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An In Situ X-Ray Absorption Spectroscopy Investigation of the Effect of
Sn Additions to Carbon-Supported Pt Electrocatalysts

Part I

Sanjeev Mukerjee* and James McBreen*

Brookhaven National Laboratory, Department of Applied Science, Upton, New York 11973, USA

Carbon-supported platinum (Pt/C) with an adsorbed layer of underpotential deposited (upd) Sn is a much better catalyst for the
methanol oxidation reaction (MOR) than a carbon-supported platinum-tin (PtSn/C) alloy. In situ X-ray absorption (XAS) was used
to determine the differences in the effects that the two methods of Sn addition have on the electronic properties and the structural
properties of the catalyst. X-ray diffraction and XAS at the Pt L3 and L2 edges indicate that the PtSn/C catalyst has a Pt3Sn L12
structure, and alloying with Sn causes partial filling of the Pt d band vacancies and an increase in the Pt–Pt bond distance from
2.77 to 2.8 Å. However, upd Sn does not perturb Pt structurally or electronically. XAS at the Sn K edge indicates that both the upd
Sn on Pt/C and the surface Sn on PtSn/C are associated with oxygenated species at all potentials, and that the nature and strength
of the Sn–O bonds are potential dependent. The differences in the activity of the two catalysts for the MOR are due to the effects
of alloying on the Pt electronic structure that inhibit the ability of the Pt to adsorb methanol and dissociate C–H bonds. The abili-
ty of PtSn/C to adsorb oxygen at low potentials enhances its activity for CO oxidation.
© 1999 The Electrochemical Society. S0013-4651(97)10-113-6. All rights reserved.
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The electrocatalytic effect of adding Sn to Pt has been studied
its ability to enhance the electro-oxidation of methanol, CO, and o
C1 compounds, and its potential use in fuel cells. Early work on th
electrocatalysts has been reviewed by McNicol.1,2 Léger and Lamy.3

Parsons and Vandernoot4 have reviewed later work in the eighties
Most of the earlier papers1,2,5-11have reported that the presence of S
enhances the activity for the methanol oxidation reaction (MOR)
compared to pure Pt. However, others12-14 have reported activities
which are only slightly higher than Pt. The source of these incon
tencies is the variety of methods used to add Sn to Pt, ranging froi)
electrochemical codeposition, (ii ) underpotential deposition (upd) o
Sn on Pt, and (iii ) alloy formation, which effect the state of th
bimetallic electrocatalyst. The majority of the reports related to 
hancements in electrode kinetics involve electrocatalysts where S
not alloyed with Pt (such as upd deposition). Most of the studies re
ed to bulk PtSn alloys, particularly the Pt3Sn alloy phase12,13 have
reported little or no enhancements. In contrast, however, is a repo
enhanced activity on carbon-supported PtSn alloy electrocata
containing primarily Pt3Sn phase (the minor phase being PtSn)15

Besides these inconsistencies, it has also been reported that Pt3Sn bulk
alloy exhibits enhanced activity for CO electro-oxidation.16 These en-
hancements were reported to be higher than that found for P
alloys,16 a bimetallic electrocatalyst which shows consistent enhan
ments for CO and methanol oxidation regardless of the mode of pr
ration (alloy, upd deposition, etc.). Hence the apparent paradox: P
alloy is a good electrocatalyst for CO electro-oxidation but appar
ly not for methanol, but upd Sn on Pt has been consistently repo
for its enhanced activity for the MOR. In the case of both CO a
methanol there is overwhelming evidence3,4,17,18of Pt surface poison-
ing with species such as CO and CHO. Mechanisms such as
“bifunctional mechanism”19 can explain the role played by the mor
oxidizable second element in nucleating OH-type species at lo
potentials and hence promoting methanol and CO electro-oxida
However, it fails to explain the inconsistencies based on the dif
ences in Pt–Sn interactions and the reasons for different activitie
methanol and CO electro-oxidation.

