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Abstract

Colloidal oxide synthesis is a new technique for the preparation of bimetallic supported particles which provides the opportunity to control
particle size distribution and interaction between both metals. It consists in synthesizing in aqueous medium a sol of colloidal oxide Pd—Sn
nanoparticles which is further deposited onto a porous support. In this work, this method has been applied to the preparatigtibj ©¢—Sn
dedicated to the selective hydrogenation of unsaturated hydrocarbons. Two synthesissuitfiateespreci pitation and surface adsorption,
are described to demonstrate the potential of colloidal oxide chemistry to generate a bimetallic interaction in aqueous solution which is
strengthened during the reduction step after deposition onto alutdiign Mossbauer spectroscopyt¥Sn MS) and transmission electron
microscopy (TEM) were used to characterize the sols and the supported catalysts. This allowed us to determine the key parameters of colloid
oxide synthesis as far as formation of bimetallig.Bd, phases is concerned.
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1. Introduction Metallic colloidal synthesis has also been explored for
the preparation of mono and bimetallic supported catalysts
The control of the properties of bimetallic particles is a [5-9]. In this method, a metallic sol is first synthesized and
key point for studies devoted to establishing the relationships further deposited onto a support to yield the metallic sup-
between structure and reactivity. Indeed, catalysts with the ported catalyst after a mild activation step. Colloidal mono
same nominal composition may exhibit very different cat- or bimetallic particles are usually formed by condensation of
alytic performance because of differences in the active sitesthe metallic precursors using various methods [10] such as
at the nanometer scale. In order to control the characteristicsphotoreduction [11], radiolysis [12], or chemical reduction
of bimetallic supported catalysts, many interesting prepara- using an organic reducing agent [13—16]. Moreover, in order
tion methods have been investigated in the literature. Forto prevent sols from aggregation, organic ligands or poly-
instance, controlled surface reactions such as redox or elecmers are usually adsorbed on the metallic colloidal particles.
trochemical methods [1] and techniques based on surfaceas an example, poly{-vinyl-2-pyrrolidone)-stabilized Pd-
organometallic chemistry [2,3] have demonstrated their abil- hased sols modified by Pt [17], Au [18], Cu [19], or Ni [20]
ities to obtain well-designed bimetallic supported nanopar- hayve been obtained by solvent reduction by Toshima et al.
ticles. Progress in vapodeposition techniques has recentlyrneijr colloidal nanoparticles are characterized by a narrow
shown promising improvement for depoziting bimetallic ag- particle size distribution (mean diameter2 nm) and con-
gregates with a monomodal particle size distribution and {,o1ed structures (alloy, core-shell, etc.).
uniform composition [4]. Nevertheless, all those methods may have some specific
features which make them difficult to extrapolate to an in-
~* Corresponding author. dustrial scale like the use of organic precursors or solvents.
E-mail address: denis.uzio@ifp.fr (D. Uzio). For this purpose, aqueous medium remains the most suitable
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phase to prepare large quantities of catalysts. Moreover, dryparticles, whose mean diameter is 1.8 nm, have been pre-
impregnation and ion exchange followed by thermal activa- viously described [21]. A tin(IV) chloride solution ([Sr}
tion, which have been widely used to manufacture bimetallic 8.4 x 102 mol/L) is then added to the sol so that the molar
catalysts, have shown their limitations as far as a control of ratio Pd/Sn is equal to 2. The pH after addition of tin(IV) to
the particle size and composition at the nanometer scale isthe PdO sol is 12.0. In the following, the resulting bimetal-
desired. This is particularly true in the case of large particles lic sol will be referenced as the PdOSn sol. As in surface
required for demanding reactions such as selective hydro-precipitation, y-Al,03 (120 n?/g, beads from Axens) is
genation of polyunsaturated hydrocarbons. Indeed, the re-impregnated with the PdOSn hydrosol yielding the PdOSn
activity of the metallic precursors toward the oxide surface catalyst. In this route, the influence of the sol preparation
sites may be unfavorable to the bimetallic interaction if one time has been studied. In the PdOSn1 catalyst, the sol is im-
of the metallic complexes has more affinity with the support mediately deposited onto the support immediately after its
than with the other metal. preparation. But in the case of the PAOSNn2 catalyst, the sol
The sol-gel route has been largely reported for the syn- is agitated 75 min after preparation before impregnation of
thesis of a wide class of materials but the resources of thisthe alumina support. The corresponding sols are referenced
chemistry in the aqueous phase for the synthesis of bimetal-as the catalysts.
lic nanoparticles have not been exploited. Oxide colloidal  In this work, all the catalysts are dried 12 h at 220
route is a promising alternative to produce in aqueous so-and further air calcined 2 h at 20Q (5°C/min). If neces-
lution well-designed bimetallic supported catalysts. Already sary, they are reduced under hydrogen 2 h at a temperature
applied to the case of monometallic Ad,03 system [21], between 200 and 40@€ (5°C/min) before characteriza-
this method consists in the synthesis of oxide colloidal tion or catalytic evaluation (reported in part Il of this study
nanoparticles in aqueous solution prior to the deposition on [22]). The gas flow during these activation steps is set at
the support. Subsequent low thermal activation is sufficient 1 L/(h gcatalys)- The metal loadings of the bimetallic cata-
because the oxide phase is already formed. This work is dedysts have been determined by atomic emission spectroscopy
icated to the application of the oxide colloidal route to the (AES-ICP) like the concentrations of sodium and chlorides.
synthesis of bimetallic Pd-Sn catalysts. In this paper, the ex-
perimental procedures are given in Section 2 and discussion2.2. Characterization techniques
concerning the influence of the preparation parameters on
the final characteristics of the supported catalysts is in Sec-2.2.1. Transmission electron microscopy (TEM)
tion 3. Relationships between structure and catalytic prop- TEM was carried out on a JEOL 2010 at 200 kV. Particle
erties in selective hydrogenation of buta-1,3-diene will be size distributions were obtained by measuring more than 100
detailed in part Il of the study [22]. particles on the micrographs of the ZUDreduced catalysts.

