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Abstract

Coating anatase TiO; onto three different particle supports, activated carbon (AC), 'y-alumina (Al,O3) and silica gel (SiO5),
by chemical vapor deposition (CVD) was studied. The effect of the CVD synthesis conditions on the loading rate of anatase
TiO, was investigated. It was found that introducing water vapor during CVD or adsorbing water before CVD was crucial to
obtain anatase TiO, on the surface of the particle supports. The evaporation temperature of precursor, deposition temperature
in the reactor, flow rate of carrier gas, and the length of coating time were also important parameters to obtain more uniform
and repeatable TiO, coating. High inflow precursor concentration, high CVD reactor temperature and long coating time
tended to cause block problem. Coating TiO, onto small particles by CVD involved both chemical vapor deposition and
particle deposition. It was believed that the latter was the reason for the block problem. In addition, the mechanism of CVD
process in this study included two parts, pyrolysis and hydrolysis, and one of them was dominant in the CVD process under
different synthesis route. Among the three types of materials, silica gel, with higher surface hydroxyl groups and macropore
surface area, was found to be the most efficient support in terms of both anatase TiO, coating and photocatalytic reaction.

© 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Chemical vapor deposition (CVD) is an old tech-
nique with over one century history in the ceramic
industry [1]. It becomes popular again because it
shows potential application in synthesizing advanced
semiconductor materials [2]. TiO, is one of the most
common semiconductor materials manufactured from
CVD process. Due to its high dielectric constant, the
TiO; thin film obtained by CVD can be applied in so-
lar cells, ferroelectric materials, photoelectrochemical
cells, etc. Under most circumstances, the coating was
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made on flat/cylindrical and smooth surface where
dense and uniform coating can be obtained. There are
few reports [3,4] using CVD to coat TiO, on particle
surface, particularly small particles in the range of
hundreds of micrometers. It is more difficult to get a
good coating on particles because the precursor has to
disperse through inter-particle gaps and diffuse into
the internal pore structure.

TiO» in anatase crystal form is widely accepted as
the most active materials in photocatalytic oxidation
of organic compounds in water [5-9]. Coating TiO, on
small particles, therefore, can be used in wastewater
treatment and water purification because they can be
easily filtered and recovered from the treated water.
Furthermore, since they are suspended in the solution,
the mass transfer problem is eliminated, leading to
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higher efficiency than thin TiO; film coated on reactor
wall or fixed support.

Many precursors can be used in TiO, coating by
CVD, including organic precursors, such as titanium
tetra-isopropoxide (TTIP) [4,10-14] and inorganic
precursors, such as titanium tetrachloride [3,15-17],
tetranitratotitanium [18]. Mixed precursors can also
be used, such as TTIP with titanium tetrachloride [19],
and some novel precursors, e.g. TTIP stabilized with
a chelating alkoxide [20]. Among various precursors,
TTIP and titanium tetrachloride are the most popular
ones. In this study, TTIP was chosen as the precursor,
because it is less reactive with water than titanium
tetrachloride, hence easy to handle. The evaporation
temperature is relatively low, and there is no need for
oxygen supply in order to produce TiO». In addition,
there is no contamination from chlorine in the final
products, though the role of chlorine in the applica-
tion is not very clear. The disadvantage of TTIP is the
low deposition rate, which can be improved by using
vacuum system. In this work, the conditions in the
synthesis of anatase TiO; supported on particles were
experimentally studied. The performance of the devel-
oped TiO, supported on porous particles as photocata-
lyst was investigated in the photo-oxidation of phenol.
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2. Experimental
2.1. CVD apparatus and procedures

The reactor for CVD synthesis was a quartz tube,
which was inserted into a tubular furnace in order to
get the desired coating temperature. Since the sup-
ports were small particles, there was a porous quartz
filter annealed at the end of the tube to prevent blow-
ing out of the particles. TTIP was kept in a different
container and heated by water bath to increase the
evaporating rate. Nitrogen was bubbled through the
container under different flow rates and carried TTIP
into the reactor. The whole system was under vac-
uum. A schematic diagram of the reactor is shown in
Fig. 1.

