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Institute of Chemistry, Chemical Research Center, Hungarian Academy of Sciences, 1025 Budapest, Pusztaszeri út 59-67, Hungary; and ∗Institute
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Sn–Pt/SiO2 catalysts used in room temperature oxidation of CO
were characterized by in situ techniques applying both Mössbauer
and FTIR spectroscopy. The catalysts were prepared by an
organometallic method (CSR) using 119Sn(CH3)4. The Mössbauer
spectra revealed the presence of platinum-rich [PtSn(a)] and tin-
rich [PtSn(b)] alloy species as the main tin-containing components
accounting for more than 85% of tin after activation of the cata-
lysts in hydrogen at 573 K. The results of Mössbauer spectroscopy
showed that the oxidation of the less stable tin-rich PtSn(b) com-
ponent, with looser Sn–Pt bonds, is primarily involved in surface
reactions taking place in the low temperature CO oxidation. The ox-
idation of both PtSn(b) and PtSn(a) species leads to the formation
of new species and sites, such as (i) a tin oxide phase, (ii) a mo-
bile Sn4+(sf ) species, (iii) platinum sites, and (iv) the appearance
of a third alloy species, PtSn (1 : 1). The net result of this transfor-
mation is the formation of highly active “Sn4+–Pt” ensemble sites,
where Sn4+ sites are in the atomic closeness of Pt. In both CO
oxidation and subsequent reactivation in hydrogen a reversible
PtSn(b)↔ Sn4+ + Pt interconversion takes place at room temper-
ature. The probability of the Mössbauer effect, fA (approximated
by d ln(A300/A77)/dT ), indicates the surface location of the in-
volved components. The results of in situ FTIR spectroscopy pro-
vided further proof for the above interconversion and unambiguous
evidences of the involvement of both Pt-rich PtSn(a) and Sn-rich
PtSn(b) alloy species in the above interconversion. The catalytic ex-
periments are in full accordance with the results of spectroscopic
measurements. The possible mode of activation of the CO molecule
over the (110) surface of the PtSn (1 : 1) alloy was also modeled and
calculated. c© 2001 Academic Press
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INTRODUCTION

Pt/SnO2 (1–5) and Pd/SnO2 (6, 7) catalysts are widely
used as low temperature CO oxidation catalysts. Recently
we have shown that alloy-type Sn–Pt/SiO2 catalysts pre-
pared by using anchoring-type controlled surface reactions
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(CSRs) between tin tetraalkyls and hydrogen adsorbed on
platinum are highly active in this reaction (8). The activity
of the Sn–Pt/SiO2 catalysts strongly depended on the Sn/Pt
ratio and catalysts with Sn/Pt ratio between 0.4 and 0.7
had the highest activity. Based on our recent catalytic and
Mössbauer spectroscopy results (8) and the mechanism pre-
sented in Ref. (5) we have suggested that the activation of
the CO molecule can be related to (i) the atomic closeness
of Pt and Sn4+ sites formed in situ during the oxidation, and
(ii) the C≡O–Sn4+ interaction. Accordingly, in the activa-
tion of CO the “Sn4+–Pt” ensemble sites formed in situ from
supported Pt–Sn nanoclusters should be involved (8). This
suggestion has been supported by the results of ab initio
Hartree-Fock calculations carried out for the C≡O–Sn4+

interaction (8).
Based on results of in situ Mössbauer spectroscopy the

formation of similar types of sites has been suggested in
the selective hydrogenation of crotylaldehyde to crotyl-
alcohol (9). Consequently, the activation of the CO
molecule and the carbonyl group showed distinct similari-
ties. In both cases the activation is due to the C≡O–Sn4+ or
>CO=O–Sn4+ interaction over the Sn4+–Pt ensemble sites.

In this paper we provide further in situ spectroscopic ev-
idence for the formation of Sn4+–Pt ensemble sites upon
investigation of the transformation of supported Pt–Sn al-
loy species in the presence of a CO and oxygen mixture
at room temperature. In addition, an attempt was made
in this study to model and calculate the interaction of ad-
sorbed CO molecule with hypothetical Sn0–Pt and Sn4+–Pt
ensemble sites.

EXPERIMENTAL

A 3% Pt/SiO2 catalyst (CO/Pt= 0.52) was used as a
parent catalyst. Tin tetramethyl (119Sn(CH3)4) was applied
as tin precursor compound. The tin anchoring was carried
out in benzene at 323 K in a hydrogen atmosphere for
2 h. Details of surface chemistry involved in this type of
catalyst modification can be found elsewhere (10, 11).
The decomposition of multilayer organometallic complex
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(MLOC) was accomplished in both oxidative and reductive
atmospheres by the temperature programmed reaction
(TPRe) technique (heating rate= 5 K/min, temperature
ramp from 295 to 613 K). The use of reductive atmosphere
provides alloy-type Pt–Sn nanoclusters (12, 13), while
the oxidative one should give finely dispersed SnOx