2.2.2. 119 Méssbauer spectroscopy (11°Sh MS)

2. Experimental 1195 Méssbauer spectroscopy experiments were carried
out at the LAMMI (Montpellier) at room temperature us-
2.1. Catalysts synthesis ing an EG & G Novelec constant acceleration spectrometer

in transmission mode. The sourcejofrays wast®™Sn in
Two routes to colloidal oxide synthesis have been in- a BaSn@ matrix with a nominal activity of 10 mCi. The
vestigated in this papegsurface precipitation and surface velocity scale was calibrated using the magnetic sextet of a
adsorption. high-purity iron foil absorber as a standard, witfCo(Rh)
In the first route called surface precipitation, palla- as the source. All the spectra were analyzed by fitting the
dium(ll) is precipitated on the surface of colloidal parti- recorded spectra to Lorentzian profiles by the least-squares
cles of tin(IV) oxide Sn@ by progressively adding 0.5 N method using the ISO software [23]. Goodness of fits was

soda till pH 8 to an equimolar solution ([P&] [Sn] = controlled by the classicak? test. All isomer shifts are
4.2 x 10~2 mol/L) of palladium nitrate (Pd(N€)2 in nitric given relative to the center of the BaSx&pectrum recorded
acid from Heraus) and tin(IV) chloride (SiyCBH20 from at room temperature. The relative proportions of all different

