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Reaction of Sn(n-CsHy), with Rh supported on silica results in a new bimetallic Rh—Sn catalyst
which is extremely active and selective in the reduction of ethyl acetate to ethanol. Whereas
Rh/SiO, gives rise to a selectivity for ethanol of 57%, the Rh-Sn catalyst obtained by the organo-
metallic route results in a higher activity and a selectivity to ethanol as high as 98%. Above a Sn/Rh
value of 0.3, the activity varies linearly with the tin content which suggests that the enhanced
catalytic activity is due to a new intermetallic phase. The catalysts have been characterized at
various steps of the preparation. The starting reduced catalyst Rh/SiO, A with CO exhibits the
typical infrared absorption bands of linear and bridged CO. Reaction of oxidized A with Sn(xn-
C,H,), in refluxing heptane occurs mostly between Rh,0; and the organotin compound to give an
unreduced Rh'™-SnR, bimetallic surface complex B, the existence of which has been suggested
from mass balance, STEM, and IR spectroscopy. Reduction of B at 773 K under H, leads to
bimetallic particles with an average size of 2.2 nm and which do not contain any organic fragment
(catalyst C). C chemisorbs only 0.1 H/Rh, and 0.4 CO/Rh, which is in sharp contrast with the values
obtained with A (1.1 H/Rh, and 1.1 CO/Rh,). CO chemisorption on B gives only a single absorption
band at 2000 cm "' corresponding to linear coordination of CO. The presence of tin has apparently
three effects: (i) it decreases significantly the amount of CO and H, adsorbed; (ii) it apparently
isolates rhodium atoms from their neighbors; (iii) it increases slightly the electron density on
rhodium. Redox behavior of the Rh~Sn/Si0, toward O, and silanol groups of silica has also been
observed. With a fully reduced catalyst C, Rh® and Sn'® are fully oxidized by O, to Rh,O; and
SnQ,. Thermal treatment of catalyst C under flowing He results in an oxidation of tin by surface
silanol (or adsorbed water) to give a partially oxidized Sn species. H, is evolved during this
oxidation process. The origin of the high activity and high selectivity (without hydrogenolysis
property) of these catalysts is ascribed to the presence of a new catalytic phase in which rhodium
atoms are isolated from their neighbors without any ‘‘ensemble’” able to cleave the C—C and C=0
bonds of ethyl acetate. © 1988 Academic Press, Inc.

INTRODUCTION

A great variety of bimetallic catalysts has
been used in heterogeneous catalysis (1),
one of the major applications being cata-
Iytic reforming of crude oil (2). Among the
large variety of bimetallics studied, tin as-
sociated with a Group VIII metal has been
one of the most frequently used. Usually
Group VIII metals, especially platinum,
when they are associated with tin exhibit

higher selectivity and stability in hydroge-
nation (3) and dehydrocyclization (4) reac-
tions; they also exhibit a higher stability to-
ward sintering (5). It has been suggested
that the higher selectivities of those ‘‘modi-
fied’” catalysts were due either to a geomet-
ric effect of tin which would reduce the size
of the metallic ‘‘ensembles,’’ so that hydro-
genolysis would be suppressed (6), or to an
electronic effect of tin toward the Group
VIII metal (7).
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We report here that the addition of tin to
supported rhodium results in a catalyst
which is highly selective in the hydrogena-
tion of esters to alcohols; a preliminary ac-
count of this observation has already been
published (8). The particular features of this
catalyst come from its very specific prepa-
ration which involves the reaction of the
organostannic compound, SnBuy, with the
surface of rhodium supported on silica.
This observation raises the question of the
origin of the selectivity of these bimetallic
catalysts: are we dealing with an electronic
or a geometric effect or with a new class of
intermetallic catalyst where the association
of rhodium and tin via surface organometal-
lic chemistry results in a new active phase?
In order to answer these questions it ap-
peared necessary to study the surface or-
ganometallic chemistry of the interaction
between SnBu, and supported rhodium. In
this paper we describe the preparation,
characterization, catalytic properties, and
redox properties of the Rh—Sn/SiO, system
and we give evidence for a geometric effect
of dilution of Rh atoms by tin atoms.

