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Samples of palladium decomposed onto TiO particles were prepared by two methods: the
dispersion of a PdCl; solution followed by thermal decomposition, and the photodecomposition
of PdCl,;. The addition of palladium to all samples increased their photocatalytic activity toward
the degradation of 1,4-dichlorobenzene. This increase was optimized and compared for these
two preparative methods. Palladium was also decomposed onto TiO. thin films by the
photodecomposition of PdCl;. The addition of palladium to the films increased their
photocatalytic activity toward the degradation of salicylic acid.

Introduction

Photoassisted heterogeneous catalysis is currently of
considerable interest as a means of removing harmful
impurities from water. Many organic compounds can be
decomposed in aqueous solution in the presence of
titanium(IV) oxide powders and films illuminated with
near UV or sunlight.1-10

It has been shown that the photocatalytic activity of
titanium(IV) oxide is influenced by surface area, crystal
structure (anatase and/or rutile) and density of surface
hydroxyl groups.!1:12 Previousinvestigators have modified
this density through the photodecomposition of the
platinum group metals onto the surface of the titanium-
(IV) oxide catalyst.1®-23 Early studies focused on the
decomposition of metals and metal oxides on semicon-
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ductorssuch as TiOq in order to produce electrodes capable
of photochemically splitting water. In addition, the
photochemical decomposition of platinum metal and
coinage metal compounds was a means of recovering
precious metals from solution.

Although both anatase and rutile have been studied
extensively as potential photocatalysts for the photodeg-
radation of organic compounds, it has only been recently
that photoassisted oxidation of chlorinated organic com-
pounds has been studied using bifunctional catalysts.
Wang, Heller, and Gerisher?* have reported that the rate
of photooxidation of organic compounds, on the surface
of a catalyst, is limited by the rate of electron transfer to
oxygen. Gerischer and Heller525 predicted that modifi-
cation of the TiO; surface by group VIII metals should
increase the efficiency of electron transfer to oxygen and
hence increase the efficiency of photoassisted oxidation
in photocatalyst slurries. Wang et al.2¢ measured the rate
of oxygen reduction and found that it increased upon
incorporation of palladium (Pd® onto the surface of the
titanium(IV) oxide particles. Furthermore,the quantum
efficiency of the photoassisted oxidation of sodium 2,2-
dichloropropionate was increased compared to the un-
doped titanium(IV) oxide powder. The work at Brown
University has focused on the photodecomposition of
transition metals onto the surface of titanium(IV) oxide
powder for the purpose of increasing its photocatalytic
activity toward the degradation of 1,4-dichlorobenzene
(DCB).10

In the first part of this study, photodecomposed
palladium was utilized to improve the photocatalytic
activity of titanium(IV) oxide powder toward the photo-
assisted oxidation of 1,4-dichlorobenzene (DCB). The
photocatalytic activity was evaluated by measuring the
change in absorption of DCB as a function of irradiation
time. The results were compared with those of materials
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Figure 1. Photodecomposition apparatus.

prepared by thermally decomposing palladium(II) chloride
onto titanium(IV) oxide.

When suspensions of titanium(IV) oxide powder are
used to photodegrade organic contaminants in aqueous
systems, the suspended catalyst must then be separated
from the water. This separation problem can be avoided
by replacing the titanium(IV) oxide suspension with a glass
substrate coated with a titanium(IV) oxide film. While
the rate of electron transfer from titanium(IV) oxide
particles to adsorbed oxygen was shown to increase when
palladium (Pd®) was incorporated onto the surface? of
the particles, this phenomenon has not yet been demon-
strated for thin oxide films. Several publications have
recently appeared which deal with the photodecomposition
of organic compounds by titanium(IV) oxide films.”-1° The
second part of this study indicates how incorporating
palladium onto the surface of titanium(I'V) oxide thin films
increases the photocatalytic activity of these films toward
the photoassisted oxidation of salicylic acid.

