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a b s t r a c t

Superior photoactive TiO2 nanopowders with high crystallinity and large surface area were synthesized
by a hydrothermal process in the presence of cetyltrimethylammonium bromide and a post-treatment
with ammonia. The prepared photocatalysts were characterized by X-ray diffraction (XRD), Raman
spectroscopy, N2 adsorption–desorption, transmission electron microscopy (TEM), X-ray photoelectron
spectroscopy (XPS), Fourier transform infrared spectroscopy (FTIR), UV–vis diffuse reflectance spectra
eywords:
hotocatalyst
hotocatalytic activity
rystallinity
hase stability

(DRS) and surface photovoltage spectroscopy (SPS). The prepared nanocrystallites were highly resistant
to thermal sintering, and the calcinations up to 900 ◦C were shown to enhance the crystallinity of the
anatase phase without any rutile phase and the separation rate of photoinduced charges of TiO2 parti-
cles. It remained as large as 196 and 125 m2/g even after calcinations at 700 and 800 ◦C, respectively. The
photocatalytic activity of prepared photocatalysts was obviously higher than that of commercial Degussa
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. Introduction

Harmful pollutants, especially dyes and aromatic hydrocarbons,
re typical pollutants emitted from industrial and domestic activ-
ties [1]. Among the technologies developed for the treatment of
armful pollutants, the photocatalytic oxidation process using het-
rogeneous photocatalysis is regarded as a promising technology
o decompose harmful pollutants to final non-toxic products. Tita-
ium dioxide has been proved to be a very efficient photocatalyst

or the degradation of harmful pollutants in water and air because of
ts high stability, nontoxicity and inexpensiveness [2]. However, low
hotocatalytic activity is one of the major factors keeping it from

arge-scale applications. Thus, it is crucial to improve the photocat-
lytic activity of TiO2. The photocatalytic activity of TiO2 system
epends on its intrinsic properties, such as crystal phase, crys-
allinity and specific surface area [3–5]. Furthermore, the catalytic
ctivity of TiO2 also depends strongly on electron–hole separation,
nd the key of the photocatalytic process is to inhibit the recombi-
ation of electron and hole [6]. It is widely accepted that the anatase

hase of titania is a relatively ideal photocatalytic material among

ts three crystalline phases [7]. In addition, it has been known that
natase powders with small fraction of rutile or brookite phase,
how enhanced photocatalytic activity compared to pure anatase

∗ Corresponding author. Tel.: +86 451 86608458; fax: +86 451 86673647.
E-mail address: fuhg@vip.sina.com (H. Fu).
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f methylene blue and phenol in water under ultraviolet-light irradiation,
◦C afforded the highest photocatalytic activity.

© 2008 Elsevier B.V. All rights reserved.

owders due to the electron and hole transfer between the two
hases [8,9]. Yu et al. have reported the result that anatase–brookite
omposite nanocrystals synthesized by a sonochemical sol–gel
ethod show a very high photocatalytic activity [10].
It is generally accepted that a good crystallinity is required to

educe the formation of electron traps, which can less recombina-
ion centers of photogenerated electrons and holes [11]. Alternative
ynthetic methods, with respect to the classical high temperature
alcinations are, therefore, sought to comply with the demanding,
ivergent material requirements [12,13]. In fact, the introduction of
igh temperature stages, to promote crystallinity, frequently gives
ise to particle agglomeration with severe loss of effective surface
rea and phase transformation [14]. Therefore, many attempts have
een made to inhibit grain growth and retard phase transforma-
ion at elevated temperatures by the use of metal oxide dopants
15,16]. However, the presence of secondary impurity phases at high
emperature is the main disadvantages, which could keep it from
otential applications [17].

Recently, Cassiers et al. prepared mesoporous titania using
vaporation-induced self-assembly method with a subsequent
reatment with ammonia [18]. The obtained mesoporous titania
amples exhibit a high surface area. But in that method, amorphous

hase remained in the titania wall and was apt to transform into
utile, two aspects do not enhance photocatalytic activity. In addi-
ion, there is no study available in the literature on the effect of
mmonia treatment on high temperature phase stability of anatase
nd photocatalytic activity.

