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Platinum-tin on alumina catalysts appear to have potential for use 
during naphtha reforming in processes utilising continuous catalyst 
regeneration, and without the need for complex activation procedures. 
To gain a better understanding of the properties that contribute to their 
effectiveness, the surface and bulk characteristics of these bimetallic 
catalysts have been studied by a variety of techniques which make more 
direct measures of the chemical and physical states of the elements pre- 
sent than, for example, temperature-programmed reduction. The data 
presented demonstrate that catalyst formation by the addition of 
platinum and tin by co-precipitation leads to alloy formation, but that 
this does not occur when a support prepared by co-precipitating tin and 
aluminium oxide is impregnated with chloroplutinic acid. 

The introduction of the bifunctional 
platinum/alumina catalyst for naphtha reform- 
ing shortly after the end of World War I1 led to 
a revolution in petroleum processing (1). On 
the commercial side, the reforming process pro- 
vided a means of meeting the dramatic increase 
required in octane rating for gasoline, to pro- 
vide an abundant source of aromatics for the 
rapidly developing petrochemicals industry, 
and to provide surplus hydrogen and so permit 
the development of other processes such as 
hydrotreating and hydrocracking. On the scien- 
tific side, the studies needed to define the 
mechanisms underlying the effectiveness of this 
bifunctional catalyst led to significant advances 
in the understanding of catalysis as well as of 
the reforming process. 

While the platinudalumina catalysts were an 
outstanding success, they had to be regenerated 
at rather frequent intervals: every three months 
or so. Thus, the introduction in the late 1960s 
of a platinum-rhenium bimetallic catalyst 
that could remain on-stream for a period of a 
year or even longer led to a second revolution 
in naphtha reforming (2). The platinum- 
rheniudalumina catalyst had to be activated 
and brought on stream using a mther lengthy 

procedure which usually involved poisoning the 
catalyst with sulphur during a break-in period. 
Today, with the potential for a naphtha reform- 
ing process incorporating continuous catalyst 
regeneration, other bimetallic catalysts which 
do not require complex activation procedures 
must be utilised; platinum-tin/alumina appears 
to be an attractive catalyst for this process. 

The reasons for the superior catalytic proper- 
'ries of these bimetallic catalysts are not fully 
understood even after 30 years of active 
research. Many of the explanations for the 
superior properties of the bimetallic catalysts 
are based on a structural point of view. Many 
argue that the bimetallic components form an 
alloy which has better catalytic properties than 
platinum alone. For example, alloy formation 
could influence the d-band electron concentra- 
tion, thereby controlling selectivity and activity 
(3). On the other hand, the superior activity 
and selectivity may be the result of high disper- 
sion of the active platinum component, and the 
stabilisation of the dispersed phase by the se- 
cond component (4). Thus, much effort has 
been expended in order to define the extent to 
which metallic alloys are formed (for example, 
see References 5-18). These studies have 
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Fig. 1 Phase diagram of platinum-tin (19); 
with increasing tin:platinum, a series of 
alloys with increasing tin content form 

utilised a variety of experimental techniques. 
Platinum and tin present a complex situation 

since a number of alloy compositions are possi- 
ble, depending upon the tin to platinum ratio. 
The phase diagram in Figure 1 shows that as 
the tin to platinum ratio increases it should be 
possible to form a series of alloys with increas- 
ing tin fractions (19, 20). 

Temperature-programmed reduction (TPR), 
one of the indirect analysis methods, yielded 
data which suggested that tin was not reduced 
to the zero-valent state (10, 16). Burch has 
reviewed early work on the characterisation of 
this type of catalyst in an earlier issue of this 
journal (15). Based on results obtained from 
TPR studies, Lieske and Volter reported that a 
minor part of the tin is reduced to metal, and 
that this tin(0) combined with platinum to form 
“alloy clusters”, but that the major portion of 
the tin is reduced to only the tin(I1) state (21). 
They also reported that the amount of alloyed 
tin increases with increasing tin content. 

In the following text, we report data from 
methods which make a more direct measure of 
the chemical or physical state of the platinum 
and/or tin present in platinum-tin/alumina 
catalysts; but because of space limitations this 
review outlines results primarily from our 
laboratory. 