Experimental Section

Photochemical Decomposition of Palladium (II) Chloride
on Ti0Q,. The procedure for the photochemical decomposition
of palladium(II) chloride onto titanium(IV) oxide sufaces is
similar to that reported by Kraeutler and Bard.26 Palladium(II)
chloride (Matthey-Bishop, Inc.) was reduced onto TiO, by
photochemical decomposition. A stock solution of palladium-
(II) chloride containing 2 mg/mL was prepared. Variousamounts
of the PdCl; solution were added to 0.3 g of TiO, (Degussa P25).
Distilled water was then added to achieve a final volume of 30
mL. The TiO;was dispersed in the diluted palladium(II) chloride
solutions ultrasonically. By this procedure, solutions of known
nominal composition, in terms of atomic percent Pd to Ti metal,
were prepared. This mixture was transferred to a silica reaction
vessel and inserted into a decomposition apparatus. The
schematic diagram of the deposition apparatus is shown in Figure
1. During the reaction, nitrogen was bubbled vigorously through
thesample and the silica vessel was rotated every 5min. Samples
were irradiated for 45 min with a Hg/Xe short arc lamp (100 W,
230-600 nm). The irradiated solution was then centrifuged for
one h and the product was desiccated to dryness.

Thermal Decomposition of Palladium(II) Chloride on
TiO,. Palladium(II) chloride was reduced onto titanium(IV)
oxide by thermal decomposition. An intimate mixture of
palladium(II) chloride and titanium(IV) oxide (P25) was prepared
containing 2 at. % of palladium. Various amounts of this mixture
were diluted with an additional 0.3 g of titanium(IV) oxide, so
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that samples with varying concentrations of palladium were
prepared. The samples were evacuated to 10 mTorr, sealed under
vacuum, and then mechanically mixed for 5 min. The sealed
samples were then transferred to a single zone furnace (Hevi-
Duty MK-70) and annealed at 400 °C for 12h. By this procedure,
samples of known stoichiometry, in terms of atomic percent
palladium to titanium metal, were prepared.

Measurement of Photocatalytic Activity. The photocat-
alytic activities of various TiQ, samples were evaluated by
degradation of 1,4-dichlorobenzene (DCB). This technique was
suggested by Peterson and Gregg.?” A saturated DCB solution
was prepared by adding an excess of DCB to distilled water and
stirring for 8 h. The solubility of DCB in water at room
temperature is 76 ppm. The initial concentration of DCB used
in this study was 5 ppm. Hence, all of the DCB was present in
the aqueous phase. The solution was capped and preserved in
darkness. TiO, (1.5 mg) was ultrasonically dispersed in 100 mL
of distilled water. Three mL of the TiO; suspension were placed
in a silica cuvette, and 0.2 mL of saturated aqueous solution of
1,4-dichlorobenzene was added. A second sample that contained
0.2 mL of distilled water and 3 mL of the TiQ; suspension was
used as a blank and maintained in the dark. The sample to be
measured was then irradiated with a 150-W Xe short-arc lamp
whose output was passed through a Pyrex filter. The differential
absorption at 224 nm (maximum absorption peak of DCB) was
measured using a Perkin-Elmer 552A spectrophotometer. The
change in concentration of DCB of the irradiated sample as a
function of time was compared with that of the sample kept in
darkness.

The procedure was corroborated in a separate experiment by
direct analysis of the chloride ion concentration produced in
solution by the photochemical degradation of DCB. At an initial
DCB concentration of 14 ppm, after 1 h of irradiation analysis
by both absorption decrease and direct chloride detection
correlated to within 1 ppm. Hence, it can be concluded that the
loss in absorption correlated reliably with the measured pro-
duction of chloride.

Preparation of TiO, Films. Titanium(IV) oxide thin films
were deposited on pyrex plate substrates (1 X 1 ¢cm? X 1.5 mm)
by asimple ultrasonic nebulization and pyrolysis technique,10:28-30
The deposition apparatus was described in a previous publica-
tion.®! Thereactor used in thisinvestigation was heated by means
of a two-zone mirror furnace (Transtemp Co., Chelsea, MA).
Dipropoxytitanium bis(acetylacetonate) was used as a precursor
for the preparation of these thin films. It was synthesized
according to Yamamoto's method.?? An alcohol solution of 0.1
M dipropoxytitanium bis(acetylacetonate) was nebulized by a
commerical ultrasonic humidifier (Holmes Air) and the mist was
carried into the horizontal reactor by a stream of argon gas. The
substrate was held perpendicular to the carrier 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. Both
the efficiency of the deposition and the uniformity of the films
were affected by the deposition parameters used. Typical reaction
parameters were: deposition temperature, 490 °C; argon flow
rate, 4 L/min; distance between substrate and nozzle, 9.0 cm.
Under such conditions, a film of 350 nm in thickness could be
coated on Pyrex glass in 10 min using 7.5 mL of precursor solution.
Pyrex substrates were cleaned with nitric acid, distilled water,
and semiconductor grade acetone. All deposited films were post
annealed in a flowing oxygen atmosphere at 450 °C for 30 min
in order to eliminate any residual carbon.