(x= 2 or 4) over platinum (11, 13). These two types of
catalysts are distinguished as (H)- and (O)-type cata-
lysts, respectively. In both types of Sn–Pt/SiO2 catalysts
after reduction at 613 K the tin–platinum alloy phases are
the main components and the amount of ionic forms of tin
is less than 10% (13). In this study the following catalysts
were prepared and used: Sn–Pt/SiO2 (A) (Sn/Pt
(at./at.)= 0.19, CO/Pt= 0.30) and Sn–Pt/SiO2 (B) (Sn/Pt
(at./at.)= 0.68, CO/Pt= 0.20, Catalyst No. II-3 in Ref. (8)).
Chemisorption measurements using CO were done using
ASDI RXM–100 equipment. In time-on-stream (TOS)
experiments, a gas mixture containing 1.5 vol% CO and
0.64 vol% oxygen in helium was applied. In these experi-
ments the space velocity was 24,000 ml (gcat)

−1 h−1. Prior
to the reaction the catalysts were rereduced at 613 K for
1.5 h in a hydrogen atmosphere (flow rate 60 ml/min).

Mössbauer spectra were recorded at 300 and 77 K with
a constant acceleration spectrometer using a Ba119SnO3

source. All isomer shifts were referred to SnO2. A stan-
dard least-squares minimization routine was used to fit the
spectra as a superposition of Lorentzian lines. From spec-
tra recorded at 300 and 77 K, fA = d ln(A300/A77)/dT data
were also calculated, where A300 and A77 are the actual ab-
sorption areas of components in the spectra recorded at 300
and 77 K, respectively. fA is connected to the probability of
the Mössbauer effect; it provides a rough estimation for the
bonding strength of the particular species (the smaller fA is
the stronger the bond). The catalyst samples were treated
in situ and measured in the Mössbauer cell (14). The dura-
tion of treatment in a hydrogen atmosphere at 573 K was
90 min. The in situ experiments were carried out at room
temperature at a constant flow of CO : O2 (1 : 1) mixture
(2 ml/min for 1.5 h).

In situ infrared spectra were obtained at room tem-
perature using a Nicolet Impact 400 FTIR instrument.
In the spectral range of 2200–1700 cm−1 two bands were
detected. The high intensity one corresponds to the lin-
early chemisorbed CO, while the low intensity broad band
is characteristic for bridged CO. In the spectral region
2200–1900 cm−1 the resolution was 1 cm−1; however, due to
the low intensity and the strong broadening the resolution
of the bridged CO was in the range of 4 cm−1. The descrip-
tion of the cell and the high vacuum apparatus used can be
found elsewhere (15). Catalyst samples were ground-sieved
and pressed onto self-supporting disks and mounted in the
sample holder. The weight of the self-supporting disks was

2
about 2.5–4.0 mg/cm . The calculated band intensities were
corrected for the weight of the sample. The band intensi-
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ties were determined by integration in the 1985–2125 and
1750–1925 cm−1 range, and the relative error of integra-
tion is 5 and 15% for the linear and the bridged carbonyl
groups, respectively. The treatment of the sample was ac-
complished in a heated attachment chamber located above
the IR cell. The catalysts were rereduced in hydrogen at
613 K for 2 h followed by evacuation at the same temper-
ature for 1 h and cooling to room temperature under vac-
uum (10−3 mbar). FTIR spectra were measured at 10 Torr
(13.5 mbar) CO and 5 Torr (6.7 mbar) oxygen pressure,
i.e., under conditions used earlier in time-on-stream exper-
iments (8). The spectra were obtained after accumulation
of 200 scans. First the background spectra were measured,
followed by the introduction of 10 Torr CO. In the presence
of CO spectra were taken after 8, 24, and 40 min. Spectra
taken after 40 min were used for comparison. In the next
step 5 Torr oxygen was added to the IR cell and spectra
were taken after 8, 24, 40, and 60 min. After in situ measure-
ments the partial reduction of the Sn–Pt/SiO2 (B) catalyst
with hydrogen was also investigated. In this experiment the
cell was evacuated at 10−3 mbar and the background spec-
trum was taken. Afterward the sample was kept in pure
hydrogen for 1 h and evacuated and a new spectrum was
measured.

The density functional approximation level with the lo-
cal VWN functional and the minimal basis set was used
to model the interaction of adsorbed CO molecule with a
hypothetical Pt–Sn cluster. The core electrons of the metal
atoms were represented by relativistic effective core poten-
tials (ECPs). These metal atoms were positioned in order
to form a small cluster on the (110) surface of the PtSn
crystal according to Ref. (16). The locations of the metal
atoms were fixed during the calculations, while the geome-
try of the CO molecule and its position relative to the metal
cluster were fully optimized.

RESULTS AND DISCUSSION

In Situ Mössbauer Measurements

In studying the low temperature oxidation of carbon
monoxide, both 300 and 77 K in situ spectra were recorded
on Sn–Pt/SiO2 (B) catalysts ((O) type (sample II-3 in
Ref. 8)). The 300 and 77 K spectra measured are presented
in Figs. 1A and 1B, respectively, and the corresponding data
are compiled in Table 1. This table displays fA values as well.

