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Silver was deposited on TiO, powders (Degussa P25) by the photodecomposition of two different
sitver saits, AgF and AgNQ,. The photocatalytic activity of TiO, powder samples was evaluated by
the degradation of 1,4-dichlorobenzene (DCB). Photodecomposition of AgF on TiQ, gave higher
photocatalytic activity than that of AgNO;. The optimum catalytic activity found by the deposition
of Ag was comparable to that obtained from Au. It was also observed that the photocatalytic activity
of Ag-loaded TiO, films was greater than that obtained for pure TiO, films. This result is consisient

with the results obtained for Ag-deposited TiO, powders,

Introduction

TiQ, has been shown to be an excellent
photocatalyst for the degradation of several
environmental contaminants (I, 2). Many
organic compounds can be decomposed in
aqucous solution in the presence of TiO,
powders illuminated with near UV or sun-
light (3-5).

In principle, a photocatalytic reaction
may proceed on the surface of TiO, powdcrs
v several steps (6), namety:

(a) production of elcctron-hole pairs,
photogencrated by exciting the semiconduc-
tor with light energy;

(b) separation of electrons and holes by
traps available on the TiO, surface;

(c) aredox process induced by the sepa-
rated electrons and holes with the ad-
sorbates present on the surface; and

(d) desorption of the products and recon-
struction of the surface.

It has been shown that the photocatalytic
activity of TiO, is influenced by the crystal
structure (anatase and/or rutile), surface
area, size distribution, porosity, surface hy-
droxy! group density, etc. (7-9). These will
have an influence on the production of elec-
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tron-hole pairs, the surface adsorption and
desorption process and the redox process.

Electron—hole recombination is in direct
competition with the trapping process (step
b). The rate of trapping and the photocata-
Iytic activity of TiQ, will be enhanced by
retarding the electron-hole recombination.
The principal method of slowing elec-
tron—hole recombination is thought to be
through the loading of metals ento the sur-
facc of the TiO, particles. It is considere
that the metal dispersed on the TiO, parti-
cles expedites the transportation of elec-
trons produced by the photoexcitation to
the outer system (4}.

Previously, photochemical deposition of
metal on semiconductor particles has been
used as a means of noble metal recovery in
wasle solutions (10}, Recently, this tech-
nique has been widely employed for the
purpase of improving the photocatalytic ac-
tivity of semiconductors. Pt, Pd, Au,
Rh, RuQ,, etc. have been utilized in the
improvement of photocatalytic activity
(/1-15). However, these metals may not be
suitable for industrial applications since
they are very rare and expensive. In this
study, a less expensive Ag was used for the
preparation of efficient photocatalysts.

Sclafani et al. reported that Ag can be
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used for the improvement of photocatalytic
activity of TiO, by loading Ag on TiO,
powders with the photodecomposition of
AgNO, (16). He reported that Ag improves
the photocatalytic activity of Ti0O, in
the dehydrogenation of 2-propanol, even
though the improvement is much lower than
that of Pt. Kondo and Jardim have shown
that thermally decomposed AgNO; on TiQ,
powders results in catalysts which can pho-
todegrade chloroform to CO, and HCI (/7).
They also observed increased degradation
of urea with Ag-loaded TiO,.

Inthis present study, Ag was deposited on
TiO, powders by the photodecomposition of
two different silver salts, AgF and AgNO,.
The photocatalytic activities of these
samples were compared by measuring the
degradation efficiency toward 1,4-dichloro-
benzene (DCB). Silver was atso photochem-
ically deposited on TiO, films and the effect
of Ag on the photocatalytic activity of TiQ,
was evaluated. The activity of film samples
was determined by the degradation of sali-
cylic acid.