X-ray photoelectron spectroscopy (XPS) 
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studies allow determination of the chemical 
state of an element but the data do not permit 
one to define whether tin(O), if present, is in the 
form of a platinum-tin alloy. Furthermore, the 
major platinum XPS peak coincides with a 
large peak from the alumina support. Thus, 
XPS can only provide data to indicate whether 
an alloy is possible; it cannot be used to prove 
the presence of a platinum-tin alloy. 

The early X P S  studies, including those from 
our laboratory, revealed that the tin is present 
only in an oxidised state (10, 16). These results 
were consistent with those for platinum- 
rhenium bimetallic catalysts where only oxidis- 
ed rhenium was observed (9, 22). The early 
XPS data, at least from our laboratory, were ap- 
parently affected by the use of oxygen- 
containing pump oils to maintain the high 
vacuum needed for the operation of the X P S  in- 
strument. Thus, Li and co-workers reported 
that a portion of the tin in platinum-tidalumina 
catalysts was present in the zero valence state 
(23); furthermore, it appears that the atomic 
ratio of the platinum-tin alloy, based upon the 
amount of platinum and tin(0) detected by 
XPS, increases with increasing ratios of tin to 
platinum. Typical spectra for the tin 3dsi1, 
3d,,, regions of a reduced catalyst having a 
platinum: tin composition of 1:8 (all catalysts 
contained 1 weight per cent platinum) are 
shown in Figure 2 (24). The spectrum for 
platinum in Figure 3 has been corrected for 
sample charging by using an aluminium 2p 
peak position of 74.7 eV. A small peak at ap- 
proximately 480 eV is due to a small amount of 
tin that is present on the palladium sample 
holder. This small peak and the palladium 
peaks of the sample holder do not experience 
charging; this small tin peak is at a position in- 
dicative of metallic tin (or tin oxide in the ox- 
idised sample) prior to correction for charging. 

The spectra for the aluminium 2p and the 
platinum 4f regions are shown in Figure 3 for 
the same platinum to tin ratio of 1:8 sample. 
Because the aluminium 2p peak of the alumina 
support overlaps with the platinum 4f peaks, 
curve deconvolution was carefully carried out 
assuming the intensity ratio of 4fSi2 to 4f7/? 
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Fig. 2 XPS spectrum of the 
Sn,d region for the reduced 
Pt-Sn/A120, (250 m’lg) 
catalyst with a Pt:Sn ratio of > 
1:8 c - 
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was 0.75:l.O. The binding energies of the 
platinum peaks in Figure 3 are consistent with 
platinum being present as platinum(0). In this 
study three catalyst series were analysed using 
XPS. The compositions of the platinum-tin 
alloys (calculated by assuming all the platinum 
and the fraction of tin present as tin(0) formed 
an alloy) that are present in each catalyst of the 
three series are summarised in Table I. It ap- 
pears that the alloy present contains increasing 
p1atinum:tin ratios as the ratio of platinum to 
tin on the catalyst is increased. However, X P S  
provides a measure of the surface, and not the 
bulk, composition; Bouwman and Biloen show- 
ed that tin is concentrated in the surface of a 
reduced sample of unsupported platinum-tin 

alloy (25). Our XPS results are in general agree- 
ment with those obtained in the extensive 
investigations by Hoflund and co-workers 

Stencel and co-workers utilised XPS together 
with scanning electron microscopy (SEM) to 
follow the interaction and migration of chlorine 
in platinum, rhodium and platinum-tin- 
containing catalysts (33). In situ reduction with 
hydrogen decreased the surface concentration 
of chloride, presumably by increasing the bulk 
chloride concentration. Subsequent oxygen 
treatment of these reduced catalysts caused the 
surface concentlation of chloride to increase. In 
the case of rhodiudalumina, the 
characteristics of the aluminium 2p peak after 

(26-32). 

Fig. 3 XPS spectrum of the 
Pt,r region for reduced Pt- 
Sn/k120, (250 m’/g) catalyst 78 76 74 72 7 0  68 
with a PkSn ratio of 1:8 BINDING ENERGY, eV 
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Fig. 4 The room temperature 
' I 9  Sn Mossbauer spectrum 
for a co-precipitated 
SdAl 0 catalyst im- 
pregnated with chloroplatinie 
acid following oxidation (top) 
and reduction (bottom) 

hydrogen reduction suggest the formation of 
NU,-type species. 