In this investigation we have examined the effect of Sn addition
Pt both as an alloying element as well as a upd deposit in terms 
activity for the MOR. In order to resolve the paradoxical nature
these electrocatalysts, their electrochemical characteristics have 
correlated with results from in situ X-ray absorption spectroscopy.
ray absorption spectroscopy (XAS) offers the unique ability to sim
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taneously probe both the electronic and structural parameters u
in situ electrochemical conditions with element specificity. The ab
ty to probe the L3 and L2 absorption edges (p-d transitions) of Pt und
in situ electrochemical conditions using the near edge part of the s
tra (X-ray absorption near edge structure, XANES) provides a di
measure of Pt 5-d band vacancies/atom. In addition to this, both th
L and Sn K edge XANES spectra can provide information on 
changes in the oxidation state, perturbation of the electronic states
to adsorption of OH, H, and C1 species and corrosion/dissolution o
the more oxidizable alloying element. The postedge region of 
spectrum (50-1500 eV beyond the Pt L3 edge) referred to as the
extended X-ray absorption fine structure (EXAFS), provides inform
tion on the short range atomic order (bond distances, coordina
numbers, etc.).

The efficacy of this technique in the study of electrocatalysis
oxygen reduction20,21 and hydrogen oxidation22 has been amply
demonstrated before on a series of binary carbon supported allo
Pt with first row transition elements. Further, there have been rep
on XAS studies of PtRu/C 23 in HClO4 and during CO oxidation.24

Also, XAS has been used to elucidate the reasons for the decrea
specific activity of Pt/C for both O2 reduction and methanol oxida-
tion as the particle size is decreased.25

XAS has been used to study PtSn catalysts on oxide s
ports.26-28The early work of Meitzner et al. showed that a PtSn all
was formed on a SiO2 support.26 Furthermore, they demonstrate
that the contributions of Pt and Sn to the Pt coordination could e
ily be distinguished because of the large differences in the phase
amplitude functions for the two coordinating elements.

This investigation is presented in two parts. The first comprises
in situ XAS studies on carbon-supported Pt with and without upd
and a carbon-supported PtSn alloy at the Pt L and Sn K edges in
HClO4 electrolyte without the presence of C1 moieties (CH3OH, and
CO). The second part will give the results on these catalysts in 
HClO4 in the presence of 0.3 M CH3OH and adsorbed CO.

Experimental
Electrodes, cells, electrochemical, and X-ray diffraction analysis

Carbon-supported Pt and PtSn alloy electrocatalysts were proc
from E-TEK Inc. (Framingham, MA). E-TEK specified a metalli
loading of 20% on the carbon support (Vulcan XC-72, Cabot Cor
ration, USA). The specified Pt:Sn atomic composition was 3:1. U
of Sn on carbon-supported Pt was carried out using a 3 mM S4
solution in either 1 M HClO4 or 0.5 M H2SO4 and potentiostatically
polarizing it at 330 mV vs. RHE for 3.75 h.
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X-ray powder diffraction analysis on the Pt/C and PtSn/C al
electrocatalysts was carried out at beam line X27A in the Natio
Synchrotron Light Source (NSLS). The samples were mounted 
transmission geometry on a two-circle goniometer and LiF <20
crystal was used as an analyzer. The X-ray energy was s
,24.5 keV (l 5 0.505 Å). Details of the optics of this beam line a
the diffraction analysis are given elsewhere.29

Electrodes were prepared using a standard vacuum table p
making technique.23 The electrode composition was 76% carbo
supported catalyst, 12% carbon fiber, and 12% polytetrafluore
ethylene (PTFE) (T-30, Du Pont). The electrodes 19 mm di
0.08 g, and 0.6 mm thick were soaked for 24 h in 1 M HClO4. This
was done to eliminate any unreacted Sn since in the presence
excess Sn will dissolve in HClO4. In addition, it enabled the elec
trode to be completely wetted, an important criterion, since XAS
the transmission mode is a bulk-averaging technique.

Two types of spectroelectrochemical cells were used. The cell 
for in situ studies on Pt/C and PtSn/C alloy in 1 M HClO4 is described
in detail elsewhere.20,21,23It comprised of a carbon foil counter elec
trode, a Nafion 117 (DuPont) membrane separator, a sealed reve
hydrogen reference electrode, and vent holes for the evolved g
Each gasket in the spectroelectrochemical cell was sized 0.025
less than the corresponding component. This maintained all com
nents under compression and prevented complications in the sp
due to random density fluctuations caused by formation of gas 
bles. The Nafion 117 membrane functioned primarily as a separat
prevent gas crossover. The cell used for the upd Sn on carbon
ported Pt has been described previously.30 This cell had arrangement
for electrolyte exchange and gas bubbling. These provisions ena
deposition of upd Sn on Pt/C under a N2 atmosphere followed by
exchange of electrolyte. So the Sn XAS spectra for the upd Sn c
be recorded without complications from residual Sn(IV) ions in 
electrolyte. Electrochemical control in all the electrochemical a
in situ spectroelectrochemical studies was maintained using an EG
PAR 273 (EG&G Princeton Applied Research) potentiostat/galvan
tat interfaced with an IBM PS/2 computer.

