2+ state [27,29,30].
Both binding energies slightly decrease with increasing calcination
temperature from 500 to 800 °C and the etching process, which can
be attributed to the change of bond structures between Zn and other
atoms existed in the samples. Jung et al. [29] have demonstrated
that Zn binding energy in ZnS is larger than that in ZnO. In this work,
the ratio in amount of ZnS/ZnO after calcination at 500°C is larger
than that at 800 °C; therefore, a lower binding energy is expected
with increasing calcination temperature. The experimental results
also imply that more dopants are present on the surface than in the
bulk phase of the sample.

The XPS depicted in Fig. 2(B) shows the high-resolution O 1s
region, in which the peaks centered at 528.5 and 530.5eV are
observed and are the predominant binding energies for O atom
in the 500- and 800°C-calcined samples, respectively. It is con-
sidered that some S, C and N atoms may bound to oxygen in the
sample, however, their contents decrease with increasing tempera-
ture, causing more Zn—0 bonds appear at 800 °C than that at 500 °C.
Hence, the peak at 528.5 eV can be assigned to O bound to Zn atom,
and that at 530.5 eV can be attributed to O bound to S, N or C atom.
It is expected that surface hydroxyl groups also contribute to the

Table 2
Content of N, S, and C atoms in the prepared samples

peak at 530.5 eV. Similar results were also reported by Duran et al.
[30], who studied the oxidation of ZnS.

Fig. 2(C) shows the high-resolution XPS spectra of the S2p region
in the samples. Two main bands centered at 160 and 167.5 eV occur,
and can be deconvoluted into four peaks near 159.8, 161.0, 167.5,
and 168.7 for the sample calcined at 500 °C. The first two peaks can
be attributed to S2~ and the last two can be assigned to S** and/or
S6* according to the data reported in the literature [17,18,31,32].
Etching the sample reduces the XPS intensity, suggesting the quan-
tity of sulfur species on the surface is larger than that in the bulk
phase. As calcination temperature increases to 800 °C, most sulfur
atoms escape from the sample, and the band centered at 160.0 eV
disappears, only the band centered at 168.0 eV remains, implying
sulfur atoms are all in the 4+ and/or 6+ state.

Fig. 2(D) shows the high-resolution XPS spectra of N 1s region.
A main peak centered at 397.0 eV for the 500 °C-calcined sample is
obtained, which can be ascribed to N atom in Zn—N bond. In addi-
tion, a peak around 399.3 eV, superimposed with that at 397.0eV,
can also be detected, which is suggested to result from N atom in
the Zn—O—N bond [12,33-36]. Calculation at 800 °C significantly
reduces the content of N atom in the sample, and the peak at
397.0 eV completely disappears, while the peakat 399.3 eV remains.
In addition, it seems that insignificant peaks around 400.5, 401.5,
and 402.5 eV also appear. These results indicate that nitrogen is in
the oxidized forms after being calcined at 800°C.

Fig. 2(E) shows the high-resolution XPS spectra C 1s region. Two
peaks around 282.5 and 286.7 eV are observed, which are suspected
to arise from C in Zn—C and Zn—0O—C bonds [31,32] for the 500 °C-
calcined sample. When the calcination temperature increases to
800 °C, the main binding energy of C 1s slightly shifts from 282.5 to
283.2 eV. An oxidized form of carbon can be anticipated to account
for this change.

The amounts of N, S, and C in the samples are determined by the
elemental analysis and are shown in Table 2. The results demon-
strate that increasing the T/Z ratio increases the amounts of N and
C, and decrease the amount of S in the samples. In the absence of
thiourea, N and S are expected to be inherent from the precursors
of ammonium water and zinc sulfate, while carbon is suspected to

Sample? Calcination temperature (°C) Composition (wt%)

Bulk? Surface®

N S C N S C
TZ0 800 0.045 5.567 0.023 0.110 10.73 0.033
TZ12 800 0.072 0.625 0.031 0.141 0.516 0.049
TZ21 800 0.116 0.264 0.091 0.237 0.190 0.107
TZ21 500 1.565 20.34 0.747 1.73 15.43 0.805

2 Sample was cleaned by ultrasonic vibration for 10 min and washing by water.
b Determined by elemental analyzer.
¢ Determined by XPS before etching.
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Fig. 3. The UV-vis diffuse reflectance spectra of the TZ11 samples at different cal-
cination temperatures.

be from the impurity in the starting materials or carbon dioxide in
air. It seems that increasing the amount of thiourea can increase
and decrease the doping levels of S2~ and S** or S6* in the sam-
ples, respectively; S2- is supposed to be more easily removed from
the sample during calcination at 800°C when compared with N
and C, leading to a maximum and a minimum sulfur contents are
observed for the 800 °C-calcined samples with T/Z ratios of 0 and
2, respectively.