The 300 K spectra are the “genuine” in situ spectra since
they were obtained under the actual reaction conditions.
Consequently, the 300 K spectra reflect species formed
under dynamic reaction conditions, while the 77 K spec-
tra can be attributed to stabilized surface species. We be-
lieve that the data extracted from 77 K spectra are probably

more reliable, since the probability of Mössbauer effect for
different species strongly depends on the temperature.
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FIG. 1. Mössbauer spectra of Sn–Pt/SiO2 (B) catalysts under differ-
ent experimental conditions. (A) spectra obtained at 300 K, (B) spectra
obtained at 77 K. Catalyst samples: (a) as received, (b) after reduction
at 573 K in hydrogen, (c) in situ measurement in CO oxidation at 300 K,
(d) in situ reduction in hydrogen at 300 K, (e) in situ measurement in CO
oxidation at 300 K, and (f) in situ treatment in CO.

In our recent studies (8, 13) when fitting the Mössbauer
spectra, the alloy fraction was divided into two alloy-
type species with isomer shifts between 1.20–1.56 and
2.23–2.35 mm s−1, respectively. Based on literature data
(16–19) the former alloy species can be assigned to tin
dissolved in Pt (Sn< 6 at.%) and/or to Pt3Sn, while the
latter one can be related to the tin-rich Pt2Sn3 and PtSn4

phases (Pt–Sn(b) phase). In a recent Mössbauer spectro-
scopic study at 7 K in PtSn/MgO catalysts prepared using
similar surface chemistry more composition ranges were
distinguished (18). We admit that alloy phases with inter-
mediate compositions can also be present in our Sn–Pt/SiO2

catalysts. However, because of the substantial overlap of the
spectral lines, we have used the parameters belonging to
these two extreme compositions for the fitting procedures.
Using this approach the variations in the amount of the
Pt-rich and Sn-rich species can easily be followed. There-

fore, in this work we also differentiate the Pt–Sn(a) and
Pt–Sn(b) alloy-type species.
LVI ET AL.

In the in situ oxidation of CO a new species with isomer
shifts around 1.58–1.93 mm s−1 became dominant. This iso-
mer shift is close to that of the PtSn (1 : 1) alloy species
(17–19); thus this third component can be denoted as
PtSn (1 : 1) alloy species thereafter. Furthermore, an ad-
ditional new component arises with IS between 0.80 and
0.94 mm s−1 (and after a repeated CO + O2 treatment at
0.79 mm s−1, as well (see spectra e)). This value is beyond
the lowest IS assigned for bimetallic tin alloys. Based on lit-
erature analogies this component can probably be assigned
to Sn4+ (21) and can be attributed to a well-dispersed sur-
face species, Sn4+(sf), since its IS value is significantly dif-
ferent from that of oxidic Sn4+. This type of species was also
evident in our earlier studies (8, 13).

In as received Sn–Pt/SiO2 catalysts the dominating por-
tion of the starting sample is Sn4+ oxide (see spectra a in
Figs. 1A and 1B). This was expected as after the prepa-
ration the sample was kept in air. The high temperature
(573 K) activation in hydrogen results in the formation of
bimetallic phases in overwhelming dominance (see spectra
b in Figs. 1A and 1B). Similar to our recent studies (8, 13)
two Pt–Sn alloy species were distinguished, PtSn(a) with IS
between 1.34 and 1.37 mm s−1 and PtSn(b) with IS between
of 2.24 and 2.41 mm s−1. The Sn2+ and Sn4+ components
together amount to 16% spectral area. It is worth noting
that upon reduction at 573 K the Sn4+(ox) species are com-
pletely absent in the spectrum recorded at 300 K. The Sn2+

and Sn4+ species may have originated from organometal-
lic species formed at the particle peripheries and subse-
quently become incorporated into the support (19, 20).
Another possible explanation for the presence of ionic tin
compounds is that their full reduction requires a slightly
higher temperature and prolonged reduction time.

From Figs. 1A and 1B it can be seen that the character of
in situ Mössbauer spectra taken in the presence of CO +O2

at room temperature has been completely changed com-
pared to the reduced form of the catalyst (compare spectra
b and c). The oxidative atmosphere in the presence of CO
resulted in (i) oxidation of both PtSn(a) and PtSn(b) alloy
species to Sn4+ in a high proportion and (ii) the dominance
of the PtSn (1 : 1) alloy species with IS values around 1.58–
1.81 mm s−1 (see Figs. 1A and 1B and calculated spectra c
in Table 1).

The room temperature treatment in hydrogen also re-
sulted in very pronounced changes in the composition of
the catalyst. Interestingly, not only the mobile and highly
reactive surface species, Sn4+(sf) but also part of Sn4+(ox)
is reversibly transformed to the original alloy phases. The
reduction of the Sn4+(sf) phase is complete and the pro-
portion of Sn4+(ox) drops from 62 to 31% area in the spec-
trum and simultaneously the platinum-rich PtSn(a) and the
tin-rich PtSn(b) components reappear in 34 and 35% rel-

ative intensity, respectively. This result indicates that 82%
of the original alloy content has been restored by room
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TABLE 1

Mössbauer Parameters Obtained from 77 and 300 K Spectra of (O)-Type PtSn/SiO2 (B) Used for 300 K Oxidation of CO

