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Abstract

High-resolution transmission electron microscopy (HRTEM), microchemical analysis by X-ray emission spectroscopy (EDS), and X-ray
diffraction (XRD) were used to characterize the composition, size, distribution, and morphology of the phases present in three different
carbon-supported Pt—Sn catalysts. The catalysts had nomjt&t Btomic ratios of 1:1 (500N and 900N samples) and 3:1 (E270 sample).
The 1:1 catalyst sample heat-treated at 5SO@500N) contained a Pt-rich fcc alloy phagg & 0.3965 nm) and tetragonal SaOThe sample
from the same precursors heat treated at®@(@O00N) consisted of stoichiometric hexagonal PtSn, a nearly stoichiomejBo Rtc phase
(ap = 0.3988 nm), and tetragonal SaONeither pure tin nor pure platinum particles were detected in any of the catalysts. The 3:1 catalyst
sample reduced in #at 270°C (E270) was composed entirely of the stoichiometrigSRtcubic phaseufy = 0.3998 nm). The RSn-type
particles are predominantly single nanocrystals with mean diameter4 o (for the catalysts E270 and 500N) anl nm (for the catalyst
900N), whereas the PtSn particles were larger. TA8frtype particles in 500N and 900N were generally highly faceted, with {111} and
{200} facets, whereas the E270 catalyst had generally a smooth spheroidal outline. WhereaSthpdeticles in the E270 and 900N
catalysts were equiaxed, in the 500N catalyst the alloy particles had uniquely elongated (e.g., ellipsoidal) shapes.
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1. Introduction been reported. Kuznetsov et §if] reported that platinum
forms practically all possible alloys with tin. However, Srini-
The microstructure of bimetallic Pt—Sn catalysts with ox- vasan et al[1] examined the reduction of a Pt—Sn-chloride
ide supports, such as alumina and silica, are of particular precursor on alumina in hydrogen by in situ XRD and ob-
interest for a variety of applications in heterogeneous catal- served PtSn (1:1) to be the only alloy phase formed. In a
ysis[1-8]. Although the reasons for the superior properties later XRD study from the same laboratdg], for a series
of these catalysts in hydrocarbon refining are not fully un- of alumina-supported catalysts containing 1 wt% Pt and in-
derstood, the dispersion, structure, and compositional homo-creasing amounts of Sn to give/Bn mole ratios from 1:1
geneity of the alloy clusters are all clearly important factors to 1:10, they reported that PtSn was the only alloy phase
in determining their catalytic activity. Various characteri- present in all of the samples, and the Sn present in excess of
zation techniques, mainly X-ray diffractiofi-3,7,8]and  that needed for PtSn was in an “X-ray amorphous” form. In
transmission electron microscopy (TEW)-6], have been  sypsequent examinations of the same Pt—-SyoAtatalysts
applied to identify the composition and microstructure of Pt— py electron microdiffraction, PtSrwas observed as a minor
Sn-based catalysts. However, conflicting conclusions havephase along with PtSn, and metallic Sn was not detected, and
the other Sn-containing phases could not be ident[Bed].
" Corresponding author. Fax: +1 510 486 5330. Later on, high-resolution TEM was also used, and Davis and
E-mail address: pnross@Ibl.goP.N. Ross). co-workers concludedb] that the dominant alloy formed
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on an alumina support was PtSn, and it is only at extreme 2. Experimental

compositions that a significant fraction of other alloys was

present: at low SfPt ratio, clusters of Pt, B®n, and PtSn  2.1. Catalyst preparation

were present, whereas at high /&t ratios the dominant

phases were PtSn, /&, and PtSp. On the other hand, The Pt-Sn catalysts studied here (samples 500N and
Schwank and co-workef8] concluded that alloy formation =~ 900N) were supplied by the Johnson Matthey Technology
in Pt-Sn catalysts prepared on oxides does not occur to aCenter (Reading, UK), and the third one (denoted E270) was
significant extent. It is difficult to reconcile these contradic- supplied by E-Tek (Somerset, NJ, USA). An acetylene black
tory reports. The main conclusion appears to be that it is (Shawinigan) carbon support with a/Bn stoichiometry of
essential to carefully characterize any supported Pt—Sn cata1-23:1 and a metal loading of 23 wt% was used for the 500N
lyst before analyzing kinetic results obtained with these cata- @nd 900N samples. They were made by a conventional pre-
lysts. cipitation route[13], but differed in the thermal treatment