EXPERIMENTAL

Silica (Aerosil from Degussa) used as the
support was treated, under reflux, with 3 M
nitric acid for 24 h to lower the content of
impurities to less than 10 ppm for each of
the following elements: Al, Ca, Cu, Cr, Fe,
and Na. After drying and calcination under
flowing dry air at 773 K, for 2 h, the support
exhibited a surface area of 200 m”> g”'. The
catalyst preparation is described under Re-
sults.

Electron Microscopy (CTEM and STEM)

Two types of experiment were carried
out using conventional transmission elec-
tron microscopy (CTEM) and scanning
transmission electron microscopy (STEM).
CTEM and STEM experiments were made
using JEOL 100 CX and Vacuum Generator
HBS5 electron microscopes, respectively.
CTEM was used to determine the histo-
gram of the Rh/SiO, samples before and
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after reaction with Sn(n-Cs;Hs)4 in order to
calculate the dispersion (D is the number of
surface atoms/number of total atoms, Rhy/
Rh,). STEM experiments were carried out
on the bimetallic catalyst to determine the
composition of the particles (Rh, Sn).

Chemisorption Measurements

Two techniques (static and dynamic)
were used, as follows.

Static volumetric measurements. These
experiments were carried out using conven-
tional equipment. The equilibrium pres-
sures were measured with a Texas Instru-
ments gauge working in the pressure range
0—1000 mbar (1 bar = 10° N m?) to an ac-
curacy of ~1%. The vacuum was achieved
by means of a turbomolecular pump, a pro-
cedure which avoided contamination of the
catalyst with mercury. The gas phase pres-
ent in the vessel was analyzed by means of
a mass spectrometer (Supavac, from Vac-
uum Generators). The amount of adsorbed
and/or consumed gas (O,, H,, or CO) was
deduced from the amount of gas introduced
(from a standard volume) and that remain-
ing after the exposure to the catalyst. Pres-
sure measurements were carried out at a
temperature of 294 K. Under these condi-
tions, the accuracy for the determination of
adsorbed gases was close to 5%.

Dynamic measurements. Two types of
experiment were carried out on equipment
similar to that described by Falconer and
Schwartz (9). These were: (i) temperature-
programmed desorption (TPD) which al-
lowed the determination of the amount of
H; desorbed during a temperature-pro-
grammed desorption (10 K min~!) under
flowing argon (20 cm® min~') and (ii) tem-
perature-programmed reduction (TPR)
which indicated the amount of H, con-
sumed during a temperature-programmed
experiment (10 K min™!) under a flow of
hydrogen + argon (H,/Ar, 5/95; flow rate,
20 cm® min ™).

Infrared Spectroscopy

Infrared spectra were obtained with a
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Nicolet 10 MX-1 Fourier transform instru-
ment. Catalysis samples were placed on a
sample holder which could be moved inside
a closed reactor from a treatment position
(located in an oven) to an analysis position
located in the infrared beam (through CaF,
windows).

The reactor could be evacuated or filled
with H,, O,, and CO under a known pres-
sure by means of a valve. The CO absorp-
tion bands were obtained by the difference
between the IR spectrum of bare and CO-
covered samples. Infrared spectroscopy
was also used to evaluate the amount of
alkyl groups present on the surface during
reaction of Rh,03/Si0, and Sn(n-C Hy),.

Catalytic Reactions

The reaction studied was the hydrogena-
tion of ethyl acetate to ethanol:

0
/7
CH;—C

\ + 2H2 —d 2C2H50H
0—C,H;

(N

Various other products (CO, CO,, CHy,
C;Hy and CH3;CHO) were identified, espe-
cially in the case of rhodium/SiO,.

The reaction was carried out in a dy-
namic reactor working under differential
conditions at 523 K under a pressure of 45
bar of hydrogen and 5 bar of ethyl acetate.
The weight-hourly space velocity was 8
(w/w - h). The catalysts were first trans-
ferred in the open air into the reactor and
treated under flowing pure H, (45 bar) at
723 K for 2 h. Then ethyl acetate was intro-
duced into the reactor. Analysis for etha-
nol, acetaldehyde, CH,, CO, CO,, and
other products was performed by gas chro-
matography. On tin-containing catalyst, the
activity was constant after 30 min on
stream. The activity was roughly constant
for a period of 1 week. The sampling could
be started after 5 min of reaction and after a
small decrease in activity, the conversion
and selectivity did not vary significantly.
Preliminary experiments carried out with a
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catalyst prepared in situ without any con-
tact with the open air indicated no change
of activity and selectivity with respect to
the previously described procedure.

