
JOURNAL OF CATALYSIS 119, 179-186 (1989) 

Surface Characterization Study of the Reduction of an Air-Exposed 
Pt,Sn Alloy, IV 

STEVEN D. GARDNER,* GAR B. HOFLUND,* AND DAVID R. SCHRYER~ 

*Department of Chemical Engineering, University of Florida, Gainesville, Florida 32611 
and tNASA Langley Research Center, Hampton, Virginia 23665-522.5 

Received October 21, 1988; revised February 14, 1989 

Ion scattering spectroscopy (ISS), angle-resolved Auger electron spectroscopy, and electron 
spectroscopy for chemical analysis (ESCA or XPS) have been used to examine the reduction 
(300°C under 1 Torr of Hs for 1 h) of an air-exposed, polycrystalline Pt,Sn alloy surface. Initially, 
the surface was covered with a thick tin oxide layer. The reduction resulted in a loss of oxygen 
particularly from the near-surface region, migration of Pt to the surface from a tin-depleted Pt 
region lying beneath the tin oxide layer, and reduction of tin oxide to metallic tin which alloys with 
the Pt which migrated to the near-surface region. ISS shows that the outermost atomic layer of the 
reduced surface contains a large amount of Pt which probably occupies vacancies left by 
oxygen. 0 1989 Academic Press, Inc. 

INTRODUCTION 

Platinum/tin systems are important cata- 
lytic materials for hydrocarbon reforming 
(I-14) and low-temperature CO oxidation 
(15-17). The presence of tin alters the 
catalytic behavior of platinum so it is im- 
portant to understand the nature of the 
platinum-tin interaction. A recent study by 
Hoflund et al. (18) has shown that a plati- 
num-tin alloy forms when a platinized tin 
oxide film is reduced by annealing in vac- 
uum. Davis and co-workers (19, 20) have 
reached similar conclusions in studies of 
alumina-supported platinum-tin hydrocar- 
bon-reforming catalysts using electron 
spectroscopy for chemical analysis (ESCA 
or XPS) and in situ X-ray diffraction. Their 
X-ray diffraction patterns indicate that 
PtSn is the only alloy which forms regard- 
less of relative Pt and Sn loading (21). 
Furthermore, alloy formation is completely 
reversible with oxidative and reductive 
treatments. 

These recent studies (18-21) suggest the 
importance of characterizing Pt/Sn alloy 
surfaces since these surfaces may be re- 
sponsible for the unique catalytic proper- 
ties of Pt/Sn systems. Early studies by 

Bouwman and co-workers (22-25) show 
that the surface compositions of PtSn and 
PtSn samples are readily altered by ion 
sputtering, annealing in vacuum, exposure 
to oxygen or exposure to hydrogen. More 
recent studies by Hoflund and co-workers 
(26-29) have focused primarily on the sur- 
face enrichment in tin of Pt,Sn alloy sur- 
faces caused by annealing in vacuum or 
oxygen exposure. These studies utilized 
angle-resolved Auger electron spectros- 
copy (ARAES) (30), high-energy-resolution 
Auger electron spectroscopy (HRAES) 
(31), scanning Auger microscopy (SAM), 
ion-scattering spectroscopy (ISS), and an- 
gle-resolved ESCA. 

Relatively little work has been done on 
the reduction of oxidized PtlSn alloy sur- 
faces. The purpose of the present study is 
to examine an air-exposed PtSn alloy sur- 
face before and after reducing the surface 
by annealing in hydrogen. ISS, ARAES, 
and ESCA results are presented. 

EXPERIMENTAL 

Details of the method used to prepare the 
Pt,Sn sample were presented in an earlier 
part of this study (26). The sample was 
stored in argon until use. It was inserted 

179 
0021-9517/89 $3.00 

Copyright 0 1989 by Academic Press, Inc. 
All rights of reproduction in any form reserved. 



