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a b s t r a c t

We have applied mixture design and response surface techniques to prepare visible light-active TiO2

photocatalysts codoped with sulfur, carbon, and tin oxide using titanium tetraisopropoxide (TTIP), tin(IV)
chloride, and thiourea, respectively, as precursors. During calcination, the S atoms replaced the Ti or O
atoms in the TiO2 structure to maintain the anatase form, whereas doping with SnO2 promoted the
eywords:
ixture design

esponse surface
hotocatalysis
ulfur
in oxide

anatase-to-rutile transformation. O–Ti–C bonds and carbonaceous species were present in the prepared
samples; together with the S atoms, they were responsible for the visible light activity, which was boosted
by moderate doping SnO2 due to a declined e−–h+ recombination rate. A synergic effect induced by
dopants SnO2 and S, C on the visible light activity of TiO2 was quantitatively established for the first
time through mixture design techniques and response surface methodologies. The obtained empirically
quartic models describe well the main and interactive influences of the precursors on the specific surface

vity o
area and visible light acti

. Introduction

Photocatalysis has attracted considerable interests on applica-
ions in environmental systems. The complete mineralization – to
arbon dioxide and inorganic constituents – of contaminants in liq-
id and gas phases through photocatalysis at room temperature

s a potential alternative to such currently used methods as chlo-
ination, ozonation, and adsorption on active carbon [1–3]. TiO2
s by far the most widely employed photocatalytic semiconduct-
ng material because of its chemical inertness, photostability, low
ost, and nontoxicity. Although much effort has been devoted to
mproving its photocatalytic activity, TiO2 exhibits low efficiency
nder visible light because it has a large band gap energy of 3.2 eV,
orresponding to a threshold wavelength of 388 nm.

Nonmetallic elements doping has been regarded as a promising
trategy for improving visible light activity of TiO2-based photocat-
lysts [3,4]. Among such techniques, carbon, sulfur, and nitrogen
toms have been shown to effectively enhance visible light activ-
ty of TiO2. These nonmetallic atoms can substitute for the lattice

i4+ and/or O2− species in the TiO2 structure with the correspond-
ng cationic and anionic forms, respectively, causing substantial
mprovements in visible light activity as compared to that of pure
iO2 due to band gap narrowing by the mixing of energy levels of

∗ Corresponding author. Tel.: +886 6 2059427; fax: +886 6 2059422.
E-mail address: lcchen@mail.ksu.edu.tw (L.-C. Chen).

385-8947/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2010.09.044
f the S, C, SnO2-codoped TiO2 samples.
© 2010 Elsevier B.V. All rights reserved.

electrons of nonmetallic elements and O atoms, or introduction of
new energy levels within the band gap of TiO2 [4–18]. Although
these reports indicate that doping with nonmetallic elements is
an efficient approach toward increase the photocatalytic activity of
TiO2 under visible light, the photocatalytic activity remains low and
must be improved further if such materials are to find commercial
applications.

One of the main drawbacks leading to low photocatalytic
activity is recombination of photogenerated electrons and holes.
Reducing this recombination process is considered as an effec-
tive route to significantly increase the activity. The combination
of two semiconductors having their conduction and valence bands
at different energy levels is one approach toward improving pho-
tocatalytic activity by increasing the charge separation efficiency,
charge carrier lifetime, and interfacial charge transfer rate [3]. The
energy levels of the valence and conduction bands of TiO2 are 2.7
and −0.5 V, respectively; for SnO2, they are 3.7 and 0.0 V, respec-
tively (versus NHE) [3,19,20]. Therefore, upon photoexcitation of
a TiO2/SnO2 composite, a photoelectron generated on TiO2 will be
injected into the conduction band of SnO2, while the hole remains
on TiO2. Furthermore, the fact that the conductivity of SnO2 is supe-
rior to that of TiO2 also benefits the separation of photogenerated

charged carriers.

Based on these findings, TiO2 samples doped simultaneously
with nonmetal species and SnO2 are anticipated to apparently
enhance photocatalytic activities under visible light; to date, how-
ever, the photocatalytic activity of S, C, and SnO2-codoped TiO2

dx.doi.org/10.1016/j.cej.2010.09.044
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:lcchen@mail.ksu.edu.tw
dx.doi.org/10.1016/j.cej.2010.09.044
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Table 1
Actual and pseudo compositions of the prepared samples for the mixture design.