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:fuhg@vip.sina.com
dx.doi.org/10.1016/j.jhazmat.2008.04.065
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In our study, porous titania particles were prepared via
ydrothermal process starting from preformed TiO2 nanocrystals
sing cetyltrimethylammonium bromide (CTAB) as templates and
post-treatment with ammonia. The phase transformation dur-

ng heat treatment was investigated by X-ray diffraction (XRD) and
aman spectroscopy. The study showed that a major anatase phase
an be retained even at 900 ◦C without appearance of rutile by the
ost-treatment. The prepared TiO2 photocatalysts have the char-
cteristics of high crystallinity, large surface area and bicrystalline
anatase and brookite) framework. They exhibit better photoactiv-
ty than Degussa P25 on the degradation of methylene blue and
henol in water under UV irradiation.

. Experimental

.1. Preparation of catalysts

A mixture of 40 ml tetrabutyl titanate (TBT) and 10 ml ethanol
as slowly dropped into the solution containing 250 ml deionized
2O and 2 ml hydrochloric acid in an ice bath under vigorously

tirring. After refluxing for 4 h at 70 ◦C, the resulting mixture solu-
ion of TiO2 nanocrystals was then cooled to room temperature.

solution of CTAB and NH4OH (7%) was then slowly dropped
nto the above mixture solution under stirring, the molar ratio of
BT:CTAB is 1:0.12, and pH was 10. After stirring for 1 h at room
emperature, the mixture was transferred to a Teflon-lined auto-
lave for hydrothermal treatment at 180 ◦C for 8 h. Afterwards,
he sample was treated with NH4OH basic water for 48 h in a
eflux system. One gram of sample was treated with 30 ml of the
asic water, the pH was kept constant at 9–10 by the drop addi-
ion of NH4OH (28%) [18]. The resulting powder was calcined in
ir at 400–900 ◦C for 4 h to improve crystallinity with a heat-
ng rate of 1 ◦C min−1. The products were denoted as TiO2–NH3-T.
or comparison, TiO2 without post-treatment was also pre-
ared and denoted as TiO2-T, where T refers to the calcination
emperature.

.2. Characterization of the samples

XRD patterns were carried out on a Rigaku D/MAX X-ray
iffractometer, using Cu K� radiation with � = 0.15406 nm. The
ccelerating voltage and applied current were 20 kV and 20 mA,
espectively. Raman measurements were made operating at
57.9 nm by a Jobin–Yvon HR800 spectrometer with an Ar ion laser
eam. After samples had been vacuum-dried at 200 ◦C overnight,
itrogen adsorption–desorption isotherms were collected on a
UTOSORB-1 (Quantachrome Instruments) nitrogen adsorption
pparatus at 77 K. The pore-size distribution plots were obtained
y the Barret–Joyner–Halenda (BJH) model. Transmission elec-
ron microscopy (TEM) and select area electron diffraction (SAED)
ere recorded on a JEOL 2010 microscope with a 200 kV accel-

rating voltage. High-resolution transmission electron micrograph
HRTEM) was obtained by employing a FEI TECNAI G2 S-TWIN with

200 kV accelerating voltage. X-ray photoelectron spectroscopy
XPS) measures were performed with Thermo ESCALAB 250. The
urface photovoltage spectroscopy (SPS) measurement of the sam-
les was carried out with a home-built apparatus that had been
escribed elsewhere [19,20]. The raw SPS data were normalized

sing the illuminometer (Zolix UOM-1S, made in China). UV–vis
iffuse reflectance spectra (DRS) were determined by a UV–vis
pectrophotometer (Shimadzu UV-2550). The surface-adsorbed
ater and hydroxyl groups on the photocatalysts were studied by

ourier transform infrared spectroscopy (FTIR, PerkinElmer spec-
rum one).
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c
o
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.3. Photocatalytic experiments

