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We have examined the possibilities of preparing some bimetallic catalysts supported on TiO2 
(Degussa P-25) by UV illumination (h > 300 nm, radiant flux, 60 mW cm-2), at room temperature 
for 24 h, of aqueous suspensions containing 500 mg of this oxide, and cations of the desired metals 
in amounts corresponding to metal loadings between 0.5 and 2.5 wt% if complete reduction were 
achieved. In the case of the H2PtCI6-RhC13 couple, Rh deposition almost did not take place. For 
the mixture AgNO3-RhC13 at pH 2.6, Rh deposition was substantial but still incomplete. In contrast, 
Rh deposition was complete in aqueous ammonia (pH 11). TEM and STEM-EDX analysis of the 
solid recovered in this latter case showed that Rh formed 1- to 3-nm particles and was also found 
in 8- to 30-nm particles containing ca. 80 wt% Ag (with respect to Rh) presumably as a result of its 
deposition on more rapidly crystallized Ag. Solids prepared from H2PtCI 6 and Pd(NO3)2 were studied 
in more detail because both metals were completely deposited, at least at levels -<1 wt%. They 
were heterogeneous, since Pd and Pt formed ca. 1- or 3-nm crystallites, respectively; however, 
most of the crystallites were found to contain both metals with a high and varied proportion of Pd. 
An XPS Ar+-sputtering depth profile of the 1 wt% Pt-I wt% Pd/TiO2 sample showed a similar 
behavior for Pt and Pd, which might indicate the formation of a solid solution in some particles. As 
this formation is attributed to similar reduction rates for both metallic salts, it is inferred that alloys 
are obtained only in cases where the salts and conditions can be chosen to fulfill this requirement. 
This limits the capabilities of the photoassisted codeposition method for preparing effective bimetal- 
lic supported catalysts. © 1991 Academic Press, Inc. 

INTRODUCTION 

W h e n  a p h o t o s e n s i t i v e  s e m i c o n d u c t o r  is 
i r r ad i a t ed  in the  p r e s e n c e  o f  a nob le  me ta l  
sa l t  o r  c o m p l e x  wi th  p h o t o n s  o f  su i tab le  en-  
e rgy  (h -> Eg:  b a n d  gap  ene rgy) ,  the  me ta l  
can  be  d e p o s i t e d  as  smal l  c rys t a l l i t e s .  This  
p h e n o m e n o n  has  been  k n o w n  for  a b o u t  25 
y e a r s  (1, 2) bu t  has  on ly  b e e n  s y s t e m a t i c a l l y  
i n v e s t i g a t e d  o v e r  the  las t  f ew yea r s .  The  
me ta l s  u sed  h a v e  b e e n  Pt  (3-10),  Pd (8-18),  
Rh (8, 9), A u  (9, 19, 20), I r  (10), and  A g  (1, 
2, 21-27) .  T h e y  w e r e  d e p o s i t e d  on  va r ious  
s e m i c o n d u c t o r s ,  ma in ly  o x i d e s  such  as  

I To whom correspondence should be addressed. 

0021-9517/91 $3.00 
Copyright © 1991 by Academic Press, Inc. 
All fights of reproduction in any form reserved. 

Z n O ,  W O  3 , a n d  p r e d o m i n a n t l y  TiO2. Pho-  
t o s e n s i t i v e  sulf ides  such  as  C d S  can  a l so  be  
u sed  (10). The  p h o t o c a t a l y t i c  d e p o s i t i o n  has  
b e e n  e m p l o y e d  as  a m e a n s  o f  p r e p a r i n g  
m e t a l - s u p p o r t e d  c a t a l y s t s  (5, 6, I0,  13, 14) 
or  p h o t o c a t a l y s t s  (5) and  as  a p o t e n t i a l  
m e t h o d  o f  me ta l  r e c o v e r y  f rom a q u e o u s  ef- 
f luents  (8, 9, 19, 20, 27, 28). 