XAS measurements.—The XAS measurements were done at be
lines X11A and X23A2 at the National Synchrotron Light Sour
(NSLS) with the storage ring operating at 2.58 GeV and an elec
ring current of 110 to 350 mA. Details of the beam line configurati
monochromator design, resolution, detuning, etc., are given in pr
ous publications.20-23 In the case of Pt/C and PtSn/C alloy all mea
urements (Pt L and Sn K edges) were done in the transmission m
with a third detector and a metal foil reference for calibration a
alignment of the spectra. XAS measurements of the Pt L edges fo
upd Sn on Pt were done in the transmission mode using the 
three-detector configuration for data acquisition as described a
using 1 M HClO4 electrolyte. The data at the Sn K edge was acqu
separately in the fluorescence mode using 0.5 M H2SO4 electrolyte.

In the case of carbon-supported Pt, in situ XAS measurem
were done at several potentials between 0.0 and 1.14 V [all poten
in this paper are with respect to the reversible hydrogen elect
(RHE)]. Most measurements were done between 0.0 and 0.84 
both the PtSn/C alloy and the upd Sn on Pt/C. The lower upper 
was used to prevent dissolution of Sn and the formation of tetrava
Sn species. However, in separate electrochemical measurements
few XAS experiments, more positive limits were sometimes used

The methodology for the XANES data analysis followed the p
cedures described by Wong et al.31 The methodology used to dete
mine the Pt 5 d band vacancies are based on earlier work by 
sour and co-workers32,33and are described in detail elsewhere.20-23

EXAFS analysis involved algorithms developed by Koningsber
and co-workers34-36 and are described in detail elsewhere.20-23

Detailed EXAFS analysis was carried out on the Pt L3 edge data.
Unique solutions for EXAFS parameters (bond distance, coord
tion numbers, etc.) were arrived at using nonlinear least squar
ting37 of the sample phase and amplitude parameters with thos
standards derived either experimentally or through theoretical ca
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lations. Standards for the Pt–Pt and Pt–O interactions involved p
and amplitude parameters derived experimentally from Pt foil 
Na2Pt(OH)6, respectively, at liquid N2 temperature. For the Pt–S
interactions these parameters were derived from theoretical calc
tions using the FEFF program (version 5.1) of Rehr et al.37 The cor-
responding parameters for the Sn-O interactions were derived ex
imentally from a SnO reference standard at liquid N2 temperature. In
the EXAFS analysis correlation effects between the coordina
number (N) and the Debye-Waller factor (Ds2) and between bond
distance (R) and potential shift (DEo) were checked by comparing k1

and k3 weighted fits.38

Results and Discussion
X-Ray Diffraction and Electrochemical Characterization

Figure 1, shows the representative XRD pattern for the PtSn a
electrocatalyst after conversion of 2u positions to those for Cu Ka.
The X-ray diffraction pattern is consistent with a fcc lattice with L2
structure of Pt3Sn type stoichiometry.39,40The sharp lines are thos
associated with the fcc lattice and was indexed to a Pm3m space
group. Some ordering of the lattice can be discerned by the diff
tion lines from the superlattice as evidenced by the (<110
(<210>), and (<211>) lines at 2u positions of 31.6, 51, and 56.258.
Alloying of the Pt with Sn increases the lattice parameters (Tabl
which differs from the lattice contraction seen with PtRu23 and Pt
alloyed with first row transition elements.20,21The particle size for
the crystallites (Table I) was obtained using X-ray line broaden
analysis by applying the Scherrer equation to the principle <1
diffraction line for the carbon supported Pt and PtSn alloy. The p
ticle sizes were found to be in the range of 34-35 Å (Table I).