180 GARDNER, HOFLUND, AND SCHRYER 

into the ultrahigh vacuum (UHV) system cle energy analyzer. ARAES (30) was per- 
(base pressure of IO-” Torr) and sputter formed in the nonretarding mode using a 
cleaned until all C and 0 contamination was 3-keV, IO-PA primary beam from an exter- 
removed. Then the sample was exposed to nal, glancing incidence electron gun. The 
air and reinserted into the vacuum system. electron beam incidence angle was approxi- 
After the oxidized sample was character- mately 20” off the alloy surface plane. Rota- 
ized, it was moved into a preparation cham- tion of the 90”-slotted aperture allowed for 
ber attached to the UHV system and re- selection of emission angles of 75” to obtain 
duced under I Torr of HZ at 300°C for 1 h. more bulk-sensitive spectra and 20” to ob- 
The heating was carried out using a special tain more surface-sensitive spectra. ISS 
heating system (32) which did not expose spectra were also collected in the nonre- 
any hot spots to the H2 which would cause tarding mode using a 147” scattering angle 
dissociation to atomic hydrogen. Thus, the and pulse counting detection (33). Sputter 
effects of the reduction are due only to damage was minimized through the use of a 
exposure to molecular hydrogen. The I keV, 100 nA 4He+ primary beam defo- 
sample temperature was measured using an cused over an area of about I cm’. Both 
optical pyrometer. After reduction the survey and high-resolution ESCA spectra 
sample was moved back into the UHV were collected with Mg Ka excitation in the 
system without air exposure for further retarding mode using 50 and 25 eV pass 
characterization. energies, respectively. 

ARAES, ISS, and ESCA were per- 
formed using a Perkin-Elmer PHI Model 
25-270AR double-pass cylindrical mirror 
analyzer containing an internal electron gun 
and movable aperture as the charged parti- 

RESULTS AND DISCUSSION 

An ISS spectrum taken after sample 
cleaning and air exposure is shown in Fig. 
la. This spectrum contains a predominant 

ISS 
(b) 

FIG. 1. ISS spectra taken from the polycrystalline Pt,Sn sample after (a) sputter cleaning and 

exposing to air and (b) reducing the air-exposed sample under I Torr of Hz for I h at 300°C. 
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peak due to Sn and very small peaks due to 
Pt and 0. The 0 peak is shifted from its 
appropriate E/E0 value of 0.4 to 0.5, the 
background is fairly large, and no ions are 
detected below an EIEo of 0.26. These facts 
indicate that the surface is oxidic in nature 
and that charging is occurring. This ISS 
spectrum is quite similar to that taken from 
an oxygen-exposed tin surface (34). 

Annealing in hydrogen dramatically al- 
ters the composition of the outermost layer 
of atoms of the surface as seen in the ISS 
spectrum of Fig. lb. The Pt peak has grown 
in size nearly to that of the Sn peak, the 0 
peak is significantly decreased in size, the 
0 peak appears at its predicted E/E,, value 
of 0.4 indicating that charging is no longer a 
problem, and the inelastic background is 
reduced indicating that the outermost sur- 
face layer is more metallic in nature. Fig- 
ures la and lb were collected using the 
same instrument settings and are scaled 
accurately with respect to each other. 
Thus, the tin peak height does not change 
significantly during the reduction. The ISS 
cross section of 0 is much smaller than that 
of Pt (35). This suggests that the decrease in 
the number of 0 atoms may roughly cor- 
respond to the increase in the number of Pt 
atoms in the outermost surface layer. It is 
probable that the 0 atoms are removed 
from the surface layer through water forma- 
tion during the reduction. Although specu- 
lative, it is possible that the Pt which mi- 
grates to the surface fills the vacancies left 
by the 0. The chemical interaction between 
the Pt and H2 provides a driving force for 
the Pt migration as discussed by Bouwman 
et al. (22) much like the chemical interac- 
tion between the Sn and 0 provides a 
driving force for Sn migration to the surface 
during an oxygen exposure (27-30). These 
studies also demonstrate that annealing a 
PtlSn alloy surface in vacuum rather than 
hydrogen enriches the near-surface region 
in Sn and not in Pt. A hydrogen environ- 
ment is necessary to enrich the near-sur- 
face region in Pt. 