Samples Actual composition Pseudo composition

TTIP SnCl4 Thiourea TTIP SnCl4 Thiourea
X1 X2 X3 Z1 Z2 Z3

TU-01 0.58 0.33 0.083 0.17 0.67 0.17
TU-02 0.58 0.083 0.33 0.17 0.17 0.67
TU-03 0.67 0.17 0.17 0.33 0.33 0.33
U-04 0.83 0 0.17 0.67 0 0.33
TU-05 0.67 0.17 0.17 0.33 0.33 0.33
T-06 0.83 0.17 0 0.67 0.33 0
P-07 1 0 0 1 0 0
TU-08 0.83 0.083 0.083 0.67 0.17 0.17
TU-09 0.67 0.17 0.17 0.33 0.33 0.33
U-10 0.5 0 0.5 0 0 1
TU-11 0.71 0.083 0.21 0.42 0.17 0.42
T-12 0.5 0.5 0 0 1 0
TU-13 0.67 0.17 0.17 0.33 0.33 0.33
TU-14 0.5 0.17 0.33 0 0.33 0.67
T-15 0.67 0.33 0 0.33 0.67 0
TU-16 0.58 0.21 0.21 0.17 0.42 0.42
TU-17 0.67 0.17 0.17 0.33 0.33 0.33
L.-C. Chen et al. / Chemical Engi

amples has not been reported. It should be noted that the
omposition of the codoped TiO2 photocatalyst can affect their
hotocatalytic activities to a great extent; however, no system-
tic study about the composition effect has been conducted. When
sing traditional methods, it is difficult to determine the com-
ined influences of each of the components in the composite on
he photoactivity, particularly the interaction effect between the
omponents. Statistical strategies can provide facile and effec-
ive approaches to establish the quantitative relationship between
ependent and independent variables [21–25]. Hence, in this study
e used a mixture design technique and a response surface method

o elucidate the effect of the composition of the precursors on the
pecific surface area and visible light activity of TiO2 in terms of its
bility to mediate the photodegradation of phenol. We have firstly
nd successfully obtained a quantitative equation describing the
nfluence of the compositions of the precursors on the photocat-
lytic activity and specific surface area. Furthermore, properties of
he prepared S, C, and SnO2-codoped TiO2 were characterized and
orrelated well with the photocatalytic activity.

. Experimental

.1. Catalyst preparation

Doped TiO2 samples were prepared according to proce-
ures described previously with little modification [9]. Typically,
.10 mole TTIP (Acros, 97%) was added into 200 mL anhydrous
thanol under mild stirring, and then 0.025 mole SnCl4 (Showa, EP)
nd 0.025 mole thiourea (Wako, EP) were added in sequence to pre-
are the sample with mole fractions of TTIP, SnCl4, and thiourea of
.66, 0.17, 0.17. The resulting solution was further stirred for 2 h.
fter then, the solution was concentrated to obtain a white slurry
roduct by evaporating ethanol under reduced pressure. This slurry
roduct was aged for 2 days at room temperature to form a powder
ample, which was further dried in an oven at 60 ◦C for 12 h, fol-
owed by calcination at 400 ◦C for 3 h with a risen rate of 3 ◦C/min.
he obtained samples were grounded and washed with distillated
ater for three times. Undoped TiO2 samples were also prepared
sing a similar procedure (i.e., without the addition of SnCl4 and
hiourea). The symbols P, T, U, and TU represent the pristine, SnCl4-,
hiourea-, and SnCl4/thiourea-modified TiO2 samples, respectively.
ccording to the mixture design method, the mole fractions of the

ngredients present summed to 1.0, an equilateral triangle can be
pplied to represent the compositions of the constituents in a ter-
iary system, with vertexes corresponding to the pure components
nd the points on and inside the boundaries representing the simul-
aneous occurrence of two and three components, respectively, in a
ystem with no upper or lower limitations of each component. Note,
owever, that in this study we restricted the mole fraction of TTIP
o no less than 0.5 because TiO2 was the main constituent respon-
ible for the photocatalytic activity. Therefore, we established a
ew equilateral triangle by transforming the actual composition to
he pseudo-composition, according to the equation Zi = (Xi − Li)/R,
here Zi is the pseudo-composition of component i, Li is the lower

imit of the composition for Xi, and R = 1 − �Li [24,25]. Hereafter,
uffixes of 1, 2, and 3 in Xi and Zi represent TTIP, SnCl4, and thiourea,
espectively. Table 1 lists the designed compositions for the mix-
ure experiments.