The photodegradation experiments were performed in a slurry
eactor containing 20 ml of a 10 mg l−1 solution of methylene blue
MB) and 0.05 g of catalyst. The reaction solution was kept in the
ark under stirring for 30 min, then the solution was irradiated
ith a 20 W UV lamp with a maximum emission at approximately

65 nm, and the average light intensity striking the TiO2 pow-
er was about 1000 �W cm−2, as measured by a UV radiometer
made in the Photoelectric Instrument Factory of Beijing Normal
niversity). The concentrations of MB solutions before and after
V irradiation were determined by a UV–vis spectrophotometer

Shimadzu UV-2550) from the absorbance at 664 nm. Total organic
arbon (TOC) was measured via a TOC-analyzer (Shimadzu 5000A)
quipped with an auto-sampler (ASI-5000).

The photocatalytic activities of the samples (50 mg) were also
valuated by the degradation of phenol in aqueous solution (20 ml,
ith initial concentration of 50 mg l−1). For comparison, an exper-

ment was carried out with a Degussa P25 catalyst under the
ame condition. The sample was magnetically stirred for 30 min to
stablish an adsorption–desorption equilibrium prior to UV irra-
iation. Afterward, the solution was irradiated with a 20 W UV

amp with a maximum emission at approximately 365 nm, and
he average light intensity striking the TiO2 powder was about
000 �W cm−2, as measured by a UV radiometer (made in the Pho-
oelectric Instrument Factory of Beijing Normal University). Oxygen
ow was employed in all experiments as an oxidant. Experiments
ere performed for 120 min. The sample was subjected to filtra-

ion through a 0.2-�m syringe filter (Millipore, cellulose acetate
embrane) to remove particles before HPLC analysis of phenol

oncentration. The column used was a Shimadzu 250 × 4.6 (250-
m length × 4.6-mm diameter), packed with RP-C18. A mixture of
ethanol (70%, v/v) and deionized water was used as the mobile

hase at a flow rate of 1.0 ml min−1. An aliquot of 20 �l of the sam-
le was injected and analyzed at a wavelength of 270 nm with an
V detector (Shimadzu SPD-10A). The chromatographic areas were
onverted to concentration values using calibration curves based on
ure compound.

. Results and discussion

.1. XRD and Raman analysis

XRD was used to calculate the phase content and investigate
he changes of phase structure of the as-prepared TiO2 powders
efore and after treatment. Raman spectroscopy was also intro-
uced to investigate various phases of titanium dioxide because
f its much more sensitive technique for the detection of nano-
ized crystalline domains compared with XRD. From Fig. 1, it can
e seen that the as-prepared TiO2 after hydrothermal process is
omposed of nanoparticles with crystalline structure. Moreover,
H3-treatment and calcination temperature obviously influence

he crystallization and phase composition of the TiO2 powders. The
eight percentage of each crystal phase can be calculated from

ndividual diffraction peaks on the basis of formulas reported in
he literature [21]. It was found that when the calcination temper-
ture was below 600 ◦C, the TiO2-T samples displayed dominantly
natase phase and a small amount of brookite, which could be obvi-
usly seen from the corresponding Raman spectra (Fig. 2(a)), when

he calcination temperature was above 600 ◦C, brookite phase dis-
ppeared, anatase to rutile phase transformation and subsequent
rystal growth occurred. However, all the NH3-treated samples
alcined at different temperatures have a biphase composition
f anatase and brookite. With increasing calcination temperature
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ig. 1. Wide-angle XRD patterns of TiO2-T (a) and TiO2–NH3-T (b) samples calcined
t different temperatures. The peaks marked A, R, and B represent the anatase, rutile
nd brookite phase, respectively.