Activity was defined as the number of
moles of ethyl acetate transformed per
gram of catalyst per hour. The selectivity
was defined as the molar fraction of ethanol
in the products (mol% [C,H;OHY
(IC;HsOH] + [CO;] + [CH4] + [CHe] +
[CH5CHOY)). The activity was stable over a
period of more than 20 h. The sampling was
carried out after 30 min at the desired tem-
perature. It was possible to vary the range
of temperature between 473 and 573 K and
to obtain reproducible results for both ac-
tivity and selectivity.

RESULTS
1. Preparation of the Catalysts

Rh/Si0, catalysts: A, and A,. Rhodium
is impregnated on silica at pH 10 by
cationic exchange for 24 h of the chloroam-
mine complex [RhCI(NH;)s]** with the sur-
face protons of silica. The solid is then
washed, filtered, and dried under vacuum
at 343 K. It is then calcined in flowing air
(10 liters/h/g) up to 573 K and reduced in
flowing hydrogen at 723 K for 2 h. Two
samples A, and A; with rhodium contents
of 1.2 and 2.6 wt% were prepared.

Rh—Sn/SiO; catalyst: B. The reaction of
increasing amounts of Sn(n-C4Hg)4 with cat-
alyst A, is carried out at 370 K in refluxing
n-heptane (blank experiments, when car-
ried out in n-heptane, show no significant
adsorption of Sn(n-C,;Hy), with the silica
support alone). The amount of tin fixed on
the catalyst depends on the amount of Sn(n-
C4Hy), introduced (Fig. 1). When the ratio
Sn/surface rhodium is lower than ca. 2.5,
approximately all the Sn(n-C4Hy), is ad-
sorbed on catalyst A;. Above this value a
plateau is observed, indicating that no fur-
ther surface reaction occurs between Sn(n-
C4Hy), and catalyst A;. In the following we
shall call catalysts B the solids obtained by
reaction of Sn(n-C4Hy), with the catalysts A
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F1G. 1. Amount of tin fixed on catalyst A, versus the
amount of Sn(n-C,Hy), introduced.

at 370 K for 24 h followed by washing under
Ar with boiling n-heptane to remove free
Sn(n-C4Hs)4 and drying under flowing argon
at the same temperature.

During the chemisorption of Sn(n-C4Hg)4
on catalysts A, approximately 1 mol of bu-
tane and 1 mol of butene (1-butene + cis-
and trans-2-butenes) per mole of tin fixed
are evolved. This suggests that a surface
intermediate containing Rh and partially al-
kylated tin is formed.

The presence of some butyl groups re-
maining on the catalyst surface has been
checked by infrared spectroscopy.

Rh—-Sn/SiO; catalyst: C. Catalyst C is
obtained in the following way. Catalyst B is
treated under H, at 723 K for 4 h in order to
eliminate the remaining butyl groups of
Sn(n-C4Hg), and then cooled under H, to
room temperature and flushed at this tem-
perature under flowing Ar.

After treatment of solid B under hydro-
gen at high temperatures, all the butyl
groups are evolved as shown by the in-
frared spectra and by the mass balance ex-
periment (all the butyl have been trans-
formed into butenes and butane).

2. Characterization of Catalysts A, B,
and C

Catalyst A (Rh/Si0>). In order to deter-
mine the effect of tin on the chemisorption
properties of supported rhodium, the che-
misorption properties of two samples A
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and A, of silica-supported rhodium have
been studied.

The isotherms of H, and CO adsorption
at 294 K on catalyst A, are presented in
Fig. 2. A plateau is observed for a partial
pressure higher than ca. 50 mbar for CO
and 400 mbar for H,. We shall call Hp,, and
COpiat the amount of H or CO adsorbed for
an equilibrium pressure of 400 mbar (Table
1). By evacuation at room temperature, no
CO and approximately one-half of the hy-
drogen previously adsorbed is desorbed.
The remaining hydrogen (H,q4,) is fully de-
sorbed at 500 K in vacuo while CO needs
higher temperatures (up to 770 K) to be
fully desorbed.