.2. Characterization
The crystal phases of the prepared samples were identified
hrough X-ray diffraction (XRD) using a Siemens D5000 X-ray
iffractometer. A Raman spectrometer (Ventuno, Jasco) was also
mployed to identify the structure of the prepared samples. Fourier
TU-18 0.71 0.21 0.083 0.42 0.17 0.17
TU-19 0.5 0.333 0.17 0 0.67 0.33
U-20 0.67 0 0.33 0.33 0 0.67

transform infrared (FTIR) spectra were recorded using a Bio-Rad
Digilab FTS-40 instrument. Optical absorption spectra of the sam-
ples were obtained using a UV–vis spectrophotometer equipped
with an integrated sphere assembly (Jasco, V-550). X-ray photo-
electron spectroscopy (XPS) was performed using an ESCA PHI
5000 instrument and Al K� irradiation (1486.6 eV) to determine the
chemical states of Ti, S, O, and C atoms in the prepared samples. The
specific surface areas, pore volumes, and pore sizes of the powder
samples were measured using Barrett–Emmett–Teller (BET) and
Barrett–Joyner–Halenda (BJH) techniques on a Micromeritics ASAP
2020 apparatus.

2.3. Photocatalytic activity

The photocatalytic activities of the doped and undoped TiO2
samples were estimated by measuring the degradation of phenol in
an aqueous solution under visible light. A cylindrical double-wall
Pyrex reactor was used for photocatalytic measurements; isother-
mal water flowing in and out through the space between the walls
controlled the reaction temperature at 25 ◦C. A Xe lamp (Oriel,
6271) operated at 900 W was used as the light source; its rays were
passed through a 400 nm long pass filter (ZUL0400, Asahi Spec-
tra Co.) to ensure that only visible light entered the reactor. At
the beginning of each run, an aqueous suspension (250 mL) con-
taining phenol (0.21 mM) and the photocatalyst (0.25 g) were fed
into the reactor. Prior to illumination, the suspension was stirred
in the dark for 60 min to achieve an equilibrium state. Samples
were periodically taken from the reactor, centrifuged at 6000 rpm
for 10 min, and then filtered through a 0.22-�m membrane filter
prior to analysis using a Perkin-Elmer 200S high-performance liq-
uid chromatography (HPLC) system equipped with a C18 column
[1,26,27].

3. Results and discussion

Fig. 1 presents the XRD patterns of the P-, T-, U-, and TU-TiO2
samples calcined at 400 and 600 ◦C. The 400 ◦C-calcined P-, U- and

TU-TiO2 samples revealed only the anatase phase of TiO2; in con-
trast, the 400 ◦C-calcined T-TiO2 sample featured predominantly
the rutile phase. These results suggest that the presence of SnO2
promoted the formation of the rutile phase as a result of simi-
larity of cell parameters a and c between rutile TiO2 and SnO2
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ig. 1. XRD spectra of the P-07, T-12, U-10, and TU-03 samples calcined at (a) 400
nd (b) 600 ◦C.

28–30]. When we increased the calcination temperature to 600 ◦C,
e observed ca. 36.5 and 91.0% of the rutile phase in the P- and

U-TiO2 samples, respectively; in contrast, the U-TiO2 sample still
xhibited only an anatase phase, implying that addition of thiourea
tabilized the anatase phase of TiO2 [31–33] and raised the temper-
ture for its anatase-to-rutile transition to above 600 ◦C, which is
mportant to elevate photocatalytic activity of S, C, SnO2-codoped
iO2 because the anatase phase usually exhibits much higher pho-
ocatalytic efficiency than the rutile phase. Due to the insufficiency
f water employed, the complete hydrolysis of TTIP is limited in this
ork. Instead, thiourea molecules can be chelated to TTIP through