rom 400 to 900 ◦C, the content of brookite gradually decreased.
t 900 ◦C, we cannot find the (1 2 1) diffraction peak of brookite

rom XRD. But from corresponding Raman spectra (Fig. 2(b)), we
an find three obvious peaks at 247, 318 and 366 cm−1, which are
ttributed to A1g, B1g and B2g vibration modes for the brookite
hase of TiO2 [22]. So there still exist a trace brookite, and no

utile phase is observed at 900 ◦C. It means that the anatase to
utile phase transformation has therefore, been found to be effec-
ive in extending by at least 300 ◦C without using any metal oxide
opants. Moreover, all the diffraction peaks of anatase become

t
e
i
r

able 1
hysicochemical properties of the obtained TiO2 in comparison with those of P25

ample Phase content (%) SBET (m2 g−1) Crysta

s-prepared A (72) + B (28) 120 A (6.2
iO2-400 A (74) + B (26) 146 A (8.8
iO2-600 A (91) + R (9) 36 A (18.
iO2-700 A (8) + R (92) 7 A (25
iO2-800 R (100) 1.6 R (41.
iO2–NH3-400 A (73) + B (27) 280 A (6.5
iO2–NH3-600 A (76) + B (24) 225 A (7.1
iO2–NH3-700 A (79) + B (21) 196 A (7.9
iO2–NH3-800 A (82) + B (18) 125 A (9.7
iO2–NH3-900 A (94) + B (6) 42 A (15.
25 A (80) + R (20) 50 A (22
ig. 2. Raman spectra of TiO2-T (a) and TiO2–NH3-T (b) samples calcined at different
emperatures.

harper and intenser, which hints the gradual improvement of
rystallinity. The crystal sizes of TiO2–NH3-T samples calcined
etween 400 and 900 ◦C are in the range of 6.5–15.2 nm according
o the Scherrer’s equation (Table 1), which is much smaller than
hat of the corresponding TiO2-T sample. This indicates that post
H -treatment can effectively suppress grain growth and phase
ransformation upon high temperature calcination. The significant
ffect on the phase stability may be attributed to the presence of
mpure residues by restricting direct contact of grains [23], and
elative small grain size may be another reason [11], so the phase

lline size (nm) Pore volume (ml g−1) Mean pore size (nm)

), B (5.1) 0.28 2.1
), B (6.8) 0.36 2.4
4), R (25.4) – –
.3), R (33.1) – –
2) – –
), B (5.7) 0.48 2.2
), B (6.2) 0.42 2.4
), B (6.7) 0.34 2.6
), B (8.5) 0.22 2.9
2), B (13.1) – –
), R (28) – –
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Obviously, the calcined TiO2–NH3-T has more surface-adsorbed
ig. 3. N2 adsorption–desorption isotherms (a) and corresponding pore-size distri-
ution plots (b) of TiO2–NH3-T samples calcined at 400, 700 and 900 ◦C.

ransformation was significantly inhibited even at 900 ◦C in spite of
o impurity at this temperature. Small titania particles with high
rystallinity are very beneficial in enhancing the photocatalytic
ctivity.

.2. BET surface areas and pore structure analysis

N2 adsorption–desorption isotherms of TiO2–NH3-T samples
alcined at 400, 700 and 900 ◦C are presented in Fig. 3(a). It can
e seen that all the isotherms, except for that of TiO2–NH3-900,
re type VI according to the IUPAC classification [24], indicative of
solid porous structure. With increasing calcination temperature,

he hysteresis loops in the N2 adsorption–desorption isotherms
hifted to the region of higher relative pressure, and the volume
f pore gradually decreased. Fig. 3(b) shows the corresponding
JH pore-size distribution of the TiO2 powders calcined at differ-
nt temperatures. All the powders except for the sample calcined
t 900 ◦C show bimodal pore-size distributions, the former ones
ome from fine intra-aggregated pores (2–3 nm), and the latter
rom larger inter-aggregated pores (4–10 nm) originating from hard
ggregates in the powders [25]. With increasing calcination tem-

eratures, the pore-size distribution peak shifted to right, and the

ntra-particle pore-size peak became weak. The changes could be
scribed to a partial collapse of the intra-aggregated pores and the
ncrease of crystallization. The specific surface area of the TiO2-400
as found to be 146 m2 g−1. After calcination at 700 ◦C, the surface