Aldrich). The resulting sol is immediately wet impregnated species can be roughly estimated from their relative con-
onto ay-Al,03 (120 nt/g, beads from Axens) to yield the tribution to the total spectral absorption, provided that the
supported Pd-Sn catalyst which is called in the following probabilities for recoilless resonant absorptionyofadia-
SnG—PdO. tion are known for each individual species. These probabil-
In the second route called surface adsorption, a stannataties, expressed by the Lamb—Md&ssbauer fagtpdepend
complex Sn(OHY?~ is adsorbed on the surface of colloidal strongly on the lattice type and the bonding properties. The
nanoparticles of palladium oxide. The PdO nanoparticles areexact values of thef factors for the various species de-
first synthesized by adding a solution of palladium nitrate scribed here are unknown and are therefore supposed to be
([Pd] = 3.2 x 102 mol/L) into 0.5 N soda until pH 12.1.  identical. This simplification induces a small error which is
The synthesis and characterization of these PdO colloidalestimated to be approximately 10%. The absorbers were pre-
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pared from 2.5 g of catalyst in specific Pyrex cells which can presented here). Moreover, analysis of the different catalysts
be sealed under controlled atmosphere in order to avoid anyby X-ray diffraction did not allow us to observe X-ray pat-
exposure to air and then transferred into the spectrometerterns relative to the alumina-supported metallic phase.

For the study of the Sn(Ol~ solution and the PdOSn1
sol, 2 cn? of blotting paper has been impregnated with 2 ml
of these solutions and then cooled +d93°C in a cryo-
stat before recording the spectra. The Sn(g3H)solution
(ISn] = 1.3 x 102 mol/L) has been prepared by dissolu-
tion of SnCl - 5H,0 in 1 M soda. The PdOSn1 sol is frozen
immediately after preparation.

3. Resultsand discussion

The main characteristics of the different catalysts pre-

3.1. Surface precipitation route

In this route, an acidic bimetallic solution of Pd(NO
and SnCJ - 5H,0 is progressively neutralized by 0.5 N soda.
The UV-vis spectrum of the starting Pd—Sn solution dis-
plays an absorption band at 427 nm which can be assigned
to PACE(H20)~ or PdCh(H20), complexes [24]. This re-
sult indicates that chlorides originating from the stannic
salt SnCj - 5Ho0 preferentially coordinate with palladium.
As complexation of palladium with chlorides decreases its

pared via surface precipitation and surface adsorption areacidity [25], the palladium complex is neutralized after the

summarized in Table 1.

tin(IV) complex in the bimetallic solution as illustrated in

For all the catalysts, both Pd and Sn are located in the Fig. 1. Until point A, both free protons and tin(lV) are neu-
periphery of the beads in a narrow shell of about 150 um tralized whereas palladium reacts with hydroxide anions be-
thickness as shown by Castaing Microprobe analysis (nottween points A and B.

Table 1
Main characteristics of the different catalysts
SnQ,—PdO PdOSn1 PdOSNn2
Method Surface precipitation Surface adsorption Surface adsorption
Preparation time (min) 15 15 90
Pd (Wt%) 0.30 0.30 0.30
Sn (wt%) 0.33 0.17 0.17
Molar Pd/Sn 1 2 2
Na (wt%) 0.50 0.70 0.70
Cl (Wt%) 0.40 0.20 0.20
Surface
L f . PdO
Neutralisation Precipitation
Snlv
+ Pd
(DH2) 3)
14
Ol 12 |
10 | B
A H
Pd(H20),> 8 reon P
pH 6 A| 34 35
= ) 4 B| 42 8.0
— - 2 7.#)
IEI PdCI3(H,0) 0 : :
SnCL(OH),”  ¢h 0 2 4 6 8

VNaon (ML)

(1) H +OH - H0
(2) Sn"V+40H —Sn0,+2 HO
(3) PACL(H,0) +2 OH — PdO + 3CI'+ 2H,0

Fig. 1. Neutralization curve by 0.5 N soda of a bimetallic solution of F8HY: 5 mL Pd(NG;), in HNO3 0.165 N+ 5 mL SnCl -5H,0 in HyO
(ISn] = [Pd] = 4.2 x 10~2 mol/L).
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Fig. 2. Patrticle size distribution of SBEPdO catalysts measured by TEM. 0,095

The colloidal solution obtained at point B (see Fig. 1),
i.e., when tin(IV) and Pd(Il) have been subsequently neutral- 0997 s ‘ )
ized in this order, is then impregnated in the porosity of the - ‘ Eanom
y-Al203 beads. The resulting SrEPdO catalyst has been 0.994 — T T T
then characterized by TEM and Mdssbauer spectroscopy. I :