heir nucleophilic ligands. Decomposition of thiourea during heat
reatment causes the formation of S, C-doped TiO2 and inhibits
he crystallization of rutile TiO2 at a lower temperature [31–34].
he main diffraction band of crystalline SnO2 occurs at a value of
� = 26.6◦ (1 1 0); it probably overlaps with the (1 0 1) and (1 1 0)
rystalline planes of TiO2 and, therefore, XRD techniques may not
e appropriate for identifying SnO2 crystallinity. As a result, we
sed Raman spectroscopy to examine whether or not crystalline
nO2 existed in the samples. Fig. 2 presents the Raman spectra of
- and TU-TiO2 samples prepared at 500 and 600 ◦C. Referring to the
eported Raman bands of SnO2 [35], we concluded that the forma-
ion of crystalline SnO2 was insignificant because the main Raman
ands of crystalline SnO2 (at 776, 636, 574, and 490 cm−1) were
bsent, presumably because of its lower abundance and greater
ifficulty in developing its crystal structure relative to that of

iO2. The Raman spectra also indicated that the TU-TiO2 samples
xhibited the anatase-only phase when calcined at temperatures
elow 500 ◦C; the transformation to the rutile phase occurred when
e increased the temperature to 600 ◦C, consistent with the XRD

esults. In addition, we cannot identify any peak attributed to SnS
Raman shift, cm

Fig. 2. Raman spectra of the T-12 and TU-03 samples calcined at 500 and 600 ◦C.

or SnS2 component in the TU-TiO2 sample from XRD and Raman
patterns.

We applied XPS to determine the chemical states of the compo-
nents in the TU-TiO2 sample (TU-14) after using Ar+ to etch away
a 2 nm layer. Fig. 3a presents the XPS spectrum of the Ti 2p energy
level of the sample. We attribute the two bands centered at 457.4
and 463.1 eV to the 2p3/2 and 2p1/2 spin–orbital splitting photo-
electrons in Ti4+. Furthermore, we used a curve fitting technique to
identify two peaks at ca. 455.8 and 461.3 eV that originated from
the Ti 2p3/2 and 2p1/2 electrons, respectively, of Ti3+ ions, revealing
the presence of Ti3+ in addition to Ti4+ [36,37]. The binding ener-
gies of the 2p3/2 and 2p1/2 electrons in Ti4+ in this study are ca.
1.0 eV less than the reported values. Furthermore, three insignifi-
cant peaks centered at 454.2, 459.1, and 464.3 eV are also observed.
We speculate that the presence of C and S atoms in the sample is
the predominant cause for these observations.

Fig. 3b presents XPS spectra representing the chemical state of
the C atoms in the TU-TiO2 samples calcined at 400 and 600 ◦C.
We attribute the band at 282.8 eV to the presence of O–Ti–C bonds
[8], and the bands at 283.6 and 284.6 eV to the presence of carbona-
ceous and elemental carbons, and the bands at 287.0 and 287.6 eV to
the presence of C–O and/or C O bonds [8,36,38,39] for the sample
calcined at 400 ◦C. It should be noted that adventitious carbons from
the carbon tape used in the XPS measurement may also contribute
to the XPS peak around 284.6 eV, therefore, its intensity should not
be employed as the quantitative standard [15]. The results indicate
that C atoms primarily substitute for O atoms in the TiO2 structure,
forming O–Ti–C bonds. In contrast, we found that substitution of Ti
sites by C atoms was insignificant as indicated by that the area of the
band belonging to the Ti–O–C units was relatively smaller than that
of the O–Ti–C bonds, which was probably due to the large difference
in the ionic radius between Ti4+ (0.068 nm) and C4+ (0.016 nm) [40].
When the calcined temperature increases from 400 to 600 ◦C, the
distribution of carbon states exhibits apparent change. Most O–Ti–C
bands disappear as a result of oxidation on calcination, particularly
at a temperature higher than 400 ◦C [41]. On the other hand, a broad
band around 285.0 eV sharply increases. Pillai et al. [33] and Shi et
al. [42] have pointed out that carbon can occur as a solid solution
within the interstices of anatase crystal above 500 ◦C and display a
binding energy near 285 eV. Accordingly, the increase of this band
may be ascribed to the formation of a solid solution in addition to

carbonaceous species and elemental carbons. For comparison, the
chemical state of carbon atoms in the undoped sample is also pro-
vided as shown in Fig. 3c. The predominant binding energy of the
carbon atom in the undoped sample is around 284.6 eV, which is
significantly different from that of TU-TiO2 centered at 282.8 eV,
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ples to possess higher photocatalytic activities because OH groups
can be trapped by photogenerated holes to become OH free radicals.
The U-TiO2 sample absorbed significantly in the range from 950
to 1250 cm−1. The bands centered at 1050, 1130, and 1220 cm−1

0.2

0.4

0.6

0.8

1

in
tn

es
ity

, a
u

a

d

b

c

a:P-07
b:T-12
c:U-10
d:TU-03
binding energy, eV

ig. 3. XPS spectra displaying the (a) Ti 2p, (b) C 1s of the TU-14 sample, (c) C 1s of t

ndicating different distribution of carbon states existed between
he undoped and TU-TiO2 samples.