Table I. Results of X-ray powder diffraction and electrochemical
characterization for Pt/C, PtSn/C, and upd Sn on Pt/C
electrocatalysts.

Lattice parameters
(Pt–Pt bond distance) Particle size

Electrocatalyst (Å) (Å)

Pt/C 3.9271 32
(2.774)

PtSn/C 4.0015 34
(2.829)

UPD Sn on Pt/C — —

Figure 1. X-ray powder diffraction pattern for the as-received PtSn
(E-TEK) alloy electrocatalyst. Data originally taken at l 5 0.505 is repre-
sented at the X-ray wavelength for Cu Ka. Superlattice lines have been
indexed to an fcc lattice with Pm3m space group and a Pt3Sn primary phase.
some ordering in the superlattice is evident from the (*<110>), (<210>),
(<211>) diffraction lines.
ct to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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so
Figure 2. XANES spectra at the Pt L3 edge in 1 M HClO4 for (a) Pt/C, (b)
PtSn/C alloy at 0.0 (—), 0.54 (....), and 0.84 V (---) vs. RHE, and (c) upd Sn
on Pt/C at 0.33 (s), 0.54 V (....). Data for a Pt foil reference standard are al
shown in each figure for comparison (1).
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XAS Analysis
Analysis of the in situ XANES spectra for PtSn/C alloy in 1 

HClO4 at 0.54 V at the Pt L3 edges show step heights of 0.391 a
0.181, respectively, and that for Sn K edge under the same ele
chemical conditions was 0.025. Using the absorption cross sec
from the McMaster tables41 the respective Pt and Sn loadings we
calculated as 3.34 and 0.71 mg/cm2. This gives a total Pt-Sn loading
of 4.05 mg/cm2, a value close to the 4.21 mg/cm2 expected for the
specified catalyst loading of 20%. The respective step heights y
an atomic ratio of Pt:Sn of 2.85:1, a value which agrees well with
Pt3Sn stoichiometric phase exhibited by the XRD pattern and 
specified composition of the alloy.

XAS at the Pt L3 edge in 1 M HClO4.—Pt XANES.—Figure 2a
shows in situ XANES spectra at the Pt L3 edge for Pt/C in 1 M
HClO4 at various potentials and for Pt foil. The magnitude of t
normalized absorption intensity (white line) varies greatly w
potential. The reasons for this have been described in detail 
where.20-22Briefly, the broadening of the white line at 0.0 V (hydro
gen region) is attributed to the transition of electrons into unoc
pied Pt–H antibonding orbitals. At 0.54 V, the white line is cong
ent to the foil due to lack of any anionic or other interactions on
electronic states. Above 0.8 V, coverage by an oxide layer ca
emptying of the Pt 5 d band vacancies and a consequent increa
Downloaded 09 Mar 2011 to 129.10.187.55. Redistribution subjec
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the white line. The calculated changes in the Pt 5 d band va
cies/atom are given in Table II. The XANES spectra for the PtS
alloy are given in Fig. 2b. As evident from the spectra, there is n
ligible effect of potential on the white line intensities, in contrast
Pt/C (similar particle size and carbon support). There is, howeve
lowering of the white line intensity for the PtSn alloy as compar
to the Pt foil, which indicates a filling of the Pt 5 d bands as a re
of alloying with Sn. A similar lowering of the L3 white line was
observed for PtSn supported on SiO2. 26 The Pt 5 d band vacan-
cies/atom at 0.54 V gives an estimate of this filling (Table II). Th
effect of filling of the Pt 5 d band vacancies is opposite to that fou
for Pt alloyed with transition elements such as the first row transit
metals ranging from Cr to Ni 20,21and for Ru.23 The absence of any
perturbations with potential for the PtSn/C electrocatalyst, howe
is similar to those observed for binary Pt alloys with the first ro
transition metals20,21and with Ru.23 Figure 2c shows the Pt L3 edge
XANES for Pt/C with upd Sn on the surface. The spectra in the d
ble-layer region are close to those for a Pt foil and are identica
those found for Pt/C, indicating minimal changes in the d ba
vacancies on the adsorption of Sn species. These spectra are
aged over the bulk of the crystallites and are not exclusive to the
face. However, in a 35 Å particle ,30% of the total atoms are sur
face atoms,42 so XAS can easily detect effects due to adsorption
H, and OH species on the surface as can be seen from Fig. 2a.
t to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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Table II. Results of XANES and EXAFS analysis at the Pt L3 edge for Pt/C and PtSn/C alloy electrocatalyst at 0.0, 0.54, and 0.84 V vs. RHE
in 1 M HClO 4.