Adsorption of CO on catalyst A, at room
temperature gives rise to two types of in-
frared band in the CO region (Fig. 3). A
narrow band at 2055 cm™! can be attributed
to linear coordination of CO on a single rho-
dium atom (/0). Another broader band of
smaller intensity is observed at 1878 ¢m™!
(6 = 1). This band is probably due to u-co-
ordination of CO to two surface rhodium
atoms.

The particle size distribution of catalyst
A, was determined by CTEM. A typical
histogram is given in Fig. 4. The average
value for the detectable particles (the reso-
lution limit of the CTEM is 0.7 nm) is 1.5
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FiG. 2. Hydrogen (O, @) and CO (l,[]) adsorption at
294 K on (—) catalyst A; (Rh/SiO,) and (——-) cat-
alyst C, (Rh—-Sn/SiO-, Sn/Rh = 1.6).
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TABLE 1
H,, O,, and CO Adsorption on Rh/Si0, and Rh-S8n/SiO,

Catalyst Rh Sn Treatment® Q(0y) O/Rh* O/Sp® H/Rh* CO/Rh¢
(mmol g™!) (mmol g7") (mmol g7")
A, 0.113 0.0 a 0.085 1.5 0.0 1.1 1.1
C, 0.113 0.130 a 0.209 1.5 1.9 0.1 —_
C; 0.113 0.130 b 0.136 1.5 0.5 0.2 —
C, 0.113 0.180 a 0.260 1.5 2.0 0.1 0.4
C, 0.113 0.180 b 0.190 1.5 1.2 0.2 0.55
A, 0.252 0.0 a 0.189 1.5 0.0 0.8 0.7
C, 0.252 0.227 a 0.433 1.5 2.1 0.04 0.3
C; 0.252 0.227 b 0.350 1.5 1.4 0.1 0.4
C, 0.252 0.430 a 0.619 1.5 2.0 — —
C, 0.252 0.430 a 0.610 1.5 2.0 0.03 0.1
C, 0.252 0.430 b 0.328 1.5 0.6 0.1 0.2

7 Treatment: (a) flowing hydrogen at 773 K then cooling at 300 K under hydrogen; (b) flowing hydrogen at

773 K then evacuation (107® mbar) at 773 K for 4 h.

# O/Rh, 0/Sn, calculated number of oxygen atoms fixed on Rh and Sn from oxygen consumption Q(0,)

under oxygen at 673 K.

¢ H/Rh, CO/Rh, number of hydrogen atoms or CO molecules adsorbed on the sample at 295 K under 400

mbar (Hy, and COppyy).

nm. This value corresponds to a dispersion
D of 0.75, assuming that the particles have
a cubooctahedral shape (/2). These results
are in good agreement with chemisorption
measurements, assuming the respective
stoichiometries: Hpj/Rhg = 1.5 (/11-13) and
CO/Rhs = 1.5 (14).
Temperature-programmed reduction
(TPR) of catalyst A; previously treated at
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F1G. 3. Infrared spectra for CO adsorbed on cata-
lysts A; and C,. (—) A, (Rh/Si0O,) and (——-) C, (Rh—
Sn/SiO,, Sn/Rh = 1.6).

700 K under oxygen, studied in the range
300-873 K (Fig. 5), shows only one peak
with a maximum of the TPR curve located
at 370 K.

Catalyst B (Rh—-Sn/5i0;). Catalyst B has
also been characterized by STEM. Most of
the tin is present on the rhodium particles
since the tin signal (LW for Sn = 3.44 keV)
is detected only when the rhodium signal
(LW for Rh = 2.69 keV) is observed and
not on the support.
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F1G. 4. Particle size determination of catalysts A,
(Rh/Si0,) and C, (Rh-Sn/Si0,, Sn/Rh = 1.6).
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F1G. 5. Temperature-programmed reduction (TPR)
under 5% H, + Ar of samples A, (a) and C, (b).