Fig. 3d presents the XPS spectrum of the S 2p region. At 400 ◦C,
he maximum peak, located at 167.2 eV, can be assigned to S4+,
mplying that S4+ centers can be incorporated into the TiO2 bulk
hase to substitute for Ti4+ ions. Furthermore, we also observed a
and at 169.8 eV that we attribute to S6+ species. In addition to the
ationic forms of S atoms, S2− ions were also present, as indicated
y the bands at 160.0 and 161.4 eV. However, the ionic radius of
2− (0.17 nm) is significantly larger than that of O2− (0.122 nm) and
he bond energy of Ti–S (418.0 kJ/mol) is smaller than that of Ti–O
672.4 kJ/mol) [11,32,43]; as a result, the Ti–S bond is present at
lower level. However, the prepared procedure and precursors of

ulfur atoms are also important factors affecting the chemical state
44]. When the calcined temperature increases to 600 ◦C, both the
nionic and cationic S ions are almost completely eliminated from
he sample.

Fig. 4 presents UV–vis diffuse reflectance spectra of the
ndoped, U-, T-, and TU-doped TiO2 samples. The undoped TiO2
ample displayed the strongest visible light absorbance, while
he U-TiO2 sample displayed visible light absorbance that was
ower – albeit still significant – than those of the undoped, T-,
nd TU-TiO2 samples. We suspect that the decreased photoab-
orbance associated with the U-TiO2 sample within the visible
egion may be ascribed to the decreased content of carbona-
eous species and elemental carbons inherent from the precursors
TIP. Sulfur atoms from the precursor (thiourea) can substitute
or both Ti and/or O atoms in the TiO2 structure to form S-doped
iO2, which can contribute to the visible light absorption as a
esult of band gap narrowing through the mixing of S 3p and O
p electrons. This increased visible light absorbance after dop-
ng with S species cannot compensate, however, for the loss that
esulted from the decreased C content. In addition, carbonaceous
pecies and elemental carbons may exist in different structures
or different samples and cause the deviation in visible light
bsorbance.
binding energy, eV

doped sample, and (d) S 2p regions of the TU-14 sample calcined at 400 and 600 ◦C.

Fig. 5 displays the FTIR spectra of the undoped and doped TiO2
samples after calcination at 400 ◦C. All the samples exhibit absorp-
tion signals at ca. 3425 and 1640 cm−1, which we attribute to the
stretching and bending vibrations, respectively, of the surface OH
groups. We suspect that these OH bonds are connected to the bulk
TiO2 via both chemisorption and physisorption because we also
observed IR absorptions at ca. 3000 cm−1 [8,43]. In addition, we
found that a greater number of OH groups adsorbed onto the TiO2
surfaces of the doped samples (particularly for the TiO2 samples
modified using thiourea as the precursor) than onto the undoped
TiO2 and commercial P-25 samples because the former samples
exhibited stronger and broader IR absorption peaks corresponding
to OH groups. As a result, we would expect these doped TiO2 sam-
800600400200

wavelength, nm

0

Fig. 4. UV–vis diffuse reflectance spectra of the P-07, T-12, U-10, and TU-03 samples
calcined at 400 ◦C.
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Fig. 5. FTIR spectra of the P-07, T-12, U-10, and TU-03 samples calcined at 400 ◦C.

Table 2
The measured specific surface areas and photocatalytic conversions of phenol, and
the predicted ones from Eqs. (1) and (2), respectively.