Pt-Sn alloys are among the most active catalysts knownthey received to decompose the precursor (500 or°@00

for the electrooxidation of syngas or reformate, that is, a _respectlvely, in an atmosphere op\and promote alloy-

Hax-rich Ho/CO mixture. Previous studies with #&nkl) ing of the two metals. For the E-Tek sample, prepared by

single crystal electrodes in acid electrolyte have shown a proprietary method, Vulcan XC-72 (Cabot) carbon black,

. o ., . astoichiometry of 3:1, and a metal loading of 20 wt% were
that the electrochemical oxidation of carbon monoxide is

o _ . used; the final step in preparation reduction inwhs car-
a strongly structure-sensitive reaction, for which the (111) ried out at 270C.

surface (25 at% Sn) has the highest acti3yL0]. How-
ever, much less work hg\s begn done with carbon-supported, » Electron microscopy
Pt-Sn catalysts than with oxide-supported Pt—Sn catalysts
[11]. Thel strgcture sensitivity of this reacpc')n forigO We prepared specimens for transmission electron mi-
electrooxidation on BRSn means that the activity of the sup- croscopy by making suspensions of the catalyst powders
ported catalysts will probably depend on more than just the i, ethanol, in an ultrasonic bath. These suspensions were
particle size of the BSn alloy phase. In addition, there are dropped onto clean holey carbon grids, which were then
reports of a promotional effect forHCO electrooxidation  dried in air. Samples were examined with the OO2B, the
of carbon-supported Pt impregnated with non-alloyed SnO  ARM high-resolution electron microscopes, and the JEOL
phase(sJ12,13] Thus, one should expect very preparation- 200CX analytical electron microscope at NCHRL]. Par-
sensitive activity for carbon-supported Pt—Sn catalysts in this ticle size distributions were determined from images of, on
reaction, and to understand this sensitivity it is essential to average, 20 different regions of the catalyst; each region con-
have detailed characterizations of all phases present. tained 10-20 particles. The particle shapes were determined
In the present work, we examine three different carbon- by real space crystallography with the use of high-resolution
supported bimetallic Pt-Sn catalysts by high-resolution images taken from particles near or on the edge of the car-
transmission electron microscopy (HRTEM), electron and Pon black substrate, and/or by numerical Fourier filtering of
X-ray diffraction techniques, and microchemical analysis the digitized image intensity spectrum of particles on top of
by energy-dispersive X-ray spectroscopy (EDS), following the parbon black. Dark—f!eld.|mag|ng was algo used to in-
procedures previously used in this laboratory for the char- vest|gat_e th_e °"e“'?‘” d|str|but|or_1 of Pt_—Sn particles. To avoid
acterization of carbon-supported Pt—Ru catalys. The contamination during energy-dispersive X-ray spectroscopy

size of the particles presents challenges to microstructuraI(EDS) analysis, microchemical analysis was performed at

h terization. M £ th bl be add —160°C, with a cold stage with a beryllium holder. This was
characterization. Miany ot these problems can be a resseqound to be essential, because the time required to collect

by tran.sm|SS|on elect'ron m|croscopy, particularly by high- statistically reliable spectra from 2-nm particles (or particle
resolution electron microscopy, which reveals the Presence . sters) with the use of a 10-nm electron beam is very long.

of defects such as dislocations, twins, etc. The advantages offne fluorescence effect from such a small probe beam can
the TEM in catalyst characterization have been described inpe peglected?].

several recently published review articld$-17] HREM

has been extensively used to determine faceting planes, geop 3. x-ray diffraction

metric shapes, the presence of surface steps, surface rough-

ness, and size distribution of the Pt-Sn particles. Weak-beam  xRp patterns for the catalyst powder samples were ac-
dark-field imaging (WBDF) was not used here because of quired with a Siemens D5000 diffractometer, operating in
its well-known limitations for particle sizes below 10 nm  Bragg—Brentano mode. Cugitadiation was eliminated with
[17-20]} The catalytic activity and the relationship of ac- a diffracted-beam graphite monochromator. Because of the
tivity to microstructure of the catalysts analyzed here are relatively low metal loading on the low-density carbon sup-
presented in Part Il. port, data collection periods of up to 10 h were required. The
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patterns were analyzed by Rietveld refinement, with the pro-
gram RIQAS (Materials Data, Inc., Livermore, CA). Both
K,1 and K> reflections were included in the refinements.