S e v e r a l  m o n o m e t a l l i c  c a t a l y s t s  have  thus  
b e e n  p r e p a r e d  and  the  c o d e p o s i t i o n  b y  the  
s ame  t e c h n i q u e  o f  two  me ta l s  was  s u g g e s t e d  
as  a p o s s i b l e  m e t h o d  fo r  the  s y n t h e s i s  o f  
b ime ta l l i c  c a t a l y s t s  (9, 10). H o w e v e r ,  i nves -  
t iga t ions  are  n e c e s s a r y  to  c h e c k  the  va l i d i t y  
o f  this  sugges t ion .  T h e y  inc lude  the  s t u d y  
o f  d i f fe ren t  meta l l i c  c o u p l e s ,  l oad ings ,  and  
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TABLE1 

Metal Loadings Obtained during the Photocatalytic 
Codeposition of Noble Metals on TiO2 (500 mg TiO2, 
Illumination Time, 24 h; Radiant Flux, 60 mW cm -2, 
->300 nm). 

Couple Metal wt% Desired wt% Obtained 

Rh-Pt  Rh 2.5 0.05 
Pt 2.5 1.4 

Rh-Ag Rh 1.0 0.6 
Ag 1.0 1.0 

Pt-Pd Pt 0.5 0.5 
Pd 0.5 0.5 

Pt 1.0 1.0 
Pd 1.0 1.0 

Pt 2.0 1.5 
Pd 2.0 1.9 

especially the effects of various parameters 
and conditions. 

In this paper, we present the photocata- 
lytic codeposition on TiO2 of three different 
couples: Pt-Rh, Ag-Rh, and Pt-Pd. The 
Pt-Pd and Pt-Rh couples are of interest 
because of their potential application in 
auto-exhaust catalysts (29), whereas the sig- 
nificance of the Ag-Rh couple is only aca- 
demic. TiO2 was chosen because of its 
efficiency in this method. The TiO2 Degussa 
P-25 sample used here is commonly em- 
ployed in photocatalytic processes for its 
especially high efficiency. 

Contrary to most previous studies, the 
data presented here include not only the per- 
centages deposited for each metal but also 
an examination of the metal particles by var- 
ious surface analysis techniques, conducted 
particularly to determine whether alloys are 
formed. 

EXPERIMENTAL 

Materials 

TiO: was Degussa P-25 (50 m 2 g- 1, nonpo- 
rous, ca. 70% anatase). Pure-grade reagents 
were purchased either from Merck 
(H2PtCI6, RhC13 , and AgNO3) or from Ven- 
tron (Pd(NO3)2). 

Photoreactor 

The photodepositions were carried out in 
a Pyrex flask of 100-cm 3 vol equipped with 
an optical window of the same material 
transparent to wavelengths >300 nm. UV 
light was provided by a Philips HPK 125 W 
mercury lamp. The radiant flux measured 
with a radiometer (United Detector Tech- 
nology Model 21 A) was 60 mW cm -2. 

Procedure 

The slurry containing 500 mg TiO2 in 40 
cm 3 of the solution was stirred under pump- 
ing for 2 min to remove air. After a second 
pumping following a period of 15 min of 
stirring under static vacuum, the photoreac- 
tor was oxygen-free according to the chro- 
matographic analysis. The subsequent illu- 
mination was carried out for 24 h. The metal- 
deposited samples were then separated by 
centrifugation and dried at 383 K in air for 
10 h. 

Analysis 

The concentration of the cations re- 
maining in the solution after illumination 
was measured by atomic absorption spec- 
troscopy. 

X-ray photoelectron spectroscopy (XPS) 
spectra were recorded with a Leybold-Her- 
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FIG. 1. Comparative photodeposition rates of Ag, 
Pt, and Rh on titania in separate experiments under 
identical conditions (mTi O = 70 mg; V = 10 cm 3 of 

3 10- M solution of Ag N(~3, H2PtCI 6 or RhC13). 
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TABLE 2 

Atomic Percentages Derived from XPS Analysis of 
the M-M'/Ti02 samples 

Sample 0 Ti M M' 

Pt-Rh/TiOz 66.9 32.6 0.5(Pt) n.m.(Rh) 
Ag-Rh/TiO2 67.8 31.8 0.1(Ag) 0.3(Rh) 
Pt-Pd/TiO2 69.5 29.5 0.5(Pt) 0.5(Pd) 

(1.0 wt% Pt-l.O 
wt% Pd) 