119Sn M6ssbauer data also provide a bulk 
diagnostic technique which has been utilised in 
a number of studies (for example, 7, 34-47). 
Direct evidence for platinum-tin alloy forma- 

tion was obtained from Mhsbauer studies (for 
example, 7, 42, 43,46, 47); however, many of 
these studies were at high metal loadings and 
even then such a complex spectrum was obtain- 
ed that there was some uncertainty in assigning 
tin(0) to the exclusion of tin oxide phases. 

Table I 

Pt-Sn Alloy Compositions Based upon XPS Data 

Pt:Sn 

1: l  

1:2.7 

1:5 

1 :8 

Alumina, 
250 rn ' lg  

Support 

Alumina, 
110 m 2 / g  

Silica 
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Pt:Sn 

1:l  

1:2.7 

1:5 

1 :8 

Support 

Alumina, Alumina, Silica 
250 rn’ lg 110 m2/g 

PtSnO 66 PtSqO 6 5  PtSno 39 

PtSn, , PtSn, , PtSno 85 

PtSn, PtSn, , PtSn, 

PtSn, 8 PtSn, 



Fig. 5 "'Sn Mossbauer spec- 
tra for reduced Pt-Sn y 
catalysts: (a) Pt-Sn/Al,O, 5 
(250 m*lg), (b) Pt-Sn/Al,O, p 
(110 m'/g), and (c)  5 
Pi-SnlSiO, (700 m'Ig). C 
(Pt:Sn mole ratios are in- z. 
dicated by the numbers g 
shown in the Figure) e 
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Mossbauer results clearly show changes upon 
reduction in hydrogen, but the width of the 
peaks for the reduced sample prevents, in 
general, a specific assignment for some states of 
tin. This is exemplified by the results of 
Kuznetsov and co-workers, who reported that 
platinum-tin/y-alumina catalysts prepared by 
conventional impregnation techniques are 
multicomponent (42); that is, they have highly 
dispersed species that are a result of chemical 
interactions of tin(Iv>, tin@), and tin(0) with 
both the support surface and the platinum. Ac- 
cording to these authors, platinum forms nearly 
all possible alloys with tin. Examples of 
Mossbauer spectra and the isomer shifts 
associated with particular compounds or alloys 
are presented in Figure 4 (35). 

The same series of catalysts that had been us- 
ed earlier in their XPS studies (23) was utilised 
by Li and co-workers (48); each sample in the 
three series contained 1 weight per cent 
platinum and a varying amount of tin. Tin was 
observed to be present in forms whose isomer 
shifts were similar to or the same as those of 
SnO,, SnO, Sna, ,  SnCl,, tin(0) and 
platinum-tin alloy, when alumina was the sup- 
port. Representative Mossbauer spectra are 
shown in Figure 5 .  If it is assumed that the 
platinum-tin alloy only has the atomic ratio 
tin:platinum of 1: 1 , as was found to be the case 
in X-ray Mxaction (XRD) data to be described 
below, one obtains the results shown in Figure 
6. For lower tin to platinum ratios (< 5 )  little 

difference is observed in the extent of alloy 
formation and the distribution of the oxidised 
species, for a low and high surface area alumina 
support. In this respect, there is general agree- 
ment with data observed in some of the earlier 
Mossbauer studies. The Mossbauer data in 
Figure 6 show a similar trend in the extent of 
alloy formation for the alumina supported 
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Fig. 6 The amount of tin calculated to be 
present as Pt-Sn alloy versus Sn:Pt ratio; 
A silica support; 0 low surface area 

alumina support; 0 high surface area 
alumina support 
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Fig. 7 (a) X-ray diffraction patterns (2 
0 = 25 to 55’ NiKa radiation for: (A) 
Degussa alumina catalyst support after 
calcination for 4 hours at 50O0C, (B) 5% 
PI prepared from [Pt,Sn,Cl,,,l’- com- 
plex after drying at 12OoC, (C) sample 
from B after 8 hours of reduction at 
4OO0C, and (D) sample C after 6 hours of 
reduction at 550OC. (b) X-ray diffrac- 
tion patterns (2 0 = 55 to 90’) for 
samples shown in,7a (see 7a for sample 
identifications) 
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materials; the fraction of platinum present in an 
alloy phase increases with increasing tin con- 
centration and only approaches complete alloy 
formation at tin:platinum ratio > about 5. 