w
fi
a
a
g

aterials 161 (2009) 1122–1130 1125

rea decreased drastically to 7 m2 g−1, which was due to the col-
apse of the porous framework. The TiO2–NH3-T samples, however,
ad much higher surface area and larger pore volumes than the
orresponding TiO2-T ones (see Table 1). The specific surface area
f TiO2–NH3-400 was 280 m2 g−1, it remained as large as 196 and
25 m2 g−1 even after calcinations at 700 and 800 ◦C, respectively.
herefore, it is easy to note that NH3-treatment can stabilize the
ramework of porous TiO2.

.3. TEM analysis

The TEM images of the prepared TiO2–NH3-T samples calcined
t 400, 800 and 900 ◦C are shown in Fig. 4. All the samples, except for
he sample calcined at 900 ◦C, show similar porous characteristics.
he morphologies of pores and particles are not changed signifi-
antly upon heating up to 800 ◦C, which means that the collapse
nd aggregate do not occur drastically upon calcinations. After cal-
ination at 900 ◦C, the powders change into nonporous particles
ith mean particles size of 15 nm. The gradual increase of crys-

allinity can be further confirmed by the selected-area electron
iffraction patterns inserted in Fig. 4(a) and (b), revealing diffrac-
ion rings typical for a crystalline powder due to the absence of
n amorphous halo. The results were in general agreement with
he XRD determination. The HRTEM image in Fig. 4(c) shows the

icrograph of TiO2–NH3-800, the inset is the Fourier transform of
he HRTEM image. It was found that the pore walls (indicated by
he white arrows) consisted of aggregated nanocrystals, implying
heir excellent crystallinity as also evidenced by the well resolved
attice fringes, where the d-spacing of 0.352 nm corresponds to the
1 0 1) plane of the anatase lattice.

.4. XPS and FTIR analysis

XPS measurements have been carried out to determine N and O
tates in the photocatalyst. Fig. 5(a) shows the N 1s XPS spectra of
iO2-700, TiO2–NH3-800 and TiO2–NH3-900. For the TiO2–NH3-
00, a peak appeared at 400.0 eV, and this peak was ascribed to
he N atoms from adventitious N–H, O–N, or N-containing organic
ompounds adsorbed on the surface [26,27]. However, there was
o indication of Ti–N bond formation (396 eV) [28]. However, for
iO2-700 and TiO2–NH3-900 powders, no peak was observed in the
1s XPS spectra. The results suggested that there still remained

ome impure residues in TiO2–NH3-800 powders, but there was no
mpurity in the TiO2–NH3-900 and TiO2-700 powders. The pres-
nce of impure residues may restrict direct contact of grains and
lay a positive role in inhibiting the crystal growth and phase
ransformation. Fig. 5(b) shows the XPS spectra of the O 1s region
aken on the surface of TiO2-T and TiO2–NH3-T samples calcined
t 800 ◦C. The O 1s region of the calcined TiO2-T is composed
f a single peak at 529.8 eV, corresponding to the Ti–O in TiO2.
owever, the broad O 1s region of the calcined TiO2–NH3-T has

wo obvious peaks, which are Ti–O in TiO2 and hydroxyl groups,
espectively. The binding energy of the Ti–O in TiO2 is 529.3 eV
ith 67.4% in contribution. For the hydroxyl groups, the binding

nergy is 531.4 eV with 32.6% in contribution. The FT-IR spectra of
iO2-T and TiO2–NH3-T calcined at 800 ◦C are shown in Fig. 6. It is
elieved that the broad peak at 3400 and the peak at 1650 cm−1

orrespond to the surface adsorbed water and hydroxyl groups.
ater and hydroxyl groups than the calcined TiO2-T, which con-
rms the XPS results. This can be attributed to the larger surface
rea of the calcined TiO2–NH3-T. Porous TiO2 of larger surface
rea can offer more active sites to adsorb water and hydroxyl
roups.
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Fig. 4. TEM images of TiO2–NH3-T samples c

