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Abstract

A simple method for preparing highly photoactive nanocrystalline mesoporous N,S-codopepo@ers was developed by hydrolysis of
Ti(SOy), in @ NH;-H,O solution at room temperature. The as-prepared;, Ti@vders were characterized with X-ray diffraction (XRD), X-
ray photoelectron spectroscopy (XPS), thermalgravimetric and differential thermal analysis (TG-DTA), UV-vis diffuse reflectance gpectra, N
adsorption—desorption measurements, scanning electron microscope (SEM) and transmission electron microscopy (TEM). The photocatalyt
activity was evaluated for the photocatalytic oxidation of acetone and formaldehyde under UV light and daylight irradiation in air, respectively.
The results showed that the as-prepared, TiGwders exhibited a stronger absorption in the UV—-vis light region and a red shift in the band gap
transition due to N,S-codoping. The photocatalytic activity of the as-prepared N,S-codopggboVi@ers at a temperature range of 400—<K00
were obviously higher than that of commercial Degussa P25. Especially, the daylight-induced photocatalytic activities of the as-prepared N,S
codoped TiQ powders were about ten times greater than that of Degussa P25. The high activities of the N,S-codppad B&attributed to
the results of the synergetic effects of strong absorption in the UV-vis light region, red shift in adsorption edge, good crystallizationgleege surf
area and two phase structures of undoped, i@l N,S-codoped Ti©
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction photocatalytic activity under daylight or solar irradiatifir9].
Furthermore, to reduce the recombination of photo-generated
In recent years, in order to solve the increasingly seriouglectrons and holes of Ti)and to extend its light absorption
environmental pollution problems, heterogeneous semicondudnto the visible-light region, various metal and non-metal ions
tor photocatalysis gradually becomes a popular technique fdrave been doped into titanja1l-20]} Especially, Asahi et al.
its potential to control agueous contaminates or air pollutantseported that the photocatalytic activity and hydrophilicity of
Among various oxide semiconductors, Bi®as been provedto TiO> could be enhanced by nitrogen doped into the substitu-
be the most suitable photocatalyst for widespread environmertional sites of TiQ (TiO2_,N,) [21]. This is due to the fact
tal applications because of its biological and chemical inertnesshat the band gap of Ti©can be narrowed by these elements
strong oxidizing power, non-toxicity and long-term stability doping, and thus make the absorption edge of;Ti@®ving to
against photo and chemical corros[@r9]. However, TiQ can  the visible-light region. Recently, Umebayashi et [2R—24]
be activated only under UV light of wavelengths <387 nm irradi-have succeeded to synthesize S-doped,Tihich was used as
ation due to its large band gap of 3.2 eV. The solar spectrum usan efficient visible-light-induced photocatalyst for visible-light
ally contains about 4% UV light. Therefore, the optical responsehotocatalytic degradation of methylene blue. They suggested
of TiO shifting into the visible-light region will enhance its that sulfur was doped as an anion and replaced the lattice oxy-
gen in TiQ. Ohno et al[25-27]found that S atoms could be
incorporated as cations and replaced Ti ions in the sulfur-doped
* Corresponding author. TiO photocatalyst. Zhao et 28] and Majima and co-workers
E-mail address: jiaguoyu@yahoo.com (J. Yu). [29] reported that doping Ti@with boron or sulfur could also
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reduce its band gap and shift its optical response to the visiblgus. All the calcined samples and Degussa P25 were degassed at
light region. Undeniably, the non-metal-element-doping ofaTiO 180°C prior to nitrogen adsorption measurements. The BET sur-
photocatalyst become a hot research topic, and it opens up a néace area was determined by multipoint BET method using the
possibility for the development of solar- or daylight-induced adsorption data in the relative pressuré) range of 0.05-0.3.
photocatalytic materials. Desorption isotherm was used to determine the pore size dis-
These non-metal elements, such as N, F, S and B, have be#ibution via the Barret-Joyner—Halender (BJH) method with
proved to be beneficial doping elements in the Ji@rough cylindrical pore sizg45]. The nitrogen adsorption volume at
mixing their p orbital with O 2p orbital to reduce the band gapthe relative pressuré’(Pp) of 0.994 was used to determine the
energy of TiQ [30—41] However, to the best of our knowledge, pore volume and average pore size. Crystallite sizes and shapes
the effects of N,S-codoping and heat-treatment temperature omere observed using transmission electron microscopy (TEM)
the photocatalytic activity and microstructures of nanocrys{JEOL 1200EX, Japan). The particle morphologies of;Ipow-
talline mesoporous Tigpowders prepared by afacile precipitate ders were characterized by scanning electron microscopy (SEM)
method using Ti(S@)> and NH;-H2O as precursors have not (type JSM-5610LV) with an accelerating voltage of 20 kV. X-
been reported. This work may provide new insights into theray photoelectron spectroscopy (XPS) measurements were done