Catalyst C (Rh-Sn/Si0,). After evacu-
ation of catalyst C under 10 mbar at 473 K
and then at room temperature, the resulting
solid chemisorbs a smaller amount of hy-
drogen or CO at 300 K in comparison with
catalyst A (Rh/SiO,) (Fig. 2 and Table 1).

One should note that the decrease in CO
adsorption capacity is not proportional to
the decrease in H, adsorption capacity
(H/Rh = 0.1 whereas CO/Rh = 0.4 for a
Sn/Rh ratio of 1.6).

CO adsorption on catalyst C exhibits a
single infrared peak at 2000 cm ! corre-
sponding to linear CO without any band be-
low 2000 ¢cm™' which could arise from a
bridged form of CO adsorbed. The decrease
in frequency for linear CO (55 cm™!) cor-
responds to an increased back-donation to
the #=* orbitals of CO: Sn apparently in-
creases the electron density on rhodium.

Analysis by CTEM indicates that the par-
ticle size increases from 1.2 to less than 2.0
nm as the Sn/Rh ratio rises from 0 to 2.5
(Fig. 4). The corresponding ‘‘apparent’’ de-
crease in the dispersion (from 75 to 56%)
cannot account for the drastic decrease in
chemisorption toward H, (the H/Rh ratio
decreases from 1.0 to 0.1 when the Sn/Rh
ratio increases from 0 to 2.4).

STEM analysis of catalyst C indicates
that the particles are bimetallic with an
average composition determined by the Sn
and Rh signals, which is close to the ex-
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pected value from chemical analysis. No tin
is observed on the support.

After calcination of catalyst € under
flowing oxygen at 600 K, the temperature-
programmed reduction of the sample ex-
hibited only one peak (Fig. 5). The maxi-
mum of the TPR curve is higher (450 K)
for catalyst C than for catalyst A (370 K),
but much lower than expected for tin ox-
ide (T,eq > 950 K) (15).

3. Evidence for Tin Oxidation by Silanol
Groups

With Rh/SiO,, temperature-programmed
desorption of preadsorbed hydrogen leads
to a single peak of desorption situated at ca.
350 K (Fig. 6, curve a). With catalyst C, H,
is evolved in two steps (Fig. 6, curves b
and ¢).

The first peak, centered at 350 K, very
probably corresponds to the hydrogen ad-
sorbed on ‘‘bare’’ Rh since it occurs at the
same temperature as that observed for Rh/
Si0,. The amount of hydrogen evolved in
this step, H,q,, decreases drastically with
the Sn content (Fig. 7).

The second peak, observed at higher
temperatures, does not exist with Rh/SiO,.
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F16. 6. Temperature-programmed desorption (TPD)
under Ar of hydrogen chemisorbed on (a) catalyst A,
(Rh/Si0y), H, adsorbed at 773 K; (b) catalyst C; (Rh-
Sn/Si0,, Sn/Rh = 1), H, adsorbed at 773 K (c) cata-
lyst C, (Rh—Sn/Si0,, Sn/Rh = 1.6), H, adsorbed at 773
K; (d) catalyst C, (Rh-Sn/Si0O,, Sn/Rh = 1.6), H, ad-
sorbed at 294 K.
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Fic. 7. Amount of Hyr and H,y4 thermodesorbed
versus tin content of catalysts C. (@) H,y,; (%) Hyr.

The amount of hydrogen evolved in this
step, Hyr, is directly proportional to the Sn
content (Fig. 7). It is therefore likely that
this second TPD peak of H; is due to the
presence of tin. Two hypotheses can be ad-
vanced to account for this evolution of H,
at high temperatures:

—oxidation of zero-valent tin by silanol
groups;

—desorption of a strongly adsorbed hy-
drogen from Rh—Sn alloy.

If this strongly adsorbed form of hydro-
gen exists, it is expected to react with oxy-
gen to give water. If pure oxygen is intro-
duced into a closed vessel on catalyst C
previously desorbed at 480 K (in order to
eliminate the H,y, form without removing
the Hur form) and samples of the gas phase
are analyzed by mass spectrometry, no wa-
ter is detected up to a temperature of 475 K.
Water produced in the titration of hydrogen
adsorbed on Rh/SiO, by O, is easily de-
tected by mass spectroscopy at 473 K.