The support materials were activated carbon (Norit
Row 0.8 Supra, % in. cylindrical extrudate), y-Al,O3
(WHA-217, 50-80 mesh) and silica gel (Aldrich
Davisil, 60-100 mesh). Except silica gel used as
supplied, the other two supports were washed by
deionised water, followed by soaking in 5% HCI solu-
tion with constant shaking for 24 h and further washed
by deionised water to neutral pH. Three synthesis
routes were tried: (I) the supports were degassed at
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Fig. 1. Schematic diagram of the CVD system.
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Table 1
Preparation conditions of anatase TiO, coating by CVD

Type of Synthesis Temperature of Flow rate Temperature Coating Anatase peak
support route precursor (°C) (ml/min) of reactor (°C) time (h) area by XRD
AC ¢0)] 100 300 300 8 6222
AC @ 40 120 600 24 -

AC n 25 300 200 4 -

AC Im 80 120 300 4 -

AC (111) 100 150 500 10 1764
AC (11D) 80 60 200 10 6914
AC* (11I) 40 60 200 10 3075
AL O3 @ 25 300 600 60 Block
AL O3 @O 40 300 600 10 Block
AlL O3 @ 25 60 600 60 6532
AL O3 @O 40 300 300 10 Block
AlL O3 @ 40 120 300 10 1001
AL O3 @O 80 120 300 6 -

AlL O3 @ 80 200 300 10 Block
AL O3 00)] 80 90 300 20 Block
Al O3 I 25 300 200 4 477
AL O3 (€)) 80 120 200 4 1955
Al O3 (11m) 40 60 200 9.5 7414
AL O3 (1m) 40 60 200 2 954
AlLO3* (1) 40 60 200 4 2575
SiO, @O 80 30 300 3 1144
Si0; @ 80 60 300 3 1931
SiO, (1) 80 30 300 3 1069
Si0; (11m) 80 30 300 5 882
SiO, (11m) 80 30 300 11 4919
Si0; (11m) 80 60 300 3 1747
SiOy* (11m) 80 60 300 4.5 2336
Si0; (11m) 80 60 300 9.5 4553

* Samples for BET surface area analysis and photocatalytic activity comparison.

300°C for 3 h, then the precursor was introduced into
the CVD reactor by carrier gas under vacuum for a
given period of time; (II) at the end of the process (1),
isolated the precursor, evacuated the reactor for 10 min
and then introduced water vapor into the reactor by
bubbling nitrogen through a water container without
vacuum; (IIT) the supports (for alumina), after degas,
were left in saturated water vapor for half-an-hour,
or wet supports (for activated carbon and silica gel)
were dried for 20 min at 110°C, then the precursor was
introduced under vacuum first at room temperature for
10 min and then increased to the desired temperature.
After the CVD process, all the samples using alumina
and silica gel as supports were calcined at 500°C for
3h in air flow, while samples using activated carbon
as support were calcined in nitrogen flow. In addition

to the different synthesis routes, the temperature of the
precursor and the reactor, the flow rate of nitrogen,
and the length of the deposition time were also varied.
The preparation conditions of different samples are
summarized in Table 1.

2.2. Characterization of samples

The presence of TiO; in anatase crystal form in
different samples was detected by X-ray powder
diffractometer (XRD) (Philips PW 1830, Cu Ko radi-
ation). The amount of anatase TiO, was represented
by the peak area in XRD diagram.

Nitrogen adsorption/desorption of the support
materials was performed on ASAP 2000 (Micromerit-
ics). All the samples were degassed at 300°C for 3h
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before the analysis. The surface area and macrop-
ore surface area were calculated by BET and #-plot
method, respectively. The pore size distribution was
determined by BJH method.

The element concentration of TiO, on the external
surface of silica gel sample was measured by X-ray
photoelectron spectroscopy (XPS) method (Physi-
cal Electronics, PHI 5600). The particle sample was
loaded onto the holder without any pretreatment. Fast
scan was first made to detect the type of the elements
on the surface of the sample. Then slow scan was
performed in each element, C (1s), O (1s), Si (2s) and
Ti (2p), range.

Morphology of the small TiO; particles on the larger
support particles was detected by transmission elec-
tron microscope (TEM) (JEOL 2010 HREM). Since
the particle was too big for the holder, the sample
was ground into fine powders first, then dispersed in
methanol solution to get better separation.

