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Abstract

Supported metal catalysts have been applied in many current industrial processes. The morphology of metal particles coated on support has
been proven to affect the performance of catalysts greatly. In this study, a simple photodeposition process will be introduced to coat palladium
onto titanium dioxide with an emphasis on the morphology control and size distribution of palladium particles. The effect of pH on the
morphology of palladium particles was systemically investigated. It is found that the deposited palladium particles can be controlled to have
narrow particle size distribution and homogeneous dispersion by a simple pH-controlled process during photodeposition. Experimental results
demonstrate that the adsorption competition between @ttl PACJ>~ or it's hydrolytic anions can efficiently keep local concentration of
palladium ions on titanium dioxide extremely low to control the morphology of deposited palladium particles on titania. The as-prepared
Pd/TiG; particles are found to be crystallitic stable indicated by TEM, XRD and XPS measurements.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction high performance for most reactions), becomes particularly
desirable for the improvement of performance of cata-
Supported metal catalysts play a crucial role in industrial lysts[10,11]and the understanding of mechanism of some
chemistry and have been used extensively in many im- size-dependent or structure-sensitive reactions such as the
portant industrial processes such as refining of petroleum,breaking or making of C—C, N-N, or C-O bonds5,8].
conversion of automobile exhaust, hydrogenation of car- In recent years, the study of metal nanostructured mate-

bon monoxide and hydrogenation of fats, dfic-7]. Many rials has also attracted intense research due to many new
results have been reported about how the morphology ofunusual properties such as electromagnetic, and optical
metal particles affects the specific activity of catalyi&k properties[12,13] The uniformity of nanoscaled metal

A suitable size of metal clusters and higher dispersion for particles is crucial in controlling their novel collective prop-
a given metal loading are preferred for the actiyBy. The erties, which differ from those of bulk materigl4,15] As
smaller the metal particles are, the larger the fraction of the special material exploitation, the synthesis of nanostruc-
metal atoms that are exposed at surfaces, where they aréured supported noble metals with high surface area and
accessible to reactant molecules and available for catalysissharp size distribution also presents a significant challenge
For industrial applications, the preparation of supported for material scientist§l6,17].
metal catalysts is not only required to have good perfor- Traditionally, supported metal catalysts are typically
mance of catalysts, but also is eager for having high efficient prepared by impregnation of high-area support with an
of metal coating because of the expensive metal cost. Theaqueous solution of a metal salt, followed by heating in air
preparation of supported metal catalysts with deployment (calcining) and reduction in hydrogen. The resultant metal
dispersion and narrow size distribution of metal particles, particles on support are usually heterogeneously dispersed
especially having average size of 1-5nm (usually showing with broad size distribution, and some metals cannot deposit
onto the surface of support. Although many new techniques
have been developed to improve the dispersion of metal
* Corresponding author. Tek:86 22 23500341; fax+-86 22 23500341, particles and control the size distribution of metal particles
E-mail address: guanj@public.tpt.ti.cn (N. Guan). on support in the recent yedis8—22] the coating amount
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of metal was usually low and incompletely conversion of
metal precursor still remains.

In this study, a simple and straightforward photodeposi-
tion method was employed to deposit palladium nanopar-
ticles on titanium dioxide (Deggussa P-25) with a certain
degree of control in coating morphology. Unlike conven-
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2.2. Characterizations

Transmission electron micrographs were obtained on
a Philips EM-120 TEM with an accelerating voltage of
100KeV. The particles obtained after the irradiation and
work-up were dropped onto the surface of carbon membrane

tional chemical routes, the simple method can be performedand dried at ambient conditions before analysis.

at room temperature without introducing any foreign re-
ducing agent and the photodeposition of palladium ions
is nearly 100%. As a result of the pH-controlled process,

homogeneous dispersion and sharp size distribution of pal-

ladium particles can be prepared in the basic pH region
of 10-13, where OH can efficiently compete with palla-
dium anions to adsorb on titanium dioxide to control the
morphology of deposited palladium particles.