Pt-Pd/TiO2 67.8 30.7 0.5(Pt) 1.0(Pd) 
(1.5 wt% Pt-l.9 
wt% Pd) 

Note. n.m., not measurable. 

aeus LHS-10 spectrometer using MgKo~ ra- 
diation as the excitation source (1253.6 eV) 
and a pass energy of 50 eV. The binding 
energy (B.E.) reference was taken at the Ti 
2p 3/2 level of Ti 4÷ at 458.5 eV. Ion sputtering 
was carried out by means of a Peening ion- 
ization source supplied with argon and oper- 
ated at an accelerating voltage of 3.5 keV. 
Area calculations were made on line with 
the spectrometer by use of a HP-1000E com- 
puter. Sensitivity factors, supplied with the 
instrument, were employed to calculate the 
atomic percentages. 

Transmission electron microscopy 
(TEM) examinations were performed with a 
JEOL 100C microscope and STEM-EDX 
analyses were performed with a STEM field- 
emission gun (VGHB 501) equipped with a 
silicon-lithium diode detector (Link) and a 
multichannel analyzer (Tracor 5500). The 
samples were dispersed by sonication in eth- 
anol and deposited on a carbon film sup- 
ported on a copper grid responsible for the 
Cu signals in the EDX analysis spectra 
(Figs. 2 and 3). 

RESULTS AND DISCUSSION 

Previous Results on the Photocatalytic 
Deposition o f  Various Noble Metals 
on Titania 

Under the conditions used in an earlier 
report (10) (50 mg TiO 2 in 10 cm 3 10 -3 M 
metal salt solution, tuv = 1 h), the reactivity 
pattern that resulted was 

A g > P d > A u > P t > > R h  

- > I r - > C u ~ N i  = 0 

SCHEME 1 

The corresponding metal salts or complexes 
used were AgNO3, PdClz, AuCl 3, H2PtCI 6 
(or Na2PtCl6), RhC13 , H2IrCl 6, Cu(NO3)2, 
and Ni(NO3)2. 

The photodeposition of all the metals 
presently studied is thermodynamically pos- 
sible since the redox potentials of the metal 
or complex ions are in a favorable position 
with respect to the flat band potential of 
titania as discussed in Refs. (8, 9). More- 
over, the photodeposition of these metals 
does not need an electron-donor reagent 
since the electron transfer from the surface 
of titania to the metal ion or complex is 
spontaneous according to the favorable re- 
dox potential mentioned above. 

1. Photocodeposition o f  platinum and 
rhodium. For the photocodeposition of Pt 
and Rh, an aqueous mixture of HEPtCI 6 and 
RhC13 at pH 2 was used. The quantities were 
calculated to obtain deposits corresponding 
to 2.5 wt% for each metal. In fact, very 
reproducible results showed that the weight 
percentage of deposited Pt was 1.4 and that 
of Rh 0.05 only (Table 1). The quasi-absence 
of Rh deposition is consistent with its slow 
photodeposition rate as compared with that 
of platinum under the experimental condi- 
tions indicated in Fig. 1. However, an inhibi- 
tion of the Rh photoreduction as a result of 
the presence of HzPtCI 6 should intervene 
since rhodium can be photodeposited on a 
Pt/TiO2 sample (9, 30). Accordingly, Pt-Rh/ 
TiO2 catalysts cannot be prepared by photo- 
codeposition, at least under these condi- 
tions. 

TEM examination revealed the presence 
of metal particles of ca. 1-1.5 nm on most 
regions of the oxide support with, however, 
some areas carrying a greater number of 
metal particles. XPS spectroscopy revealed 
that platinum was essentially present as Pt 2+ 
species. These species were completely re- 
duced to Pt ° by treatment in a hydrogen atmo- 
sphere (10 Torr) at 473 K for I h. The hydro- 



TITANIA-SUPPORTED BIMETALLIC CATALYST SYNTHESIS 493 
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FIG. 2. TEM micrograph of the 1 wt% Pt-1 wt% Pd/TiO2 sample and STEM-EDX analysis of a 
bimetallic particle. 

gen t reatment  also removed chlorine ions as 
shown by XPS analysis of this element.  