Experimental

Photochemical Decomposition of AgE on
TiO, Powders

The TiQ, used in these studies was De-
gussa P25 (47 m¥/g, 70% anatase). A reagent
grade of AgF was obtained from Aldrich
Chemical Co. and used as received. Ag was
deposited onto TiO, by photochemical de-
composition of AgF. A stock solution of
AgF containing 4.2 mg AgF/ml was pre-
pared in a polyethylene bottle. TiO, (De-
gussa P25), 0.3 g, was dispersed in solutions
containing various amounts of the AgF. Dis-
tilled water was added to achieve a total
volume of 30 ml. This mixture was trans-
ferred to the silica reaction vessel and in-
serted into the decomposition apparatus
(Fig. 1). During the irradiation, nitrogen was
bubbied vigorously through the samples. A
Hg/Xe short-arc lamp (100 watts, 230-600
nm) was used to irradiate the sampies. The
irradiated solution was then centrifuged for

289
N2
outlet T i inlet
Reaction
chamber
uv i
A 234
source ?tg ¥
NG ~+= Solution of
\, _J Tio'z and
Silver Salt

Fic. 1. Photodecomposition apparatus.

30 min. Finally, recovered precipitate was
desiccated for 2 hr.

Photochemical Decomposition of AgNO,
on TiO, Powders

Ag was deposited on TiQ, (Degussa P25)
by photochemical decomposition of AgNO;.
A reagent grade of AgNO; (Kodak, X491)
was used as received. A stock solution of
AgNO; containing 5.2 mg AgNO,;/ml was
prepared. The procedure of the sample
preparation was the same as that used for
the photodecomposition of AgF.

Measurement of Photocatalytic Activity of
Ti0, Powders

The photocatalytic activities of various
TiO, samples were evaluated by the degra-
dation of 1,4-dichlorobenzene (DCB). A sat-
urated DCB solution was prepared by add-
ing an excess of DCB to distilled water and
stirring for 8 hr. The solution was capped
and preserved in darkness. A sample (0.0015
wt% of Ti0,) was ultrasonically dispersed
in distilled water and 0.2 m! of a saturated
aqueous solution of DCB was added to 3 ml
of the TiO, suspension in a silica cuvette,
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A sample containing 0.2 ml of distilled water
and 3 ml of the TiO, suspension was used
as a blank for the absorption measurement.
The sample was then irradiated with a 150-
watt xenon short-arc lamp whose output
was passed through a pyrex filter. The dif-
ferential absorption at 224 nm {maximum
absorption peak of DCB) was measured us-
ing a Perkin-Elmer 552A spectrophotome-
ter. The change in concentration of DCB of
the irradiated sample as a function of time
was compared to the blank.

FPreparation of TiO, Films

TiO, thin films were deposited on pyrex
glass substrates by a simple ultrasonic nebu-
lization and pyrolysis technique (/8, /9).
The schematic diagram of the deposition ap-
paratus was repoerted in a previous publica-
tion (/8). The reactor used in this investiga-
tion was heated by means of a two-zone
mirror furnace (Transtemp Co., Chelsea,
MA). Dipropoxy-titanium-bis(acetylaceto-
nate) was used as a precursor for the prepa-
ration of these thin films. It was synthesized
according to Yamamoto’s method (20). An
ethanol solution of dipropoxy-titanium-
bis(acetylacetonate) was nebulized by a
commercial ultrasonic humidifier (Holmes
Air) and the mist was carried into the hori-
zontal reactor by a stream of argon gas. The
substrate was held perpendicular to the car-
rier gas flow in the furnace by means of a
silica holder which was rotated by a low
speed motor to achieve best uniformity of
film deposition. Typical reaction parameters
were: deposition temperature, 500°C; argon
flow rate, 3.5 liter/min; distance between
substrate and nozzle, 9.0 cm. Under such
conditions, films of 0.3 gm in thickness were
prepared on the pyrex glass substrates (1 X
I cm?, 1.5 mm thickness) in 10 min by con-
suming 7 ml of precursor solution. Pyrex
glass substrates were cleaned with nitric
acid, distilled water, and semiconductor
grade acetone. The deposited films were
postannealed in a flowing atmosphere of ox-
ygen at 500°C for 20 min in order to eliminate
the residual carbon.
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Photochemical Decomposition of AgF on
Tio, Films

AgF was reduced to silver on the TiO,
films by photochemical decomposition. 30
ml of a 5 x 1075 M AgF aqueous solution
was added to a silica reaction vessel. A1 X
1 cm? pyrex glass substrate, coated with
TiO, on both sides, was immersed in the
AgF solution with a pyrex holder which was
rotated by a low-speed motor to stir the solu-
tion during the irradiation. The sample was
then irradiated with a Hg/Xe short-arc lamp
(100 watts, 230-600 nm). AgF was decom-
posed on the surface of the TiO, films. For
the gradual deposition of Ag on the TiO,
film, the used AgF solution was discarded
and a fresh AgF solution was added every
5 min during the irradiation. The irradiated
sample was then rinsed thoroughly with dis-
tilled water to remove any AgF residue on
the film.