Chemisorption of O, on catalyst previ-
ously treated in vacuo at 480 K in order to
eliminate adsorbed hydrogen (H,.4s) can be
used to determine the average oxidation
state of rhodium and tin. With catalysts A
the amount of adsorbed O, (Table 1, treat-
ment a) at 600 K corresponds to the overall
reaction

CANDY ET AL.

Rh@ + 30, — {Rh,0;. @

With catalysts C, the amount of adsorbed
0, at 673 K corresponds to the overall reac-
tions

Rh©@ + 30, — {Rh,0; (3)
Sn® + 0, — Sn0s. 4

Therefore in catalyst C, tin is in a zero-
valent oxidation state.

When catalyst C is treated in vacuo (107°
mbar) at 773 K for 4 h and cooled to room
temperature, the amount of adsorbed ox-
ygen is much lower than expected from re-
actions (3) and (4) (Table 1, treatment b).
Assuming reaction (3) is total, the observed
O/Sn ratios are much below the stoichiom-
etry of Eq. (4) which suggests that Sn has
already been oxidized during the treatment
in vacuo at 773 K. This oxidation is very
likely to be occurring via silanol groups of
silica.

In order to check if tin in the rhodium-tin
sample could be oxidized by reaction with
water (or silanol groups), some water (18
mbar) is introduced on catalyst C previ-
ously treated in vacuo at 373 K. If the
sample is heated in a closed vessel at 473 K
for 2 h, mass spectroscopic analysis of the
gaseous phase shows the presence of a
large amount of hydrogen. Under the same
conditions, Rh/SiO, does not give any hy-
drogen.

Thus we can propose an oxidation of
zero-valent tin by the silanol groups of the
surface, which explains the high-tempera-
ture desorption of hydrogen:

Sn® + 2(=Si—OH) —
(=Si—0),Sn" + H,. (5)

4. Hydrogenation of Ethyl Acetate

Rh/SiO, is active in the hydrogenation of
ethyl acetate in a temperature range 470-
570 K but its selectivity to ethanol is rather
low (57%). The main side reactions are hy-
drogenolysis to CHy, CO, C;Hg, and H,O.
The apparent activation energy is 75.2 kJ
mol .
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For tin-containing catalysts two main
features can be seen in Fig. 8. As the ratio
Sn/surface rhodium increases from 0 to 0.5
the overall conversion of ethyl acetate de-
creases sharply, whereas the selectivity to
ethanol increases significantly. Above a ra-
tio Sn/surface rhodium of 0.5, the conver-
sion of ethyl acetate increases linearly with
tin content and simultaneously the selectiv-
ity for ethanol reaches very high values (up
to 98%). Obviously the introduction of tin
results in a new catalyst which exhibits un-

100

-3
-]
T

o Rh/Silica

o
©

:D
© Rh-Sn/Silica (Sn/Rh= 2.4)

N
[~]
T

-
[~]
T

/
/

Catalytic activity (mmole/hg)

1.7 1.8 1.9
1/Tx103 (K1)

F1G. 9. Variation of catalytic activity in ethyl acetate
hydrogenation versus temperature, for catalyst A and
catalyst C (Sn/Rh = 1). Hydrogen pressure, 45 bar;
ethyl acetate pressure, 5 bar; weight-hourly space ve-
locity, 8 w/w/h.
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expected selectivities for hydrogenation of
an ester to an alcohol. Apparently, conver-
sions and selectivities are comparable to
those obtained with copper chromites (/4).
The apparent activation energy observed
for this bimetallic system is 46 kJ mol™!,
quite different from that observed with pure
rhodium (75.2 kJ mol™'). The activation
energy is varying quite drastically with tin
content. It decreases very much above a
Sn/Rh ratio of 0.3 (Fig. 9). This indicates a
sharp modification of the rhodium due to
the presence of tin which induces drastic
changes in the overall reaction path and
possibly reaction mechanism.