2. Experimental
2.1. Preparation of catalysts

Anamount of 1 g NaPdCl, was dissolved in 100 ml bidis-
tilled water as the precursor of palladium ions. A typical pho-
todeposition was carried out in a 250 ml round bottom flask
using a 250 W high-pressure mercury light with main wave-
length of 365 nm as outer-irradiating light source. A suspen-
sion containing 500 mg Ti®(Degussa P-25 with anatase/
rutile crystalline ratio of 8:2 and surface area of 50g)
and certain amount of above mentionedb, RACl; solution
in 120 ml twice-distilled water were prepared, and then
8 ml ethanol were added. The initial pH value of the slurry
was adjusted to the desired value by a solution of NaOH
(0.1 M) or HNGs (0.1 M). The suspension was purged with
high-purity Nb atmosphere to remove oxygen. The slurry
was mechanically stirred throughout the process. During
irradiation, the concentration of Pd&t and the pH of the
solution were monitored at 30 min intervals. A slurry sample
(ca. 6 ml each) was withdrawn and centrifuged at 7000 rpm
for 10min. The supernatant was analyzed by atomic ab-
sorption spectroscopy. After 6 h of irradiation, the particles
were filtered, washed and dried ip low at 473K for 3 h.
The samples were then analyzed by TEM, XRD and XPS.

For a concise demonstration of our method, this paper re-

ports mainly the results of high loading (16 wt.%) samples,
for which high dispersion is generally considered more dif-
ficult to obtain than low loadings.

X-ray photoelectron spectroscopy (XPS) was performed
using PHI 5300 ESCA instrument (Mg oK radiation;
1253.6eV; 107 Pa). The C 1s photoelectron peak (binding
energy at 284.6 eV) was used as energy reference.

X-ray diffraction (XRD) patterns were collected
on D/max-2500 commercial instrument (CuaK X
= 1.54178 A) with a scan speed of 2 8.0°/min.

Atom absorption spectroscopy (AAS) was done using
HTAZHI 180-80 (Japan). An amount of 100 mg as-prepared
catalysts were dissolved in aqua regia solution and cen-
trifuged to analyze the concentration of palladium in the
supernatant.

3. Results

Unlike conventional chemical routes, the reduction reac-
tion described here can be performed at room temperature,
and introduction of additional reducing agents into the re-
action system is not required. The results of AAS analysis
show that the photodeposition of palladium ions is nearly
100% to the completion after 6 h irradiation in all cases. Ac-
cording to the deposition mechanidags. (1)—(5)of palla-
dium, one point can be found that the pH value of solution
will decrease because of the formation of kbns during
photodeposition.

TiOo +hv — e +pF(hw > Epg) 1)
Hy0 <> HT + OH™ 2)
OH™ +p* — OH® — 1H,0+ 10(g) 3)
PdCL?~ +2e~ — Pd + 4CI- 4)
mPd — Pd, (5)

To investigate the pH effect on the morphology of de-
posited palladium, a set of photodeposition experiments

were carried out by controlling the pH value of slurry at the

region of: below 6; 6-8; 8—-10; 10-12; 12-13, respectively.

Table 1

The preparing conditions and TEM results of Pd/Fiarticles prepared in different pH regin

Sample name Preparing pH region Average diameter (nm) Statistic histogram TEM result
Sample A Below 6 - - Fig. 1a

Sample B 6-8 - - Fig. 1b

Sample C 8-10 3.84& 0.5 Fig. 2b Fig. 2a

Sample D 10-12 2.2 0.2 Fig. 3b Fig. 3a

Sample E 12-13 2.6 0.15 Fig. 4b Fig. 4a

aQOther conditions: Ti@: 500 mg; distilled water: 120 ml; N®dCl; solution: 23 ml; reduction time: 6 h.
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As shown inFigs. 1-4 the dispersion morphology and
size distribution of deposited palladium particles are dis-
tinctly affected by the pH value of slurries. When a sim-
ple dispersion of Ti@ particles containing palladium ions,
without any pH adjustment, was exposed to ultraviolet irra-
diation, the pH values of slurry was usually kept at below
6. The surface-adsorbed palladium ions can be reduced and
subsequently accumulated on piQarticles via a photode-
position process (sample A). The size of these metal islands
is typically large and heterogeneously disperséid. 1la
shows its representative TEM image.