preparation of highly photoactive Tgpowders. with a Kratos XSAM800 XPS system with CucKsource and
a charge neutralizer; all the binding energies were referenced
2. Experimental to the C 1s peak at 284.8 eV of the surface adventitious car-
bon. UV-vis diffused reflectance spectra of }i@wders were
2.1. Preparation obtained for the dry-pressed disk samples using a UV-vis spec-

trophotometer (UV2550, Shimadzu, Japan). BaB@s used as

All chemicals used in this study were reagent-grade with-a reflectance standard in a UV—vis diffuse reflectance experi-
out further purification. Deionized water was used in the wholement.
experiment. The Ti@ powders were synthesized by hydroly-
sis of Ti(SQ)2 in a NH3-H20 aqueous solution. The aqueous 2.3. Measurement of photocatalytic activity
solution of Ti(SQ)2 (0.5 M, 50 mL) was added drop-wise to a
100 mL NHs-H20 aqueous solution (1.0 M) ina 250 mL beaker ~ The photocatalytic activity experiments of the as-prepared
under continuous stirring for 60 min. After hydrolysis reaction, TiO, powders and Degussa P25 for the oxidation of acetone
the white precipitate was centrifuged, and then washed with dissr formaldehyde in air were performed at ambient temperature
tilled water and alcohol for five times. The obtained white gelsusing a 15 L photocatalytic reactpt6,47] The catalysts were
were dried under vacuum at 8C for 10 h and were ground to prepared by coating an aqueous suspension of p@vders
obtain xerogel samples. The white xerogel were calcined at 40@nto three dishes with a diameter of about 9.0 cm. The weight

500, 600, 700 and 80 in air for 3 h, respectively. of catalysts used for each experiment was kept 0.3 g. The dishes
containing catalysts were dried in an oven at 100or about
2.2. Characterization 2 h to evaporate the water and then cooled to room temperature

before used. After Ti@coated dishes were placed in the reac-
The crystallization behavior was monitored using a DTA-TGtor, a small amount of acetone or formaldehyde was injected
instrument (Netzsch STA 449C) in airflow of 100mLmih into the reactor with a micro-syringe. The analysis of acetone,
at a heating rate of 10 min~1 from room temperature to formaldehyde, carbon dioxide and water vapor concentration in
900°C. The X-ray diffraction (XRD) patterns obtained on a the reactor was conducted on line with a Photoacoustic IR Multi-
X-ray diffractometer (type HZG41B-PC) using CwHKrradia-  gas Monitor (INNOVA Air Tech Instruments Model 1312). The
tion at a scan rate of 0.020s~1 were used to determine the acetone or formaldehyde vapor was allowed to reach adsorp-
identity of any phase present and their crystallite size. The accetion equilibrium with catalysts in the reactor prior to UV light
erating voltage and the applied current were 15kV and 20 mAgr daylight irradiation. The initial concentration of acetone or
respectively. If the sample contains anatase and rutile phasdeymaldehyde after adsorption equilibrium was controlled at
the mass fraction of rutile can be calculated according tqBg. 350=£ 10 and 20Gt 10 ppm, respectively. Which remained con-
[11,42-44] stant for about 5 min until a UV or daylight lamp (6 cm above the
Ar dishes) in the reactor was turned on. Integrated UV and daylight
=" (1) intensity were measured with a UV radiometer (UV-A, made
0.88644 + AR in Photoelectric Instrument Factory of Beijing Normal Univer-
whereAa and Ar represent the integrated intensities of thesity) were 2.9+ 0.1 mW/cn? (the peak intensity of 365 nm) and
anatase (10 1) and rutile (1 1 0) peaks, respectively. The avera@e46+ 0.01 mW/cn? (the peak intensity of 420 nm), respec-
crystallite sizes of anatase and rutile were determined accordirtiyely. The initial temperature was 251°C and each set of
to the Scherrer equation using the full-width half-maximum dateexperiment in UV and daylight illumination was performed for
of each phase after correcting the instrumental broadening. TH&0 and 180 min, respectively.
Brunauer—-Emmett—Teller (BET) surface ar&adr) of the pow- Since photocatalytic degradation of acetone or formaldehyde
ders was analyzed by nitrogen adsorption in an AUTOSORB-bn the surface of mesoporous TiPowders is a heterogenous
(Quantachrome Instruments, USA) nitrogen adsorption apparaeaction, which generally follows a Langmuir—-Hinshelwood
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mechanisnj2,4,48,49\with the rater being proportional to the R
. | R R
coverage: i} R 1o sooeC
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[
wherek is the true rate constant including various parameters, £ | A - 600°C
such as the mass of catalyst, the intensity of ultravioletor visible- £ A 5
i . . = 500°C
light, etc. andK is the adsorption constant. In a heterogenous 3 : s .
solid—gas reaction, the photocatalytic reaction of acetone or JPL 400°C