2. Photocodeposition of silver and rho- 
dium. For  the photocodeposi t ion of  silver 
and rhodium, an aqueous mixture of AgNO3 
and RhCI3 at pH 2.6 was used. The quantities 
were calculated to obtain 1 wt% deposits of  
each metal. Highly reproducible results 
showed that silver was completely depos- 
ited, while ca. 40% of  the rhodium cations 
remained in the solution. Here  again, the in- 
complete photodeposi t ion of Rh can be at- 
tributed to its slower rate of  reduction (Fig. 
1). XPS analyses of  both metals are given in 
Table 2. The low intensity of  the Ag XPS peak 

reflects the low dispersion (particles of  8-30 
nm in diameter as shown by TEM,  in 
agreement with previous results for the pho- 
todeposition of  Ag alone (27)). XPS analysis 
also showed that rhodium is mainly present  
as Rh 3+ ions as expected from the aerial che- 
misorption of  oxygen during storage ac- 
cording to the stoichiometry (3•): 

2 Rh~ + az O2(g) ~ 2 Rh203 . 

These Rh 3+ species are reduced to Rh ° 
atoms by a H 2 t reatment  (PH2 = 10 Torr)  at 
473 K for 1 h (1 Torr  = 133.3 Pa). 

The photocodeposi t ion of  Ag and Rh on 
titania was also carried out at pH 11, which 
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FIG. 3. TEM micrograph of the 1.5 wt% Pt-1.9 wt% Pd/TiO2 sample and STEM-EDX analysis of two 
types of particles. 

was obtained with an aqueous solution of 
ammonia. It was complete for both metals. 
TEM and STEM studies revealed two kinds 
of metal particles: (i) rhodium particles (1-3 
nm in diam) occasionally concentrated on 
some areas of the support and (ii) 8- to 30- 
nm-diameter particles, containing ca. 80 
wt% Ag. The formation of these latter parti- 
cles can be explained by the deposition of 
Rh on the Ag particles previously formed 
because of their greater rate of deposition 
(Scheme 1 and Fig. I). This location is fa- 
vored by the alkaline medium as found pre- 
viously for the photodeposition of Rh on Pt/ 
TiO2 catalysts (30). These bimetallic parti- 

cles do not constitute alloys since the photo- 
deposition is sequential. Consequently, 
they are not of interest for catalysis but 
might be considered for other applications, 
for instance in the field of material science. 

3. Photocodeposition of platinum and 
palladium. For the photocodeposition of Pt 
and Pd, an aqueous solution of H2PtCI 6 and 
Pd(NO3) 2 was used at pH 1.9. The quantities 
were calculated to obtain deposits corre- 
sponding to three different loadings: 0.5, 
1.0, and 2.0 (in wt%) for each metal. The 
photodeposition was complete for both met- 
als in the case of the two lower contents, 
whereas only 1.5 wt% Pt and 1.9 wt% Pd 
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FIG. 4. XPS analysis of the 1 wt% Pt-1 wt% Pd/TiO 2 
sample. The treatments are indicated in the central part 
of the figure. 

were obtained in the third case (Table 1). It 
should be emphasized that these results re- 
fer to specific conditions. At other pH and 
illumination time, they would have been dif- 
ferent. 

TEM examination indicated that metal 
particles were distributed on all the grains 
of the support, although, as expected, the 
metal particle distribution was better for the 
samples with smaller contents (-<1 wt%) 
(Fig. 2). However,  even in that case, some 
regions of the support could be found with 
a higher density of metal particles. The di- 
ameter of the majority of the particles was 
ca. 1 nm. Some bigger particles of ca. 3 nm 
in diameter were also present but they were 
much less numerous and their number was 
smaller the lower the metal percentage. 
STEM-EDX analysis of the 1 wt% Pt-1 
wt% Pd/TiO 2 sample indicated the existence 

of three types of metal particles: (i) the ca. 
1-nm crystallites were principally consti- 
tuted by palladium but some of them also 
contained platinum; (ii) some ca. 3-nm parti- 
cles were formed of platinum; and (iii) most 
of the ca. 3-nm particles contained both pal- 
ladium and platinum (Fig. 2), with percent- 
ages varying from 50 wt% Pd-50 wt% Pt to 
80 wt% Pd-20 wt% Pt; i.e., palladium was 
always more abundant than platinum. The 
predominance of Pd could be due to a 
slightly higher initial rate of photodeposition 
of this metal. The weight difference in plati- 
num with respect to the nominal content 
could be accounted for by the existence of 
larger Pt particles (3 nm) as indicated above. 
The presence of bimetallic particles enables 
one to envisage the existence of a Pd-Pt  
alloy. 