Fig. 2 displays the particle size distribution obtained by ]
TEM analysis for the Sn@-PdO catalyst. A rather narrow 0993
distribution is observed centered on 2.2 nm average diame- 1 Sn'™ 16%
ter. Micrographs also show the presence of some aggregated *%°’]
particles between 50 and 200 nm in size. When compared 0,4 .0, p40

to the size distributions of Sndmean diametes 2.0 nm) 1 Reduced at 300°C B pasn 5%

and PdO (mean diameter1.8 nm) nanoparticles prepared 0.992 — 1 T . T r T T 1

using the same route, such a result is consistent with the for- e E = ¢ 2 4 o
mation of a PdO coating onto Spa@anoparticles. Indeed, 8(mms")

considering the mean size of Sp@articles and the molar Fig. 3. 119n Mossbauer spectra of the S@®dO catalyst calcined at
Pd/Sn ratio, surface precipitation of PdO onto Sniould 200°C (top) and further reduced at 260G (middle) and 300C (bottom).

only concern a few atomic layers-of PdO and therefore
would slightly increase the mean diameter of the starting the SnG—PdO catalyst are presented in Fig. 3 and the dif-
particles. Moreover, heterogeneous nucleation is expectedferent Mossbauer parameters are reported in Table 2. After
to occur due to more favorable energetic pathways whenair calcination, the isomer shistis about 0.04—0.09 mjs,
compared to homogeneous nucleation. Coatings of hematiteindicating the presence of stannic tin. Upon reduction with
a-FeO3 or TiO, particles with different metallic oxides  hydrogen, tin progressively incorporates into palladium to
have been reported in the literature using similar synthe- form bimetallic phases R&n,: PdSn, the expected one
sis routes [26—28]. However, at this point, the formation of (Pd/Sn= 1), but also PgSn. The composition of these
PdO and Sn@nanoparticles with no interaction can be com- phases has been estimated from the values of isomer shifts of
pletely ruled out. bulk Pd-Sn alloys or intermetallics [29] which are linearly
Regarding the interaction between palladium and tin, dependentwith the tin proportion [30,31] and by comparison
11951 Mossbauer spectroscopy is a powerful technique giv- with recent Méssbauer studies on Pd—Sn catalysts [32,33]. It
ing access to the variation of the oxidation state, environ- is remarkable to note that 57% of tin is in the metallic state
ment, and electronic effect relative to Sn. Spectra relative to after reduction at 200C whereas tin remains in thelV

Table 2
Hyperfine parameters of refined spectra of the S+IO catalyst after calcination and reduction: isomer stiiftglative to BaSn@, quadrupole splitting4),
full width at half-maximum (7), and relative contribution (RC)

Sample § (mm/s) A (mmy/s) I (mm/s) RC (%) Sn species
SnGQ,-PdO 0.04 (1) 0.51(2) 88(2) 81 s typel
calcined at 200C 0.09 (4) 0.95 (7) ® (1) 19 siY type2
SnGQ,-PdO 0.06 (3) 0.71(3) 02(5) 43 s typel
reduced at 200C 1.63 (5) 1.02 (3) ®2 (5) 35 PgSH?
2.05 (6) 1.08 (4) ®2 (5) 22 PdsA
SnQ,-PdO 0.06 (4) 0.59 (7) .05 (5) 16 s typel
reduced at 300C 1.74 (3) 1.15(5) D5 (5) 26 PgSr?
1.94 (1) 0.61 (3) D5 (5) 58 PdsA

a After the parameters reported for Pd—Sn bulk alloys and intermetallics in [29].
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oxidation state under the same conditions in an alumina- "0 feeRss

supported tin catalyst prepared as $aPdO but without 0991

(]

o

=
palladium. After reduction at 30, the amount of reduced £ 0,98
tin alloyed with palladium reaches 84% which is a clear indi- E 0.97 - 118 Sn
cation of the initial strong interaction existing in the oxidized & 0.96- :
state between the two elements. Interestingly, among the 2 1 G : ‘PdO‘!Sn(OH)ﬁz'

two forms of stannic species observed after calcination, the &
second one, W type 2, disappears upon reduction. Being & 0.941
characterized by a highih value consistent with a distorted 0,93 -
local environment of tin, this species could be attributed to -2 -1 0 I 2
tin in very close interaction with palladium. Even more in-
terestingly, almost all the palladium is alloyed with tin after
reduction: 92%(35 x 2 + 22 = 92) at 200°C and 100% Fig. 4.1195n Méssbauer spectra-ail93° C of (@) the Sn(OH}2~ solution