Figure 2a shows a bulk-sensitive AES 
spectrum, and Fig. 3a shows a surface- 

sensitive AES spectrum taken from the 
cleaned and air-exposed sample. Sn, C, and 
0 peaks appear in these spectra, but no 
peaks due to Pt appear. This fact provides 
clear evidence that a fairly thick (>30 A) 
layer of tin oxide forms over the Pt-rich 
region during the air exposure. The same 
conclusion has been reached in a previous 
study by Hoflund and Asbury (28) using 
angle-resolved ESCA. The O/Sri peak- 
height ratios in Figs. 2a and 3a are 0.61 and 
0.58, respectively. These comparable val- 
ues indicate that the composition of the tin 
oxide layer is fairly uniform with depth. 
The ratios are also typical of those obtained 
from tin oxide surfaces (36). The C peak is 
probably due to adsorption of hydrocar- 
bons during the air exposure and always 
appears after exposing these samples to air. 

Figures 2b and 3b show the bulk-sen- 
sitive and surface-sensitive AES spectra, 
respectively, taken after the reduction. 
Two changes due to the reduction are ob- 
served by comparing the bulk-sensitive 
AES spectra shown in Figs. 2a and 2b. The 
O&n ratio is substantially reduced and Pt 
migrates to the near-surface region during 
the reduction. Both of these facts are con- 
sistent with the ISS spectrum shown in Fig. 
lb even though the bulk-sensitive AES 
probes more deeply beneath the surface 
than ISS. Comparing the surface-sensitive 
spectrum shown in Fig. 3b and the bulk- 
sensitive spectrum shown in Fig. 2b, it is 
seen that more Pt and less 0 are contained 
in the near-surface region than at greater 
depths. This observation supports the as- 
sertion that Pt replaces 0 which has been 
removed during the reduction. It is also 
possible to qualitatively describe the depth 
composition profiles of the Pt and 0 from 
these spectra. Initially, the 0 had a fairly 
uniform concentration through the oxidic 
region (of greater depth than that probed by 
the bulk-sensitive AES). After the reduc- 
tion the 0 concentration is low at the 
surface and increases at greater depths. 
The Pt is more concentrated at the surface 
and less so at greater depths. It is seen that 
the increase in Pt and decrease in 0 in the 
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FIG. 2. Bulk-sensitive AES spectra taken from the (a) air-exposed and (h) reduced PtSn surfaces. 
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FIG. 3. Surface-sensitive ARAES spectra taken from the (a) air-exposed and (b) reduced Pt$n 

surfaces. 
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FIG. 4. ESCA survey spectra taken from the (a) air-exposed and (b) reduced Pt,Sn surfaces. 

near-surface region is large by comparing 
the surface-sensitive spectra shown in Figs. 
3a and 3b. 

ESCA survey spectra taken before and 
after the reduction are shown in Fig. 4a and 
4b, respectively. Peaks due to Sn, 0, Pt, C, 
and Ta are observed in the spectra. Ta 
appears because a Ta strip was used to hold 
the sample on the mounting block. ESCA 
probes more deeply than bulk-sensitive 
AES as observed by the presence of the 
large Pt 4fpeaks in Fig. 4a. This Pt signal 
originates from a Sn-depleted region which 
lies beneath the tin oxide layer (28, 29). 
After the reduction the Pt peaks are in- 
creased and the 0 1s peak is decreased. 
These results are consistent with both the 
ISS and AES spectra even though ESCA 
probes more deeply than the other two 
techniques. 