Platinum-tin supported on silica exhibits 
much different behaviour than when it is sup- 
ported on alumina. As reported by others, it is 
easier to reduce tin to the zero valent state when 
silica is used as the support (49). 

For platinum supported on a co-precipitated 
tin oxide-alumina catalyst, alloy formation oc- 
curs to a much smaller extent than it does on a 

material prepared by impregnation with the 
chloride complex (48, 49). Since most commer- 
cial catalyst formulations are based on 
tidalumina co-precipitated support materials, 
it appears that the studies using platinum and 
tin co-impregnation techniques, while in- 
teresting, are not directly applicable to the 
commercial catalysts. 

A catalyst was prepared by impregnating a 
Degussa Aluminium Oxide C (a non-porous 
alumina of surface area 110 m2/g) with an 
acetone solution of [Pt,Sn,C1,,12- (50). A 
sample of a catalyst containing 5 weight per 
cent platinum was reduced in situ in the 
chamber of an XRD instrument; thus the 
material was not exposed to the atmosphere 
prior to recording the X-ray diffraction pattern 
(51). The X-ray diffraction patterns shown in 
Figure 7 match very well, both in position and 
intensity, the pattern reported for platinum-tin 
alloy (Figure 8). In Figure 8, it can be seen that 
with the 5 weight per cent platinum catalyst, a 
small fraction of the platinum is present as 
crystalline platinum but that crystalline 
platinum was not observed for the 0.6 weight 
per cent platinum catalyst. It is noted that a 
similar result for the platinum-tin alloy is ob- 
tained for a catalyst that contains only 0.6 
weight per cent platinum, with the same tin to 
platinum ratio. These in situ XRD studies 
therefore support alloy formation with a 
stoichiometry ratio of p1atinum:tin of 1 : 1. The 
tin in excess of that needed to form this alloy is 
present in an X-ray “amorphous” form, and is 
postulated to be present in a shell layer with a 
structure similar to that of tin aluminate. 

A series of catalysts were prepared to contain 
1 weight per cent platinum, and tin to platinum 
ratios ranging from about 8: 1, using a low (1 10 
m * /g) and high (300 m /g) surface area alumina 
(52). XRD studies indicated that, irrespective 
of the tin to platinum ratio, the only crystalline 
phase detected by XRD was platinum-tin (1: 1). 
The XRD intensity of lines for the tin-platinum 
alloy phase increase with increasing tin to 
platinum ratios, indicating the presence of 
unalloyed platinum in the samples containing 
low tin loadings. The integrated intensity 
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Fig. 8 Diffraction peak posi- 
tions and relative intensities 
for (a) Pt (f.c.c.), (b) Pt-Sn 
(h.c.p.), (c) a reduced Pt- 
Sn/alumina catalyst with 5 
wt. per cent platinum, and (d) 
reduced 

platinum 

.: 
Pt-Sn/aIumina 5 

catalyst with 0.6 wt. per cent 
F 8  
L a -  
m 

.e 

t 
>- 

w + 
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measured for the most intense PtSn peak (1 02) 
is plotted versus the tin content on the high and 
low surface area supports in Figure 9, and 
clearly shows that the amount of platinum pre- 
sent as crystalline alloy increases with increas- 
ing tin:platinum ratios. Also, the crystallite 
size, calculated from the XRD data, shows that 
the diameter of the crystallite increases from 
about 10 to 16 nm with increasing tin content. 

X-ray absorption near edge structure 
(XANES) and extended X-ray absorption fine 
structure spectra (EXAFS) were obtained for a 
series of tin-platinum on alumina or silica 
samples (53, 54). X-ray fluorescence and ab- 
sorption spectra, at the platinum LIII, and tin 
K-edges, were recorded for dried, calcined and 
reduced (at 773 K and 1 bar hydrogen) prepara- 
tions of tin-platinum loaded on silica and 
alumina supports. The platinum was maintain- 
ed at 1 weight per cent and the tin content was 
varied from 0.39 to 3.4 per cent. 