DISCUSSION

The reaction of Sn(n-C4Hs), with solid A
(Rh/Si0,) results in a new kind of catalyst
which exhibits very high selectivities and
activities in the hydrogenation of ethyl
acetate to ethanol (Fig. 8). This behavior,
unexpected in the field of heterogeneous
catalysis by metals, has prompted us to
study in detail the preparation and charac-
terization of such catalysts in the hope that
it would be possible to correlate activity
and/or selectivity with some characteristics
of this new class of catalysts.

Three types of catalysts have been pre-
pared and characterized, namely A, B, and
C, and we can comment on their properties
as follows.

Catalyst A (Rh/SiO,) has been character-
ized by electron microscopy and chemi-
sorption measurements. For the catalyst
A containing 1.2 wt% rhodium, the particle
size is close to 1.5 nm. This value cor-
responds to a dispersion of 0.75. These re-
sults are in good agreement with the
amount of H, or CO chemisorbed (Fig. 2)
assuming the respective stoichiometries
Hy/Rhy = 1.5 and CO,/Rhy = 1.5 at
room temperature. This catalyst exhibits
toward CO the typical bands of linear (2055
cm™!) and bridged (1878 cm™') carbon mon-
oxide (Fig. 3}. H, is desorbed from this cat-
alyst in a single step with a maximum at ca.
350 K. We do not discuss here the low-tem-
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perature peak of desorption which occurs
at ca. 200 K, for which one should see the
remarks in Part I (/12). When A is oxidized
to Rh,03/Si0,, there is only one peak of
reduction under flowing H; which occurs at
370 K (Fig. 5).

Catalyst B, which is obtained by reaction
of catalyst A with Sn(n-C;Hy)4 in heptane
solution at 370 K, has been characterized
by electron microscopy and IR spectros-
copy. CTEM indicates a significant in-
crease in particle size with respect to A.
Moreover, these particies contain both Rh
and Sn (STEM). This suggests that Sn(n-
C,Hs)4 has reacted with the oxidized rho-
dium rather than with the silica support. A
blank experiment carried out in heptane has
shown no apparent reaction between Sn(n-
C4H,), and the silica surface. This chemical
reaction between Rh,0; and Sn(n-C4Hy) is
confirmed by the fact that for a given
amount of rhodium there is a maximum
value for the amount of tin fixed (Fig. 1).
This maximum is almost proportional to the
amount of rhodium (Table 1). Infrared
spectroscopy and mass balance measure-
ments (/8) suggest that B is an unreduced
form of rhodium with very probably
(—Rh—0—),SnBu, (x + y = 4) ligands.

Catalyst C is obtained by reduction of B
at 773 K under H,. Again the metal parti-
cles of C contain both Rh and Sn (STEM).
Their average size (2.2 nm, catalyst C,) is
larger than those of A (1.5 nm). No butyl
groups are present on C (IR spectroscopy).
C, chemisorbs only 0.1 H/Rh, and 0.4 CO/
Rh; which is in sharp contrast with the val-
ues obtained with A; (1.1 H/Rh, and 1.1
CO/Rh,). These strong modifications of the
chemisorption properties are confirmed by
the IR spectra of adsorbed CO. With C,
only one peak at 2000 cm™! is observed,
corresponding to linear coordination of CO.
The presence of tin has apparently three
effects:

(i) it decreases significantly the amount
of CO adsorbed;
(ii) it apparently isolates rhodium atoms
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from their neighbors (absence of bridged
CO);

(iii) it increases slightly the electron den-
sity on rhodium (2000 cm™! on C instead of
2055 cm™! on A).

A very unusual behavior of C can be ob-
served by TPD experiments. The usual
peak of H; desorption observed on catalyst
A is still present on C but the correspond-
ing amount is decreasing sharply with tin
content (Figs. 6a—6¢ and 7). Increasing the
amount of tin results in a new high-tem-
perature peak of H; evolution at 873 K, the
amount of H; evolved being proportional to
the amount of tin introduced (Figs. 6 and 7).
It is possible to eliminate this high-tempera-
ture peak of H, evolution if catalyst C is
treated under flowing helium at 873 K and
then contacted with H; at room tempera-
ture (Fig. 6d). High-temperature desorption
of hydrogen from bimetallic catalysts con-
taining Sn has been previously observed by
Kuznetsov and Yermakov (16), but without
explanation. Two hypotheses have been
advanced to account for this evolution of
H; at high temperatures:

{a) oxidation of zero-valent tin by silanol
groups:

x Si-OH + Sn® —
(=Si-0),Su*" + x/2 H, (6)

(b) desorption of a strongly adsorbed hy-
drogen from Rh—Sn alloy.