(26 x 2+ 58=110) at 300°C. Alumina-supported tin is and of ) the bimetallic PdOSn1 sol (PdO spISn(OH)2~) at the same
known to be hardly reduced at the metallic state because,in concentration ([Snf 1.3 x 10~2 mol/L).

among others, of the formation of tin aluminate species [34].

This is what is usually observed with conventional prepara- an increase of the electronic density of tin whereas that of
tion methods such as impregnation [32]. In the case of the A is related to a decrease in the symmetry of the close en-
SnG-PdO catalyst prepared by surface precipitation in the vironment of tin. Hence, these results are consistent with
oxide colloidal synthesis, the formation of Pd—Sn alloyed the adsorption of Sn(Olj~ complexes onto the PdO col-
phases is strongly favored, indicating that an intimate inter- |oidal nanoparticles. Unfortunately, the Mdssbauer spectrum
action between Sn and Pd has been set in the sol consistendf the PdOSn1 sol could not be decomposed into two con-

Sn(OH) 2

o (mm/s)

with precipitation of PdO onto colloidal Sn(articles. tributions, the one related to adsorbed stannate and the other
_ related to free stannate, because the corresponding hyperfine
3.2. Surface adsorption route parameters were too close.

At pH close to 12, the surface of palladium oxide is

In this route, a stannic complex is contacted with an alka- negatively charged because of its point of zero charge:
line hydrosol of 1.8 nm particles of PdO. After the addition PZC(PdO)= 4.5 [21]. Therefore, electrostatic adsorption of
of the tir?(IV). chloride solution to the PdO sol, the starting_ the stannate anion to form an outer sphere complex [36]
pH 12.11s slightly decreased to pH 12.0. Under these condi- yith the negatively charged PdO surface is not likely because
tions, chlorides are substituted in the coordination sphere of ¢ glectrostatic repulsion. Using the multisite complexation
tin(IV) by hydroxo anions which are in large excess yielding  model (MUSIC) [37,38], the different sites present at the sur-
the stannate Sn(Okfj~ complex. In the following, the PAO  tace of palladium oxide have been simulated in our previous
sol added with Sn(OHf~ anions will be referenced as the study [25]. According to this model, in the investigated range
PdOSn sol. Immediately after its preparation, the bimetal- o gikaline pH values, 2 surface hydroxyl groups are sup-
lic sol, referenced as PdOSN1 sol (see Section 2), has bee’bosed to coexist, PEOH? (12 sites) and Pg-0~°5 (43
frozen in liquid nitrogen and characterized bysn Moss- sites), yielding a negatively charged surface as expected. In
bauer spectroscopy. The frozen solution spectrum of a stan+njs route, adsorption is suggested to proceed via chemisorp-
nate solution at the same tin concentration as in the sol has;jgp, (hydrolytic adsorption) of stannate leading to the forma-

also been recorded as a reference (see Fig. 4). tion of an inner sphere complex [39] as described in
The difference between the spectra recorded for the

Sn(OH)?~ solution and the bimetallic PdOSN1 sol is sig- Pb—OH® + HO-Sn(OH}?>~ — Pch—O—Sn—(OH)>~
nificant. An isomer shift close to zero is expected for the

; . + H20. 1)
stannate solution because such a value, already reported in
the literature [35], is typical of a symmetric environment In this work, the influence of the preparation time of the
in the coordination sphere of tin. In the bimetallic sol, the PdOSn sol has been studied because we know from previous
increase of bottd and A when compared to the stannate studies on PgAl,O3 catalysts prepared via colloidal oxide
solution indicates a modification of the coordination sphere synthesis [25] that this parameter is crucial to control the
of tin (see Table 3). The increase dttan be correlated to  state of aggregation of the supported palladium particles. In