As for sample B, prepared at the pH region of 6-8, most
coated palladium particles are polydispersed and overshad-
owed on TiQ particles. The typical TEM result is shown in
Fig. 1. TEM images of Pd/Ti@ particles prepared at: (a) pk 6; (b) Fig. 1h
pH = 6-8. With the increase of pH value of preparation slurry, a re-

markable improvement in dispersion of palladium deposits
The particles prepared under corresponding conditions arewas found on sample C. Finally, the deposited particle size
referred as samples A—E. The key experimental parametersand distribution are much more uniform for samples D and E
and results are summarized Table 1 The representative  which were prepared at the pH region of 10-ER)s. 2a-4a
TEM images of representative particles for each case areshow their representative TEM results dfids. 2b-4bshow
shown inFigs. 1-4 their corresponding histogram of size distribution, which
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Fig. 2. TEM images (a) and its statistics histogram (b) of Pd¢Tjg@rticles prepared in the pH region of 8-10.
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Fig. 3. TEM images (a) and its statistics histogram (b) of Pd¢Tjp@rticles prepared in the pH region of 10-12.
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Fig. 4. TEM images (a) and its statistics histogram (b) of PdfTjp@rticles prepared in the pH region of 12-13.

show the improvement of size distribution. As a whole, a
basic solution produces narrower size distribution and ho-
mogeneous dispersion of palladium particles on the support.
For many catalytic reactions, the valence of coated metal 40.12°
greatly affects the reactivity of catalysts. To confirm the ex-
isted states of palladium coated on }j@bove as-prepared E |
five samples were characterized by XPS and XRD mea-

MW
surementFigs. 5 and 6how their XPS profiles and XRD D JWW
patterns of samples A-E, respectively. Based on the binding C W
energy, metal state of coated palladium can be estimated. B H b Iy |
The powder XRD patterns of the pure TiGsubstrate
(Fig. 6) confirmed the presence of rutile and anatase with A | W \ Ao A
proportion as described Bection 2 For Pd/TiQ particles, TiO N ﬂ M |
three additional peaksp2= 40.12, 46.52, and 82.6 are 2
assigned to the metal crystals, which not only further con- L S R S S
firm the metallic state of the coated palladium particles, but 2 30 40 50 60 70 80 %
also shows their existed state as stable palladium crystals, 2 Theta (deg.)
which may be promising on improving the performance Fig. 6. The XRD patterns of Pd/TiOparticles prepared in different pH

of catalysts. The average size of palladium phase of the region: (a) pH< 6 (sample A); (b) pH= 6-8 (sample B); (c) pH= 8-10
Pd/TiO, was estimated according to the following equation: (sample C); (d) pH= 10-12 (sample D); (€) pH= 12-13 (sample E).

sample A Pd3d,, 3352eV kA

A
B sample B D =——cosf (6)
C sample C (IBC - ﬁs)

D sample D . . .

E sample E whereD is the grain sizej the X-ray wavelengths: and

Bs are the FWHM of the calculation phases and the standard
(single-crystal silicon), respectively. The numi€e= 0.89

is a coefficient;p the diffraction angle. The calculated re-
sults showed that the average size of palladium particles
of sample A-E was 14.5, 19.5, 4.1, 2.4 and 2.2 nm respec-
tively, in agreement with the results observed in the TEM.