Temperature of measurement: 300 K 77 K

Treatment Comp: IS QS FWHM RIa IS QS FWHM RIa ∝ fA

a As received Sn4+(ox) 0.00(1) 0.65(2) 1.07(4) 82 0.00(1) 0.72(1) 1.29(1) 77 3.5
PtSn(a) 1.37(7) — 1.53(17) 18 1.38(2) — 1.66(4) 23 4.7

b 570 K in H2 Sn4+(sf) 0.55(3) 0.79(14) 4
Sn2+ 2.76b 2.32b 1.38(15) 12
PtSn(a) 1.34(2) — 1.44(5) 54 1.37(3) — 1.66(16) 41 4.1
PtSn(b) 2.24(5) — 1.87(7) 46 2.41(6) — 1.96(14) 42 4.8

c 300 K in CO+O2 Sn4+(ox) 0.00(1) 0.70(1) 1.07(2) 75 0.01(1) 0.74(1) 1.22(1) 62 3.1
Sn4+(sf) 0.80b — 0.90(14) 7 0.94(2) — 1.07(8) 11 6.1
Sn2+ 3.41(2) 2.03(5) 0.81(6) 4
PtSn (1 : 1) 1.58(3) — 1.45(7) 18 1.81(2) — 1.44(6) 23 4.9

d 300 K in H2 Sn4+(ox) −0.01(2) 0.65(2) 0.96(7) 30 0.01(1) 0.71(1) 1.03(3) 31 5.9
PtSn(a) 1.23(4) — 1.79(23) 43 1.24(2) — 1.74(10) 34 4.6
PtSn(b) 2.34(4) — 1.53(12) 27 2.44(2) — 1.74(5) 33 6.6

e 300 K in CO+O2 Sn4+(ox) −0.04(2) 0.66(1) 1.16(2) 58
Sn4+(sf) 0.79(3) 1.03(8) 10
Sn2+ 3.31(2) 2.11(4) 0.51(6) 2
PtSn (1 : 1) 1.68(2) — 1.57(4) 29

f 300 K in CO Sn4+(ox) −0.06(1) 0.65(1) 0.97(3) 47 −0.05(1) 0.65(1) 1.10(2) 50 4.7
Sn4+(sf) 0.80b — 1.60(19) 28 0.88b — 1.46(10) 21 (3.0)
PtSn (1 : 1) 1.91(2) — 1.40(8) 25 1.93(1) — 1.52(3) 30 5.1

Note. IS, isomer shift, relative to SnO2, mm/s; QS, quadrupole splitting, mm/s; FWHM, linewidth, mm/s; RI, relative intensity %, ∝ fA, =
−d ln(A300/A77)/dT × 10−3, where A300 and A77 are the actual absorption areas of components in the spectra recorded at 300 and 77 K, respectively.

a RI is a derived parameter with an error summarized from those of the components (base line, intensity, FWHM—it is estimated at ca. 10

relative %).

b Constrained parameters.

temperature hydrogen treatment (compare samples b and
d). After rereduction the Pt–Sn (1 : 1) alloy phase was com-
pletely converted back to the original alloy phases.

Consequently, the intimate contact between Sn and Pt,
in both the reduced and the working catalyst containing
supported alloy-type nanoclusters, is convincingly demon-
strated by the room temperature regeneration in hydrogen.
This regeneration clearly proves the Sn4+ ↔ Sn0 transfor-
mation at room temperature in both PtSn(a) and PtSn(b)
bimetallic species. In addition, it is worth comparing the
effects of 573 K and room temperature reactivation in
hydrogen: the corresponding IS values (i.e., their compo-
sitions) of PtSn(a) and PtSn(b) are very close and even
their proportion is the same.

In a subsequent room temperature CO + O2 treatment
partial reoxidation of Sn to Sn4+(ox) and Sn4+(sf) was ev-
idenced again with simultaneous disappearance of both
PtSn(a) and PtSn(b) components in the catalyst (see spec-
trum e in Fig. 1B). This experiment provided additional
proof for the reversibility of nanocluster reconstruction.

However, the treatment in pure CO (see spectrum f) can-
not reduce the oxide phases into the alloy components. This
treatment resulted in only slight alteration in the ratio of
the Sn4+(ox) and Sn4+(sf) phases.
The calculated fA values are in correspondence with the
considerations given under Experimental. Please note that
cases with RI < 10% possessed relatively large fit uncer-
tainty and were not considered. For interpretation, low
values are characteristic of strong ionic bonds (e.g., for
a separate SnO2 phase a value of 1.0 × 10−3 is obtained
(19)). However, in large organic complex molecules with
looser bonds fA values close to 10−2 can be obtained (22).
Strong interaction of tin with oxygen is reflected in the
fA ≈ 3× 10−3 value estimated for Sn4+(ox) after CO+O2

treatments. In contrast, after room temperature reactiva-
tion in hydrogen (see sample d), Sn4+(ox) exhibits a sig-
nificantly larger fA value (5.87 × 10−3) than in samples
c or a. Further, the surface character of Sn4+(sf) is re-
flected in large fA values (6.08 × 10−3) after CO + O2

treatments. In a comparison of PtSn(a) and PtSn(b) com-
ponents the fA values provide further insight; i.e., for the
tin-depleted PtSn(a) component, a relatively low fA value
(∝ fA = 4.1–4.6×10−3) is obtained, indicating the incorpo-
ration of tin into the core of bimetallic particles. Whereas,
tin in PtSn(b) is more loosely bound as fA ≈ 4.8–6.5×10−3

indicates. It is worth noting that when the IS values were
constrained the accuracy of these calculations strongly de-
creases. This is probably, the case for Sn4+(sf) in sample f.