.5. UV–vis diffuse reflectance spectra analysis

Fig. 7(a) shows the UV–vis diffuse reflectance of TiO2–NH3-T
amples together with Degussa P25. It can be seen that TiO2–NH3-T
amples exhibit a systemic “red-shift” in absorption edges with the
ncrease of calcination temperature. The direct band gap energy can
e estimated from a plot of (˛h�)1/2 versus photon energy (h�) as
hown in Fig. 7(b). The intercept of the tangent to the plot will give
good approximation of the band gap energy for the TiO2 [29]. The
stimated band gap energies are 3.21, 3.20, 3.19, 3.17 and 3.15 eV for
iO2–NH3-T with the increase of calcination temperature from 400
o 900 ◦C, all data is larger than that of Degussa P25 (Eg = 3.12 eV).
uantum size effect and the existence of brookite might be respon-

ible for the larger band gap of the TiO2–NH3-T samples [30].
oreover, TiO2–NH3-T samples exhibit higher absorption in the

ltraviolet light range than that of Degussa P25, which would be
eneficial for photodegradation of organic pollutants under UV

rradiation.

.6. SPS analysis

The SPS technique can provide a rapid, non-destructive test of
emiconductor solid surface property, and is also a very effective

ay to study the separation and transfer behavior of photoinduced

harge carriers at a surface or interface [19,20]. Fig. 8 shows the SPS
esponses of the obtained TiO2 nanoparticles calcined at different
emperatures, the SPS peaks appear at about 345 nm, which can be
ttributed mainly to the electron transition from the valence band

t
c
D
a
c

d at 400 ◦C (a), 800 ◦C (b) and (c), 900 ◦C (d).

o conduction band (O 2p → Ti 3d) on the basis of TiO2 band struc-
ure [31]. And as the thermal treatment temperature rises, there is
significant increase in the intensity of SPS spectra, indicating that

he recombination rate of photoexcited electrons and holes was
ecreased gradually by eliminating as much as possible the recom-
ination process occurring in the crystal defects of the structure.
his can be reasonably explained by means of the results of XRD
nd Raman measurements, the increase of crystallinity leads to the
eduction of crystal defects of the structure, which would result into
he decrease in the recombination chance of photoinduced carriers,
o that the separation rate of photoinduced electron–hole pairs can
e improved.

.7. Photocatalytic activity

The photocatalytic activities of our synthesized TiO2–NH3-
photocatalysts and commercial Degussa P25 were evaluated

ccording to their photodegradation rates to MB in aqueous
olution. The degree of adsorption in a dark condition was also eval-
ated by stirring suspensions of MB (10 mg l−1) in TiO2 (2.5 g l−1) for
0 min. The adsorbed MB is 10.5%, 10.1%, 9.9%, 9.1%, 7.7%, and 8.5% in
he suspensions of TiO2–NH3-400, TiO2–NH3-600, TiO2–NH3-700,
iO2–NH3-800, TiO2–NH3-900, and P25, respectively. The adsorp-

ion data showed that, except for TiO2–NH3-900, the adsorption
apability in MB on obtained catalysts was larger than that on
egussa P25, which is mainly due to the high specific surface
rea and large pore volume of the formed structure. The time
ourse of the photocatalytic degradation of MB (10 mg l−1) on UV
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ig. 5. X-ray photoelectron spectra of N 1s (a) for the samples of TiO2-700,
iO2–NH3-800 and TiO2–NH3-900 and O 1s (b) for the samples of TiO2–NH3-800
nd TiO2-800.

ight irradiated catalysts is shown in Fig. 9. It can be seen that
ll TiO2–NH3-T samples showed higher activity than Degussa P25.
hotocatalytic degradation of MB at low concentration followed
seudo-first-order kinetics. We have derived the apparent reaction
ate constants for the photodegradation of MB from the linear slope
f the relationship between ln(c/c0) and kat, where c0 and c are the
oncentrations of initial solution and after t (min) of irradiation,
espectively. In addition, the photodecomposition of various initial