Fig. 3 shows the UV-vis diffuse reflectance spectra of the N,S,C-
ZnO samples at different calcination temperatures. The absorbance
shoulders significantly shift from the UV to the visible light region
for the N,S,C-ZnO samples. The 500 °C-calcined sample exhibits
strong photoabsorption in the visible light region when com-
pared with other samples. A notable decrease in photoabsorption
in the visible light region for the doped ZnO is obtained when
the calcination temperature reaches 800°C, but it still exhibits
a larger photoabsorbance than pure commercial ZnO does. The
amounts of N,S,C-species in the 400 °C-calcined sample are larger
than those calcined at higher temperatures. However, some of the
N,S,C-species are likely to only remain on the ZnO surface, and
cannot contribute to the visible light sensitivity. Therefore, the pho-
toabsorbance shoulder is around 390 nm, which is not markedly
different from that of ZnO. Increasing the calcination tempera-
ture to 500°C enhances incorporation of N,S,C-species into the
ZnO structure and reduces the remained N,S,C-species, shifting
the photoabsorbance shoulder to the visible light region. A reduc-
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Fig.4. Adsorption of AO7 on the 800 °C-calcined TZ11 sample in the dark. Volume of
AO7 solution: 250 ml, initial AO7 concentration: 20.0 4 0.5 ppm, and catalyst load:
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tion in surface area and escape of the incorporated N,S,C-species
are two possible causes of the lower photoabsorption in the visi-
ble light region as the calcination temperature further increases to
800°C.

3.2. Adsorption of AO7 on N-, S-, C-doped ZnO

Adsorption of AO7 on the 800°C-calcined TZ11 sample was
carried out in the dark at room temperature. Fig. 4 shows the nor-
malized residual concentration of AO7 varied with adsorption time
atinitial pHs of 5.5, 8.4, and 9.5. It can be observed that most adsorp-
tion occurs within 60 min. Increasing pH from 5.5 to 9.5 decreases
the equilibrium adsorption amount of AO7 from 3.56 to 0.71 mg/g.
This trend correlates well with an anion substrate such as AO7
dye. Photolysis of AO7 illuminated by UV or visible light in the
absence of a photocatalyst was also performed. Less than 2.0% of
the original AO7 was decolorized after 3 h of illumination, imply-
ing neither UV nor visible light can bring about the photolysis of
AO7.

3.3. Photocatalytic degradation of AO7 under UV illumination

Fig. 5 shows the photocatalytic conversion of AO7 affected by
the calcination temperature and T/Z ratio of the N,S,C-ZnO samples
under UV illumination. The optimal calcination temperature for
photocatalytic activity is 800°C for all T/Z ratios examined, except
for the sample with a T/Z ratio of 1/4, which is at 700 °C. The sample
with T/Z of 1 calcined at 800°C shows the highest photocatalytic
activity among the T/Z ratios and calcination temperatures evalu-
ated. One possible explanation is that the crystalline extent of ZnO
substantially influences photocatalytic activity. N,S,C-dopants can
interfere with the crystallization of ZnO, which is an important
factor affecting UV absorption and transport of the photogener-
ated charge carriers; therefore, elevating calcination temperature
up to 800°C can improve photocatalytic activity. Increasing the
T/Z ratio from 1/4 to 1 increases AO7 conversion for 2 h illumi-
nation from 25.5 to 70.9%, and further increasing the T/Z ratio
to 3 decreases AO7 conversion to 39.6% for the 800 °C-calcined
sample. The discrepancy in photocatalytic activity caused by the
T/Z ratio is insignificant at low calcination temperatures due to
the low crystallization level of N,S,C-ZnO. Increasing the amount
of thiourea decreases the total quantity of the N, S, C atoms in
the 800°C-calcined sample as shown in Table 2. It is considered
that the photocatalytic efficiency can be improved in the presence