3. Resultsand discussion
3.1. Transmission electron microscopy

Low-magnification transmission electron micrographs
of Pt-Sn catalysts supported on carbon black are shown
in Fig. 1 At this magnification, there is little apparent dif-
ference between these catalysts; all of them have particles
uniformly dispersed over the carbon particle surfaces with
sizes nominally in the same range£& nm) and the same
general shape (spheroidal). The presence of particles with
distinctly different phases/compositions, such as Sn€-
sus Pt, is not obvious in these micrographs. At higher resolu-
tion, however, differences in particle shape and composition
become readily apparent.

Two-dimensional projections in high-resolution images,
such as those for E270 iRig. 2a, give the impression of
spherical or elliptical shapes, as opposed to faceted shapes, [§
such as cubo-octahedral-octahedral, as we had observed for
Pt—Ru catalystfl4,23] Apparent rounding of particles can
be caused by two effects. Because of inclination of the par-
ticles from the low index zone axis, faceted corners appear
to be slightly curved24]; even when patrticles are aligned
along a low index zone axis they can appear to be spherical
because of interference from the carbon substrate and con-
fusing contrast that obscures sharp edges and cof2e}s
The latter effect can be avoided by an analysis of particles in
the thinner regions of the substrate, for example, close to the
edge of the carbon support, such as those shoviaigin2b.
Because the majority of the particles in the catalysts are not
conveniently located on edges of the carbon substrate, how-
ever, analysis of only these particles may not be representa-
tive of the catalyst as a whole. In the same catalyst (E270),
when the particles are far from the edge of carbon black Fig. 2. HREM micrographs of BSn particles in catalyst E270 with differ-
support, even when the particles are aligned on the zoneent apparent shapes: (a) apparent rounding of particles due to interference
axis, the particle edges still appear roundEiy( 3a). The from carbon; (b) faceted particles observed on the edges of the carbon sup-
contrast problem with particles on the thick regions of the port

(b)
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@ (b)

Fig. 3. HREM micrographs of a single43n particle in catalyst E270: (a) aligned on the 110 zone axis; (b) Fourier filtering of carbon scattering reveals faceted
shapes.

Table 1 the most probable phases present in these catalysts is given
Crystallographic data for Pt and Sn phaf# in Table 1 and the relevand-spacing for high-symmetry
Formula Lattice parameters (nm) Structure  Space group planes of the different phases is summarizetahble 2 Tak-

a b c type ing into account the effects of sample tilt and uncertainty
a-Sn 064892 Diamond  Fd3m(227) about the exact direction of the surface normal, along with
B-Sn 058313 031815 g-Sn 141/amd (141) strong Fresnel effects in small particles, Radmilovic et al.
SnGg; 04738 03187  TiG, (Rutile) P42/mnm (136) [26] have calculated that the errors in the measurement of
Pt 039242 Cu Fm3m (225)

interplanar spacing in high-resolution images are on the or-

:Zggnm g_ jgggg 129606 gfsArg ﬁgf/mr(rznz(ll)g 2 der qf a few percent and can bg as h_igh as 10%. It was not
PtSn 04104 05436  AsNi P63/mmc (194) possible, therefore, to make a distinction between the metal-
PtSp  0.64331 Cag Fm3m (225) lic phases inTable 2by lattice imagingalone, because the
PtSmy  0.63823 064190 113666 PdSp Aba2 (41) artificial effects and the experimental error of spacing mea-
sured from high-resolution images exceed by many times the
Table 2 difference in interplanar spacing. However, with the crys-
Plane spacings for possible pairs of metals and/or alloys tal symmetry determination from selected area diffraction

(SED), it was often possible to identify the crystal phase

Phasel  kki} d (nm) Phase2  Akl} d (nm) Difference (%) A . . .
of individual particles. In particular, the much larger lattice