The photocatalytic activities of different samples
were determined through the degradation of phenol
in water. The photoreactor was cylindrical with one
UV light tube (Philips, 8 W ultra violet fluorescent
tube, 356 nm) inserted in the center. Oxygen was bub-
bled through from the bottom to suspend the catalyst.
The total volume of the solution was 150 ml and the
input phenol concentration was 20 ppm. After mix-
ing the catalyst with the phenol solution for 1h, the
light was turned on and it was treated as the starting
point (+ = 0) of the reaction and the corresponding
phenol concentration was recorded as Cp. The con-
centration of phenol was measured by the standard
4-aminoantipyrine calorimetric method.

3. Results and discussion

3.1. Effect of preparation conditions on
anatase TiOy coating

Table 1 presents the preparation conditions of
samples with different supports. The changing trend
of anatase TiO amount on each type of support
material under different conditions is represented by
the anatase peak area in XRD diagrams. Four para-
meters, temperature of the precursor, flow rate of the
carrier gas, temperature of the reactor and the coating

time were varied in order to determine the optimum
conditions for a good TiO, coating.

3.1.1. Synthesis route (I)

Synthesis route (I) was first tried in this study.
From Table 1, it is clear that for supports of AC
and Al»Og, this is not an effective method to get an
anatase TiO, coating. For AC, no anatase phase was
detected by XRD analysis. While for Al,O3, under
most conditions, after CVD reaction, a thin layer
of white fine powders was generated on the top of
the AlpO3 particle layer. The XRD analysis of these
powders showed that they were pure TiO in anatase
phase. Only two samples have no such block phe-
nomenon. While comparing the synthesis conditions
of these two samples with the others (Table 1), it is
seen that the first sample was prepared under low
precursor temperature and low flow rate. These two
parameters determined that there were less TTIP in-
troduced into CVD reactor under the same period of
time. Although the coating time was fairly long, 60 h,
no block problem was observed. For the second sam-
ple, both precursor temperature and flow rate were
increased. Since the coating time was shortened, such
increase in the TTIP inflow concentration did not lead
to block problem. However, further increasing the
precursor temperature and flow rate, particularly for
flow rate at 300 ml/min, resulted in the production of
the TiO; thin layer. Under these conditions, TTIP was
introduced at high inflow concentration and before
they could reach the top of the Al,O3 particle layer,
part of the TTIP would undergo pyrolysis and transfer
into titania fine particles, which were hard to diffuse
into the Al,O3 particle layer, causing the block prob-
lem. Higher reactor temperature also facilitated the
pyrolysis of TTIP, thus had more chance to produce ti-
tania block layer when the inflow TTIP concentration
was high.

For the first TiO>/AC sample in Table 1, it is seen
that the anatase peak area is very high. It should be
pointed out that for this sample, both the temperature
of the precursor (100°C) and the flow rate of carrier gas
(300 ml/min) were very high, while the temperature
of the reactor (300°C) was relatively low. Under such
condition, the coating was more like a liquid phase
coating instead of gas phase coating. If the tempera-
ture of the reactor, on the other hand, was also high
(500-600°C), TiO; fine particles would be formed
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quickly and the block phenomenon could happen. In
addition, the size of the particle supports was also im-
portant for titania coating. For smaller particle size
support, TTIP had longer retention time in the CVD
reactor, and thus had more chances to produce titania
fine particles or react with the support surface. In this
study, Al,O3 particles were smaller than AC particles,
therefore, they were easier to be blocked, while for
AC particles, precursor seemed just passing by rather
than adsorbed on the surface of the AC particles and
the final product had little or no anatase TiO, coated.

Compared with AC and Al,O3, the anatase TiO,
coating on SiO, was better. The particle size of SiO,
was similar to Al,O3. However, there was no block
problem for SiO, supports. The main reason was be-
cause the inflow TTIP concentration was lower and
coating time was much shorter. Anatase TiO, coating
could be obtained after 3 h for SiO,, while for Al,O3
under similar conditions, there was no detectable
anatase TiO, even after a coating time of 6 h. This dif-
ference was believed to come from the difference of
the surface hydroxyl groups between the two support
materials. The surface of SiO; had more chemisorbed
hydroxyl groups, which were active sites for the TTIP
hydrolysis reaction. Therefore, compared with Al,Os,
TTIP was more efficiently adsorbed and reacted on
the SiO, surface. In addition, higher surface area of
Si0; was also beneficial for the coating process. The
nitrogen adsorption/desorption isotherms and pore
size distributions for the two supports are shown in
Figs. 2 and 3, respectively.