Samples Specific surface area, m2/g Conversion of phenol, %

Measured Predicted Measured Predicted

TU-01 71.6 71.2 31.9 31.0
TU-02 110.5 106.8 22.1 22.1
TU-03 129.2 139.7 26.1 24.6
U-04 20.9 29.0 10.9 13.4
TU-05 143.9 139.7 24.2 24.6
T-06 60.8 56.4 18.6 19.8
P-07 19.4 18.9 5.9 5.7
TU-08 109.6 108.7 23.7 20.9
TU-09 144.5 139.7 23.8 24.6
U-10 44.1 49.4 27.9 28.9
TU-11 134.8 132.6 20.4 19.7
T-12 6.3 2.7 24.6 25.0
TU-13 135.0 139.7 22.1 24.6
TU-14 105.8 101.9 39.2 39.5
T-15 44.5 51.0 27.2 26.2
TU-16 120.3 117.4 29.3 26.9
TU-17 134.2 139.7 23.1 24.6

a
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m
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TU-18 125.3 118.8 27.4 28.5
TU-19 81.1 86.3 37.8 38.3
U-20 46.9 39.2 23.6 21.1

re indicative of C2� symmetry, suggesting bidentate coordination
etween sulfate and TiO2, while these at 987 and 1130 cm−1 can
e ascribed to monodentate sulfate coordination, indicative of C3�

ymmetry [45].

Table 2 lists the measured BET surface areas associated with

he compositions of TTIP, SnCl4 and thiourea. A simplified quartic
odel through a mixture design experiment and the commercial

oftware Design Expert was developed to correlate the experiment
nd can be expressed in Eq. (1), with Y1 representing the predicted

able 3
ariance analysis of the quartic form fit of Eq. (1).

Source Sum of squares DFa

Model 40133.8 7
Linear mixture 1525.6 2
Z1Z2 2078.3 1
Z2Z3 5231.8 1
Z1

2Z2Z3 3433.9 1
Z1Z2

2Z3 291.4 1
Z1Z2Z3

2 472.1 1
Residual 544.8 12

Lack of fit 368.9 8
Pure error 175.9 4

Cor. total 40678.59 19

a Degree of freedom.
1

Fig. 6. Contours of constant specific surface area, obtained from Eq. (1).

surface area. The standard errors of the coefficients in Eq. (1) are
presented in parentheses below the corresponding coefficients. We
applied variance analysis to evaluate the adequacy of Eq. (1); Table 3
summarizes the results.

Y1 = 18.87Z1
(5.45)

+ 2.72Z2
(6.32)

+ 49.41Z3
(5.45)

+ 192.95Z1Z2
(28.52)

+ 306.19Z2Z3
(28.52)

+ 4570.57Z1
2Z2Z3

(525.5)
− 1364.53Z1Z2

2Z3
(538.6)

+ 1698.13Z1Z2Z3
2

(526.6)
(1)

The F test for the regression model, defined as the ratio of the
mean square of the model to the residue, was 126.3; this value
is greater than the tabled F(p − 1, �, ˛) value of 4.64 at the ˛ risk
probability level of 0.01. The symbols p and � represent the number
of parameters in Eq. (1) and the degree of freedom of the residue,
respectively. This result implies that this model is significant rel-
ative to the residue. Furthermore, the residue can be divided into
residues of lack of fit and pure error, representing the inadequacy
of the model form and experimental error, respectively. The corre-
sponding F value of lack of fit to pure error was only 1.05, which
is considerably lower than the tabled F(8, 4, 0.01) value of 14.80
[24,25]. In addition, the correction coefficient (R2) reached as high
as 0.99, indicating that Eq. (1) describes the experimental data well.
Furthermore, because the value of Pred. R2 of 0.98 is in reasonable

agreement with the Adj. R of 0.94, Eq. (1) can be applied to predict
future experimental data. The predicted surface areas were also
present in Table 2, which were in good agreement with the mea-
sured ones. Fig. 6 illustrates the contour lines for the surface area
against the compositions of TTIP, SnCl4, and thiourea, exhibiting

Mean square F-value P value (prob > F)

5733.4 126.3 <0.0001
762.8 16.8 0.0003

2078.3 45.8 <0.0001
5231.8 115.2 <0.0001
3433.9 75.6 <0.0001

291.4 6.4 0.0263
472.1 10.4 0.0073

45.4
46.1 1.05 0.5182
44.0
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ig. 8. BJH pore size distributions from desorption branches of the P-07, T-06, U-20,
nd TU-09 samples calcined at 400 ◦C.

he maximum surface area of 144.7 m2/g at compositions (X1, X2,
3) of (0.705, 0.135, 0.16).