L.-C. Chen et al. / Journal of Photochemistry and Photobiology A: Chemistry 199 (2008) 170-178 175

line T/Z
129 a 1/4
b 1/2
c 1M
= 0.8 d 21
© "7 e 3
e
=
0.4 4

T T T T T
0 20 40 60 80 100 120

time, min
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dosage: 1g/l, initial AO7 concentration: 20.0 & 0.5 ppm, volume of solution: 250 ml,
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of a trace amount of dopants by reducing the recombination of
e~ -h* pairs; however, an excess amount of dopants may reduce
the absorption of the incident UV illumination, increase the crystal
defects and even act as the e~-h* recombination centers, decreas-
ing the photocatalytic activity. Accordingly, an optimal T/Z ration of
1 is accomplished to attain the maximum photocatalytic efficiency
under UV illumination.

Usually, photocatalytic reactions follow the Langmuir-
Hinshelwood adsorption model, which can be simplified to a
pseudo first-order kinetic model at a low substrate concentra-
tion [1]. Fig. 6 shows the normalized logarithmic plot of AO7
concentration against the irradiation time. Using regression fit
techniques, straight lines are attained, and their slopes correspond
to the apparent rate constant, kapp, according to the equation
In(Co/C) = kappt, where Co and C indicate the AO7 concentrations at
times O and t, respectively. Table 3 summaries the calculated kapp
and the corresponding R? values. The maximum and minimum
apparent rate constants are 0.010 and 0.0024min~! with T/Z
ratios of 1 and 1/4, respectively. The R? values are all close to
1.0, implying that the experimental data are consistent with the
pseudo first-order kinetic model.

The impact of pH on the decolorization efficiency of AO7 was
studied in the pH range of 5.38-9.20. Increasing pH from 5.38 to
6.66 increases the AO7 conversion for a 2-h run from 32.9 to 70.9%.
Further increasing pH to 9.20 decreases the conversion to 15.0%,
as shown in Fig. 7. The optimum pH for this system is close to
7.0. A low pH will be beneficial for the adsorption of AO7 on the
catalyst; however, it will be harmful for formation of HO® free radi-
cals. Accordingly, an optimum pH can be used to obtain the highest
photocatalytic activity.

Table 3
Apparent rate constants (k,pp) with T/Z ratios of the 800 °C-calcined samples under
UV and visible light illumination

T/Z ratio kapp® (min~—1)

uv Visible light
1/4 0.0024 (0.982) 0.0015 (0.987)
12 0.0053 (0.995) -
1 0.010 (0.997) 0.0042 (0.976)
2 0.009 (0.997) 0.0083 (0.997)
3 0.0035 (0.968) 0.0063 (0.967)

2 Number in the parentheses is R?.
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Fig. 7. Effect of initial pH on the photocatalytic conversion of AO7 under UV illu-
mination. Catalyst dosage: 1g/l, T/Z ratio: 1, volume of solution: 250 ml, stir rate:
600 rpm, and initial AO7 concentration: 20.0 £+ 0.5 ppm.