The surface area of SiO; (294m?/g) was larger
than that of Al;O3 (179 m?/g). More importantly, for
both materials, the surface area was mainly macropore
surface area. This was an advantage when compared
with AC material, which had the highest surface
area (1011 m?/g) but mainly in micropore range
(4.8-19A). The average pore size in SiO; (150 A)
was bigger than that in Al,O3 (100 A), which made
the TTIP molecule easier to transfer onto the macrop-
ore surface of SiO; support. For both SiO, and Al,O3
samples, the surface area slightly dropped after CVD
reaction, which became 259 m2/g for TiO,/Si0; and
153 m2/g for TiO,/Al,O3. In addition, there was little
change in the pore size distribution. This implies that
the porous structure of the support was well preserved
after CVD reaction and most of the TiO, was coated
onto the external or macropore surface of the supports.
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Fig. 2. Nitrogen adsorption/desorption isotherm of SiO, and Al,O3
supports before and after CVD treatment.

3.1.2. Synthesis route (II)

Introducing water vapor into the CVD reactor af-
ter the precursor had contacted the support for long
enough time, was also tried for AC and Al,O3 sup-
ports. This would be helpful if there was any TTIP
adsorbed on the support but had not been decom-
posed. TTIP would be hydrolyzed by the water vapor
and TiO, was formed. From Table 1, it can be seen
that there is still no anatase TiO, on AC supports.
This implies that AC had little adsorption capacity
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Fig. 3. Pore size distribution of SiO; and Al,O3 supports before
and after CVD treatment.
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for TTIP. However, for Al,O3 supports, anatase TiO»
coating was obtained at a much shorter coating time.
Thereafter, the block problem was solved. Compar-
ing the two TiO,/Al, O3 samples, it can be seen that
increasing the temperature of the precursor signifi-
cantly increased the amount of coated anatase TiO,.
The second synthesis route was superior over the first
one, since it reduced the consumption of precursor
and the coating time, and increased the amount of
anatase TiO, coated onto the support. However, the
reaction had one more step, and before introducing
water vapor, the system should be blown with Nj
thoroughly in order to remove any precursor residue
inside the reactor. A similar but simpler synthesis
route, therefore, was developed.

3.1.3. Synthesis route (II)

The success of introducing water vapor after pre-
cursor deposition on Al,O3 support confirms that the
presence of water or hydroxyl groups is important for
the generation of anatase TiO; coating. Therefore,
adsorption of water onto the surface of the supports
before introducing precursor was tried. All three types
of supports were left in saturated water vapor. It was
found that less water adsorbed on SiO; than Al,O3
and nearly no water was adsorbed on AC. Hence, for
AC and SiO;, water was first added to the supports,
then the supports were put into the oven and dried
partially.

The coating results were quite promising. For all
three types of supports, anatase TiO, coating was
successfully obtained and the block problem was
eliminated. The XRD results for all three supports
were shown in Fig. 4. The four groups of numbers as-
sociated with the XRD curves refer to the evaporation
temperature (°C), flow rate of carrier gas (ml/min),
deposition temperature (°C) and coating time (h),
respectively. The peak at 25.28° refers to anatase
TiO, and there is no rutile TiO, detected, which has
a peak at 27.45°. The calculated anatase peak area for
each sample is listed in Table 1.

From Table 1, it is seen that increasing the coating
time was beneficial in increasing the amount of anatase
TiO; coated and the flow rate had similar but much less
effect on anatase TiO, coating. However, it is also ob-
served that for AC sample, increasing the temperature
of the reactor had an adverse effect on the amount of
the anatase TiO, coated. As discussed before, higher

reactor temperature had more chance to form a TiO,
block layer. Under high temperature, the trend for the
pyrolysis of the precursor was stronger, leading to the
generation of fine TiO, powders. Considering the big
AC particle size, part of these TiO, powders might go
through the inter-particle space of the AC supports in-
stead of depositing onto the support surface, resulting
in less amount of anatase TiO; coated.