Although STEM examination of the 0.5 
wt% Pd-0.5 wt% Pt/TiO2 sample was close 
to the detection limit, it provided similar 
results, qualitatively. 

The 1.5 wt% Pt-1.9 wt% Pd/TiO2 sample 
was more heterogeneous, with platinum 
particles sometimes agglomerated at TiO2 
grain boundaries, as is clearly visible in the 
micrograph of Fig. 3. 

XPS analyses were carried out on the 1 
wt% Pt-1 wt% Pd/TiO2 sample (Fig. 4). 
They indicated that Pt and Pd are mainly 
present as Pt 2+ and Pd 2÷ ions in agreement 
with previous results (4). In our opinion, 
this does not mean that the photoreduction 
of Pt TM is limited to the + 2 level, as sug- 
gested in Ref. (4), but to results from the 
chemisorption of ambient oxygen during the 
storage. Chemisorbed oxygen can be re- 
moved in a hydrogen atmosphere at 473 K 
(Fig. 4). Treatment in 10 Torr H2 at 773 K 
for 1 h produces a decrease of the binding 
energy of Pt and Pd in agreement with the 
occurrence of the so-called "Strong metal- 
support interaction (SMSI) effect" ob- 
served with metal catalysts prepared by im- 
pregnation and chemical reduction. 

The XPS analysis was completed by car- 
rying out an Ar+-sputtering depth profile. A 
model has been proposed (32) describing the 
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FIG. 5. Ar + sputtering: comparative XPS analysis of 
the depth profiles of the 1 wt% Pt-1 wt% Pd/TiO 2 
and the 1.5 wt% Pt- l .9  wt% Pd/TiO 2 photodeposited 
samples. 

sputtering behavior of catalysts or of any 
other powder formed by a carrier and a dis- 
persed phase supported on it. According to 
that model, the shape of the sputtering pro- 
files of the dispersed phase should provide 
some semiquantitative information on the 
average particle size and the formation of a 
solid solution. The depth profile of the 1 wt% 
Pt-I  wt% Pd/TiO2 sample (Fig. 5) shows 
identical behavior of both metals, which 
demonstrates that one metal does not cover 
the other and is in favor of a homogeneous 
bimetallic solid with a reasonably high prob- 
ability of the presence of a Pt-Pd alloy in 
most of the particles, according to the 
STEM analysis previously described. By 
contrast, for the 1.5 wt% Pt - l .9  wt% Pd/ 
TiO2 sample, the relative intensity of the 
palladium signal decreases more abruptly 
than that of platinum. This reflects a more 
heterogeneous catalyst with crystallites of 

palladium that are smaller than those of plat- 
inum and consequently more sensitive to 
Ar + sputtering. 

CONCLUSION 

The results of the three cases tested can 
consistently be interpreted on the basis of 
the reduction rates of the metallic cations 
considered (Scheme 1). Successive reduc- 
tions obviously cannot produce bimetallic 
solid solutions. Furthermore, the reduction 
of rhodium was found inhibited by the pres- 
ence of platinum or silver cations. In addi- 
tion, even in the favorable cases of not too 
different reduction rates, the Pt-Pd/TiO 2 
example shows that an acceptable distribu- 
tion of small metal particles is likely to be 
obtained only for contents -< I wt% as a re- 
sult of the agglomeration of crystallites in 
concentrated solutions or under prolonged 
UV illumination in diluted solutions; note, 
however, that these low contents are usually 
employed for most catalytic processes. This 
study also indicates that the design of an 
effective Pt-Pd/TiO 2 catalyst by this 
method would require further studies to de- 
termine more precisely the effects of various 
metallic salts or complexes and of various 
photoassisted deposition conditions to dis- 
cover those that achieve similar rates of re- 
duction and, accordingly, deposition. 
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