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A novel porous TiO, photocatalyst with higher surface area
was prepared by sol-gel method followed by removing solvent
under supercritical conditions. This catalyst exhibited higher ac-
tivity and stronger durability during photocatalytic degradation
of phenol than that obtained via direct drying, possibly owing
to the higher surface area and crystallization degree of anatase
which exhibited higher quantum yield during photocatalysis.

Recently, photocatalysis has caused much attention owing to
its wide application in complete mineralization of various organic
pollutants in waste water and air. Among various photocatalysts,
TiO; is most frequently employed owing to its cheapness, nontox-
icity, and structural stability.'> However, TiO, semiconductors
could be activated only by UV light because of its high energy
band gap. Besides, the low quantum efficiency of the TiO, seems
also a problem limiting its application. Up to now, many attempts
have been made to improve the catalytic performance of the TiO,,
such as modification with metallic ions or other oxides.* On the
other hand, very little attention has been paid to development of
new preparation method. Sol-gel is probably the most frequently
employed method for preparing TiO,. The solvent in the gel (TiO,
precursor) was usually removed by direct drying, followed by cal-
cination. However, the direct drying of the TiO, gel might cause
the gathering of the small particles and more severely, the collapse
of the pore structure. Many studies have confirmed that treatment
of the catalyst precursor under supercritical conditions might pre-
serve its pore structure as that in the gel after the solvent was re-
moved.’ We reported here a porous TiO, nanoparticles prepared
by sol-gel method followed by drying the precursor under super-
critical conditions to remove solvent. During liquid-phase photo-
catalytic degradation of phenol, the as-prepared TiO, catalyst ex-
hibited much higher activity than that obtained via direct drying.
The correlation of the photocatalytic properties to structural and
photoluminescent characteristics was discussed briefly.

The TiO, nanoparticles were prepared by the following proce-
dure: At 313 K, 2.5-mL dilute HNOj3 solution (1:5 V/V) was added
dropwise into 50-mL solution containing 10 mL Ti(n-OC4Hy)4 and
40mL alcohol (EtOH) under vigorous stirring. After stirring for
3 h, the TiO; sol was aged at 313 K for another 72 h. The resulting
TiO, xerogel was transferred into to a 500-mL autoclave contain-
ing 250 mL EtOH. Then, the autoclave was heated at the rate of
4K/min until 533 K, at which the pressure may reach 8.0 MPa.
The system was kept at that temperature and pressure for 2h and
then the alcohol vapor was excluded slowly from the autoclave un-
til the inside pressure decreased down to atmospheric pressure. Af-
ter being cooled down to room temperature in N, flow, the TiO,
nanoparticles were obtained, which were further calcined for
12h at a given temperature. The TiO, obtained in that way was
marked as SC. For comparison, the direct drying method was also
used to remove solvent in the TiO, gel and the resulting TiO, sam-
ple was marked as DC.

The structure of the as-prepared TiO, samples was determined
by X-ray diffraction (XRD, Rigacu D’max-3C). As shown in
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Figure 1. XRD patterns of the TiO, (SC) calcined at different tempera-
tures.

Figure 1, the TiO, (SC) sample exhibited well-crystallized anatase
phase. Calcination of the TiO, (SC) sample at elevated tempera-
ture from 573 to 973 K resulted in a slight enhancement of the crys-
tallization degree of the anatase phase. No significant rutile phase
appeared even at 973 K, showing the excellent thermal stability of
the TiO, (SC). Unlike the TiO, (SC), the TiO, (DC) was present in
amorphous state after being calcinated at 573 K since only one
broad peak around 20 = 25° was observed on the XRD pattern.
Even at 673 K, the crystallization degree was still very poor. Treat-
ment at 973 K resulted in well-crystallized anatase phase, but such
treatment also caused a structural transformation from anatase to
rutile phase owing to the poor thermal stability. On the basis of
the transmission electron micrograph (TEM, JEM-2010), it was
found that both the TiO, (SC) and TiO, (DC) samples were present
in the spherical nanoparticles with the similar particle size around
10-20 nm. However, the nanoparticles in the TiO, (SC) distributed
more homogeneously than those in the TiO, (DC). After being
treated at 973 K, large particles and even big lumps were observed
because of the gathering of small particles at high temperature.
From the isothermal curves of nitrogen adsorption and desorption
at 77 K, one can see that both the TiO, (SC) and TiO, (DC) exhib-
ited porous structure. Their surface area (Sggr), pore volume (Vp)
and average pore diameter (dp) were calculated by using BJH
method. These structural parameters were summarized in Table 1.

As shown in Table 1, the TiO, (SC) exhibited much higher
surface area than the TiO, (DC) when they were calcined at the
same temperature. As mentioned above, the TEM morphologies
demonstrated that both the samples exhibited similar particle size.
Thus, one could conclude that the higher surface area of the TiO,
(SC) was mainly attributed to its larger pore volume and pore size.
This could be easily understood by considering the unique role of
the supercritical conditions since removing solvent under such
conditions might maintain the pore structure as that in the gel ow-
ing to the lack of surface-tension effect, whereas severe collapse of
the pore structure would occur when the solvent in the gel was re-
moved by direct drying. When the calcination temperature increas-
ed from 573 to 673 K, both the pore volume and surface area in-
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Table 1. Structural and catalytic property of the TiO, samples®

Catalyst Teatcination Vp dp SpET Degradation
/K Jem? /g /nm /m?/g Yield
573 0.029 53 22 38%
TiO, (DC) 673 0.037 54 27 50%
973 0.001 - 10 18%
573 0.45 19 78 70%
TiO, (SC) 673 0.46 20 81 78%
973 0.15 21 28 64%
TiO, (P25) as-received 0.25 20 45 95%