Photochemical Decomposition of Palladium(IT) Chloride
on TiO. Films. Palladium(II) chloride was reduced onto
titanium(IV) oxide films by photochemical decomposition.
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Table I. Photocatalytic Activity as a Function of
Decomposition Time: 0.5 At. % Pd (Relative to Ti)
Photochemically Decomposed on Degussa P25

Papp et al.

Table II. Photocatalytic Activity as a Function of Nominal
Concentration of PdCl; Photochemically Decomposed on
Degussa P25

duration of UV photocatalytic at. % Pd rel to Ti photocatalytic
sample irradiation (min) activity (relative) sample (nominal concn) activity (rel)
1 30 45 (2) 1 0.0 40 (2)
2 45 52 (2) 2 0.2 51 (2)
3 60 51(2) 3 0.5 52 (2)
4 75 44 (2) 4 0.8 46 (2)

Thirty mL of 3 X 10-3 M palladium(II) chloride aqueous solution
was added to a silica reaction vessel. A 1 X 1 cm? Pyrex plate
substrate coated with titanium(IV) oxide on both sides was
immersed in the palladium(II) chloride solution with a Pyrex
holder which was rotated by a low-speed motor in order to stir
the solution during irradiation. The sample was then irradiated
with a Hg/Xe short-arc lamp (100 W, 230-600 nm). Palladium-
(II) chloride was decomposed onto the titanium(IV) oxide film,
and the thickness of the palladium layer was increased with
increased time of irradiation. The sample was then rinsed with
distilled water to remove any excess palladium(II) chloride
remaining on the film.

Characterization of Films. The thickness of the titanium-
(IV) oxide films on Pyrex plate substrates was measured by
interference fringes in the UV-visible transmission spectra.’
X.-ray diffraction patterns of these films were obtained using a
Philips diffractometer and monochromated high intensity Cu
Ka, radiation (A = 1.5405 A). Diffraction patterns were taken
with a scan rate of 1° 26/min over the range 12° < 26 < 80°.
Optical measurements of titanium(IV) oxide films on pyrex plate
substrates were performed using a Perkin-Elmer 552A spectro-
photometer in the transmission mode.

The photocatalytic activities of titanium(IV) oxide films on
pyrex plates were evaluated by the degradation of salicylic acid.
Six mL of 6 X 10-°> M salicylic acid aqueous solution was added
to a 18 X 150 mm Pyrex test tube. A1 X 1 cm?substrate, coated
with titanium(IV) oxide on both sides, was immersed in the
salicylic acid solution with a pyrex holder which was rotated by
alow-speed motor in order to stir the solution during irradiation.
The sample to be measured was then irradiated with a 150-W
xenon short-arc lamp whose output was passed through a Pyrex
filter. The differential absorbance at 296 nm (absorption peak
of salicylic acid) was measured using a Perkin-Elmer 552A
spectrophotometer. The change in concentration of salicylic acid
of the irradiated sample as a function of time was compared with
that of the sample kept in the dark.

All of the polycrystalline samples used in this study were
prepared from Degussa P-25 (70% anatase, 30% rutile). The
sizes of the particles were determined from the measured line
broadening of the major peaks of both anatase and rutile. The
average size of the anatase particles was 17 nm, and 25 nm for
the rutile particles. The addition of Pd° on the surface of these
particles did not alter their average sizes.

Results and Discussion

The two methods employed in the preparation of
samples of palladium on T'iO; powders were photochemical
decomposition of PdCl; and the thermal decomposition
of PdCl;. The photochemical decomposition of PdCl; to
load TiO, with Pd® has been reported by Krauetler and
Bard?6 and the thermal decomposition of PdCl; has been
used frequently in catalysis to prepare bifunctional
palladium titania and palladium alumina. In all of the
preparations, the catalysts were washed with distilled water
to remove chloride ions. For the photochemical process,
the duration of the irradiation used in photodecomposing
the palladium(Il) chloride affects the photocatalytic
activity of samples (TableI). Samples were prepared using
0.3 g of TiO, (P25) dispersed in 30 mL of distilled water
with a nominal atomic percent ratio of 0.5 Pd/99.5 Ti. The

