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A new type of ion implantation technique is used to create a non-equilibrium Pt^Sn(IMP) near-surface alloy with ca. 8.6 at%

Sn. The surface composition was determined by low-energy ion-scattering (LEIS). The kinetics of the electrooxidation of CO and

2% CO/H
2
mixtures on Pt^Sn(IMP) is essentially identical to that of Pt

3
Sn(110). The fact that any non-equilibrium composition

can be easily prepared by this implantation method opens an interesting practical opportunity to create a new Pt^Sn alloy fuel cell

catalyst having an otherwise unobtainable surface composition of Sn. This method also appears to have general utility in alloy cat-

alysis as ameans of exploring compositions in thermodynamically unfavorable regions of the bulk phase diagram.
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1. Introduction

Decades before the terms ``nanoscale materials'' or

``nanoscale engineering'' were coined, catalytic chemists

realized that materials with unique properties were cre-

ated by bringing two ormore differentmetals together at

the molecular level. In electrocatalysis, the activity and

stability of solid solutions of metals (alloys) have been

widely explored. Hoping that the combination of differ-

ent metals would have superior catalytic activity and/or

stability relative to the pure metals, the electrooxidation

of potential fuels for fuel cells was extensively studied on

different bimetallic systems [1^13]. Of the various sys-

tems examined, bimetallic Pt
3
Sn alloys are of particular

interest because this system exhibits a remarkably high

catalytic activity for the electrooxidation of CO and

CO/H
2
mixtures, e.g. more than four orders of magni-

tude more active than pure Pt [14,15]. Another interest-

ing feature of this alloy is that the catalytic activity of the

Pt
3
Sn(hkl) surfaces for CO oxidation is also strongly

dependent on the surface geometry, with the onset

potential being lower by � 0:13 V on the annealed (111)

versus the sputtered (110) surface, both surfaces having

a composition of 20^25 at% Sn.We have postulated that

the uniquely high activity of Pt
3
Sn surfaces is due to the

creation of a unique state of CO
ad
adsorbed on Pt sites

adjacent to Sn atoms (weakly bonded CO

w

ad

), and to the

ability of Sn atoms to activate water (probably to OH
ad
)

at low overpotentials, i.e. a subtle variation to the classi-

cal bifunctional mechanism of electrocatalytic oxidation

[7]. However, recent theoretical calculations by

Anderson and co-workers [16] indicate Sn atoms in a Pt

lattice do not activate water at low potentials. It is clear

that the mechanism of CO oxidation on these surfaces,

especially the mechanism of action of Sn atoms in the

surface, warrantsmuch further study.

A detailed examination of the role of Sn in the oxida-

tion of CO and CO/H
2
mixtures on Pt^Sn surfaces faces

a fundamental limitation imposed by both the bulk and

surface thermodynamics of the Pt^Sn system. The bulk

phase diagram [17] indicates that in the Pt-rich end there

are no single-phase alloys between the solid solution

limit, which is not well known but suggested to be about

5 at% Sn, and the intermetallic phase Pt
3
Sn. A similar

thermodynamic limitation exists for a number of other

Pt^group IV alloys which are of interest. The surface

thermodynamics of Pt^Sn [18,19] imposes another fun-

damental limitation, in that nearly all annealed surfaces

of Pt-rich alloys are strongly enriched (relative to the

bulk) in Sn, the Pt
3
Sn(111) surface being the exception,

e.g. even a solid-solution of 2 at% in Pt has an annealed

surface composition of 20^25 at% Sn [14]. These thermo-

dynamic limitations have not allowed us to vary the

composition of Pt^Sn surfaces across the Pt-rich end in

the way we were able to do with the Pt^Ru system [7].

From our experience with Pt^Ru alloys, the study of the

variation in activity with surface concentration can be

very powerful, revealing a great deal of information

about the mechanism of action of the adatom, e.g. Ru or

Sn. It is, therefore, fundamentally important to develop
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a new surface modification method which would allow

one to create a continuous series of Pt^Sn surface alloys

having compositions from 5 to 25 at% Sn. Such surface

alloysmay also be of technological interest.