The absence of water evolution by reac-
tion of this (hypothetical) strongly adsorbed
hydrogen with oxygen rules out the exis-
tence of such hydrogen.

Recently, Duprez and Miloudi (/7) dem-
onstrated that water evolved from a Rh or
Pt on alumina catalyst during a TPD experi-
ment could be decomposed by a reducing
system (Fe powder) to produce a hydrogen
desorption peak at about 670 K.

It is therefore likely as in their case that
tin is oxidized by surface water or silanol
groups at high temperatures to form hydro-
gen. The average oxidation state of tin re-
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sulting from high-temperature desorption
can be estimated from the amount of H,
evolved (Fig. 7) (1.3 H,/Sn).

Although the results are not very accur-
ate, the calculated value for the average ox-
idation state (2.6 = 0.5) suggests two possi-
bilities:

(i) total oxidation of Sn'” by water to
Sn™ (with some Sn” remaining on the par-
ticles):

HzO(ads) + Sn«” i Sﬂ(lv)()z + 2H2 (7)

(ii) partial oxidation by silanols of all the
Sn¥ to SnP:

2Si—OH + Sn©® —
=Si-0),Sn + H,. (8)

When using O, as an oxidizing agent
(rather than surface protons) it is possible
to demonstrate the occurrence of total oxi-
dation of Sn® and Rh® to Sn"V0, and
Rh,M™0Q; (Table 1). With a fully reduced
catalyst the amount of O, adsorbed cor-
responds to the overall oxidation process:

Rh? + 30, — iRh,"M0, 9)
Sn@ + 0; = Sn"v0,. (10)

The presence of a partially oxidized tin
after high-temperature desorption can be
proved by further oxidation by O, (Table 1,
treatment b). The amount of O, adsorbed
on a sample which has been thermally de-
sorbed at high temperatures is much less
than that on a fully reduced sample. This
seems to be in agreement with an incom-
plete tin oxidation.

It is impossible to make a clear distinc-
tion between the two possible equations,
(7) and (8). It is very likely that both can
occur simultaneously depending on the re-
spective amount of molecular water ad-
sorbed and silanol groups on the silica sur-
face. It seems unreasonable that tin can be
oxidized above Sn™ by surface silanols.
Molecular water was effectively found to
react with catalyst C to give H, and there-
fore oxidized tin.
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In conclusion, we may try to summarize
at this stage of investigation the state of cat-
alyst C. C seems to be a bimetallic alloy
with the possible formulation RhSn,. In this
alloy the surface rhodium sites are appar-
ently isolated from their neighbors by tin
atoms. It is this isolation with no metallic
ensemble which renders these catalysts se-
lective for ester hydrogenation to aico-
hols without significant hydrogenolysis.
This confirms the fact that hydrogenolysis
requires ensembles of metal atoms (6). This
also suggests that ester hydrogenation oc-
curs on a single rhodium atom surrounded
by tin atoms which not only have a geomet-
ric effect of dilution but also coordinate to
rhodium with favored surface configuration
for the coordination and reaction of ethyl
acetate on the surface. One should also
consider the fact that these catalysts che-
misorb a very small amount of H, and a
higher amount of CO. The reason for such a
difference is not clear. The phenomenon
cannot be accounted for only by a geomet-
ric effect. The still hypothetical interme-
tallic phase “*RhSn,”" probably has a spe-
cific affinity for H, and CO which de-
serves further studies.

In addition to the reduced form, a redox
behavior between tin and surface OH or
water has been demonstrated. Zero-valent
tin can be oxidized at high temperatures by
surface protons and this process can be re-
versed under H,. It is not yet clear whether
tin migrates totally or partially from the
particle to the silica surface or if water from
the surface oxidizes the tin of the bimetallic
particle to SnO, which would remain
“‘above” the particles. It is possible that
both phenomena occur depending on the
hydroxyl content of the silica and the
Sn/Rh ratio.
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