Pt {111}0.2265 PtSp  {220}0.2274 Q42

PLS  {004}0.3234  PtSg {020}0.3200 Q74 spacing and the symmetry of the Snfihase versus made
PtSnp {002} 0.3217 PpSmy  {004}0.3234 053 it possible to identify particles with this phase, as shown for
Pt3Sn {111}0.2309  a-Sn {220} 0.2294 .67 the 500N and 900N sampleshigs. 4a and 4lrespectively.
PtSp,  {131}0.1997 PgSn  {200}0.2000 014 Of particular interest from a catalytic perspective was the
PboSns  {110}0.2163  PtSn {102}0.2159 a6

distribution of SnQ particles relative to fcc particles (e.g.,
Pt or Pg§Sn). The relationship seen ig. 4 was represen-
carbon was reduced by Fourier filtering, which can remove tative of the distribution of Sn@in both samples. In every
much of the contribution from the incoherent scattering of case where Snfparticles could be clearly identified, they
electrons from the amorphous carbon. As showRim b, were clustered (i.e., in physical contact) with Pt oSt al-
Fourier filtered images from particles in the interior of cat- loy particles. The selected area diffraction pattern from the
alyst also reveal faceted shapes, typically cubo-octahedral.same region, shown as an insetfiy. 4a, shows the pres-
All in all, we concluded that particles in E270 are highly ence of an fcc phase with a lattice parameter of 0.39 nm,
crystalline and faceted. As we show below, further analysis permitting the identification of some Pt ors8h particles, as
of lattice spacing in both individual particles (lattice imaging indicated inFigs. 4a and 4bThe physical contact between
and selected area diffraction) and overall (X-ray diffraction) SnG and Pt particles would be an essential requirement for
indicates that essentially all particles in this catalyst are in a synergistic or “promotional” effect of Spn the Pt, as
the PgSn alloy phase. some have proposdd?2,13] In the case of the 500N and
High-resolution images of the 500N and 900N samples 900N samples, there is direct evidence that such physical
reveal significantly different microstructures from the E270 contact does occur, and as far as TEM analysis can reveal,
catalyst. Lattice imaging at high resolution, in principle, can this intimate mixing of Pt (or BRSn alloy) particles and SnO
be used to identify the crystallographic phase of individual particles is characteristic of all of the Sp@articles present.
particles. A summary of the crystal structure structures of In the case of the 900N sample, in addition the SED pattern
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(b)

Fig. 4. HREM micrographs of Snfoand Pt—Sn particles in the (a) 500N sample; insert: selected area diffraction (ring) pattern showing an fcc structure with a
lattice parametez = 0.39 nm and (b) 900N sample.

from some regions indicated the presence of the hcp alloy 6+ 3 nm size regime. Histograms of the particle size distrib-
PtSn. With proper (and fortuitous) alignment of the fcc and ution are shown iffrig. 6. These histograms include analyses
hcp particles, it was possible to distinguish individual PtSn of several different regions in the same catalyst, including
and PtSn particles in the same field of view with the use some regions where the metal particle distribution was less
of the difference ini-spacing (2.5%) and the lattice fringes, uniform than that shown iRigs. 1 and 2The histograms in-

as demonstrated iRig. 5 PtSn particles were only found clude all particles regardless of phase. The particle size dis-
in close proximity/contact with BSn particles, and never tributions for the E270 and 500N catalysts are quite similar,
as isolated particles. Presumably this is associated with thebut the phases are very different. E270 is composed essen-

preparation chemistry, and the reaction between Smn®- tially entirely of P§Sn particles, whereas 500N is primarily
cursor particles and g$n particles necessary to form the a mixture of Pt and Sn®particles. The 900N catalyst has
PtSn phase. a classical log-normal distribution function that is character-

The three investigated catalysts, E270, 500N, and 900N, istic of metallic catalysts that have undergone “sintering” or
have different particle size distributions within the nominal “coarsening”[27]. In this case, the coarsening in the 900N
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A- Pt;Sn in [110] zone axis
B- 101 fringes of PtSn
C- 101 fringes of PtSn

4 D- 111 fringes of Pt;Sn

B E- 002 fringes of Pt,Sn

Fig. 5. Identification of PtSn (B and C) andsBn (A, D and E) particles in 900N catalyst based on lattice spacing with graphite internal calibration.