−1
oncentrations of MB, such as 20 and 30 mg l , was also studied in
he presence of fixed catalyst dose. The calculated data for pseudo-
rst-order rate constants (ka) at different MB concentrations are
hown in Table 2. It can be observed that, all the prepared catalysts
xhibited higher ka value than Degussa P25 under the same initial

t
8
t
a
f

able 2
ate constant values for the photodegradation of MB with different initial concentrations
resence of fixed catalyst dose (50 mg l−1)

hotocatalysts Kinetic constant, Ka (min−1)

Concentration (10 mg l−1)

iO2–NH3-400 0.1353
iO2–NH3-600 0.1546
iO2–NH3-700 0.1702
iO2–NH3-800 0.1729
iO2–NH3-900 0.1645
25 0.1271
ig. 6. FT-IR spectra of TiO2-T and TiO2–NH3-T calcined at 800 ◦C (a), and (b) repre-
ent TiO2-T and TiO2–NH3-T, respectively.

B concentration. For the same catalyst, the rate constant value
as found to decrease with the increase of initial MB concentra-

ion. This is mainly because of the fact that, at higher concentration
f substrate, the light absorbed by the substrate is more than that of
he catalyst, but not effective in bringing the photodegradation. For
fixed catalyst dose, the active sites remain the same, the number
f substrate ions accommodated in the interlayer space increases,
o there is a decrease in the photocatalytic degradation.

To examine the mineralization of MB solution, TOC removal
as also studied, as shown in Fig. 10. It was found that at 60 min

he TOC removals reached 67%, 78%, 92%, 96%, 86%, and 58% in
he suspensions of TiO2–NH3-400, TiO2–NH3-600, TiO2–NH3-700,
iO2–NH3-800, TiO2–NH3-900, and Degussa P25, respectively. The
alues of TOC conversions reflected well the conclusions drawn
bove about the catalytic performances.

Based on above experiment data, apart from dark adsorption
apacity, all the TiO2–NH3-T samples have better degradation and
ineralization ability than Degussa P25. Their high photocatalytic

ctivity might be understood by considering the factors of large
pecific surface area, low recombination rate of electrons and holes,
nd large band gap, as described above. In addition, heterojunction
icrostructure between anatase and brookite can increase charge

eparation efficiency, and therefore, increase the photocatalytic
ctivity [32].

Moreover, the photocatalytic activity of the TiO2–NH3-T sample
ncreases apparently with increasing calcination temperature (T) in
he range of 400 ◦C ≤ T ≥ 800 ◦C. Noticeably, the sample (TiO2–NH3-

00) calcined at 800 ◦C shows, among the TiO2–NH3-T samples,
he highest photocatalytic activity. When the calcination temper-
ture continuously increases, the photocatalytic activity begins to
all down inversely. It was found that, in response to the gradual

on TiO2–NH3-T samples calcined at different temperatures and Degussa P25 in the

Concentration (20 mg l−1) Concentration (30 mg l−1)

0.0902 0.0512
0.1030 0.0565
0.1105 0.0636
0.1152 0.0748
0.1067 0.0601
0.0847 0.0476
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Fig. 9. The profiles of MB (10 mg l−1) degradation with a catalyst amount of 2.5 g l−1

with TiO2–NH3-T and Degussa P25 under UV irradiation.