3.2. Mechanisms of TiO> coating by CVD in
three synthesis routes

Generally, TiO, coating by CVD process can be
expressed by the following equations [21]:

TTIP (g) + M (g) — 1(g) ey
I(g) +S* = I(a) @)
I(@) > --- = P(g) + TiO2 (s) 3)

where M represents a collision partner, 1 the inter-
mediate species, S* the vacant surface site on the
support and P the gas phase product. The reaction
starts by the collision of two gas phase molecules,
e.g. TTIP with another TTIP or N, and generating
a more active intermediate species I (g). They will
in turn react with the surface active site and un-
dergo pyrolysis to produce deposited TiO, and the
gas phase by-product, P (g), which will leave the
surface.

In this study, the TiO; block phenomenon indicates
that TTIP can not only follow the above mechanism
and deposit TiO; onto the surface of the support, but
also undergo pyrolysis and generate TiO, powder
before it reaches the surface of the support. The gas
phase particle nucleation was also observed on flat
surface [22]. However, in most cases, it happened
under atmospheric pressure [2]. By introducing vac-
uum, or for low-pressure CVD, it is believed that
Egs. (1)-(3) are the dominant reactions. Furthermore,
it is difficult to observe this phenomena when using a
flat surface as the support. Since after these fine TiO;
powders are generated, they will settle down on the
surface and it is hard to distinguish them from those
powders coming from Eq. (3). On the other hand,
while using small particles as the support, diffusion
problem is more serious than flat supports. It is more
difficult for those fine TiO, powders to be transferred
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Fig. 4. XRD diagram of TiO, coated on three supports synthesized from route (III) (samples are represented by the value of the synthesis
parameters as: precursor temperature—flow rate—reactor temperature—coating time): (a) TiO2/AC, (b) TiO2/Al,03 and (c) TiO2/SiO;.

to the surface of the particles, particularly to the
bottom part of the particle support layer, and most of
them will stay on the top of the layer, leading to the
block problem. Therefore, the TiO; coating on small
particles by CVD is a process with combination of
TTIP vapor deposition, Egs. (1)—~(3) and TiO, powder
deposition:

TTIP (g) — --- — TiOy (s) + C3He (g) + H20 (g)

“

Egs. (1)-(4) represent the simple mechanism for the
synthesis route (I). The water produced in the gas

phase will hydrolyze TTIP and cause more TTIP to
be transferred to TiO, before it contacts the support.
It can well explain why the block problem happened
often for Al,O3 supports. Long coating time coupled
with high inflow TTIP concentration provided a good
condition for the pyrolysis of TTIP in the main flow,
leading to the TiO, block on the top of the particle
support layer.

As for synthesis route (II), adding water vapor after
TTIP, the reaction, Egs. (1)—(4), for synthesis route (I)
is still applied. In addition to the pyrolysis of TTIP to
produce TiO,, TTIP adsorbed on the surface can also
undergo hydrolysis:
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S/TTIP (a) + H,0 — --- — S/TiO, (s) + C3H;0H

&)

or

S-O-Ti(OCsH7);3 + HO — - --
— S—-OH + TiO» (s) + C3H7;0H (6)

It can be seen that in synthesis route (II), it is easier
to produce TiO,. The time for the reaction is shorter
and the reaction condition is milder than synthesis
route (I). However, it has one prerequisite, which the
precursor needs to be able to be adsorbed or chem-
ically bonded on the surface of the support before
introducing water vapor. Therefore, if synthesis route
(D) cannot work for one kind of support, it is very
much possible that synthesis route (II) cannot work,
either. In this study, AC is an example.

For synthesis route (III), similar to synthesis route
(I), the reaction mechanism also contains two parts,
hydrolysis and pyrolysis. It is believed that hydroly-
sis plays a dominant role in the generation of TiOj
coating. In this case, water is introduced first and the
surface of the support is hydrolyzed before the precur-
sor is blown through. Therefore, the hydrolysis part
should be revised as

2S + 2H,0 — S-OH - - - H + S/H,0 (a) )

f—
1.0 gy TiOZ/AC
A
2
*
097 Ky TiO,/ALO,
..
0.8 - .
L
&) C.K
0.7 -
TiO,/SiO,
0.6
05 T T T T T T
60 -40 -20 0 20 40 60 80 100
Time (min)

Fig. 5. Comparison of photocatalytic activities in the photo-
oxidation of phenol among three samples (negative value in time
axis represents the mixing period before turning on the UV lights).