Characterization of TiO, Films

The thickness of the films on pyrex glass
substrates was measured by interference
fringes in their UV-visible transmission
spectra (2/). The positions of maxima and
minima were used for the calculation. Since
a TiO, film is a denser medium than the
media on either side {n,, = 1 and n,,., =
1.5); transmission maxima occur at the wave
numbers o,,, = m/2nd and minima at
Omin = Zm + 1)/4nd, where m is an integer,
n is the refractive index of TiO,, and d is the
thickness of the TiQ, film. The interference
spectra of TiO, films were obtained by using
a Perkin-Elmer 552A spectrophotometer in
the transmission mode.

X-ray diffraction patterns of these films
were obtained using a Philips diffractometer
and monochromated high intensity CuKey,
radiation (A = 1.5405 A). Diffraction pat-
terns were taken with a scan rate of 1° 26/
min over the range 20° << 28 < 72°.

Measurement of Photocatalytic Acrivity of
TiQ, Films

The photocatalytic activities of TiO, films
on 1 X 1 cm? pyrex glass substrates were
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evaluated by degradation of salicylic acid.
Six ml of 60 uM salicylic acid aqueous solu-
tion were added to a pyrex test tube 18 X
150 mm. A 1 x 1 cm? substrate coated with
TiO, on both sides was immersed in the sali-
cylic acid solution with a pyrex holder which
was rotated by a low-speed motor to stir the
solution during the irradiation. The sample
to be measured was then irradiated with a
150 watt xenon short arc lamp whose output
was passed through a pyrex filter. The dif-
ferential absorbance at 296 nm (absorption
peak of salicylic acid} was measured using
a Perkin-Elmer 552A spectrophotometer.

Results and Discussion

Silver was deposited en TiO, powder (P25
from the Degussa Corporation) by photode-
composing two different silver salts, AgF
and AgNO;. During the irradiation, the dis-
persed Ti0, power turned violet in AgF so-
lution and purple in AgNO;.

The photocatalytic activity of Ag-depos-
ited powder samples was evaluated by the
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FiG. 2, Photocatalytic activity of TiO; powders as a
function of nominal Concentration of AgF and AgNO;.
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FiG. 3. Decomposition of salicylic acid vs irradiation
time of a TiQ; film and a TiO, film with Ag.

degradation of 1,4-dichlorobenzene (DCB).
All the samples were prepared by ultrasoni-
cally dispersing TiO, powders with the ap-
propriate nominal concentration of AgF or
AgNO;. Nominal concentrations of silver
are reported because the actual atomic per-
centage of silver on the TiQ, particles could
not readily be determined.

The duration of the irradiation used in
decomposing the AgF or AgNO, affects the
photocatalytic activity of the samples, Sam-
ples were prepared using 0.3 g of Ti0O, and
a nominal atomic ratio of 99: 1 Ti(,: Ag in
the reaction tube. The samples were irradi-
ated with the UV light for varying amounts
of time, 5, 10, 15, 30, 60, and 120 min. These
samples were centrifuged and desiccated to
dryness. The samples werc evaluated by the
relative degradation of DCB. For the evalu-
ation of activity, TiO, samples deposited
with Ag were redispersed as described
above. The irradiation with the xenon lamp
in the activity characterization totaled 10
min. The changes in concentration of DCB
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as a function of irradiation time in the photo-
decomposition process were compared.

For short periods of irradiation (5-30
min), the length of deposition time did not
have much influence on the photocatalytic
activity of the samples. However, the pho-
tocatalytic activity began to decrease for
longer deposition times (>30 min). These
results indicate that the optimum deposition
time is approxtmately 15 min for both of the
silver salts.