1 1 1
345 340 335 330

Binding Energy (eV) 4. Discussions
Fig. 5. The XPS spectra of Pd/Ti(particles prepared in different pH .
region: (a) pH< 6 (sample A); (b) pH= 6-8 (sample B); (c) pH= 8-10 Many excellent properties have been found onzI{R-25

(sample C); (d) pH= 10-12 (sample D); (e) pH:= 12—-13 (sample E). type), which were widely used in many industrial fields,
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mainly as photocatalyst or catalyst suppf@8-27] TiO»
usually shows amphoteric and occurs as-named acid—base
equilibrium. Eqgs. (7)—(8) because of the existence of
“titanol” (Ti-OH) on the surfacg28].

TiOH + Ht < TiOH,", pH < 6.25 @)
TiOH < TiO™ + H*, pH> 6.25 ®)

The absorption property of Tiggreatly changes with en-
vironment of different pH value. If the pH value of solu-
tion is higher or lower than the identical electric point (IEP
= 6.25) of TiQ,, the surface of which will be negatively or
positively charged respectively. The further the pH value of
solution is from the IEP of Ti@, the more stable and the
better dispersed titanium dioxide particles will be. Oppo-
sitely, if near the identical electric point, Ti(articles will
be aggregated. Fig. 7. Variation of the initial photodeposition rate of palladium as a

As a prerequisite factor of coating metal, FiQarticles ~ function of the initial pH value of solution.
must be stable and well dispersed in the solution to allow
their surfaces to wholly expose to metal ions, otherwise the the other hand, the potential species of palladium ions are
adsorption and deposition of metal ions onto those coveredexpected to include mixed complexes such as pagf—,
surfaces will become impossible. Once metal ions adsorb PdCh(OH),2~, PACKOH)32~, and PdOH),2—, etc. besides
onto those exposed surfaces, they will be photoreduced toPdClL2~ [29] because of hydrolysis. As the presence of
initially form metal nucleus centers, which can act as the stronger covalent ligand of OHthan CI~, an adsorption
reservoir of photoinduced electrons to accelerate the metalcompetition between OHions and palladium anions or its
photodeposition. If not controlled, these metal particles will hydrolytic anions occurs to effectively keep the concentra-
fast grow and even overshadow the original ZiGhat is tion of palladium ions on titanium dioxide surface particu-
why most palladium particles in sample Bi§. 1b), prepared larly low and inhibit the fast nucleation and the fast growth
in the pH region of 6-8 close to the IEP of Tideading of metal particles. Consequently, homogeneously dispersed
to the aggregation of Ti@particles, are large and typically  palladium particles with narrow size distribution can be pre-
polydispersed. pared at the pH region of 10-12 or 12-1(. 33 Fig. 43.

Both nucleation kinetics and growth kinetics of metal will  Although the above-mentioned adsorption competition also
influence the morphology and size distribution of coated exists in the pH region of 8-10, the concentration of OH
metals. The simultaneous nucleation on different active sitesions is too low to effectively keep the local concentration
and slow growth of these metal nucleuses are preferred forof palladium ions extremely low. In addition, the pH value
the preparation of homogeneously dispersed metal particlesis not far enough from the IEP of Tilxto assure the Ti@
with sharp size distribution. It can be easily understood that particles stable in the whole process. Accordingly the resul-
if the growth of metal nucleus is too fast, minute diversity tant palladium particles prepared in the pH region of 8-10
of nucleation rate on different active sites in the initial stage can be disparted but a few aggregated metal particles are
of irradiation will cause great growth difference of nucleus. still found (Fig. 29. As a result of the fail in or disappear
The former deposited nucleus, acting as electron reservoir toof the as-named adsorption competition in the pH region
inhibit the recombination of photoinduced electron, can ac- of below 6, it is hard to control the coating morphology of
celerate the growth of metal particles and become big more palladium particles with homogeneous dispersibig(19
rapidly than those latter deposited nucleuses, which broad-for the rapid deposition of metal ions, even though JiO
ens the resultant size distribution of metal particles. An an- particles in this solution can be well dispersed. By compar-
ticipated way to weaken the influence of nucleation kinetics ing the TEM results ofFig. 23 Fig. 3aand Fig. 43 one
and growth kinetics of metal particles is to keep the local conclusion can be drawn that control the pH of the solu-
concentration of palladium ions on the surface extremely tion, providing competitor of palladium ions, is a simple
low. and effective way to control the nucleation and growth ki-