formaldehyde on the surface of TiQ@owders is a pseudo-first
order reaction and its kinetic equation may be expressed as fol-
lows:

80°C(as-prepared)

T ¥ T x T ¥ T ¥ T ¥ T ¥ 1

de 10 20 30 40 50 60 70
=T a T kKc = kac ®3) 2 Theta / degree

wherek;, is the apparent rate constant of pseudo-first order. Sdig- 2. XRD patterns of the as-prepared Fifowders calcined at different
the decrease of gas concentration will follow the arithmeticafemperatures.
progression proportion. The rate equation is

co o . .
In == kat (4)  the thermal decomposition of unhydrolyzed Ti(§&remained
! _ o in the TiO, xerogel powder$11]. The DTA curve also shows
Furthermore, the photocatalytic activity of the samples canwo exothermic peaks at about 395 and 4Z5respectively. The

also be quantitatively evaluated by comparing the removal effitwo peaks are probably caused by the phase transformation of

ciency of reactant{(%)). R(%) was calculated according to the amorphous to anata§g0,51} Why there are two phase trans-

following equation{46]: formation temperatures (from amorphous to anatase) existed in
[gash — [gas} the xerogel? One possible explanation is that the, %€rogel
R(%) = " gash x 100% ()  samples contain two kinds of Tg®doped and undoped T{O

(as shown inFigs. 6 and }. The exothermic peak at 398

where [gag] and [gas]represent the initial equilibrium concen- can be assigned to the phase transformation from amorphous

tration and reaction concentration of reactant, respectively. to anatase of undoped (pure) Bi@ the as-prepared powders

[52]. The other exothermic peak for the phase transformation

3. Results and discussion from amorphous to anatase shifts to a higher temperature. This

is probably ascribed to the fact that the phase transformation of

3.1. Thermal analysis the N,S-codoped Ti@from amorphous to anatase is suppressed

by the presence of N and S elements (as showkidn 6). At
Fig. 1 shows the differential thermal analysis—thermo-around 805C, a broad exothermic peak is observed, which can

gravimetry (DTA-TG) curves of the TiDxerogel powders be assigned to the phase transformation from anatase to rutile (as
prepared by hydrolysis of Ti(S» in a NHz-H2O solution at  shown inFig. 2). It can be concluded from the DTA result that
room temperature and dried under vacuum &at@for 10h. A the as-prepared Tigsample was amorphous. The TG curve can
very small endothermic peak at about 2@was due to the des- be roughly divided into three stages. The first stage is from room
orption of the physically adsorbed water and alcdb6l]. The  temperature to 200C, over which the mass loss is the greatest.
relatively great exothermic peak at 270 probably comes from A mass loss of up to 12.0% was observed, which was caused

by the evaporation of the physical adsorbed water and alcohol

from the xerogel§11]. The second stage is from 200 to 5@

where the mass loss is about 10.0%. This can be assigned to

the decomposition of unhydrolyzed Ti()Q in the xerogels.

The third stage is from 500 to 90C and the mass loss is about

4.0%, which is attributed to the removal of chemisorbed water
E [53].