F
d

ig. 7. UV–vis diffuse reflectance spectra (a) and plots of (˛h�)1/2 vs. photon energy
h�), and (b) for TiO2–NH3-T samples calcined at different temperatures and Degussa
25.

eduction of specific surface area, the separation rate of photoin-
uced electron–hole pairs gradually improves with the increase of
alcination temperature according to the SPS response because of

he gradual increase of crystallinity. The cooperative effect of these
roperties leads to the best photocatalytic performance at 800 ◦C.
fter the calcination at 900 ◦C, in spite of having higher separation
ate of photoexcited carriers, the sample showed a slightly reduced

ig. 8. SPS responses of TiO2–NH3-T samples calcined at different temperatures.

p
(

T
t

F
s
s

ig. 10. The profiles of TOC removals for the photodegradation of MB (10 mg l−1) in
ifferent aqueous TiO2 suspensions (2.5 g l−1) under UV irradiation.

hotoactivity due to the extensive decrease of specific surface area

42 m2 g−1) and the great growth of the sample particles.

In this paper, we also investigated the photocatalytic activity of
iO2–NH3-T, TiO2-T and Degussa P25 (see Fig. 11) on the degrada-
ion of phenol. It was worth noting that all TiO2–NH3-T samples

ig. 11. Photocatalytic degradation of phenol (50 mg l−1) on TiO2–NH3-T and TiO2-T
amples calcined at different temperatures as well as the Degussa P25 for compari-
on.



G. Tian et al. / Journal of Hazardous M

F
d
h
T

s
o
M
h
c
s
T
c
l
p

i
a
d
a
D
c
i
T
i
i
i
t
f
c

4

t
a
t
c
s
T
a
8
g
t
a
a
A
t
g

A

N
N
t
0

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

ig. 12. Variation of the concentration of the intermediates formed during the
egradation of phenol with a different samples: (a) catechol, Degussa P25; (b)
ydroquinone, Degussa P25; (c) catechol, TiO2–NH3-800; and (d) hydroquinone,
iO2–NH3-800.

howed higher activity than Degussa P25 and the overall trend
f photoactivity was very similar to that on the degradation of
B. Interestingly, it was observed that the calcined TiO2–NH3-T

ad better photocatalytic activity than the calcined TiO2-T. This
an be explained that TiO2–NH3-T has smaller particle size, larger
urface area and porous structure compared with TiO2–T. Smaller
iO2 particles are beneficial for the more effective photogenerated
arriers separation, porous TiO2 of larger surface area can has a
arger number of hydroxide ions on its surface, and exhibit a higher
hotocatalytic reaction rate [33].

HPLC analysis was also used to detect and quantitate the main
ntermediates of the photocatalytic degradation of phenol. During
ll the photocatalytic processes, catechol and hydroquinone were
etected as main reaction intermediates, confirming that the mech-
nisms for the degradation of phenol are similar in the presence of
egussa P25 and the prepared photocatalysts. The variation of the
oncentration of the intermediates (catechol and hydroquinone)
ncreases initially and then decreases. Moreover, for the TiO2–NH3-

samples, for example, TiO2–NH3-800, the quantity of aromatic
ntermediates formed when phenol is degraded by TiO2–NH3-800
s lower than that of aromatic intermediates formed when phenol
s degraded by Degussa P25 as shown in Fig. 12. The results indicate
hat the total disappearance rate of phenol and its intermediates is
aster during the phenol degradation by the prepared TiO2–NH3-T
atalysts compared with that of Degussa P25.

. Conclusions

Highly active porous biphase TiO2 nanopowders were syn-
hesized by a hydrothermal process and a post-treatment with
mmonia. The introduction of NH3-treatment considerably inhibits
he undesirable grain growth and phase transformation during cal-
ination. The photocatalytic activity of the as-prepared TiO2–NH3-T
amples was obviously higher than that of Degussa P25 and TiO2-
samples for the photocatalytic degradation of methylene blue

nd phenol. With increasing the calcination temperature up to
00 ◦C, the photocatalytic activity of TiO2 photocatalysts increased
radually, the sample calcined at 800 ◦C showed the highest pho-
ocatalytic activity because of the synergetic effects of large surface

rea, high crystallinity and separation rate of photoexcited carriers,
nd heterojunction microstructure between anatase and brookite.
fter calcination at 900 ◦C, the sample showed reduced activity due

o the extensive decrease of specific surface area and the sintering
rowth of the sample particles.
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