(33) Heavens, O. S. Phys. Thin Films 1964, 2, 193,

Table III. Photocatalytic Activity as a Function of
Concentration of PACl; Thermally Decomposed on Degussa
P25

sample at. % Pdrelto Ti photocatalytic activity (rel)
1 0.0 40 (2)
2 0.08 44 (2)
3 0.1 48 (2)
4 0.15 53 (2)
5 0.2 47 (2)

nominal concentrations of PdCl; are reported because the
precise amounts of palladium on the TiO; particles were
not determined. The samples were irradiated with the
UV light for varying amounts of time: 30, 45, 60, and 75
min, Increasing the time of irradiation increases the
amount of palladium that is photodecomposed onto the
titanium(IV) oxide powder. The results indicate that a
critical deposition time was needed in order to give a
photocatalyst with maximum activity. This study indi-
cates the optimum activity is reached within 45 min. This
was far less than the time needed to photochemically
decompose all of the palladium from solution.

It was also shown that the nominal concentration of
palladium(II) chloride in the reaction tube affects the
photocatalytic activity (Table IT). Samples were prepared
by dispersing 0.3 g of TiO; (P25) in 30 mL of distilled
water. Varying amounts of palladium(II) chloride were
added to this solution. The concentration of palladium-
(IT) chloride was chosen so that the nominal atomic percent
of Pd relative to Ti in the reaction tube would be: 0.2, 0.5,
and 0.8%. These suspensions were irradiated for a fixed
amount of time, 45 min, in the photodecomposition
apparatus (Figure 1). Again, nominal concentrations are
reported because the precise amount of palladium which
is photodecomposed onto the TiO; particles during this
time is unknown. These results indicate that there is a
critical loading of palladium on the TiO; particles that
corresponds to the optimum catalytic activity. Catalysts
showing maximum activity were obtained from irradiated
solutions containing a nominal concentration of 0.2 at. %
of palladium relative to titanium.

The concentration of palladium(II) chloride was also
shown to affect the photocatalytic activity of samples
prepared by thermally decomposing palladium(II) chloride
on TiO; (P25) (Table III). In this case, the actual
concentration of palladium on the sample is known.
Samples were prepared by dispersing varying amounts of
palladium(II) chloride onto TiQ;. The concentration of
palladium(IT) chloride was chosen so that the atomic
percent of Pd relative to Ti in the reaction tube would be:
0.08,0.1,0.15, and 0.2 percent, respectively. These results
indicate that thereis a critical loading of palladium on the
TiO; particles that corresponds to the optimum catalytic
activity. This concentration of palladium on TiQ, is 0.15
atomic percent of palladium relative to titanium.

AsseeninFigure 2, the optimum catalytic activity found
by photodecomposition of palladium(II) chloride was
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Figure 2. Decomposition of DCB vsirradiation time for uncoated
TiO, powder (P25) and for P25 on which the optimum concen-
tration of PdCl; was decomposed by two methods.

shown to be similar to the optimum activity found by the
thermal decomposition method. The palladium(II) chlo-
ride solution used for photochemical decomposition of
palladium on TiQ; corresponded to a nominal loading of
0.2 at. % of palladium relative to titanium. The thermal
decomposition method required a concentration of 0.15
atomic percent of palladium relative to titanium, in order
toobtain maximum activity. Thisindicates thatthe actual
concentration of palladium on the sample prepared by
photodecomposition of PdCl; approximates 0.15 atomic
percent, which is far less palladium than would be present
in a monolayer on the TiO; surface.

Smooth and homogeneous thin films of titanium(IV)
oxide were coated by spray pyrolysis onto Pyrex plate
substrates. Nebulization of dipropoxytitanium bis(acetyl-
acetonate) solution resulted in the production of films
with good adherence to the substrates. The bright and
uniform color (due to interference fringes of the films on
the Pyrex substrates) indicated that the films were of
uniform thickness. Whereas titanium(IV) oxide films have
been prepared by a number of elaborate methods, the
simple procedure reported by Xu et al.! gave films of
comparable quality.

The films prepared by the above method were analyzed
by X-ray diffraction. In the diffraction pattern of an as-
deposited film 0f0.42 um in thickness on a Pyrex substrate,
four broad peaks at 25.3°, 48.2°, 55.3°, and 70.6° could be
identified. They correspond to (101), (200), (211), and
(220) reflections of the anatase phase of titanium(IV) oxide,
respectively.3* No impurity phase could be found in the
X-ray diffraction pattern.