Based on the assignment discussed above it is suggested
that the primary interaction with the CO–oxygen mix-

ture leads to a strong reconstruction of supported Sn–Pt
nano-clusters. The reconstruction is mainly related to the
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oxidation of metallic tin to Sn4+ in both the surface layer
and the bulk of the nanoparticles. The net result of this re-
construction is the enrichment of tin in the surface layer of
the bimetallic particles in the form of Sn4+. In the work-
ing catalyst at least two forms of Sn4+ can be differentiated,
i.e., (i) a more stable one, Sn4+(ox) with isomer shift around
zero, and a mobile one, Sn4+(sf) with IS = 0.79–0.94 mm
s−1. The results indicate also that during in situ CO oxida-
tion a third new species, i.e., the Pt–Sn (1 : 1) alloy with IS =
1.4–1.7 mm s−1, has been formed.

The oxidation during the CO + O2 reaction does not
result in extended separation of the oxidized Sn4+ forms,
since both the Sn4+(ox) and the Sn4+(sf) components are
readily reconverted in hydrogen at room temperature to
PtSn(a) and PtSn(b) phases. During the CO+O2 reaction,
the surface of the nanoparticles containing both mono- and
bimetallic metallic sites are probably covered mostly by
Sn4+ species, while providing simultaneous access to CO
both on free platinum sites and on the Pt–Sn (1 : 1) alloy.

In Situ FTIR Measurements

Three different catalysts were investigated by in situ
FTIR measurements: Pt/SiO2, Sn–Pt/SiO2 (A), and Sn–
Pt/SiO2 (B). FTIR spectra of chemisorbed CO on different
catalysts are shown in Fig. 2-I. The characteristic frequen-
cies of the linear and bridged CO bands are summarized in
Table 2. As emerges from these data the addition of tin into
the Pt/SiO2 catalyst decreases slightly both the frequency
and the intensity of the linear CO bands. On the parent
Pt/SiO2 and the Sn–Pt/SiO2 (A) catalyst the bridged CO
band appeared around 1865 cm−1. Due to the relatively
high tin loading no bridged CO band was observed on Sn–
Pt/SiO2 (B) catalyst.
Data obtained on the parent Pt/SiO2 catalyst are in a Experiment 1). Hence, the room temperature reduction

good agreement with literature data (23–25). The observed

FIG. 2. FTIR spectra of chemisorbed CO on different catalysts. (I) Spectra measured in the presence of pure CO (PCO = 10 Torr) (spectra were

of the in situ formed tin–oxide phase has been proven by
taken after equilibration for 40 min). (II) spectra measured in the presence
after equilibration for 60 min). Catalysts samples: (a) Pt/SiO2, (b) Sn–Pt/SiO
LVI ET AL.

behavior of our Sn–Pt/SiO2 catalyst is characteristic for
tin-modified supported platinum catalysts (25–27) and has
been attributed to the dilution of the platinum surface with
tin.

FTIR spectra of adsorbed CO in the presence of oxygen
are presented in Fig. 2-II. As emerges from these results
in the parent platinum catalyst the addition of oxygen to
CO had no detectable changes in the spectrum. However,
significant alteration can be seen in the spectra of both Sn–
Pt/SiO2 catalysts. The shift in the CO band frequencies indi-
cates that in the presence of oxygen the surface composition
of the supported tin–platinum nanocluster has been altered
and the extent of these changes depends on the Sn/Pt ratio
(compare A and B samples).

After addition of oxygen catalyst sample A strongly re-
sembles the parent platinum catalyst. On this sample the
CO frequency of linear CO band was shifted toward the
high frequency region (1CO = 4 cm−1) and the intensity of
the bridged CO band increased significantly. In B the band
position of linear CO is also shifted (1CO = 6 cm−1) and
there is a noticeable half-width broadening after exposure
to oxygen (see Fig. 2). The analysis of band intensities indi-
cates also that substantial intensity changes (around 25%)
can only be seen in B (see Table 2 and compare band inten-
sities of samples B, A, and parent Pt/SiO2 catalyst in both
the absence and presence of oxygen). Consequently, pro-
nounced replacement of chemisorbed CO by oxygen can
only be expected in sample B.