25

E270 16 ] £270
20 14 ]
12 ]
15 10 ]
8 1
10 6 ]
| 4]
5 2 ]
o & AINR bk
= - T 0.3 X
30‘; 0 5 70 15 g, 0 0.1 0.2 04
4 | 500N g8 71 500N
§ 260 b e D k g {7
.g 200 s 5 1
n § 4 ]
<= 150 — ]
g 100 $ :E_
= £ 7]
4 s0 3 0] . i | | ] . i
£ o = —. S o 01 0.2 03 0.4
] 0 5 10 15 @
o & 7
P — ] E 6 900N
= 120 900N |.....] 5 64
2 ] = 5 1
2 4 -
100 ]
£ 4l
Z g0 3 ]
60 — >
40 ] 7] H
20 0] L] . - Slhalpelfacltorl (S?
— . . 0 0.1 0.2 0.3 0.4
Size range [nm] 5 10 15

Fig. 7. Histograms of the Pt—Sn particle shapes in E270, 500N and 900N

Fig. 6. Histograms of the Pt—Sn particle size distribution in the E270, 500N catalysts.
and 900N catalysts.

general, a statistically averaged nonspheroidal shape can be
sample is a result of the thermal treatment to promote re- extracted from projected images if the views of a great num-
action between the Pt and Sp@articles, which apparently  ber of the particles along different directions are available.
also promotes particle growth as well. We used a shape parameter, denotefl,aghich is the dif-

The heterogeneous, partially reacted character of theference between the longest and shortest dimensions nor-
500N sample could also be seen in the particle shapes. Inmalized by its size as a numerical measure of the shape of
the E270 sample, which is the most homogeneous samplethe particle image, such &= (dmax — dmin)/dave- In the
most of the particles have an apparently spheroidal shapecase of an equiaxed particlg,is equal to zero, and th&
which implies that the two-dimensional projection of the increases as the particle becomes more stretched to an ellip-
three-dimensional shape along the electron beam directionsoidal or tabular shape. For the E270 sample, most of the
is independent of the particle orientation in the beam. In S values are concentrated around zero, as showsign?.
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Fig. 8. (A) Nanodiffraction pattern from a single particle in the 900N catalyst and calculated diffraction patterns: (B) fully disordered arig ¢€2)eftdd
stoichiometric P{Sn phase; (D) disordered43n phase with non-stoichiometric compositio #ng 3. Structure factor value for each reflection is given
bellow the diffraction spot.

For 500N, the majority of particles are not equiaxed; the even in the E270 sample. The calculated DP for a slightly
majority S factor for Pt—Sn clusters is 0.05-0.15, and some nonstoichiometric BSn phase has the best agreement with
are as high as 0.35, that is, the longest dimension is almostthe experimental NDP in the 900N catalyst. It is possible
three times longer than the shortest dimension. This is prob-that the structure factor value for the ordered phase is too
ably a manifestation of both the clustering of Pt and $nO small for the superlattice spots to be visible in a DP from a
particles and the reaction between Pt and Spérticles to single nanoparticle. As we present below, we did not ob-
form PSn particles with a complex (nonequilibrium) shape. serve the superlattice reflections in the XRD patterns ei-
As the reaction between Pt and Snfroceeds to a larger ther, although these reflections are so weak in this Pt-Sn
extent at higher temperature in the 900N sample, the resul-system that they may not be observable above the back-
tant P§Sn and PtSn particles are mostly equiaxed, similar to ground from scattering from the carbon (and/or Snen
but larger than the BSn particles in the E270 catalyst sam- present).
ple. Occasionally twinned particles were observed with the
In some instances, a nanodiffraction pattern could be ob- same {111} twinning plane as in other fcc metglsl], but
tained from a single particle lying on the edge of the carbon these occasions were rare, and twinned particles were not
substrate. An example of that is shownFig. 8A for the considered to be an important characteristic in any of these
900N sample, indicating an fcc structure in the 112 zone. catalysts. The almost perfect {200} and {111} facets in some
In comparison, we show the calculated pattern for pure Pt of the Pt—Sn bimetallic particles did not appear to be accom-
(Fig. 8B), the fully ordered RSn phaseRig. 8C), and a panied by any relaxation in the interatomic spacing near the
disordered R#Sn phase that is slightly nonstoichiometric surface, as might occur with a surface enriched in one el-
(Fig. 8D), with the structure factors for each reflection given ement relative to the bulk. However, as shown by the data
below the spot. We never observed the superlattice diffrac-in Table 2 the changes in interplanar spacing in the Pt—Sn
tion spots Fig. 8C) characteristic of the ordered perfectly system (less than 2.5%) are too small to be observed by lat-
stoichiometric compound E$n in any of the catalysts, not tice imaging of single particles, even when the measurement
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Fig. 9. X-ray fluorescence spectrum taken with sample cooledlf0°C from the single particle in sample E270 shown in the HREM image (insert) using a
1 nm beam. The P8n intensity ratio is exactly the same as that in the XRF spectrum frogSnRtandard.