Reported herein is a description of a surfacemodifica-

tion technique for the preparation of polycrystalline Pt^

Sn catalysts which might be used as an anode catalyst in

fuel cells running on industrial hydrogen (contaminated

with CO and other hydrocarbons) or on a hydrogen feed

stream derived from steam-reforming carbon-based

fuels. We describe here a novel metal ion implantation

method we used to form non-equilibrium Pt^Sn surface

alloy compositions that we were unable to form by clas-

sical metallurgy. We will present results for the electro-

oxidation of CO and CO/H
2
mixtures on a Pt^Sn

surface alloy having � 8:6 at% of Sn and compare the

kinetics with that of the Pt
3
Sn(hkl) alloys studied pre-

viously.

2. Experimental

2.1. Implantationmethod

High-dose ion implantation of Sn into polycrystalline

Pt was done using a relatively new kind of surface modi-

fication technique. In this method, the substrate (here

Pt) is immersed in a plasma of the desired implantation

species (here Sn) and repetitively pulse-biased to high

negative voltage. A high voltage sheath rapidly forms at

the plasma^substrate boundary, and plasma ions are

accelerated through the sheath and into the substrate,

thereby accomplishing implantation into the substrate

of plasma ions at an energy determined by the bias vol-

tage. This technique has been called plasma source (or

plasma immersion) ion implantation, and has been

developed by a number of groups, principally by Conrad

and co-workers for the case of gaseous plasmas [20^22].

We have taken the method a step further by combining it

with vacuum-arc-produced metal plasma techniques to

provide for the implantation of metals [23,24]. The Sn

plasma is produced by a vacuum arc discharge of the

kind that has been extensively explored bymanyworkers

[25]. Droplet contamination from the plasma stream

was removed by a ``magnetic filter'' configuration

employing a curved magnetic duct which stops line-of-

sight transmission of solid droplets while allowing trans-

port of plasma along the curved axial magnetic field

[25,26]. A pure and highly-ionized Sn plasma exits the fil-

ter and is directed towards the platinum substrate, which

is repetitively pulse-biased (4 �s pulse and duty cycle

50%) for the duration of the plasma pulse (2 ms pulses at

a repetition rate of 1 pulse every 2 s) to a negative voltage

(ÿ2 kV) that determines the ion implantation energy

(about 3 kV, since the Sn ions are multiple-stripped with

a mean charge state of about 1.5 [27,28]). The process is

continued until the desired concentration of implanted

Sn ions is accumulated. A simplified schematic of the

set-up is shown in fig. 1.

2.2.UHVpreparation and characterization

A detailed outline of alloy preparation and UHV

characterization of Pt
3
Sn(hkl) alloys was reported pre-

viously [15]. In the present work, prior to electrochemi-

cal measurements, the implanted Pt sample (Pt^

Sn(IMP)) was prepared by two different methods. The

first of these methods involved cleaning of the Pt^

Sn(IMP) entirely in UHV by the same sputtering

(0.5 keV Ar

�

)-annealing (650

�

C) cycles used for the

Pt
3
Sn(hkl) alloys, which are repeated until only Pt and

Sn are observed by Auger electron spectroscopy (AES).

Although the annealing cycles are short (10min) and at a

temperature which is only about one-half the bulk melt-

ing point of Pt
3
Sn, there is the possibility that there is

precipitation of Pt
3
Sn nanocrystals in the near-surface

region during these cycles. Thus, for comparison, a sec-

ond procedure was used, in which the implanted sample

was pre-cleaned chemically, then cleaned in UHV only

by ion-bombardment. The Pt^Sn(IMP) sample was

cleaned in an ultrasonic bath of 3 M KOH, then dipped

briefly into 1 M H
2
SO

4
, rinsed in pyrolytically distilled

water and, finally, transferred into the UHV chamber. It

was found that the surface composition following ion-

sputtering, as determined by low-energy ion scattering

(LEIS) [15], was essentially identical for these two meth-

ods of preparation, as was the electrocatalytic activity.