The 1 h room temperature hydrogen treatment of sam-
ple B used in CO oxidation (Table 2, Experiment 3) re-
sulted in a decrease in the CO band frequency from 2076
to 2071 cm−1; however, the original band intensity was not
restored. This new frequency value is very close to that
measured on the fully reduced sample (B) (see Table 2,
of CO +O2 mixture (PCO = 10 Torr, PO2 = 5 Torr) (spectra were taken
2 (A), (c) Sn–Pt/SiO2 (B).
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TABLE 2

Summary of in Situ FTIR Experiments: Frequency and Intensity Changes of the Linear CO Adsorption
Band under Conditions of CO Oxidation at Room Temperature

Catalysts

Pt/SiO2 Sn–Pt/SiO2(A) Sn–Pt/SiO2 (B)

No. Experimental condition COa
lin cm−1 COa

br cm−1 COa
lin cm−1 COa

br cm−1 COa
lin cm−1 COa

br cm−1

1 Adsorption of CO 2083 1865 2078 1865 2070 n.m.
(9.12) (0.88) (8.99) (0.58) (8.18) (n.m.)

2 In the presence of 2082 1865 2082 1860 2076 1860
CO+O2 mixtureb (9.30) (1.78) (8.46) (1.58) (6.66) (.57)

+3 After room temperature — — — — 2071 1860
reduction of sample No. 2 (6.15) (n.m.)
in H2

4 In the presence of — — — — 2083 1860
CO+O2 mixturec (n.d.) (n.m.)

a Frequency and normalized intensity data (the latter are given in parentheses).
b Addition of CO first;

c introduction of oxygen first. Spectra measured after 40 min of equilibration; n.d., not determined; n.m., not
measurable.

in situ FTIR measurements, however, as emerges from cor-
responding band intensities (see Table 2) the reduction is
only partial. Full reduction would require higher reduction
temperature.

Results presented in Table 2 indicate also that the rever-
sal of the addition of reactant, i.e., the addition of oxygen,
first has resulted in substantial differences in the FTIR
spectra of chemisorbed CO. These experiments were per-
formed on Pt–Sn/SiO2 (B) catalysts by addition of oxygen
first and subsequent introduction of CO after 5 minutes
(see Experiment No. 4 in Table 2). In this sample the low
frequency CO band at 2070 cm−1 disappeared and the
spectrum strongly resembled that of the parent platinum
((CO)lin = 2083 cm−1, (CO)br = 1855 cm−1). This result
indicates that upon contact with pure oxygen, fast oxida-
tion of supported bimetallic nanoclusters takes place. The
oxidation leads to rapid segregation of phases and the sub-
sequent addition of CO cannot restore the surface composi-
tion formed in the presence of CO+O2 mixture (compare
Experiments 2 and 4). However, it must be emphasized that
the above segregation leads to the reappearance of pure Pt
sites ((CO)lin = 2083 cm−1, (CO)br = 1865 cm−1). Prelimi-
nary catalytic experiments showed also that the activity of
the Sn–Pt/SiO2 catalyst was extremely low when the cata-
lyst was preoxidized, i.e., when oxygen was introduced first.

Difference spectra obtained on Sn–Pt/SiO2 (B) catalysts
in the presence of CO + O2 mixture and in pure CO are
shown in Fig. 3. The analysis of difference spectra provided
further insight into the changes induced by addition of oxy-
gen. As emerges from Fig. 3 the intensity of the band at
2068–2069 cm−1 diminishes, while that of the band at 2082–
1 increases. A similar trend was also evidenced
sample A, where diminishing and increasing the
band intensities at 2074 and at 2085 cm−1, respectively, has
been also evidenced.

Figure 3 reveals also the time dependence of changes
induced by the addition of oxygen. After 8 min only a minor
alteration can be seen; however, after 25 min there are no
further measurable changes in the band intensities at both
2069 and 2085 cm−1. Parallel to the above changes a very
pronounced increase was also observed in the intensities
of the (CO)br band at 1860 cm−1. This change appeared
to be continuous in the whole time interval. These results
might indicate that the bridged CO band is more sensitive in
reflecting minor surface reconstruction than the linear one.

The above changes in the difference spectra indicate
that upon introduction of the CO+ oxygen mixture the

FIG. 3. Time-dependent difference FTIR spectra of chemisorbed CO

on Sn–Pt/SiO2 (B) catalysts. Difference spectra induced by addition of
oxygen after (a) 8 min, (b) 25 min, (c) 40 min, and (d) 60 min.
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supported Pt–Sn alloy phases are transformed and segre-
gated and this is a time-dependent process; however, the
rate of these surface transformations is relatively fast. The
net results of changes induced by oxygen are as follows:
(i) the number of bimetallic tin-rich alloy sites at 2069 cm−1

diminishes, and (ii) and number of pure Pt sites that ad-
sorb CO around 2085 cm−1 increases. In sample B the
extent of the formation of segregated Pt sites is so pro-
nounced that the CO band of the bridged CO appears at
1860 cm−1.

Based on the analysis of the intensity ratios (see Fig. 3)
the loss of the bimetallic sites is more pronounced than
the gain in the monometallic one. It should be emphasized
that the formation of pure Pt sites has been evidenced on
both Pt–Sn catalysts; i.e., the site separation is characteristic
for both platinum-rich and tin-rich alloy phases. These re-
sults are in good accordance with the results of Mössbauer
spectroscopy, where in the presence of oxygen the trans-
formation of both PtSn(a) and PtSn(b) alloy species has
been shown and the formation of tin oxide-like phases
has been demonstrated (see Table 1). Consequently, based
on results of in situ FTIR we can further substantiate the
PtSn→ Sn4+ + Pt conversion taking place in the low tem-
perature CO oxidation. However, at this moment it is dif-
ficult to differentiate between pure Pt sites and accessible
Pt sites in the PtSn (1 : 1) species formed.