procedure introduced by Ruijter et §28] is applied. The elemental composition (1.23). This could be explained by
carbon-supported Pt—Sn particles were somewhat unstablghe varying amounts of Bsn and PtSn phases in the ana-
under irradiation, and shape changes were seen in some patyzed clusters/regions and the presence of clusters with un-
ticles on the edge of the carbon support under illumination. reacted Sn@ particles. The latter was more evident in the
Similar behavior has been reported for ultrafine gold parti- 500N catalyst, where the relatively high Sn X-ray emission
cles supported on amorphous Si and 5[29], MgO [30], was accompanied by observable oxygen X-ray emission (in-
or TiOy [31] substrates, and in several other pure metals sup-significant in other samples). In the case of the E270 catalyst
ported on carbon blacf31,32] including Pt[33]. Marks sample, the PSn ratio varied much less between different
and co-worker$30,34]suggested that the reason for this be- particles, clusters, or regions, but was never as high as the ra-
havior could be a relatively small activation barrier (a few tio of the nominal composition, that is, from a low of about
electron volts) for transformations between different shapes 1.8 to a high of 2.6, and a mean of 2.3. We have no explana-
compared with the energy deposited by the electron beam. Intion for why the P{Sn ratio from XRF of the E270 sample
fact, a large amount of energy is needed to push the particleis lower than the expected value from the bulk composition,
out of a large potential wall in which the particle is trapped, 3.0. Typical examples of XRF from the three samples are
and once initiated, the particle partially melts, even after the shown inFig. 9.
electron-beam intensity is turned down to almost 486J.
3.3. X-ray diffraction data analysis
3.2. Microchemical analysis
The diffraction patterns were analyzed for the presence

Elemental analysis from different regions of each sample of known PySn phases and for Sn and its oxides. The car-
was conducted with X-ray fluorescence (XRF) spectroscopy bon support has only very broad and weak reflections in the
with the JEOL 200CX microscope. An ultrathin window 26 range shown. Its diffraction pattern, therefore, was not re-
detector was used, allowing the presence of oxygen to befined, but was included in the background calculation. Once
detected. A bulk single crystal of $8n was used to ob-  approximate quantitative results were obtained, cell parame-
tain a calibration factor for the PSn atomic ratio. XRF  ters and lineshape variables for the individual phases were
analysis of both the 500N and 900N catalysts showed thatrefined. Observed and calculated patterns for the samples are
regardless of the beam size, the 1 ratio varied over a  given inFig. 10 The E270 sample was essentially entirely
broad range, but the mean values were 1.50 and 1.36, respemf Pt3Sn; no other phases of either Pt or Sn were observed
tively, which are reasonably close to the ratio in the nominal in this sample. The calculated contributions to the patterns
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Fig. 10. Quantitative Rietveld refinement of the powder diffraction patterns for the samples: E270, 500N and 900N.