In this paper, only the results for the Pt^Sn(IMP) alloy

prepared by the sputtering/annealing method are

shown.

2.3. Electrochemicalmeasurements

The UHV prepared alloy surfaces were mounted in a

special rotating disk electrode arbor [29] and immersed

Fig. 1. Simplified schematic of the plasma immersion ion implantation

apparatus.
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in electrolyte under potential control at� 0:2 V in 0.5M

H
2
SO

4
(Baker Ultrex). The electrolyte was prepared

with triply pyrodistilled water and thermostated at

65

�

C, by circulating constant temperature bath con-

nected with the water jacket of a standard three-com-

partment electrochemical cell. The reference electrode

was a saturated calomel electrode (SCE) separated by a

bridge from the reference compartment. All potentials in

this paper are, however, referenced to the reversible

hydrogen electrode potential (RHE) at the same tem-

perature (calibrated from the hydrogen oxidation/

reduction reaction on pure Pt). The CO/H
2
gas mixture

as well as pure CO (6NH
2
, 4NCO)were purchased from

Matheson; the purity of the argon purge gas was 5N8

(Air Products). Data from the Pine Instrument bipoten-

tiostat were acquired digitally on an IBM PC using Lab

View forWindows.

3. Results and discussion

As we noted recently, determination of the surface

structure and the surface composition of bimetallic sin-

gle-crystal surfaces by UHV spectroscopic techniques,

in combination with the ability to transfer UHV pre-

pared crystals to a classical rotating disk electrode

(RDE) configuration without contamination, has

yielded a wealth of information on the role of crystallo-

graphic structure and composition of Pt
3
Sn(hkl) in the

electrooxidation of CO and CO/H
2
mixtures [14,15]. In

order to compare the kinetics of electrooxidation of CO

and CO/H
2
mixtures on the Pt^Sn(IMP) surface to

other Pt^Sn systems, representative results for

Pt
3
Sn(hkl) alloys from previous work are presented

alongwith the new data for Pt^Sn(IMP).

3.1. Surface composition of Pt^Sn(IMP)

After a few sputter/anneal cycles, a surface that is per-

fectly clean by AES was obtained. The normal incident

LEIS spectrum following the final sputter is shown in

fig. 2. Using the theoretical ion-scattering cross-sections

[30] for Sn and Pt, which we used in our study of Pt
3
Sn,

the composition of the Pt^Sn(IMP) surface is � 8:6 at%

Sn after this pre-treatment schedule. Because of some

selective sputtering of Sn, the subsurface concentration

is probably slightly higher than 8.6 at% Sn, but the pre-

vious results with Pt
3
Sn indicate that with our sputtering

conditions the selectivity factor is rather small. For

future studies, non-equilibrium surface concentrations

between 8.6 and 25 at% will be obtained directly by

higher doses of implanted Sn. While the 8.6 at% Sn sur-

face is thermally metastable, i.e. the surface becomes

enriched in Sn upon thermal annealing, there appears to

be a kinetic stabilization of this surface composition at

the temperatures relevant to polymer electrolyte fuel

cells, e.g. < 100

�

C. The electrocatalytic activity of the

surface was found to be very stable over the time period

of the electrochemicalmeasurements, e.g. typically 2^4 h

at 60

�

C. A depth profile analysis by ion beam etching

combined with LEIS indicated the Sn concentration is

essentially constant to a depth of about 5 nm.