Table 3

Hyperfine parameters of refined spectra of Sn(g?H)sqution and PdOSn1 sol recorded-at93°C

Sample 8 (mmy/s) A (mmy/s) I (mm/s) RC (%) Sn species
Sn(OH)2~ solution 0.035 (4) 0.335(7) 0.794 (8) 100 "'$rsymmetric environment

PdOSH sol 0.128 (3) 0.396 (6) 0.784 (8) 100 Nsgistorted environment
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Fig. 6. TEM micrograph of an aggregate of particles on the PdOSn2 cata-
lyst.

Number of particles (%)

ditions, small aggregates (about 100 nm) of PdO particles
207 = (7 <>=29nm in the sol are readily dispersed during wetness impregnation
yielding a Pg Al,O3 catalyst with isolated supported palla-
dium particles. On the other hand, for higher sol preparation
times, three-dimensional aggregates whose size does not ex-
ceed 200 nm can be observed by TEM on the catalyst. In this
case, the aggregates are not fully redispersed after impreg-
nation on the support. To explain the irreversibility of this
redispersion, it is proposed that weak interactions (e.g., van
1,5 1.8 21 24 27 30 33 3,6 39 42 45 438 der Walls attractive forces) exist between PdO nanoparticles
inside the aggregate when newly formed (small preparation
time). These interactions are weak enough to be destabi-
Fig. 5. TEM micrograph of the PdOSn1 catalyst and particle size distribu- lized by the charged alumina surface during impregnation on
tion. the support. When the preparation time of the sol increases,

the cohesion of the aggregates is strengthened by the for-
the PAOSN1 catalyst, the sol is immediately impregnated af- mation of chemical bonds between the PdO particles. The
ter its preparation while in the PdOSNn2 catalyst, the sol is redispersion of the aggregates by the support then becomes
agitated 75 min before impregnation. A TEM micrograph impossible. In the case of the bimetallic PdOSn catalysts,
and the particle size distribution of PdOSn1 are presentedthe aggregate of particles observed in the catalyst having the
in Fig. 5. For this catalyst, only isolated supported particles longer preparation time, PdOSn2, is suggested to proceed
have been observed. When compared to the starting PdO parvia the same kind of mechanism.

Particle size (nm)

ticles (mean patrticle size 1.8 nm [25]), the mean particle The difference in the state of aggregation of the sup-
size increases to 2.9 nm but the standard deviation of the dis-ported particles of PdOSn1 and PdOSn2 implies pronounced
tribution is kept the same. differences in the formation upon reduction of the bimetal-

For the PdAOSN2 catalyst, together with isolated supportedlic Pd, Sn, phases as demonstrated by the followlddsn
particles, three-dimensional aggregates of particles can alsaviéssbauer spectroscopy study. The Mdssbauer spectra are
be observed by TEM (see Fig. 6). A similar particle size presented in Fig. 7 and Fig. 8, respectively for PdOSn1 and
distribution with the same mean diameter as in PdOSn1 PdOSn2 and the corresponding hyperfine parameters are re-
has been determined by analysis of the isolated particles ofported in Table 4.

PdOSN2. For the PdOSN2 catalyst, a significant amount ofS#d

Concerning the state of aggregation of the supported alloy can be observed after reduction at 200 By contrast,
particles, the difference between the PdOSn catalysts carfor the PdOSn1 catalyst, there is no bimetallic species un-
be explained by taking into account the aggregation of der the same conditions. However, the reduction of tin is
the colloidal particles in the sol occurring with increasing initiated as proven by the presence of 8% of' SRor this
preparation times. Indeed, it has been demonstrated in thecatalyst, formation of bimetallic species starts at 30@&nd
monometallic case that the aggregation of the PdO colloidal increases with the reduction temperature: 10% of PdSn at
particles occurs in the sol with time [25]. If the catalyst 300°C and 49% of the expected $£%h alloy at 400C.
synthesis—including the preparation of the sol and depo- In both catalysts, the molar P8n is 2. Hence, the maxi-
sition on the support—does not exceed a few minutes, ag-mum amount of Pg5n observed approximately corresponds
gregated PdO patrticles in the sol may be easily dispersedto 50% of alloyed palladium. Stannous tin is an intermedi-
when contacted with the AD3 support. Under these con- ate species between stannic tin and reduced tin and acts as
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Relative transmittance Relative transmittance