Table 3
Results of XRD refinements and analyses
mol% PgSn mol% PtSn mol% Sno Pt:Sn atomic ratio R Rwp
500N 26.4 0 73.6 0.79 0.047 0.055
ag=0.3965 (2)
ap® =2.5nm aps= 3.5 nm
900N 13.7 121 4.2 0.62 0.048 0.052
ap=0.3988 (5) ag=0.4114 (5)
co =0.5440 (6)
aps= 3.7 nm aps=7.2nm aps=2.1nm

2 Probably two alloys phases, a saturated solid solution and stoichiomeifin Rtee text).
b Average particle size, from refined line shape parameters.
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from each phase present in the 500N and 900N samples ar€2) The Pt and Sn@precursors in the 500N catalyst have

summarized inTable 3 In both cases, the XRD analyses
reflect considerably lower P&n atomic ratios than the el-
emental composition (1.23).

Sample 500N consisted of a Pt—Sn alloy and rilhe

only partially reacted to form a relatively small amount
of Pt—Sn alloy of uncertain composition. All of the SnO
particles appear to be closely associated with Pt parti-
cles, such that a catalytically synergistic interaction is

refined lattice constant of the alloy was 0.3965 nm, between
those of PiSn (0.4000 nm) and Pt (0.3924 nm). Hang&5] particles are the smallest of the three catalysts, with an
reports that the solid solubility of Sn in Pt is unknown (as average size of3—4 nm.
of 1958), but suggests it may be ca. 8 at%. Harris et al. (3) The higher temperature treatment applied to the 900N
[36] reported a linear dependence of lattice constants for catalyst results in more complete reaction between the Pt
solid solutions of Sn in Pt up to 10% Sn, with a lattice con- and SnQ precursors, resulting in stoichiometric Pt—-Sn
stant of 0.3934 nm for B§Smn. They found no evidence alloy particles, P4Sn and PtSn, in roughly equal pro-
for nonstoichiometry in B6n and suggested that alloys with portions. The RiSn particles are slightly larger than the
10-25 at% Sn cooled from a melt (at 13&%) would sep- Pt-phase particles in the 500N catalyst, but the PtSn par-
arate into two phases, the saturategh®io solid solution ticle size is significantly larger, with an average size of
and stoichiometric BSn. Given the near-coincidence of the ~7 nm.
PoSmo and PSn reflections and the particle size broaden- (4) The E270 catalyst, prepared with completely different
ing, a mixture of RfoSnp and stoichiometric BSn would chemistry, is composed entirely of stoichiometrig$t
produce a diffraction pattern very similar to the refined pat- alloy particles, with an average size-8—4 nm.
tern with a nonstoichiometric E&n phase. We conclude that  (5) All of the metallic particles in the 900N and E270 cat-
reaction of the Pt and SnQrecursors at 500C most proba- alysts have an equiaxed shape. A significant number of
bly results in two alloy phases,d36mo and P£Sn, in which metallic particles in the 500N sample have an elongated
the average particle size is quite smatile 3. shape, probably reflecting the partially reacted character
The catalyst sample heated to $@reacted more com- of this material and incomplete reaction between Pt and
pletely. It consisted of a mixture of near-stoichiometric SnG particles in physical contact.
P&Sn (@ = 0.3988 nm) and stoichiometric PtSn, along with  (6) In both 500N and 900N, large amounts of unreacted
the unreacted SnOThe Pt-Sn particles were considerably SnG remain, which could have an effect on the behav-

larger than those in the 50€ sample, but the average SnO ior of electrodes prepared from these catalysts.
particle size was smaller. The PtSn particles were on average

nearly twice the size of the £$n particles. This would sug-
gest, as does all of the microscopy, that the alloy phases forma cknowledgment
by progressive reaction between Pt angSRtwith SnQ,

0.9Pt+ 0.1SnGQ — PlgoSmg + 0.10,
PigoSnio + 0.15SnQ — Pt5Sps + 0.150,
Ptz;5Sps + 0.255nQ — Pi5gSngg + 0.250.

Although the entire sample was used for XRD data col-
lection, there is considerable discrepancy between tHerPt
ratio determined from these refinements and the elementa
composition or those determined by the XRF microchemical AC03765F00098.
analysis. Although this may have been due to the consider-
able overlap of the patterns and the broad contribution from
Sn(G, the presence in the 500N and 900N samples of an ad-
ditional pure Pt or Pt-rich phase with a particle size too small
for Rietveld refinement cannot be ruled out.

plausible (if a synergistic effect exists). The Pt-phase
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