The near-edge profiles at the platinum LIII 
and tin K-edges did not show any distinctive 
features for any of the reference substances or 
the various catalyst preparations. However, the 
steep increases in absorption appear at different 
locations; all edge positions were measured 
relative to those of the corresponding metal 
foils, assigned as zero. Typical resolved near- 

ta)Pt(fcc) 

QT a - (b)PtSn(hcp) 
- - - - 

N - ^ ^  

N O  3 
2 E  - 

81 
= 

5! 2 - 
P I N , =  

- (c) 5 %  PtSn catalyst - 
2 -  

T T T  T T T  T T ~  
7- (d) 0.6v.PtSn catalyst 

I : ! I  : 1 :  
: I :  I ! :  

t 

25 90 

edge profiles are illustrated in Figure 10. The 
resolved peak height is a measure of its ionicity; 
that is for platinum the number of 5d electrons 
removed by chemical-bond formation. Horsley 
showed that the areas of the threshold 
resonance lines can be estimated by decon- 
voluting the absorption edge into a Lorentzian 

A 
A 

- ;  4 s 0 1c 

TIN, weight per cent 

Fig. 9 The integrated intensity measured 
from the 100% Pt-Sn (102) profile versus 
Sn content: on the United Catalysts, 
Inc. alumina support and A on Degussa 
alumina support 
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Fig. 11 Radial dibtribution functionb 
derived for the calibrating materials: (a). 
(b), (c) at the platinum Llll edge, and (d), 
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Fig. 12 Peak positions (not corrected for 
phase shift) are indicated by vertical lines. 
with approximate peak heights, derived 
from EXAFS spectra at the PI Llll edge, 
for several reference compounds and the 
six catalysts listed in Table 11: 

1 0  2 0  3 0  4 0  5 0  
PEAK POSITIONS, A ( u n c o r r e c t e d  for phase Shlft 1 

(a) Pt-Sn alloy; 
(b) PI metal: 
(c) PtO,: 
(d) PtCI, * 2 H 2 0  (-) and H,PtCI, (....); 
(a) dry preparations S (-) and P (....I; 
(p) calcined preparations: B (-) and F (....): 
(y) reduced samples: A (-) and D (....); 
(6) reduced sample$: B (L) and E (....); 
( E )  reduced sample*: C (-) and F (....) 
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Fig. 10 Profiles at the PI L111  
edge, resolved into overlapp- 
ing Lorentzian and tail- ' 
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data (-1 are reproduced by 
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Table II 

Catalyst Compositions 

Catalyst 

I Content, weight per cent 

Support Platinum 

Alumina 

- 2 5 0  m2/g 

1 .o 

1 .o 

1 .o 

Silica 

- 700 mZ/g 

1 .o 

1 .o 

1 .o 

component and an underlying “step”, which 
represents the onset of absorption due to a con- 
tinuum of states (55 ) .  In general, it was found 
that increasing the tin loading on either support 
decreased the d band vacancy for tin. In con- 
trast, alloying platinum with tin leads to an in- 
crease in the d band vacancies. Overall, alumina 
favours a higher d band vacancy than silica 
does. These results are in general agreement 
with those reported by Meitzner and co- 
workers (49). 

The peaks in the radial distribution functions 
(RDF) for the reference compounds, after 
background and termination error corrections, 
provide the basis for assignments of the catalyst 
RDFs. For reference, RDFs for PtO,, 
H , PtCl and platinum- tin alloy, derived from 
EXAFS at the platinum LID-edge, and of SnO, 
SnCI, * SH, 0 and the platinum-tin alloy, deriv- 
ed from EXAFS at the tin K-edge, are 
reproduced in Figure 11. Examination of the 
RDFs derived from the two sets of scans for the 
six preparations show both similarities of local 
structures and striking differences which may 
be ascribed to control by the supports. In the 
following text reference will be made to a 

Tin 

0.44 

1.47 

3.40 

0.39 

0.51 

0.78 

Chlorine 

>1.2 

>1.2 

>1.2 

>1.2 

>1.2 

>1.2 

“stick” diagram (Figure 12), presented to il- 
lustrate the distribution of atom-pair distances, 
plotted as derived, without correcting for phase 
shifts. A figure of data for the tin K-edge that 
parallels the data for platinum shown in Figure 
12 can be found in Reference 54. 