3.2. Cyclic voltammetry andH
2
oxidation on

Pt^Sn(IMP)

The corresponding base voltammetry for the Pt^

Sn(IMP) electrode and the polarization curves in H
2
-

saturated electrolyte are shown in figs. 3a and 3b, respec-

tively; these curves were recorded immediately following

transfer from UHV to argon purged 0.5 M H
2
SO

4
. The

cyclic voltammogramof the Pt^Sn(IMP) electrode is sig-

nificantly different from that of a clean polycrystalline

Pt pre-treated in the same way even though only 8.6 at%

of Sn is present on the surface. The charge associated

with the hydrogen adsorption (in potential region

0:1 < E < 0:4 eV) is still close to 200 �C/cm

2

, about

what one would expect based on the Pt vs. Sn surface

atomic ratio assuming that hydrogen is adsorbed only

on Pt sites [14,15]. But the distribution of the charge in

potential is very different from pure Pt, particularly the

lack of two or more distinct peaks. Since these distinct

peaks are now known [31] to be associated with the de-

sorption/adsorption of (bi)sulfate concomitant with

hydrogen adsorption/desorption, their absence on the

Pt^Sn(IMP) surface implies that the presence of Sn in

the surface, even at only 8.6 at%, affects anion adsorp-

tionmore than hydrogen adsorption.

After recording the cyclic voltammogram, the elec-

trolyte was saturated with H
2
and the hydrogen oxida-

tion currents were recorded at different rotation rates, as

shown in fig. 3b. Considering that the surface concentra-

tion of Pt is high and that the hydrogen reaction on Pt in

acid solutions is one of the fastest known electrochemi-

Fig. 2. Low-energy ion-scattering (LEIS) spectra for Pt^Sn(IMP) of

the sputter-cleaned surface (0.5 keVAr

�

) of Pt^Sn(IMP); see ref. [30].
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cal reactions, it is not surprising that the polarization

curves for the oxidation of hydrogen, fig. 3b, are almost

identical with the oxidation of hydrogen on pure Pt in

0.5 MH
2
SO

4
[13]. From an analysis of i

ÿ1

vs. !

ÿ0:5

plots

(not shown), based on the discussion in ref. [13], the

minimum value of the exchange current density for the

oxidation ofmolecularH
2
is� 50^60mA/cm

ÿ2

, equiva-

lent to a turnover number ofX100 molecules of hydro-

gen per Pt atoms per second (at equilibrium). While Sn

may have some effect (unmeasurable by standard RDE

methods) on the H
2
=H

�

kinetics, the rate remains extre-

mely high and the Pt^Sn(IMP) surface behaves as a com-

pletely reversibleH
2
=H

�

electrode.

3.3. Electrooxidation ofCOandCO/Armixtures at

65

�

C;Pt^Sn(IMP) vs. Pt
3
Sn(hkl)

3.3.1. Electrooxidation ofCO

As outlined in the Introduction and reported in ref.

[15], the mechanism for CO oxidation on Pt
3
Sn(hkl)

appears to be consistent with a bifunctional action by the

two metals. It was proposed that at a saturation cover-

age of CO
ad
on Pt sites two different states of CO

ad
are

present at the surface; strongly adsorbed CO

s

ad

, a specta-

tor during the CO electrooxidation at low overpoten-

tials, and weakly adsorbed CO

w

ad

, i.e., an active species

which at low overpotential reacts with an oxygenated

species adsorbed on Sn atoms through a Langmuir^

Hinshelwood type reaction:

CO

w

ad

�OH
ad
ÿ!

rds

CO
2
�H

�

� e

ÿ

�1�

We also proposed that the weakly adsorbed state

CO

w

ad

on Pt
3
Sn(hkl) is a consequence of strong interme-

tallic bonding in this alloy, and, considering that CO

only adsorbs on Pt sites of a Pt^Sn alloy, we suggested

that the structural density of the CO electrooxidation

reaction on Pt
3
Sn(hkl) surfaces appears to be due pri-

marily to a higher mobility of CO

w

ad

and higher fraction

of the CO
ad
in the weakly bonded state on the (111) sur-

face relative to the (110) surface [15], and not due to the

small difference in Sn surface composition. On both

Pt
3
Sn(111) and Pt

3
Sn(110), however, a relatively high

pressure of CO is needed to populate the weakly

adsorbed state, affecting a positive reaction order with

respect to the concentration of CO in solution.