3.4. Photocatalytic degradation of phenol under visible light
illumination

Phenol in aqueous solution is applies as the model contaminant
to evaluate the photocatalytic activity of the N-, S-, and C-doped
ZnO samples under visible light irradiation. Fig. 8 shows the effect
ofthe calcination temperature of the TZ21 sample on the conversion
of phenol with irradiation time. Increasing calcination temperature
from 500 to 800°C increases the conversion from 13.9 to 31.5%.
Although the 500 °C-calcined sample exhibits the highest photoab-
sorption in the visible light region, however, a lowest visible light
activity is revealed. At 500°C, more N, S, and C are present in the
sample and contribute to the visible light absorption, however,
they retard the crystallization development of the sample, caus-
ing low photocatalytic activity due to a high recombination rate
of e~ and h*. In addition, changing of chemical states of N and S
may be another factor affecting the dependence of photocatalytic
activity with calcination temperature. At 500°C, most N and S are
in the forms of Zn-N and Zn-S, and they change to Zn-O-N and
Zn-0-S after calcination at 800°C. Asahi et al. [37] ascribed the
visible light activity of N-doped TiO, to the formation of Ti—N
bonds, Wang et al. [12] pointed out that only N—Ti—O bond can
extend the optical absorption of TiO, to visible light region for the
TiO,_xNx sample. However, Sato et al. [34] cited many references
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Fig. 8. Effect of calcination temperature of the TZ21 samples on the photocatalytic
conversion of phenol under visible light illumination. Catalyst dosage: 1 g/l, initial
phenol concentration: 10.0 + 0.5 ppm, pH: 6.6, volume of solution: 250 ml, and stir
rate: 600 rpm.
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Fig. 9. Effect of the T/Z ratio of the 800 °C-calcined samples on the photocatalytic
conversion of phenol under visible light illumination. Catalyst dosage: 1 g/l, initial
phenol concentration: 10.0 + 0.5 ppm, pH: 6.6, volume of solution: 250 ml, and stir
rate: 600 rpm.

and concluded that N doped in TiO, without Ti—N bonding is also
responsible for visible light activity. Gole et al. [35] reported that
Ti—-O-N-based catalysts also showed visible light activity. As far as
we know, no detail study about the relation between the structure
of N bounded to ZnO and visible light activity was reported [26].
Both anionic and cationic S-doped TiO, samples were reported to
show visible light activity [17,18,31,32]. Recently, Kim et al. [27]
synthesized ZnOxS;_x samples and indicated an enhancement in
the visible light activity when compared with pure ZnO samples.
An elevation in the visible light activity by doping carbon on TiO,
has been also reported in the literature [14-16]. In view of these
reports, it is expected that doping N, S, or C atom can show a pro-
motion influence on the visible light activity of ZnO, however, the
extent of the doping-effect may change with calcination temper-
ature due to the changes of chemical states of the dopants and
physical properties of doped ZnO samples, such as the level of
crystallization.

The photocatalytic conversion of phenol increases from 9.9 to
31.5% as the T/Z ratio increases from O to 2, further increasing the
ratio to 3, however, decreases the conversion to 28.5% as shown in
Fig. 9. Increasing the T/Z ratio increases the amounts of N- and C-
species, and decreases the S-species in the 800 °C-calcined sample.
Hence, it seems that N and/or C show a more promotive influence
on the visible light activity than S; however, S-dopants also show
positive effect on raising photocatalytic activity, causing the sam-
ple with T/Z ratio of 3 reveals lower activity than that of 2. Zaleska
etal. [31] studied N-, S-, and C-doped TiO, and pointed out the cat-
alytic activity could be associated to the highest content of sulfur
and nitrogen and only moderate amount of carbon; however, the
interaction effect of these dopants were not systematically studied.
In this work, increasing the amount of thiourea increases the con-
tent of nitrogen and carbon, but decrease the content of sulfur in
the samples calcined at 800°C. Therefore, an appropriate amount
of thiourea is required to attain the optimum photocatalytic activity
under visible light illumination.

Fig. 10 shows the effect of pH on the photocatalytic degradation
of phenol under visible light illumination. Increasing pH from 4.01
to 9.15 increases the conversion from 27.2 to 36.3%. The results indi-
cate that pH of 9.15 exhibits the highest activity, which is different
from the pH of 6.66 for AO7 under UV illumination. One possible
interpretation for this discrepancy is that the generation of HO®
free radicals from h* and OH~ rather than the adsorption of sub-
strates on the photocatalyst plays an important role in affecting
photocatalytic reaction.
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Fig. 10. Effect of initial pH on the photocatalytic degradation of phenol over 800°C-
calcined TZ21 samples under visible light illumination. Catalyst dosage: 1 g/, initial
phenol concentration: 10.0+0.5 ppm, volume of solution: 250 ml, and stir rate:
600 rpm.

3.5. Photocatalytic degradation of AO7 under visible light
illumination

Fig. 11 shows the time evolution of AO7 concentration during
the photocatalytic reaction under visible light illumination. About
43.3, 20.5, 32.1, and 77.8% of the original AO7 were photodegraded
for the TN21 samples calcined at 500, 600, 700, and 800 °C, respec-
tively, after a 3-h illumination. The 800 °C-calcined sample exhibits
the most visible light photocatalytic activity despite having the
smallest surface area and the lowest visible light photoabsorption.
Fig. 12 shows the photocatalytic activities of the samples prepared
with different T/Z ratios after calcination at 800°C. Increasing the
T/Z ratio from 1/4 to 2 increases the AO7 conversion from 23.3 to
77.8%; however, it decreases to 69.2% when the T/Z ratio is further
increased to 3.