The tin K-edge spectra indicate that the ar- 
rangement of atoms about the tin species is 
essentially the same for both the high area 
alumina and high area silica supports. Sn-0 
atom pairs dominate even after reduction, but 
their contribution decreases somewhat with in- 
creasing tin loading. Reference to Figure 12 
shows that the two supports lead to a profound 
difference in configurations of atoms about the 
platinum. There is a somewhat mysterious 2.5 
Wpeak in the dried sample for the two sup- 
ports (spectrum a, Figure 12) and for the 
reduced sample C (spectrum E ,  Figure 12). 
This peak has been assigned to platinum-tin, as 
present in the alloy (49). 

However, its appearance in the oxidised 
states of these preparations suggests that a more 
plausible assumption might be the presence of 
a solid solution of the oxide, which is incom- 
pletely decomposed by calcining or reduction. 

Plarinurn Metals Rev., 1992, 36, (3) 159 

A 

0 

C 
- 

D 

E 

F 



Fig. 13 Representative electron micrograph of a 
typical co-impregnated Pt-Sn catalyst 

An electron microdiffraction technique was 
employed to identify crystal structures 
developed in two platinum-tidalumina 
catalysts (56). One catalyst was prepared by co- 
precipitating tin and aluminium oxides and 
then impregnating the calcined material with 
chloroplatinic acid to give a p1atinum:tin 
atomic ratio of 1:3. The second catalyst was 
prepared by co-impregnating Degussa alumina 
with an acetone solution of chloroplatinic acid 

and stannic chloride to provide a p1atinum:tin 
ratio of 1:3. Platinum-tin alloy was not detected 
by X-ray diffraction for the co-precipitated 
catalyst although evidence for platinum-tin 
alloy was found for the co-impregnated 
catalyst. A representative transmission electron 
micrograph is shown in Figure 13. Electron 
microdiffraction studies clearly show evidence 
for an alloy phase with a p1atinum:tin ratio of 
1:l in both catalysts. Evidence for minor 
amounts of alloy with a p1atinum:tin ratio of 1:2 
(for example PtSn, alloy phase) was also found 
for the co-precipitated catalyst. 

EDX data were obtained for a number of the 
metal particles present in the two catalysts. The 
data in Figure 14 represent EDX traces from 
four small individual particles that are 
representative of those in the catalyst prepared 
by co-impregnation with the platinum and tin 
complex; it is clear that both platinum and tin 
are observed in each of the particles. Platinum 
and tin EDX areas were measured for a number 
of metal particles. The fraction of particles pre- 
sent with various tin:platinum ratios versus the 
tin:platinum ratio for the co-impregnated 
catalyst is shown in Figure 15; it is evident that 
the dominant tin to platinum ratio is 1 : 1. Con- 
sidering the uncertainty in the EDX data, it is 
concluded that the data in Figure 15 are consis- 
tent with the finding of an alloy composition of 
tin:platinum of 1:1, as was obtained by XRD. 

> 

"l z 
r - 

Fig. 14 Representative EDX 
traces for four small 
co-impregnated catalyst 
particles 

Y 
I 

ENERGY, keV- 
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The EDX data for the co-precipitated tin- 
and aluminium-oxide give contrasting results. 
As can be seen in Figure 16, the metal particles 
large enough for EDX analysis (about 4.0 nm 
or larger) consist solely of platinum; only rarely 
is it possible to find a metal particle that con- 
tains both platinum and tin. It is therefore con- 
cluded that the majority of platinum is present 
as metallic platinum, and not in an alloy form. 
As noted above, a few particles were found hav- 
ing a microdiffraction pattern consistent with a 
p1atinum:tin ratio of 1:2; it is believed that this 
composition may be the result of platinum be- 
ing located on a very few tin rich, or pure tin 
oxide, regions that were formed during the co- 
precipitation, 

Data from transmission electron microscopy 
(TEM) show that there are two contrasting 
structures for alumina supported catalysts of a 
given tin:platinum chemical composition: one 
structure is obtained for a co-precipitated 
material and another for a co-impregnated 
material. For the co-impregnated material both 
the tin and platinum are located upon the 
alumina surface following reduction at about 
5OOOC; the migration of tin or platinum to the 
bulk does not occur to a measurable extent. 
Following calcination, most, if not all, of the tin 
is present in a surface egg-shell layer that 
chemically resembles a tin aluminate. In form- 
ing the tin aluminate some of the tin chloride is 