Pt/C
Electrode Pt 5 d band

EXAFS parameters

potential (V) vacancy/atom Shell N R (Å) Ds2 (Å2) DEo (eV)

0.0 0.335 Pt–Pt 10.64 2.77 0.0044 20.93
0.54 0.329 Pt–Pt 18.66 2.77 0.0044 20.88
0.84 0.370 Pt–Pt 16.73 2.77 0.0048 20.20

Pt–O 11.69 2.04 0.0042 22.48

PtSn/C
Electrode Pt 5 d band

EXAFS parameters

potential (V) vacancy/atom Shell N R (Å) Ds2 (Å2) DEo (eV)

0.0 0.298 Pt–Pt 8.24 2.80 0.0055 22.911
Pt–Sn 2.56 2.80 0.0132 25.751

0.54 0.296 Pt–Pt 7.89 2.80 0.0051 23.551
Pt–Sn 2.83 2.80 0.0097 25.631

0.84 0.297 Pt–Pt 7.88 2.79 0.0052 24.201
Pt–Sn 2.89 2.79 0.0089 25.244
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Pt EXAFS.—Figure 3 shows an in situ Pt L3 edge EXAFS spectrum
for PtSn/C alloy at 0.0 V in 1 M HClO4 as a representative plot. Th
data quality, in the k range of 2.2 to 17Å21, was excellent. The spectr
for the Pt/C and with and without upd Sn were of similar high qu
ty. The forward Fourier transforms of the EXAFS spectra for Pt/C 
PtSn/C alloy at various potentials are given in Fig. 4. The windo
used to obtain these forward Fourier transforms are given in Tabl
The data for Pt/C (Fig. 4a) shows, significant changes in the Fo
transform as a function of potential. these have been explaine
detail previously.20-23 In contrast, the Pt EXAFS for the PtSn/C allo
shows no variations in the Pt L3 edge Fourier transforms as a functio
of potential (Fig. 4b) This was evident from the Fourier transform
0.0, 0.54, and 0.75 V (not shown). In a separate experiment, the p
tial was allowed to exceed 0.85 to 1.0 V, where first signs of chang
the Fourier transforms were evident (Fig. 4b). In the Pt3Sn L12 super-
lattice structure, any Pt facets on the particle surface will likely ha
layer of Sn atoms underneath. This may modify the Pt electronic p
erties so as to inhibit Pt oxidation in the 0.85 V region. A sim
invariance of the Fourier transforms, and hence in the nearest n
bor interactions, have been observed previously in binary alloys o
with first row transition elements20,21 and with Ru.23 The Fourier
transform of the Pt L3 edge EXAFS for Pt/C with an upd Sn depos

Figure 3. EXAFS at Pt L3 edge for PtSn/C alloy at 0.0 V vs. RHE as a re
resentative plot for data quality.
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(not shown) exhibited same spectra as Pt/C without upd Sn, an expec
ed result since upd deposition was not expected to cause structur
changes in the bulk of the crystallite. 

-

Figure 4.Forward Fourier transform of the EXAFS at Pt L3 edge (k3 weight-
ed) in 1 M HClO4 for (a) Pt/C at 0.0 (---), 0.54 (....), and 0.84 V (—) vs. RHE
and (b) PtSn/C alloy at 0.0 (---), 0.54 (....), and 1.0 V (1) vs. RHE. Dk range
given in Table III.
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Table III. Fourier transformation ranges of the forward and inverse transforms (k3 weighted) for Pt/C and PtSn/C electrocatalysts at 0.0,
0.54, and 0.84 V vs. RHE.

0.0 V 0.54 V 0.84 V

Electrocatalyst Dk (Å21) Dr (Å) Dk (Å21) Dr (Å) Dk (Å21) Dr (Å)

Pt/C 3.53-14.31 1.41-3.41 3.49-14.23 1.40-3.05 3.20-15.03 1.30-3.04
PtSn/C 3.10-14.90 1.55-3.52 3.10-14.91 1.56-3.54 3.10-14.90 1.55-3.50

Fourier transformation ranges used in the forward and inverse transforms for reference standards.