The transmission spectrum of the titanium(IV) oxide
film on pyrex was used to calculate the thickness of the
film.33 Since the film is a denser media (ngm =~ 2.5) than
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Figure 3. Decomposition of salicylic acid vs irradiation time of
abare TiO; film and a TiO, film with an optimum concentration
of palladium.

the media on either side (ng: = 1 and npye: ~ 1.5),
transmission maxima should occur at the wavenumbers
1/Amax = m/2nd and minima at 1/Ami, = (2m + 1)/4nd
where m is an integer. Film thicknesses were determined
from the positions of the transmission maxima and minima,

The photocatalytic activities of titanium(IV) oxide films
on 1 X 1 cm? plates of Pyrex were evaluated by measuring
the degradation of salicylicacid. Figure 3showsthe change
in concentration of salicylic acid as a function of irradiation
time. It can be seen that there is an approximately linear
decrease in the logarithm of the concentration of salicylic
acid with the duration of the irradiation. It is clear that
TiO; films containing Pd are more active than undoped
films. The degradation of salicylic acid is a first-order
reaction; therefore, the slope is taken as the rate of
degradation and is a good parameter for the character-
ization of the photocatalytic activity of titanium(IV) oxide
films. The rate constant of a 0.32 um titanium(IV) oxide
film on Pyrex prepared by the above method was 0.0045-
(2) min-1. Therate constant was increased to 0.0064 min-1
after depositing palladium for 10 min at which time the
optimum activity is reached.

Palladium(II) chloride was reduced onto 0.32 um
titanium(IV) oxide films on pyrex substrates by the
photochemical decomposition technique described above.
X-ray diffraction of a film prepared with a sufficiently
high concentration of palladium to be detected by X-ray
analysis indicates that the palladium is deposited as
elemental palladium3 (Figure 4). The duration of the
irradiation used in decomposing the palladium(II) chloride
affects the photocatalytic activity of the samples. The
change in photocatalytic activity for a 0.32 um titanium-
(V) oxide film as a function of photodecomposition time
of palladium(II) chloride is shown in Table IV. These

(34) X-Ray Powder Diffraction File (JCPDS), File No. 21-1272.
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Figure 4. X-ray diffraction pattern of a 0.42-um-thick TiO,
film with photodecomposed PdCl,. Only weak peaks of anatase
and palladium metal are present.

Table IV. Photocatalytic Activity as a Function of
Decomposition Time: 3 X 10-* M PdCl; Decomposed on TiO;
Thin Films

duration of UV photocatalytic
sample irradiation (min) activity (rel)
1 0 44 (2)
2 5 51 (2)
3 10 57 (2)
4 15 53(2)

results indicate a critical deposition time was needed in
order to give a photocatalyst with maximum activity.
Further deposition of palladium on the titanium(IV) oxide
film decreased the photocatalytic activity.

It has been indicated by Gerischer and Heller® that the
reduction of oxygen accompanying the photooxidation of
organic compounds is the rate determining step. They
proposed that a fast oxygen reduction rate is necessary for
achieving a high quantum efficiency in the photoassisted

Papp et al.

oxidation of organic compounds. Wang et al. showed that
the rate of oxygen reduction is increased when catalytic
sites such as (Pd? are incorporated onto the surface of
titanium(IV) oxide particles.2* The results reported in
Figure 2 are consistent with this model. The P25 samples
with palladium particles on the surface show activities
that are approximately 30 % greater than that of P25 alone.
The results reported in Figure 3 show that upon incor-
poration of palladium onto the surface of a titanium(IV)
oxide thin film, the activity is improved approximately
30% over pure TiO; films. These results show that the
rate of electron transfer from the titanium(IV) oxide thin
film to adsorbed oxygen is increased when Pd° is incor-
porated onto the surface; therefore, the rate of the
photooxidation of salicylic acid is increased. Thus, the
titanium(IV) oxide thin film results are consistent with
the model proposed for titanium(IV) oxide particles by
Wang et al.2

Conclusions

The addition of palladium to TiO; powder by both
photodecomposition and thermal decomposition increases
its photocatalytic activity toward the degradation of DCB.
The addition of palladium to a TiO; film by photode-
composition increases the photocatalytic activity toward
the degradation of salicylic acid. In both cases, a critical
amount of palladium was needed in order to give a
photocatalyst with maximum activity. X-ray diffraction
shows that the palladium on the surface of the catalysts
is metallic palladium. Undoubtedly, the palladium par-
ticles are playing an important role in the transfer of
electrons to the oxygen at the surface of the catalysts.

Acknowledgment. This research was partially sup-
ported by the National Renewable Energy Laboratory
under Subcontract No. XW 1-11034-1 and by the National
Science Foundation under Grant No. DMR 9016302.