100 4

95 4

90 4

TG/ %

85 -
3.2. Phase structure
80

1 XRD was used to investigate the changes of phase struc-
75 ; ; : : ture of the as-prepared Tixerogel powders before and after
0 200 400 600 800 . i
Temperature /°C heat-treatmentFig. 2 shows the effects of calcination tem-
P perature on the phase structures of Jix@rogel powders. It

Fig. 1. DTA-TG curves of the as-prepared ik&rogel powders dried at 8C. can be seen that the calcination temperature obviously influ-
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Table 1

Effects of calcination temperatures on physical properties of p@vders

Temperature°C) Phase contefit Sget? (M?/g) Pore volumé (cm*/g) Average pore sizglnm) Porosit{ (%) Crystalline siz& (nm)
400 A 192.5 0.611 12.7 70.5 12.0(1.0)

500 A 145.2 0.507 14.0 66.4 13.6(1.3)

600 A 91.5 0.427 18.7 62.5 19.4(1.6)

700 A(81%) + R(19%) 56.1 0.342 24.4 57.2 38.2(A)(2.3)

800 A(7%) + R(93%) 14.7 0.171 46.5 40.0 68.1(R)

P25 A(80%) + R(20%) 63.0 0.060 3.8 19.0 30.0(A)

2 A and R denote anatase and rutile, respectively.

b The BET surface area was determined by multipoint BET method using the adsorption Hétg iange from 0.05 to 0.3.

¢ Pore volume and average pore size were determined by nitrogen adsorption vokrig=a0.994.

d The porosity is estimated from the pore volume determined using the desorption Hétaa0.994.

€ Average crystalline size of TiDwas determined by XRD using Scherrer equation. Relative anatase crystallinity: the relative intensity of the diffraction peak
from the anatase (10 1) plane (indicated in parentheses, reference = sample calciné€t 400

ences the crystallization and phase composition of they TiO3.3. BET surface areas and pore structure

powders. At 80C, the as-prepared powders were amorphous.

At 400°C, anatase phase appears. With increasing calcina- Fig. 4 shows the nitrogen adsorption—desorption isotherms
tion temperatures (from 400 to 70G), the peak intensities of the TiO, powders calcined at different temperatures. It can
of anatase increase and the width of the (101) plane diffracke seen that the Nadsorption—desorption isotherms of BiO
tion peak of anatase §2 25.4) becomes narrower, The rutile
phase starts to appear at 7@ TiO, powders thus contain

two different phases: anatase and rutile. The mass percentages
of anatase and rutile are 81 and 19%, respectively. A800
rutile is a main phase and its content is 93% (as shown in
Table 1.

The structure of TiQ powders was further studied by TEM
image and selective area electron diffraction (SAHE. 3a)
shows the TEM image and SAED pattern (inset) of thesTliO
powders obtained at 50C. It can be seen that the primary parti-
cle size is about 14 2 nm, which is in agreement with the value
of the crystallite size determined by XRD (14.0 nm) (as shown
in Table J. The phase structure of Tt 500°C was also con-
firmed to be anatase phase by SAED analysig. 3(b) shows
SEM micrographs of the Ti@powders calcined at 50C. The
powders are found to be fine and slightly agglomerated. Further
observation indicates that the morphology of Ti@wders is
very rough and may be beneficial to enhancing the adsorption

of reactants due to its great surface roughness and high surfagg. 4. N, adsorption-desorption isotherms of the as-prepared Pigvders
area. calcined at different temperatures.

Adsorbed volume(cm?/g)

Relative pressure(P/Po)

00 100nm WD6&. 1mm

Fig. 3. (a) TEM image and SAED pattern (inset) and (b) SEM image of as-prepargddicned at 500C.
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Fig. 5. Pore size distributions of the as-prepared;Tgowders calcined at dif-  Fig. 6. XPS survey spectrum of the as-prepared;T@wders calcined at
ferent temperatures. 500°C.

powders vary with increasing calcination temperatures. Th®.171cni/g and 40.0%, respectively. It is easy to note that all
isotherms of the Ti@ powders calcined from 400 to 70C powders show a monotonic increase in the average pore size and
were a combination of types | and IV with two very distinct the average crystalline size with increasing calcination temper-
regions: at low relative pressure, the isotherm exhibited highature.