Figs. 7 and 8 present the N2 adsorption/desorption isotherms
nd BJH desorption pore size distribution curves, respectively, for
he P-, T-, U-, and TU-TiO2 samples calcined at 400 ◦C exhibiting the

aximum specific surface areas (i.e., the samples P-07, T-06, U-20
nd TU-09, respectively). Each of these prepared samples revealed a
ype IV isotherm with a H2 hysteresis loop in the approximate range
.4 < P/Po < 0.85, which is characteristic of mesoporous structures
ormed through the agglomeration of nanoparticles having differ-

nt particle sizes. The TU- and P-TiO2 samples provided the highest
nd lowest specific adsorbed N2 volumes, respectively, indicating
hat codoping with S and SnO2 can feature TiO2 samples with highly
orous structure. The pore size distribution of the P–TiO2 sample
as similar to that of the U-sample, except that the latter revealed

able 4
ariance analysis of the quartic form fit of Eq. (2).

Source Sum of squares DFa

Model 1055.4 6
Linear mixture 762.6 2
Z1Z2 69.5 1
Z2Z3 169.4 1
Z1

2Z2Z3 39.1 1
Z1Z2Z3

2 144.6 1
Residual 43.2 13

Lack of fit 34.4 9
Pure error 8.8 4

Cor. total 1098.7 19

a Degree of freedom.
Z1 (TTIP)

Fig. 9. Contours of constant conversion of phenol, obtained from Eq. (2).

a broader distribution of pore sizes. Doping with SnO2 widened the
pore size distribution of the sample; indeed, the sample codoped
with S and SnO2 exhibited the broadest pore size distribution. These
results suggest that interactive effects exist between S, SnO2 and
TiO2 that affect the morphology of the doped-TiO2 samples and in
turn the photocatalytic activity.

Table 2 provides the measured conversions of phenol with
respect to the design compositions; we obtained maximum and
minimum values of 39.2 and 5.9% at compositions (X1, X2, X3) of
(0.5, 0.167, 0.333) and (1.0, 0, 0), respectively. Following the regres-
sion analysis, a special quartic model, represented by Eq. (2) with Y2
representing the conversion, was obtained. The predicted conver-
sions were also listed in Table 2, which were reasonably consistent
with the measured ones at corresponding compositions, indicating
this model correlated the experiment data well. The variance anal-
ysis shown in Table 4 as well as the values of R2, Pred. R2, and Adj.
R2 of 0.96, 0.94, and 0.91, respectively, confirm the adequacy of this
empirical model.

Y2 = 5.65Z1
(1.46)

+ 25.01Z2
(1.70)

+ 28.88Z3
(1.46)

− 34.44Z1Z2
(7.53)

+ 53.77Z2Z3
(7.53)

+ 446.8Z1
2Z2Z3

(130.2)
− 859.5Z1Z2Z3

2

(130.3)
(2)

Fig. 9 displays the contour lines for the conversions of phenol
with respect to the compositions of TTIP, SnCl4, and thiourea, plot-
ted using a response surface method. Although the undoped TiO2

sample features the most visible light harvesting; however, both
the experimental results and the empirical equation confirm that
the undoped TiO2 samples exhibited the poorest photocatalytic
activity. It is suggested that the carbonaceous species adsorbed on
the surface or located in the interstitial space of the undoped sam-

Mean square F-value P value (prob > F)

175.91 52.91 <0.0001
381.30 114.69 <0.0001

69.51 20.91 0.0005
169.37 50.94 <0.0001

39.13 11.77 0.0045
144.64 43.51 <0.0001

3.32
3.82 1.735 0.3128
2.20
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Table 5
Conversion ratio of phenol photocatalyzed by N, S or C doped TiO2 samples under visible light.

Dopant Irradiated wavelength, nm Calcined temperature, ◦C Reaction time, min Conversion ratioa Reference no.