Reference standard Dk (Å21) Dr (Å) Nref Rref

Pt–Pt, Pt foil at 77 K 3.55-19.22 1.04-3.52 12 2.774
Pt–O, Na2Pt(OH)6, 77 K 3.52-17.18 1.05-2.40 16 2.052
Pt–Sn, FEFF program 2.56-19.24 1.50-3.51 12 2.829
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Detailed analysis of the EXAFS at the Pt L3 edge was performed
after obtaining the inverse Fourier transforms, and performing
with the appropriate phase and amplitude data. All fits were ca
out using an iterative least square fitting.36 The windows used for the
inverse transforms for the sample are given in Table III. The rele
parameters for the forward, inverse transforms, bond distances
coordination numbers used in the Pt-Sn FEFF theoretical calcula
are also provided in Table III. The approach taken in fitting the s
ple data was to choose the simplest model first and attempt t
unique solutions to the fits. As reported previously20 for Pt/C it was
possible to fit the data to a single Pt-Pt coordination shell at both
and 0.54 V. At 0.84 V, single-shell fits were not adequate as has 
shown before20,21and two shell fits with the Pt-Pt and Pt-O coordin
tion shells provided best fits to the sample data. For the PtSn/C
fits to the sample data at 0.0, 0.54, and 0.84 V were obtained us
two-shell fit with the Pt–Pt and Pt–Sn coordination shells. The qu
ty of fits for the PtSn/C alloy in 1 M HClO4 at 0.54 V were excellen
and are shown in Fig. 5 both for k and r space.

The results of the EXAFS analysis are given in Table II. For P
the primary perturbation to the structural characteristics as a fun
of potential appear as changes in the coordination number, with 
distances remaining unchanged. The higher coordination numb
0.0 V compared to 0.54 V can be accounted for on the basis of ch
in the morphology of the particle from a more spherical shape at 0
to a more raft-like structure at 0.54 V. This analysis has been desc
in more detail previously.22 The bond distance and coordination nu
ber for the Pt–O interactions at 0.84 V are given in Table II, and 
accounts for the further reduction of Pt–Pt coordination number c
pared to that at 0.54 V. In contrast to these, the PtSn/C alloy show
changes in coordination number and bond distances (Pt–Pt
Pt–Sn). Increase in the Pt–Pt bond distance compared to Pt/C i
dent and agrees with the XRD data. Evaluation of the particle 
from coordination numbers for Pt/C at 0.0 V (spherical shape) an
PtSn/C (sum for Pt–Pt and Pt–Sn at any potential) shows good a
ment with those obtained using XRD line broadening analysis. Co
lation of coordination number to particle size was based on usin
icosahedron cluster model and methodology developed by Benfie43

Further, the coordination number data for Pt–Pt and Pt–Sn are co
tent with the presence of Pt3Sn (Table II). The bond distances of 2.8
for both Pt–Pt and Pt–Sn are in good agreement with those rep
by Meitzner et al. for PtSn on SiO2.

26

XAS at Sn K edge.—Figure 6a shows the Sn K edge XANES for t
PtSn/C alloy in 1 M HClO4 as a function of potential. Spectra for S
SnO, and SnO2 are shown for comparison. The edge shift and 
increase in the white line for the Sn K edge XANES in the allo
probably due to a combination of the effect of alloying and the 
mation of oxidized Sn species on the electrocatalyst surface. A
ing causes the transfer of electrons from Sn to Pt involving the
2 p states as well as change in the crystal symmetry in going 
the tetragonal white Sn allotropic form to the fcc L12 structure, both
of which contribute to the change in the XANES structure. How
Downloaded 09 Mar 2011 to 129.10.187.55. Redistribution subje
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er, changes in the spectra as a function of potential are undoubtedly
due to the formation of oxidized Sn species or to changes in Sn–O
coordination on the electrocatalyst surface. This was further con-
firmed using the Fourier transforms of the Sn K edge EXAFS.