adsorption, indicating that the powders contained micropores

(type I). However, at high relative pressure between 0.6 and 1.3,4. XPS analysis

the curve exhibited a hysteresis loop, indicating the presence

of mesopores (type V). At 80QC, the isotherm of the Ti® Fig. 6 shows the XPS survey spectrum of the Ti@wders
powders belongs to type IV. With increasing calcination tem-calcined at 500C. XPS survey spectrum shows that the JiO
perature, the hysteresis loops in the &tlsorption—desorption powders contain not only Ti and O elements, but also a small
isotherms shifted to the region of higher relative pressure, andmount of N, S and C elements. The following binding energies
the areas of the hysteresis loops decrease. This indicated that thieelements are used in our quantitative measurements: Ti 2p at
average pore size increased and the volume of pore decreas¢g8eV, O 1sat531eV,N 1sat400eV,S2pat169eV and C 1s at
with increasing calcination temperatuiéd]. Fig. 5shows the 285 eV. The atomic ratio of Ti:O:N:Sis 1:2.03:0.04:0.03, which
pore size distribution of the Tigpowders calcined at different is in good agreement with the nominal atomic composition of
temperatures. All the powders except for the sample calcined gi0,. The C element is ascribed to the adventitious hydrocar-
800°C show bimodal pore size distributions, that is, microporesons from the XPS instrument itself. The XPS spectra of other
with average pore diameters of 1.8 nm and mesopores with avesamples are similar.

age pore diameters about 12.7-46.5 nm. The micropores may Fig. 7(a) shows the high-resolution XPS spectra of the N 1s
be resulted from intra-aggregated pores, while the mesoporgggion, taken on the surface of TiQowders. The N 1s region
may be assigned to the pores among inter-aggregated particlean be fitted into two peaks. The one is attributed to the Ti—N
[54-56] It can be seen that the diameter ranges of pores werginding energy is 400.4 e\[33], which is probably formed by
located at 1.5-130 nm. With increasing calcination temperatures nucleophilic substitution reaction between Nihd Ti(SQ)>

the average pore size increased from 12.7 to 46.5 nm. There wediaring the hydrolysig11]. The other is probably assigned to
two factors resulting in the increase of pore size. One was thajome NH adsorbed on the surface of TiQ84,35]. It can be

the smaller pores endured much greater stress than the bigger
pores, so the small pores collapsed firstly during calcination. The

other was that the bigger crystallites aggregation could form big- _ o
ger pores. Therefore, the diameter of pore became bigger while 7 =
the volume of pore became smaller with increasing calcination E, g
temperature. £ E
Table 1shows the effects of calcination temperature on the %’ 2
physical properties of the TiOpowders. It can be seen from 2 %
Table 1that TiO, powders calcined at 40@ show a large spe- o o
cific surface area, pore volume and porosity, and their values
reach 192.5g, 0.611cri/g and 70.5%, respectively. With ' ' . . | | .
increasing calcination temperature, the specific surface areas, @ 396 398 400 402 160 164 168 172
pore volumes and porosity steadily decreased due to the growth Binding energy/ eV (b) Binding energy/ eV

of TiO2 crystallite. At800°C, the specific surface area, pore vol- Fig. 7. High-resolution XPS spectra of N 1s (a) and S 2p (b) region of the
ume and porosity of the TiDpowders decreased to 14.7/y,  as-prepared Tippowders calcined at 50.
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Fig. 8. UV-vis absorption spectra of the as-prepared, i@wders calcined at Binding energy/ eV

different temperatures. ) )
Fig. 9. Plots of the d/v)? vs. photon energyhg) for the as-prepared TiD