“Reaction conditions: 0.05 g catalyst, 30mL of 1.0 mmol/L phenol aqueous
solution, 7 = 301 K, 8-W mercury lamp (mixture of 254, 310, and 365 nm) as
light source, stirring rate = 1000 rpm, reaction time = 4 h.

creased slightly, possibly owing to the removal of residual organic
impurity in the pore channel and on the surface, as confirmed by IR
spectra. Further increase in the calcination temperature caused a
severe collapse of the pore structure and gathering, resulting in
an abrupt decrease in pore volume and thus, in surface area. Gen-
erally, the influence of calcination temperature on the TiO, (SC)
was much less than that on the TiO, (DC), indicating that the for-
mer possessed better thermal stability.

The photocatalytic degradation of phenol was carried out at
301 £0.2K in a 100-mL beaker containing 0.05g catalyst,
30 ImL of 1.0 mmol/L phenol aqueous solution. The reaction sus-
pension was stirred for 1h until the adsorption equilibrium was
achieved. Then, a 8-W high-pressure mercury lamp comprised of
254, 310, and 365 nm mixed UV lights were applied at 2 cm above
the reaction system to initiate the photocatalysis. During the reac-
tion, the stirring rate was controlled at 1000 rpm that was high
enough to eliminate the diffusion effect. After reaction for 4h,
the catalyst was separated from the solution and the phenol left
in the solution was analyzed by a UV spectrophotometer (UV
7504/PC) at A =270nm, from which the phenol degradation
yield (%) was calculated by comparing the initial content of phenol
in the solution. According to product analysis by HPLC
(25 x 0.46 cm SPHERISORB ODS column, 50% methanol-water
mobile phase, UV detector), only the phenol was identified, show-
ing the complete decomposition of phenol to carbon dioxide during
the present photocatalysis. The reference experiment revealed that,
after reaction for 4 h under the same conditions, the phenol degra-
dation in the absence of either the catalyst or the UV light was less
than 5% and thus, could be neglected in comparison with that in
the presence of both the catalyst and UV source. The reproducibil-
ity of the results was checked by repeating the runs at least three
times and was found to be within acceptable limits (£5%).

The degradation yields of phenol over various TiO, photoca-
talysts were summarized in Table 1. For both the TiO, (DC) and
TiO, (SC) photocatalysts, their activities first increased and then
decreased with the increase of calcination temperature from 573
to 973 K. The optimum calcination temperature was determined
as 673 K. When the calcination temperature increased from 573
to 673 K, the activity increased slightly, possibly owing to the in-
crease of both the surface area and the crystallization degree of the
anatase phase.® Further increase in the calcination temperature to
973 K resulted in an abrupt decrease in the activity of TiO, (DC)
because of the abrupt decrease in the surface area and especially,
the structural transformation from anatase to rutile phase, which
was less active.” Although an abrupt decrease in the surface area
of the TiO, (SC) was also observed after being treated at 973 K,
its activity decreased by only 18% since no rutile phase appeared.
In comparison with the TiO, (DC) treated at the same conditions,
the TiO, (SC) exhibited much higher activity. Besides, the TiO,
(SC) also exhibited much longer lifetime than the TiO, (DC) since
the TiO, (SC) could be used repetitively for more than 8 times
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Figure 2. PL spectra of (a) the TiO, (SC) and (b) the TiO, (DC) after be-
ing calcined at 673 K. The excited wavelength was 280 nm.
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(32 h) without significant decrease in the activity while the activity
of the TiO, (DC) decreased by more than 20% even after being
used repetitively for 3 times (12 h). One possible reason accounting
for the higher activity of the TiO, (SC) was its higher surface area.
However, the more important factor was the higher crystallization
degree of the TiO, (SC) which was confirmed by the fact that the
TiO; (SC) treated at 973 K still exhibited much higher activity than
the TiO, (DC) treated at 673 K though both the samples had the
similar surface area. In order to elucidate the promoting effect of
the crystallization degree on the photocatalytic activity, the photo-
luminescent (PL) spectra were recorded on a Varian Cary-Eclipse
500. As shown in Figure 2, both the TiO, samples exhibited two
PL peaks. The signal at about 382 nm could be attributed to emis-
sion peak from band edge free excitation, mainly corresponding to
the oxygen vacancies or other defects of the TiO, particles.®
While, the signal at about 560 nm was assigned to be the dual-fre-
quency peak, indicative of the adsorption of UV light by the TiO,
particles.” The TiO, (SC) exhibited stronger emission peak at
382 nm, implying the presence of more oxygen vacancies or other
defects which could capture the photoinduced electrons and thus,
could effectively inhibit the recombination of the photoinduced
electrons and holes. Meanwhile, the weaker emission peak at
560 nm demonstrated that the TiO, (SC) may absorb more UV
light which might generate more charge carriers served as active
sites for phenol degradation. Thus, the TiO;, (SC) exhibited higher
quantum yield than the TiO, (DC). Although the TiO, (SC) exhib-
ited higher activity than TiO, (DC), its activity was still lower than
the commercially available P25, as shown in Table 1. Since the
P25 exhibited lower pore volume and surface area than the TiO,
(SC) but their pore sizes were almost the same, one may conclude
that other factors, such as the particle size, the distribution of pore
size, the ratio between anatase and rutile etc., also played impor-
tant roles in determining the activity. Detailed studies are being un-
derway.
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