1.002 T T T T T T Y T Y T Y

1.000

0,998 —
PdO-Snl ]
=4 Calcined at 200°C A" 0.996 =

09947 paosn2

Calcined at 200°C

Sn'V 92%

Reduced at 200°C

sSn'V 67%

PdOSn2
Reduced at 200°C

0 995.-. Reduced at 300°C

i 6 4 -2 0 2 4 6
1000
0.999- & (mm.s™)
0.998
b e sn'V 51% Fig. 8. 119gn Mossbauer spectra of the aggregated PdOSn2 catalyst after
B calcination (top) and reduction (bottom) at Z0D.
0.996]
0995_- Reduced at 400°C
T T T T T v T y T y Table 4
-6 -4 -2 0 2 4 6 Hyperfine parameters of refined spectra of the PdOSn1 and PdOSn2 cata-
8 (mm.s!) lysts after calcination and reduction
110 Sample § (mm/s) A (mm/s) I' (mm/s) RC (%) Sn species
Fig. 7.7+7Sn Mdssbauer spectra of the PdOSn1 catalyst calcined &00 - V;
(top) and reduced at 20@, 300°C, and 400 C (bottom). PdOSn1 calcined  0.02 (1) &2 (1) 0.98(2) 100 si
at 200°C
PdOSn1reduced 0.02(1) .67(1) 0.94(2) 92 sV
a precursor of the bimetallic Pd—Sn species. As Sn is not at200°C 26409 2@ 10 8 sd!
supposed to migrate easily on alumina because of the for-pdosni reduced 0.12 (1) .8D(1) 0.94(3) 67 stV
mation of tin aluminate [34], its incorporation into palladium  at300°C 205(8) 07(1) 0943 10 PdISn
demonstrates that the stannate anions adsorbed on the PdO 269(4) 2496 0943 23 st

particles in the sol remain in the vicinity of palladium after PdOSnlreduced 0.19(2) .M (3) 109(4 51 Shid
the deposition step of the sol onto the support. The increased 2 400°C 170(3) 044G 1094 49 PgSn
mean particle size observed for the PdOSn catalysts coulddOSn2 calcined 0.02(1) .8B(1) 096(2 100 s
be explained by migration onto alumina of a part of the ad- at200°C
sorbed stannate near the PdO particles. PdOSn2reduced 007 (3) .@B(3) 1006 60  SiY

The different behavior of the PdOSn catalysts toward ar200°c 157(4) 06® 10 40 Pasn
bimetallic phase formation upon reduction is attributed to the
different states of aggregation of their supported particles. It 4. Conclusion
is suggested that tin is in stronger interaction with alumina
for isolated supported particles. On the contrary, in the case In a conclusion, the chemistry of colloidal oxide pro-
of aggregates of particles, tin inside the aggregates does novides powerful routes like surface precipitation and surface
interact with alumina and therefore forms bimetallic species adsorption to prepare bimetallic supported catalysts in aque-
under reducing atmosphere at lower temperature. For thisous medium. By taking into account the specific reactivity of
reason, formation of R&n, species in PdOSN1 (isolated metallic cations in aqueous solution depending on pH or lig-
particles) occurs at higher temperatures when compared toand effects, bimetallic colloidal particles can be obtained in
PdOSN2 (aggregatesisolated particles). In conclusion, the the oxidized state as clearly demonstrated'Bgn Moss-
aggregated state of colloidal particles promotes the interac-bauer spectroscopy for the adsorption of stannate anions
tion between the two elements leading to the formation of an onto PdO nanopatrticles in the case of surface adsorption. For
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