powders calcined at different temperatures.
seen fromFig. 7(b) that the peak of S 2@ contains two iso-
lated peaks at binding energies of 168.7 and 162.3 eV, whicto participate in the photocatalytic reaction. All these would
can be attributed to the S (+VI) and SI(), respectively. The S enhance the photocatalytic activity of the N,S-codoped,TiO
(+VI) may be assigned to the $& ions adsorbed on the sur- powders.
face of TiG; powders. The peak at 162.3 eV corresponds to the The red shift is ascribed to the fact that N,S-codoping can
Ti—S bond due to the fact that S atoms replaced O atoms in thearrow the bad gap of the TiOFurther observation shows that
TiO lattice[36]. It can be reasonable to deduce thatif tie S the absorbance increases with increasing calcination tempera-
ions replace the & ions in the lattice of TiQ, a lattice distort  ture. At 400°C, the absorbance of N,S-codoped Ti®the UV
may be created due to a large ionic radius difference betweeregion is similar to that of P25 and the absorbance in the visible
S~ (1.7A) and G~ (1.22A) [39]. XRD results further confirm  region is higher than that of P25. At 500, the absorbance of
the above deduction. The cell parameterand ¢ (calculated N,S-codoped Ti@ is obviously higher than that of P25 in the
according to XRD result) of the N,S-codoped Bifbwders cal- ~ whole UV-vis light region. This may be attributed to the fact
cined at500C were 3.785 and 9.51&, respectively57], which  that the high-temperature calcination can induce N and S ele-
were slightly bigger thap those of pure anatase;T{@PCDS  ments doped into the lattice of TiQOresulting in the narrowing
Card: 86-1157¢ =3.783A, ¢ =9.497A, space grougd./amd). of the band gap. Other groups also reported similar results. For
According to the above XPS results, it can be inferred that N anéxample, Colussi and co-workei32] and Hashimoto and co-
S elements were in situ codoped into 3iQuring hydrolysis of  workers[56] prepared N-doped Ti©with visible-light activity
Ti(SO4)2 inaNHs-H20 solution, and the N and S elements cameby treating commercial anatase Ti@owders at 550C under

from Ti(SOy)2 and NHs-H2O, respectively. a NH;z flow for 3 h. Li et al.[37,38] synthesized N,F-codoped
TiO, via spray pyrolysis method above 50D. Yu et al.[36]
3.5. UV-vis diffuse reflectance spectra also fabricated S-doped Ty calcination in air at 500C for

1h. At 800°C, the N,S-codoped Tigpowders show a greatest

Usually, anions doping obviously affects light absorptionred shift in the band gap transitiqn due to the formation of rutile
characteristics of Ti@[19-21,28,29]Fig. 8shows the UV-vis Phase and growth of Tigxrystallite.
absorption spectra of the N,S-codoped Fihd Degussa P25 The absorptlc_)n edge shifts tqward Iong_er\_/vavelengths for the
powders. A significant increase in the absorption at wavelengthly,S-codoped Ti@ powders. This clearly indicates a decrease
shorter than 400 nm can be assigned to the intrinsic band gdp the band gap energy of TiOThe direct band gap energy
absorption of TiQ. The absorption spectra of the N,S-codopedcan be estimated from a plot af/fv)? versus photon energy
TiO, samples show a stronger absorption in the UV-vis Iight(hV)- The intercept of the tangent to the plpt will give a good
region and a red shift in the band gap transition. Generally, th@PProximation of the band gap energy for i[25,58,59] The
photocatalytic activity is proportional tdug)" (n=1 for low absorption coefﬂmend_y can be calculgted from_ the measured
light intensity and = 1/2 for high light intensity), wheré, is ~ absorbanced) according to the following equatida 1],
the photo numbers absorbed by photocatalyst per secondl and 2.303010°
is the efficiency of the band gap transition. The enhancement of = ————A
the photoactivity with N,S-codoping can be partly explained in
terms of anincrease ip¢ resulting fromintensive absorbancein where the density p=3.90gcn3, molecular weight
the UV region[2,11]. Moreover, N and S codoping also expand M =80.0gmot 1, ¢ the molar concentration of T and
the wavelength response range of Tiito the visible region [ is the optical path length. Plots of thekp)? versus photon
andincreased the number of photo-generated electrons and hoksgergy {v) are shown irFig. 9. The direct band gap energies

leM ©)
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recognized as an excellent photocata[2s63]. The high pho-
tocatalytic activity of the 500C sample is partially due to its
large surface area, small crystallite size and good crystallization

0.020 { ‘ i

T 0.015] (as shown inTable J). The specific surface area and crystallite
£ T size of P25 are about 63.0% and 30 nm, respectively. More-
H . over, the intense absorption in the UV-vis light region and a red
@ 00109 shiftin the band gap transition of the N,S-codopedJ$@mples
8 P25 indicated that more photo-generated electrons and holes can par-
£ — : ticipate in the photocatalytic reactions. Similar results have been
& also observed for the nitrogen and fluorine ions doping 06 TiO
[11,64-66] It is well known that titania has three different crys-
0.000 4 _ ' . _ talline phase: anatase, rutile and brookite, and the rutile has the
LI 600 700 800 lowest photocatalytic activity. The decrease in the phtotcatalytic
Calcined temperature /°C activity of the N,S-codoped Ti©powders calcined at above