High-resolution ESCA spectra of the Sn 
3d, Pt 4j’, and 0 1s features before (A(a), 

B(a), and C(a), respectively) and after re- 
duction (A(b), B(b), and C(b), respectively) 
are shown in Fig. 5. The Sn 3d peaks shown 
in A(a) have a binding energy of 486.4 eV 
which corresponds to that of oxidic tin 
(SnO, SnOz, or Sn hydroxides) (36, 37). 
However, these peaks are broad and con- 
tain a shoulder at about 485.0 eV which is 
due either to alloyed or to metallic tin lying 
beneath the oxide layer (28). After the 
reduction most of the Sn is in the form of 
alloyed or metallic Sn as evidenced by the 
peak position of about 485.3 eV. This value 
is larger than the Sn 3d binding energy of 
484.6 eV for metallic Sn. Since a detailed 
deconvolution of these peaks has not been 
attempted in this study, a rigorous assign- 
ment of binding energies to species is not 
made. Further work on this topic is in 
progress. A higher binding energy shoulder 
at approximately 486.4 eV (shown as a 
dotted line) is also present after the reduc- 
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FIG. 5. High-resolution ESCA spectra taken from the (a) air-exposed and (b) reduced PtSn surfaces 

showing the (A) Sn 3d peaks, (B) Pt 4J’peaks and (C) 0 Is peak. The shoulder emphasized by the 

dotted line in A(b) is Sn in an oxidic form. 

tion. This is consistent with the AES spec- 
tra shown in Figs. 2b and 3b, which show 
that most of the 0 lies beneath the surface. 

The Pt 4fpeaks shown in Fig. 5B(a) lie at 
a binding energy of 71.5 eV which is about 
0.6 eV larger than that of metallic Pt. The 
width and shapes of these peaks suggest 
that only one chemical form of Pt contri- 
butes to this spectrum. As discussed above, 
this Pt is probably an Sn-depleted alloy, but 
the reason for the binding energy difference 
from metallic Pt is not currently under- 
stood. After reduction the Pt 4f binding 
energy is 71.7 eV. Again, it appears that 
only one chemical form of Pt is present. 
One possibility is that the Sn-depleted Pt 
alloy has a binding energy of 71.5 eV and 
that this binding energy increases to 71.7 
eV as the Sn concentration increases after 
reduction of the alloy. Two studies (38, 39) 

suggest that the Sn and Pt peaks obtained 
from an alloy are shifted to higher binding 
energy. This and other possibilities are be- 
ing investigated. 

Figure Z(a) shows the ESCA 0 1s peak 
taken from the air-exposed alloy surface, 
and Fig. 5C(b) shows the 0 Is peak taken 
from the reduced alloy surface. The width 
and shape of the peak in Fig. 5C(a) indi- 
cates that two forms of 0 are present on the 
air-exposed sample: an oxidic form with a 
binding energy at 530.5 eV and hydroxyl 
groups with a binding energy at about 53 I.5 
eV. The reduction process removes the 
hydroxyl groups leaving only the oxidic 
form beneath the surface. 

CONCLUSION 

ISS, ARAES, and ESCA have been used 
to examine an air-exposed, polycrystalline 
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Pt,Sn surface before and after reduction by 
heating at 300°C under 1 Torr of HZ for 1 h. 
Before reduction the surface was covered 
with a fairly thick (-40 A), uniform layer of 
tin oxide and hydroxide. Beneath this layer 
was a Pt-rich region. ISS shows that the 
outermost atomic layer contains mostly Sn 
and 0 with only a very small amount of Pt 
present. 

Reduction results in loss of 0 and enrich- 
ment in Pt of the near-surface region. ISS 
shows (1) that the outermost atomic layer is 
strongly enriched in Pt through migration of 
Pt to the surface, (2) that the outermost 
atomic layer becomes more metallic, and 
(3) that 0 is removed from the outermost 
atomic layer during the reduction. The 
ARAES data suggest that the Pt migrates to 
the surface from the Pt-rich region by mov- 
ing through vacancies left by the oxygen 
which reacted with the hydrogen and de- 
sorbed, thus strongly enriching the outer- 
most layer in Pt. ESCA shows that most of 
the tin oxide is reduced to metallic form and 
probably is present as alloyed Sn. The 
reduction results in loss of hydroxyl groups 
but a subsurface, oxidic form remains un- 
der the reductive conditions used. It is 
likely that reduction under the conditions 
used in this study but for longer periods 
would result in complete removal of the 
oxygen leaving a Pt-rich alloy at the 
surface. 
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