The Fourier transform of the EXAFS at the Sn K edge in 1 M
HClO4 for PtSn/C alloy (Fig. 6b) shows peaks for Sn–Sn and Sn–Pt
interactions (peak above 2 Å) as well as peaks for Sn–O interactions
(peaks below 2 Å). The nature of the Sn–O interactions varies with
potential as indicated by the coalescence of the two peaks, below

Figure 5. Two shell fit of the EXAFS spectra at Pt L3 edge for PtSn/C at
0.54 V vs. RHE in 1 M HClO4 in (a) k space and (b) r space. The fits are k3

weighted with the sample data denoted by (s) and the fitted data by (—).
ct to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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2 Å, that are seen in the 0.0 to 0.4 V region, into one peak at 0.5
Since all the electrodes were optimized for Pt L3 edge XAS, the step
height at the Sn K edge was low. So the quality of EXAFS at the
K edge, for the PtSn/C alloy, did not permit detailed analysis. F
thermore, the Sn content was not dilute enough to permit fluor
cence measurements. The Sn K edge EXAFS for the upd Sn on
in 0.5 M H2SO4 was obtained in fluorescence mode, yielding data
sufficient quality for EXAFS analysis.

Figure 7a shows the Sn K edge XANES spectra for the upd S
0.5 M H2SO4. The spectra are similar to that for SnO except that 
white line is more intense. The intensity of the white line increa
reversibly with increasing potential. The change in the Sn K edg
going from Sn(II) to Sn(IV) is much greater than that found f
Sn(0) to Sn(II), so up to 0.54 V there is no clear evidence for the 
mation of Sn(IV) species. Figure 7b shows the Fourier transform
a function of potential. The Sn K edge EXAFS was highly attenu
ed, indicating weak bonding and a disordered adsorbed layer. 
limited the integration range for the Fourier transform from 2.35
8.2 Å21. The intensity of the first EXAFS peak ,1.5 Å correspond-
ing to the Sn–O interactions increases with potential. The effec
reversible with potential. No Sn–Pt interaction could be detect
presumably due to the disordered nature of the layer. Analysis of
first peak of the EXAFS, corresponding to the Sn–O interactions
given in Table IV. The analysis reveals that the increase in the m
nitude of the Sn–O interactions are due to a decrease in the De
Waller factor, rather than an increase in the coordination num
This was evident from the raw data, where the EXAFS oscillatio
ended at 7 Å21 at 0.0 V and at 10 Å21 at 0.54 V. The results indicate

Figure 6. XAS at the Sn K edge in 1 M HClO4 for PtSn/C alloy (a) XANES
at 0.0 (—), 0.54 (....), and 0.84 V (---) V, data for Sn foil (1), SnO (n), and
SnO2 (8) are also shown; (b) forward Fourier transform (k3 weighted) at 0.0
(---), 0.40 (1), and 0.54 (....) V. Dk 5 3.0-12.5 Å21.
Downloaded 09 Mar 2011 to 129.10.187.55. Redistribution subjec
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that the strength of the Sn–O interaction increases with increas
potential and that the Sn is associated with oxygenated species 
potentials. Perhaps, with increasing positive potentials, there is c
version from hydrated Sn21, to Sn(OH)x

x22, to hydroxides such as
Sn6O4(OH)4

44 and finally to SnO like species. This could explai
the apparent random changes  in Sn–O bond distances. Presum
it is these labile oxygen species that account for the electrocata
activity of upd Sn for the MOR and CO oxidation.

Discussion.—The XRD and XAS results indicate that alloying o
Pt with Sn to form the Pt3Sn fcc, L12 phase increases Pt–Pt bond dis
tance and decreases 5 d band vacancies. The decrease in the 
band vacancies can be viewed simplistically as a donation of e
trons from the Sn 5 p and s bands to the Pt 5 d band, which is a p

Table IV. Results of EXAFS analysis at the Sn K edge for upd
Sn on Pt/C in 1 M HClO4 showing magnitude of the various
EXAFS parameters for the Sn–O interactions.