It was also shown that the nominal con-
centration of silver salts in the reaction tube
affects the photocatalytic activity (see Fig.
2). Various concentrations of AgF or
AgNO, were added to the dispersed TiO,
solutions. The nominal atomic percent of
the Ag concentration relative to TiQ, before
irradiation in the reaction tube was 0.25,
0.5, 1.0, 1.5, 2.0, 3.0, and 5.0 atomic per-
cent. These suspensions were irradiated for
afixed amount of time, 15 min, in the photo-
decomposition apparatus shown in Fig. 1.
The results of photocatalytic activity indi-
cate that there is a critical loading of silver
on the TiO, particles that corresponds to the
optimum catalytic activity. This concentra-
tion of Ag on TiQ, could not readily be deter-
mined. Hence, Fig. 2 indicates the variation
in the nominal concentration of Ag relative
to TiO, before irradiation. When the AgF
was photodecompesed on TiO,, the prod-
ucts from a solution containing 1.5 atomic
percent of silver gave the optimum catalytic
activity. The improvement of the photocata-
Iytic activity of TiO, (P25) was approxi-
mately 35%. The optimum catalytic activity
found by photodecomposition of AgF was
comparable to that obtained from gold-de-
posited samples (22).

Nishimoto et al. reported that AgF was
decomposed by photoirradiation at a much
faster rate than AgNO, (23). Hermann et al.
reported that a long period of illumination
and a high concentration of silver salt in-
creased the crystallite size of deposited Ag
on TiQ; (24). This is consistent with the re-
sults of this study where it was observed
that the fast decomposition of AgF results
in well-dispersed Ag on the surface of TiO,
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powders, and this influences the photocata-
lytic activity. The silver-deposited samples
obtained from AgNO, solutions were less ef-
ficient.

Unlike the TiQ, powders, a TiO, film can
be used repeatediy for the measurement of
photocatalytic activity, and unlike highly
dispersed powders, films present no prob-
lemn in terms of separating the catalyst from
the solution after degradation of the organic
impuritics, Hence, thin films of TiO, on
pyrex glass substrates were prepared and
evaluated as photocatalysts. Nebulization
of dipropoxy-titanium-bis{acetylacetonate)
solution resulted in the production of fitms
with good adherence to the substrate and
uniform thickness. TiO, films of 0.3 um
thickness on 1 X 1 cm’ pyrex glass sub-
strates were prepared and studied in this
investigation. The photocatalytic activities
of TiQ, films were evaluated by measuring
the degradation of salicylic acid. Salicylic
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F16. 5. X-ray diffraction spectrum of Ag-deposited TiQ, film (A, anatase; 30 ml of 1.0 % 107* M
AgF solution was photodecomposed on a TiO, film of 0.3 pwm in thickness for 5 min.)

acid was chosen because it is not volatile
and absorbs in the near UV.

Figure 3 shows the changes in the concen-
tration of salicylic acid as a function of irra-
diation time. Matthews reported that photo-
decomposition of salicylic acid on TiQ, films
follows first order kinetics (25). It also can
be seen that there is an approximately linear
decrease in the logarithm of the concentra-
tion of salicylic acid with the duration of
the irradiation (Fig. 3). Therefore, the slope,
i.e., the rate of degradation of salicylic acid,
was taken as the parameter for the evalua-
tion of the photocatalytic activity of TiO,
films (Fig. 4). The rate constant for TiO,
films of 0.3 um thickness on pyrex sub-
strates prepared by the above method was
0.0037 min~ 1,

AgF was reduced onto the TiO, films on
pyrex glass substrates by the photochemical
decomposition process described above.
The amount of Ag deposit on a TiO, film
affects its photocatalytic activity. For the
gradual increase of Ag deposition on TiO,
films, 30 ml of a very dilute AgF solution
(5 x 107° M) was photodecomposed, and
every 5 min the used AgF solution was re-
placed by a fresh solution. After 30 min,
further deposition on Ag on the TiO, film
decreased the photocatalytic activity. This

result is in agreement with those obtained
for TiO, powders.

The TiOQ, films deposited with Ag were
analyzed by X-ray diffraction. The diffrac-
tion pattern shown in Fig. 5 indicates that
the silver exists as metallic silver. This me-
tallic silver dispersed on Ti0O, plays an im-
portant role in enhancing the photocatalytic
activity of TiO,.
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