If the pH value of slurry is changed, both the surface netic and at last control the morphology of coated metal
charge of TiQ and the adsorption of palladium ions will be particles.
influenced. This phenomenon was expected contributing to  In our experiments, no attempts were done to study the
effectively control the local concentration of palladium ions mechanism of morphology control except that the initial de-
on the surface and the nucleation kinetics of metal particles. position rate in different initial pH value was carried out, and
In basic solution, on the one hand, Tiarticles can be sta-  the results of which are shown fig. 7 that the photodepo-
bly dispersed by adsorption of OHons on the surface; on  sition rate decreases with the increase of initial pH value, in

r/ pmol.min™

2 4 6 8 10 L
Initial pH value
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agreement with the assume in the discussion. Further work [5] M. Boudart, G. Djega-Mariadassou, Kinetics of Heterogeneous

is doing to study the performance of the catalysts. Catalytic Reactions, Princeton University Press, Princeton, NJ,
1984.

[6] B.C. Gates, Chem. Rev. 95 (1995) 511.
[7] P. Serp, P. Kalck, R. Feurer, Chem. Rev. 102 (2002) 3085.
5. Conclusion [8] G.A. Somorjai, Carrazza, J. Ind. Eng. Chem. Fundam. 25 (1986) 63.
[9] G.-W. Wu, K.-Y. Chan, J. Electroanal. Chem. 450 (1998) 225.
This paper introduces an innovative approach in control- [10] \T( ’gihm:? f\l “f_:g‘;‘:;dz A’\'l‘:t‘" S-A%”?;gég-l%i”isr‘i- M. Kimura,
. . . . . . al , N. , ur .
ling the coa.tmg morphology of palla(_j!um particles on 3iO [11] H-R. Chen, J-L. Shi, Y..S. Li, J.-N. Yan, Z.-L. Hua, H.-G. Chen,
surface during photocatalytic deposition. The control of lo- D.-S. Yan, Adv. Mater. 15 (2003) 1078.
cal palladium ion concentration on Ti@urface by introduc-  [12] M.E. Davis, Nature 417 (2002) 813.
ing OH™into preparation system was employed. The results [13] X. He, D. Antonelli, Angew. Chem. Int. Ed. 41 (2002) 214.
demonstrated that homogeneously dispersed palladium paril4] ?4 ?fggf)mﬁnlné N. Waldofner, H.G. Haubold, T. Vad, Chem. Mater.
ticles with shqrp size d|_str|but|qn on titanium dioxide could [15] S.H. Joo. S.J. Choi, I. Oh, J. Kwak, Z. Liu, O. Terasaki, R. Ryoo,
be prepared in the basic solution of 10-13. Both XPS and Nature 412 (2002) 169.
XRD characterized the coated palladium particles existed as[16] T. Bell, D.M. Antonelli, Adv. Mater. 10 (1988) 846.
metal state. The approach that validates in this study can be17] P. Mukherjee, C.R. Patra, A. Ghosh, R. Kumar, M. Sastry, Chem.
easily extended to deposit other metals onto reactive surface, _ Mater. 14 (2002) 1678.

. . . . [18] K. Mori, K. Yamaguchi, T. Hara, T. Mizugaki, K. Ebitani, K. Kaneda,
and has the potential to be applied in larger scale manipu- 3. Am. Chem. Soc. 124 (2002) 11572,

lation or synthesis. [19] J. Alvarez, J. Liu, E. Roman, A.E. Kaifer, Chem. Commun. (2000)
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