Electrode
potential

EXAFS parameters for Sn–O shell

(V vs. RHE) N R (Å) Ds2 (Å2) DE0 (mV)

0.54 6.0 2.05 20.0004 5.1
0.39 4.6 2.09 20.0001 0.0
0.24 3.5 2.10 20.0701 0.0
0.15 5.2 2.04 20.0020 5.7
0.01 4.8 2.10 20.0080 0.5

Figure 7. XAS at the Sn K edge for upd Sn on Pt/C in 0.5 M H2SO4: (a)
XANES at 0.0 (—) and 0.54 (....) V, data for Sn foil (1), SnO (n) and SnO2
(8) are also shown; (b) forward Fourier transform (k3 weighted) at 0.0 (---),
0.24 (d), and 0.54 V (....) vs. RHE. Dk 5 2.35 to 8.2 Å21.
t to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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erful acceptor. Electron donation by Sn to Pt agrees with the mo
ular orbital calculations of Anderson.45 These calculations, based o
substitutional Sn atoms on a Pt <111> surface in a Pt17Sn cluster
model, also imply that Sn, despite its electron donation to Pt, is
a strong acceptor of electrons from water molecules and as a r
Sn should form weak bonds with OH2. The present results indicate
that both upd Sn and surface Sn in alloyed Sn interact with oxy
species at all potentials. Analysis of the Sn EXAFS for upd Sn
Pt/C clearly indicates that Sn interacts with oxygen species a
potentials and that there is an increase in the strength of the S
bond at more positive potentials. Sn XANES for the PtSn/C al
electrocatalyst also indicate Sn–O interactions, and inspection o
Fourier transforms of the EXAFS also show changes in the Sn
interactions at more positive potentials. There is no clear evide
for Sn(IV) formation in the normal potential region for CO o
methanol oxidation. These observations agree in part with those
viously reported by Sobkowski et al.,46 who suggested in the case o
adsorbed Sn the Sn is adsorbed more as a divalent ion rather th
a metallic-like adatom.

XAS at the Pt L edges indicates that upd Sn on Pt/C has min
effects on both the Pt d band vacancies and the short range a
order of the Pt, so Pt remains largely unchanged both electronic
as well as structurally. Hence, the principal difference between
alloyed and the upd-deposited Sn is the major effects of alloyed
on both the electronic and structural environment around the
atoms. The increased Pt–Pt bond distance and the lower Pt d 
vacancies result in an unfavorable environment for the initial adso
tion and abstraction of the first C–H bond for the start of metha
oxidation. The situation is different in the case of upd Sn on P
Since the structural and electronic properties of Pt atoms rem
unchanged, the adsorption step and the abstraction of the C–H 
in the initial methanol oxidation step proceeds in a similar fashion
on Pt/C. The oxygenated species on the upd Sn atoms at l
potentials are then able to initiate the oxidation of CO and CHO m
eties as they are formed. In the case of CO oxidation the adso
oxygenated species on the Sn in PtSn/C can promote CO oxid
at low potentials, hence the enhanced activity for CO oxidation.

Part II of this paper presents in situ XAS results for PtSn/C, a
Pt/C with upd Sn both in the presence of adsorbed CO and u
conditions of methanol oxidation.

Conclusions
This paper examines the effect of potential on the electronic 

structural characteristics of Pt and Sn when Sn is either alloyed 
Pt or is present as upd deposits on the carbon-supported Pt. Allo
of Sn with Pt in a 3:1 ratio results in the formation of a Pt3Sn L12
phase, a decrease in the Pt d band vacancies, an increase in the
parameters, and hence larger Pt–Pt bond distances. These chang
opposite to the effect of alloying Pt with first row transition metal e
ments or with Ru, where there are increases in the d band vaca
and contractions in the lattice parameters. Deposition of Sn as
adatoms on Pt/C has minimal effects on the electronic or struct
aspects of Pt/C. Both upd Sn on Pt/C and Sn surface atoms in
PtSn/C alloy are similar in that both exhibit Sn-oxygen interactio
that vary with potential. The Sn atoms in both upd Sn on Pt/C an
PtSn/C catalysts are associated with oxygenated species and
result can initiate the oxidation of adsorbed CO and CHO at lo
potentials as compared to Pt/C. The main differences in the cata
activity of PtSn/C and upd Sn on Pt/C for methanol oxidation is d
to the differences in the electronic properties of the Pt in these c
lysts. The upd Sn does not interfere with the ability of the Pt
adsorbed methanol and dissociate C–H bonds, whereas alloying
Sn inhibits the ability of Pt to carry out these functions. This provid
important pointers for explaining the different activities exhibited 
alloyed PtSn/C and upd Sn on Pt/C for methanol oxidation.
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