Fig. 10. The dependence of the apparent rate constantsr(-%) of photocat- ~ ©00°C is due to the following factors. First, according to XRD
alytic oxidation of acetone under UV irradiation on calcination temperature. results, the phase transformation of anatase to rutile occurred at
about 700 C. At800°C, the TiQ powders are mainly composed
estimated from the intercept of the tangents to the plots are 3.18f rutile. Second, the sintering and growth of Bi€rystallites
3.08, 3.05, 2.98 and 2.90 eV for the N,S-codoped;B@mples  resultin the significant decrease of surface area of the paW-
calcined at 400, 500, 600, 700 and 8@) respectively. The ders (as shown ifiable J). Also, the phase transformation from
direct band gap energy of P25 is 3.00 eV. Therefore, it is nonatase to rutile further accelerates the growth of crystallites by
surprising that the direct band gap energy of the as-prepargutoviding the heat of phase transformati&3]. These causes
powders is lower than that of anatase TiPH 1, 3.20eV) due may result in the rapid decrease of photocatalytic activity.

to N,S-codoping. To further evaluate the photocatalytic properties of the as-
prepared TiQ powders, the photodegradation of formaldehyde
3.6. Photocatalytic activity under daylight irradiation was also investigatédy. 11shows

the dependence of the removal efficien&(%)) of photocat-

The photocatalytic activity of the as-prepared Tigbwders alytic oxidation of formaldehyde under daylight irradiation on
was evaluated by the photodegradation of acetone or formaldealcination temperature. At 40C€, The sample shows high pho-
hyde in air. However, under dark conditions without light illumi- tocatalytic activity for photocatalytic oxidation of formaldehyde
nation, the content of formaldehyde or acetone does not changmder daylight irradiation. With increasing calcination temper-
for every measurement using various the as-preparegdd@-  ature, the removal efficiencyg] increased. At 500C, the pho-
ders. lllumination in the absence of TiPowders does notresult tocatalytic activity of the powders reached a maximum value
in the photocatalytic reaction. Therefore, the presence of botbf R(%)=64.0%. The value oR(%) is more than 10 times
illumination and TiQ powders is necessary for the efficient higher than that of P25R(%) =5.0%). At a higher tempera-
degradation. These results also suggest that the photocatalytiae, the removal efficiencies steadily decreased and reached a
degradation of acetone or formaldehyde was caused by photaiinimum value of 2.0% at 80QC. This result further confirmed
catalytic oxidation reactions on the surface of Fifowders that the sample calcined at 500 possessed the highest photo-
under the light illumination.

Many studies have shown that calcination is an effective treat-
ment method to enhance the photoactivity and crystallization 80
of nanosized Ti@ photocatalyst§32,60-63] Fig. 10 shows
the dependence of the apparent rate constantsia~1) for
photocatalytic oxidation of acetone under UV irradiation on cal-
cination temperature. All samples were prepared by hydrolysis
of Ti(SOy)2 in a NHz-H20 aqueous solution. There is no pho-
tocatalytic activity observed when the calcination temperature
is below 400°C, which is due to the fact that the TiGpow-
ders are composed of amorphous Zi®he sample calcined at
400°C shows decent photocatalytic activity with a rate constant 20
of 9.0x 1073, This is due to the formation of anatase phase. | P25
The rate constant increases with increasing calcination temper-
ature. The enhancement of photocatalytic activity at elevated 0-
temperatures can be ascribed to an obvious improvement in rel-
ative anatase crystallinity (as shownTiable 3. At 500°C, the Calcined temperature / °C
k reaches the highest value of 24@0~2. This rate constant is Fig. 11. The dependence of the removal efficieng{?4)) of photocatalytic
significantly higher than that of P2%€6.1x 10~%), which is  oxidation offormaldehyde under daylightirradiation on calcination temperature.

60+

40

Removal efficiency / %

400 500 600 700 800
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