Both Mössbauer and FTIR spectroscopy provided fur-
ther evidences with respect to the low temperature par-
tial rereduction of tin-oxide like species formed during CO
oxidation (see results given in Tables 1 and 2). These re-
sults indicate that the surface reaction, Sn4+ + Pt→ PtSn,
takes also place at room temperature; i.e., the changes in
the surface composition are reversible. This reversibility
can only be achieved if the segregation described above is
within the supported nanoparticle, i.e., when surface reac-
tions involved in CO oxidation do not result in formation
of separate Pt and tin-oxide phases on the silica support.

Time-on-Stream Experiments

The results of Mössbauer spectroscopy indicated that the
formed Sn4+(ox) and Sn4+(sf) components can be readily
reconverted in hydrogen at room temperature to the parent
PtSn(a) and PtSn(b) alloy species. For this reason it was
interesting to check the possibility of regenerating the Sn–
Pt/SiO2 catalyst at room temperature with hydrogen. These
results are shown in Fig. 4.

Prior to the first experiment the Sn–Pt/SiO2 catalyst
was treated at 613 K in a hydrogen flow (60 ml/min).
Omitting this preactivation the catalyst showed no activ-
ity at room temperature. In the first oxidation experiment
after 2 h of TOS the activity of the catalyst dropped from
86 to 24% conversion. After the first experiment the re-

actor was flushed with helium for 30 min and hydrogen
flow (60 ml/min) was introduced for 10 min. Afterward
LVI ET AL.

FIG. 4. Regeneration of Sn–Pt/SiO2 (B) catalyst with hydrogen at
room temperature. Time-on-stream experiments: (j) first run, (h) second
run after treatment with hydrogen for 10 min.

the reactor was purged again with helium for 30 min and
the CO oxidation restarted again. This result show that due
to the above treatment with hydrogen, the activity of the
catalyst increased up to 71% conversion and after 90 min
TOS the activity stabilized at the 30% conversion level.
In these two experiments there was no substantial differ-
ence in the rate of deactivation of the Sn–Pt/SiO2 catalyst.
Using Vorhies equation (28), within the experimental er-
ror, there were no significant differences in the calculated
deactivation parameters n (n = 0.31 and 0.35 for the first
and second experiment, respectively). Similar results, i.e.,
deactivation and reactivation patterns, were also obtained
when the O2/CO volume ratio was increased from 0.5 to 1.

The most important messages from these TOS experi-
ments are as follows: (i) room temperature treatment in
hydrogen almost fully restores the activity of Sn–Pt/SiO2

catalysts, and (ii) there is no measurable differences in the
aging properties of fresh and regenerated catalysts.

The above TOS results are in good accordance with our
earlier finding (8). In a recent report it has been demon-
strated that although the Sn–Pt/SiO2 catalysts are highly
active in low temperature oxidation of CO, the catalysts
are not stable; they deactivate (8). The extent of deacti-
vation depended on both the Sn/Pt ratio and the type of
Sn–Pt/SiO2 catalysts used (8).

Summing up the results of TOS experiments the re-
ducibility of the Sn4+(ox) and Sn4+(sf) components of the
working Sn–Pt/SiO2 catalyst with hydrogen at room tem-
perature have been unambiguously demonstrated. How-
ever, further experiments will be needed to elucidate the
character and the origin of the deactivation of Sn–Pt/SiO2

catalysts in low temperature CO oxidation.

Computer Modeling

According to the results of in situ Mössbauer spec-

troscopy the formation and stabilization of the PtSn (1 : 1)
alloy phase cannot be ruled out under conditions of room
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FIG. 5. Alignment of the CO molecule chemisorbed at the cluster of the (110) surface of the PtSn (1 : 1) alloy phase, (A) the (110) surface of PtSn

(1 : 1) alloy phase (Pt, blue; tin, red); (B) linear coordination of CO on the cluster of metal atoms; (C) bent coordination of CO on the cluster of metal
atoms (carbon, red; oxygen, gray). The bent structure is required for the activation of the CO molecule.
temperature CO oxidation. Based on these results one of
the most active surfaces of the PtSn (1 : 1) alloy phase,
the (110) surface, was chosen to model the interaction of
the CO molecule with the metal surface (16). The com-
puter modeling and the related calculations were made
on density functional level. In this model a small clus-
ter of the (110) surface of the PtSn phase (16) as shown
in Fig. 5A was selected in order to calculate and inves-
tigate the interaction of the CO molecule with the metal
surface.

Two alignments of the CO molecule relative to the metal
cluster were examined, for total charges N = 0,+4. For
the linear alignments, the CO molecule is perpendicular
with the surface and no O · · · Sn interaction is possible. In

contrast, for the bent structures, the oxygen atom of the
CO molecule chemisorbed on the Pt is near to a tin atom,
allowing interaction between them. The structures of the
above alignments are shown in Figs. 5B and 5C, for neutral
surface.