S-OH---H + S/H,0 (a) + TTIP — - --
— S/TiO, (s) + C3H;0H 8)

Compared with synthesis route (II), there is less limi-
tation on the characteristics of the support and anatase
TiOy can be coated successfully on all three types of
materials.
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Fig. 6. XPS Ti(2p) of TiO,/SiO, sample.

455

450



Z. Ding et al./Catalysis Today 68 (2001) 173-182 181

3.3. Photocatalytic activity of catalysts in the
degradation of phenol aqueous solution

The photocatalytic activities of anatase TiO; coated
samples were tested using phenol as the model or-
ganic compound. The results of three samples (with *
symbols in Table 1) are shown in Fig. 5.

It can be seen that samples with Al;O3 and AC as
support materials have little or no activity in the degra-
dation of phenol. AC is a strong adsorbent for phe-
nol. In this study, the input phenol concentration for
TiO,/AC was 400 ppm instead of 20 ppm. After mix-
ing for 18 h, most of the phenol was adsorbed on the
catalyst, the phenol concentration in the solution was
reduced to 18 ppm and there was no further degrada-
tion after turning on the lamp. It should be noted that
because of the strong adsorption of phenol on AC sup-
ports, it was difficult to determine the exact amount of
phenol being photocatalytically degraded. The reason
why the phenol concentration was not changing, or
even increasing, might be that AC acted as a supplier
for phenol. The pre-adsorbed phenol might be released
into the solution continuously to offset the phenol
oxidized. For TiO»/Al,03 and TiO,/Si0;, very little
phenol (<3%) was adsorbed before the photocatalytic
reaction and TiO,/SiO; showed higher activity than
TiO,/Al;03. Because TiO»/SiO; had a higher surface
area, the anatase TiO, was better dispersed on SiO;
support. For the photocatalytic reaction, surface area
of the photocatalyst is critical to obtain a high activity,
which explains why TiO»/Si0; is more efficient than
TiO,/Al,O3. Another reason is the difference in the
primary anatase TiO; crystallite size, which can be
calculated from XRD curves. The anatase TiO, sizes
were 50 nm for TiO,/Al;03 and 13 nm for TiO,/Si03,
respectively. Smaller crystal size means better distri-
bution of anatase TiO on the supports, thereafter, has
more active sites for the photocatalytic reaction.

The XPS and TEM analysis results of TiO2/SiO»
sample are shown in Figs. 6 and 7, respectively. In
Fig. 6, the two peaks, Ti(2p3,2) and Ti(2p1,2), at 459
and 465 eV indicate that the titanium cation is in Ti**
covalent state. Therefore, in TiO»/SiO; sample, most
titanium existed as TiO,. Furthermore, the amount
of TiO, on the external surface of the particle sam-
ple can also be obtained through XPS curves, which
was 21.6 wt.%, much higher than the bulk anatase
TiO, concentration in the sample. Therefore, one can

(a)

(b)

Fig. 7. TEM micrograph of TiO,/SiO, sample: (a) particle; (b)
TiO; layer.
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conclude that for TiO,/SiO, sample, most anatase
crystals distributed on the external surface, which
supports the surface area analysis results. In addition,
the TEM image shows that the anatase TiO, primary
particle size is quite uniform and around 10 nm, which
agrees well with XRD results.

4. Conclusions

Anatase TiO, supported on three different porous
particle supports, AC, Al,O3 and SiO; have been
synthesized by CVD method. A high inflow precursor
concentration and low CVD reactor temperature led to
the liquid phase coating, while a high inflow precur-
sor concentration and high CVD reactor temperature
might cause a block problem. In the coating process
of anatase TiO, onto porous particles by CVD, both
TTIP vapor deposition and TiO, particle deposition
existed. When the condition was beneficial for TiO;
particle deposition, long coating time would result
in block problem. Introducing water vapor onto the
support before CVD shortened the deposition time
and enhanced the TiO, loading rate. Synthesis route
(IIT) was superior over the other two routes and was
workable for all three types of materials. The porous
structure of the materials was maintained after CVD
and anatase TiO; particles dispersed mainly on the
external or macropore surface of the supports. Among
three types of materials, SiO, was the best support for
coating anatase TiO, by CVD and TiO,/SiO; showed
the highest activity in the photocatalytic degradation
of phenol in water.
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