S, C >400 400 90 3.3 This work
SnO2, S, C >400 400 90 4.9 This work
N, S, C >400 450 60 3.7 [10]
C >400 350 60 3.2 [13]
S >410 600 60 12.5 [14]
N, S >420 450 120 20.0 [18]
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a Defined as the ratio of phenol conversion catalyzed by doped TiO2 to that by co
b Hydrothermal temperature.

le can efficiently absorb the incident irradiation to excite electrons
rom the HOMO to LUMO state; however, these electrons fail to
romote the degradation of phenol, which may be due to the fast
ecombination. Incorporating SnO2 into TiO2 increased the con-
ersion from 5.9 to 27.2% as the SnO2 fraction increased from 0
o 33.3%, but then it decreased to 24.6% as the fraction increased
urther to 50%. The dependence of the activity of the T-TiO2 sam-
le on the fraction of SnO2 was similar to that of the surface area,

.e., the surface area affected the activity to some extent. In addi-
ion, SnO2, possessing lower conduction band position and higher
onductivity than those of TiO2, can enhance the separation and
ransportation of the charge carriers, preventing the recombination
f e− and h+ and elevating the photocatalytic efficiency [19,46,47].
e suggest that these factors together led to the increase in pho-

ocatalytic activity upon increasing the SnO2 content. On the other
and, the use of excess SnO2 decreased the crystallization of the
iO2 and enhanced the recombination of photogenerated charged
arriers [20], thereby decreasing its photocatalytic efficiency.

Incorporating S into TiO2 monotonously increased the conver-
ion from 5.9 to 27.9% as the thiourea faction increased from 0 to
0%. Sulfur atoms can substitute for Ti or O atoms in TiO2 structures,
hereby increasing the visible light-induced photocatalytic activity.
n addition, thiourea modification leads to the formation of O–Ti–C
onds, which are accepted as the active species in raising visible

ight activity [48]. Therefore, the photocatalytic activity of the TU-
iO2 sample was superior to those of the P-, T- and U-TiO2 samples
n average; however, some tertiary systems exhibited lower pho-
ocatalytic activity when compared with the binary systems, which
ndicated that the composition of the precursors is indeed a vital
ause in determining the photocatalytic activity. The increase in the
hotogeneration of electrons and holes resulting from the incorpo-
ation of S and C atoms, and the increases in the separation and
ransport efficiencies of e− and h+ caused by SnO2 modification
re suggested to enhance the visible light-induced photocatalytic
ctivity. The interaction among S, C, SnO2, and TiO2, causing the sta-
ilization of anatase structure, the increase of specific surface area,
nd the change of morphology of TiO2 samples, is also an important
actor to enhance the photocatalytic activity. The derived empiri-
al equation predicted that a maximum conversion of 40.4% would
ccur at a composition of (0.5, 0.23, 0.27); this value is very close
o the measured conversion of 41.7%, confirming the adequacy of
he quartic model.

Table 5 provides the conversion ratio, defined as the ratio of phe-
ol conversion photocatalyzed by the doped TiO2 sample to that by
ommercial P-25, in this work as well as those reported by other
roups [4,10,13,14,18]. Although the calcined temperature was not
ptimized, our S, C-doped TiO2 sample still showed a conversion
atio of 3.3, which was comparable to those of 3.7 and 3.2 in lit-

rature [10,13]. Incorporating appropriate SnO2 to the S, C-doped
iO2 increases the conversion ratio to 4.9, which is indicative of a
ynergic effect between SnO2 and S, C dopants on the visible light
ctivity of TiO2. These results clearly imply that the mixture design
pproach is a facile and effective route to search for the optimal

[

[

120 5.0 [4]

cial P-25; roughly estimated from the data shown in figures in literature.

composition of the precursors of SnCl4, thiourea, and TTIP to fabri-
cate the S, C, and SnO2-codoped TiO2 photocatalyst exhibiting the
optimal visible light activity.

4. Conclusion

A synergic effect between SnO2 and S, C species on the visi-
ble light activity of TiO2 was observed. Combining SnO2 and S, C
species can increase the pore size and the surface area of TiO2, and
increase the number of OH groups on the TiO2 surface, which were
beneficial to increase photocatalytic activity, when compared to
doping with SnO2 or S, C species alone. In addition, S, C species
can effectively inhibit the anatase-to-rutile transformation of TiO2,
which was promoted by SnO2, in addition to the origin of visible
light activity. Using the mixture design experimental method, we
successfully obtained quartic models that describes quite well the
effects of the composition of the precursors – TTIP, tin chloride, and
thiourea – on the visible light-induced activity and the specific sur-
face area of the codoped TiO2 samples. This model predicted that
optimal mole fractions of (TTIP, tin chloride, thiourea) of (0.5, 0.23,
0.27) and (0.705, 0.135, 0.16) would provide a phenol conversion of
40.4% and a surface area of 144.7 m2/g, which are in good agreement
with the measured results of 41.7% and 141.9 m2/g, respectively.
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