The results of the above calculations for the CO molecule
and for its interaction with N-fold charged metal clusters
are presented in Table 3, for N = 0 and +4. These results
show that for these interactions the charge of the system
has less effect on the C≡O bond than the alignment of
the CO molecule relative to the metal cluster. However,
it is clearly shown that the alignment strongly affects the
C≡O bond, as the bent structures have more significant
effect on the bond lengths and bond orders than the lin-
ear structures. On the other hand, it is also demonstrated
that for the neutral system the linear structure is ener-

getically more stable than the bent alignment, while the
opposite relationship holds for the charged one. These
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TABLE 3

Bond Lengths and Mayer Bond Orders of the C≡O Bond in
the Carbon-Monoxide Molecule and in CO+ (Cluster)N Complexes
and the Energy Differences between Bent and Linear Structures
(1E = Ebent − Elinear)

Bond length (Å) Mayer bond order
1E

Linear Bent Linear Bent (kcal/mol)

CO 1.317 2.46
CO+ (cluster)0 1.338 1.415 2.02 1.42 205.41
CO+ (cluster)4+ 1.324 1.406 2.18 1.42 −34.89

results support the assumption that on the uncharged clus-
ter the chemisorbed CO molecule is perpendicular with
the metal surface with no O · · ·Sn interaction. If the sur-
face is charged, the alignment of the molecule is bent and
the C≡O bond is weakened because of the involvement
of Sn4+–Pt ensemble site in this interaction. Consequently,
these calculations strongly support the relevance of our
hypothesis with respect to the involvement of Sn4+–Pt en-
semble sites and the C≡O–Sn4+ interaction in the increased
activity of our alloy-type Sn–Pt/SiO2 catalysts in low tem-
perature CO oxidation (8).

Finally, we would like here to refer to our working
hypothesis with respect to the possibility of using our Sn–
Pt/SiO2 catalysts in CO oxidation (8). The working hypoth-
esis was based on the involvement of the Sn4+–Pt ensemble
sites in the activation of both the carbonyl group in unsatu-
rated aldehydes and the CO molecule (8). All of the results
presented here and earlier (8) are in agreement with our
hypothesis. However, there is one significant difference be-
tween these two processes.Using Sn–Pt/SiO2 catalysts high
selectivity for the formation of unsaturated alcohol was ob-
tained at Sn/Pt (at./at.)> 1.0. Contrary to that in CO oxida-
tion the best results were attained at Sn/Pt (at./at.)=0.4–0.7.
The above difference can be explained by a specific need
for surface sites to suppress the readsorption of formed
unsaturated alcohol. The suppression of the readsorption
of unsaturated alcohol can only be achieved if platinum is
strongly diluted by metallic tin; i.e., the surface concentra-
tion of the tin-rich alloy phase is relatively high. Therefore
this reaction requires Sn–Pt/SiO2 catalysts with a high Sn/Pt
(at./at.) ratio.

In CO oxidation we do not need tin-rich alloy sites for
adsorption of CO. The chemisorption of CO takes place on
Pt sites formed in situ. It is the reason that the segregation
process described above is not harmful for the reaction.
Contrary to that, it is very beneficial for the formation of
Sn4+–Pt ensemble sites. However, at high Sn/Pt (at./at.) ra-
tio (Sn/Pt> 0.9) the formed Pt sites might be covered by

4+
the inactive Sn (ox) phase formed in situ. In this way the
number of sites required for CO chemisorption decreases
LVI ET AL.

and the rate of CO oxidation diminishes on Sn–Pt/SiO2 cat-
alysts with Sn/Pt> 0.9.

SUMMARY

Upon using Mössbauer spectroscopy the active partici-
pation of tin in our Sn–Pt/SiO2 catalysts was demonstrated
in the low temperature CO oxidation. The in situ measure-
ments revealed that the enrichment of tin in the surface
layers of the bimetallic nanoparticles plays a crucial role.
The reversible interconversion of PtSn ↔ Sn4+ + Pt was
demonstrated in the low temperature CO oxidation reac-
tion and the surface character of the involved species is
proposed. The above interconversion was also supported
by in situ FTIR measurements. In in situ experiments it
was demonstrated for the first time that both metallic
and ionic species can coexist in the same supported par-
ticle (nanocluster) and both the parent alloy species and
the newly formed ionic and metallic species are highly mo-
bile and reactive even at room temperature. Based on these
results we suggest that in the presence of room temperature
CO oxidation the supported bimetallic nanocluster is oxi-
dized and strongly reconstructed. The net result of these
transformations is the formation of the following species or
sites:

(i) Tin oxide phase (IS = 0.0 mm s−1, QS = 0.6–
0.7 mm s−1);

(ii) Free platinum sites (COlin = 2085 cm−1, CObr =
1860 cm−1);

(iii) Highly mobile Sn4+(sf) phase (IS = 0.79–
0.94 mm s−1); and

(iv) New alloy phase, Pt–Sn (1 : 1) (IS= 1.6–1.9 mm s−1).

The schematic view of the supported nanocluster after
its reconstruction in the presence of CO and O2 mixture is
shown in Scheme 1.

It is suggested that the oxidation of CO takes place
at the Sn4+–Pt ensemble sites, formed in situ. In the
formation of these ensembles the involvement of the (110)
SCHEME 1
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sites of the SnPt (1 : 1) alloy species has also been pro-
posed. The possible mode of the activation of the CO
molecule on the above sites was also modeled and cal-
culated. The results of time-on-stream catalytic experi-
ments are in full agreement with the results of in situ spec-
troscopic measurements.
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