The visible light catalytic activity of the TN21 sample with
respect to calcination temperature decreases in the order of
800>500>700>600°C; however, that for phenol is in the order
of 800 >700>600>500°C. AO7 can follow a photosensitized pro-
cess by absorbing visible light to become excited, and then inject
electrons to the conduction band of semiconductors. The injected
electrons on the semiconductor can reduce adsorbed oxygen to
superoxide free radicals, O,*~, followed by a series reaction to pro-
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Fig. 11. Effect of calcination temperature of the TZ21 samples on the photocatalytic
conversion of AO7 under visible light illumination. Catalyst dosage: 1 g/1, initial AO7
concentration: 20.04+ 0.5 ppm, pH: 6.6, volume of solution: 250 ml, and stir rate:
600 rpm.
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Fig. 12. Effect of the T/Z ratio of the 800°C-calcined samples on the photocatalytic
conversion of AO7 under visible light illumination. Catalyst dosage: 1 g/1, initial AO7
concentration: 20.0 +0.5 ppm, pH: 6.6, volume of solution: 250 ml, and stir rate:
600 rpm.
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Fig. 13. The temporal evolution of the absorption spectra of AO7 during photocat-
alytic reaction under visible light illumination. pH: 6.6, initial AO7 concentration:
20.0+0.5 ppm, T/Z ratio: 2/1, catalyst dosage: 1 g/l, and volume of solution: 250 ml.

duce hydrogen peroxide and HO* free radicals [38], enhancing the
photocatalytic efficiency. We are of the opinion that photosensi-
tized reaction leads to a higher photodegradation of AO7 at 500°C
when compared with those at 600 and 700°C.

Fig. 13 shows the temporal evolution of the absorption spectra of
AO7 during photocatalytic degradation under visible light illumina-
tion. Subsequent illumination causes a continuous decrease of the
UV and visible bands of AO7 with increasing irradiation time, which
is not accompanied by new absorption peaks during the run. These
results support the hypothesis that intermediates formed during
photocatalytic reactions can be successfully photodegraded by fur-
ther illumination. Approximately 52.3, 37.9, and 41.5% decreases in
the absorbances at 227, 253, and 308 nm are obtained at 180 min,
as shown in Fig. 13. Furthermore, the decreases in absorbances at
253 and 308 nm in the final stage of 120-180 min of the run are
more significant than those in the initial stage of 0-120 min. These
results strongly suggest that N,S,C-ZnO can be used for a complete
mineralization of AO7 under visible light illumination.

4. Conclusions
N,S,C-species can be incorporated into the bulk phase to form

N-, S-, and C-doped ZnO. Chemical states of the N,S,C-dopants
change with calcination temperature, and are likely to be in the

oxidized forms after calcination at 800°C. Sulfur atoms in the
500 °C-calcined sample are mainly in the -2 state, and transformed
to 4+/6+ states after calcination at 800 °C. S-species are easier to be
removed from the sample than those of N and C after calcination
at 800°C. Crystallization of ZnO is greatly suppressed due to N,S,C-
dopants and not well developed after calcination below 700°C. The
500°C-calcined N,S,C-ZnO show strong photoabsorbance in the vis-
ible light region. An appropriate amount of dopants can reduce the
recombination of e~-h* pairs and raise the photocatalytic activ-
ity under UV illumination. The amounts and chemical states of
the dopants, and extent of crystallization of the samples are the
predominant factors affecting the photocatalytic degradation of
phenol under visible light illumination. The photosensitized reac-
tion resulted from the visible light absorption by AO7 is suggested
to cause the 500°C-calcined sample showing a high photocat-
alytic activity when compared with those at 600 and 700°C in
photodegradation of AO7. The optimal T/Z ratios to obtain the
maximum photocatalytic activities under UV and visible light illu-
mination are 1 and 2, respectively.
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