0.4  

Z 0.3 s? 
t 
i? 0.2 
g 
z 
0 0.1 g 
l4. 
0.0 

RATIO OF 1IN:PLATINUM 

Fig. 15 Frequency distribution of EDX in- 
tensity of Sn:Pt ratios for increasing Sn:Pt I concentrations 

converted to a complex that contains more 
chloride as, for example: 

2 SnC1, - Sn2+ + SnCI,’- 

Upon reduction some of the tin, if present in- 
itially as tin(IV), is converted to tin(I1) and 
tin(0); the fraction of tin that is reduced to 
tin(0) depends upon the amount of tin in the 
catalyst. The higher the tin loading, the higher 
the number of moles (but not necessardy the 
fraction) of tin that is present in the zero valent 
state. The amount of platinum-tin alloy will 
then depend upon the total amount of tin, 
relative to platinum, that is present in the 
catalyst; the greater the amount of tin the 

Fig. 16 Representative EDX 
traces for four co- 
precipitated particles - -  

ENERGY,. kev - I 
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PtSn 
0 Pt 
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Fig. 17 Schematic of proposed surface Fig. 18 Schematic of a proposed surface 
structure of a low (1:l) Pt-Sdalumina structure of a Pt-Sn catalyst where Pt is 
catalyst, indicating that most of the impregnated on a co-precipitated 
platinum present is metallic tidalumina (Pt:Sn = 1 :3) catalyst 

greater the amount of platinum-tin alloy. Thus, 
we believe that the co-impregnated catalyst 
consists of chlorostannate complex(es), a sur- 
face compound(s) that resembles a tin 
aluminate, and a mixture of platinum and 
platinum-tin alloy; the ratio of platinum to 
platinum-tin alloy will depend upon the com- 
position of the catalyst. 

The co-precipitated catalyst differs drastical- 
ly from that of the co-impregnated catalyst. For 
the co-precipitated material, a significant, or 
even a major portion, of the tin will be present 
in the bulk of the alumina support material; 
hence, the surface concentration of tin, for a 
common tin to aluminium ratio, will be much 
lower for the co-precipitated catalyst. For the 
co-precipitated material there will be isolated 
tin ions on the surface of the support; the con- 
centration of these will depend upon the tin to 
aluminium ratio. Little, if any, of these isolated 
tin ions will be reduced to the metal; the small 
amount of tin(0) present is most likely due to 
the reduction of the few nearly pure tin oxide 
particles formed during co-precipitation. Upon 
reduction, nearly all of the platinum will 
therefore be present as isolated platinum atoms 
or as platinum metal crystallites. It is 
postulated that the tin in the co-precipitated 
material acts as a trap that retards platinum 
crystal growth, much as was proposed in 
Reference 4 for another catalyst system. 

Thus, we consider the surface of the co- 
precipitated material to be as shown by the 
schematics in Figures 17 and 18. 

The schematic for a co-impregnated alumina 
with a low tin to platinum ratio (1: 1, in Figure 
17) indicates that most of the platinum is pre- 
sent as metallic platinum with some platinum- 
tin alloy, and that most of the tin is present as 
the “tin aluminate” compound. For the high 
tin-platinum co-impregnated catalyst 
(tin:platinum equals 12: 1) a large fraction of the 
tin can still be regarded as being present as the 
“tin aluminate” but, because of the larger 
amount of tin present, sufficient tin(0) is found 
to convert nearly all of the tin to platinum-tin. 

For the co-precipitated catalyst, the 
schematic representation (Figure 18) indicates 
that nearly all of the tin on the surface is present 
as isolated tin(I1) - or tin(1V) - ions. The 
platinum is therefore present as small platinum 
crystallites. It is speculated that the tin ions 
serve to “trap” platinum crystallites and retard 
platinum crystal growth. In this case there 
should be an optimum where the number of tin 
ions is about equal to the number of platinum 
atoms. Thus, the idealised co-precipitated 
catalyst would consist of isolated tin ion- 
platinum particles. 

The chloride has not been included in the 
above schematics. The Mossbauer and X P S  
data indicate that it is likely to be present as 
SnCl, I - ,  SnCI, z -  and AlOCl or AICl, -type 
complexes. Presumably, these ionic complexes 
would be highly dispersed both on the surface 
and in the bulk. The XPS and SEM data clearly 
indicate that at least a portion of the chloride is 
mobile during calcination and reduction. 
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