In the following, we compare the kinetics of CO oxi-

dation on the sputtered Pt
3
Sn(110) surface (21 at% Sn in

surface) with the kinetics on the implanted Pt^Sn(IMP)

near-surface alloy. Pt
3
Sn(110) was chosen as the basis

for comparison in order to separate structural effects

from surface composition effects; it is our experience

that in many electrocatalytic processes on Pt(hkl) sur-

faces the (110) surface is the closest in activity to a poly-

crystalline sample. The polarization curve for the

oxidation of pure CO on Pt
3
Sn(111) alloy is only shown

to give an idea of the magnitude of the structural effects

in this system (which are quite substantial). The polari-

zation curves at 2500 rpm for the electrooxidation of

pure CO and two CO/Ar mixtures on Pt
3
Sn(110) are

shown in fig. 4a. In order to closely approach the steady-

state activity these measurements were made at the slow

sweep rate of 1 mV/s. Under these conditions, the diffu-

sion-limiting current densities for the oxidation of CO in

these three gases are 2.33, 0.58, and 0.05 mA/cm

2

,

respectively, so that mass-transfer resistances are negli-

gible for current densities below� 0:5, 0.2, and 0.01mA/

cm

2

, respectively. For Pt
3
Sn(110), kinetically-controlled

current densities (i
k
) occur below 0.3 V. Quite clearly the

measurements with the CO/Ar mixture did establish a

positive reaction order (m) with respect to CO (see insert

in fig. 4a with m � 0:25. In contrast, the reaction order

on Pt and Pt^Ru alloys is negative [13],ÿ0:2 toÿ0:5, the

difference arising from the absence of the weakly bound

state of CO

w

ad

on these surfaces. Fig. 4b shows potentio-

dynamic oxidation curves for the electrooxidation of

pure CO, 15% CO/Ar and 2% CO/Ar on Pt^Sn(IMP)

under the same conditions as in fig. 4a. Fig. 4b reveals

that a reduced partial pressure of CO (i.e., its dilution

with argon) indeed produces a negative potential shift in

the onset of CO oxidation, consistent with a positive

reaction order; the log i
k
vs. logP

CO
plots, shown in the

insert in fig. 4b, confirm that the reaction order is close

to 0.25. A comparison of figs. 4a and 4b clearly shows

that the activity of Pt
3
Sn(110) alloy and the Pt^Sn(IMP)

Fig. 3. (a) Cyclic voltammogram of the sputtered Pt^Sn(IMP) sample

in the RDE assembly after transfer from UHV; 0.5 M H
2
SO

4
purged

with argon, 65

�

C; 20 mV/s. (b) H
2
oxidation on the Pt^Sn(IMP) elec-

trode in 0.5MH
2
SO

4
purgedwith hydrogen; 65

�

C; 20mV/s.
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surface is almost identical. However, the surface compo-

sition of Sn on the sputtered (110) surface is different

than on Pt^Sn(IMP), i.e., 21% versus 8.6%, respectively.

This indicates that an optimum surface composition for

a polycrystalline Pt^Sn alloymight be found in the range

� 10 < �

Sn;s
< 25 at%, exactly in the composition

regionwhere there is no bulk alloy phase.We believe that

the optimum surface composition should not exceed

25 at% Sn because the onset potential for CO oxidation

on the annealed Pt
3
Sn(110) alloy with the surface com-

position, �
Sn;s

� 53 at%, is � 0:15 eV lower than for the

sputtered surface with �
Sn;s

� 21 at%. Thus, by utilizing

the implantation technique one can indeed create new

Pt^Sn surfaces with non-equilibrium compositions that

may prove to be uniquely active. Equally importantly,

by examining the change in activity with surface compo-

sition across this region, we can learn a great deal more

about the mechanism of action of Sn, as in this composi-

tion region the variousPt^Sn ensembles, e.g. Pt^Snpairs,

Sn atoms with Sn in the second coordination shell, etc.,

distribution function (ideally) change dramatically.

3.3.2. Electrooxidation of 2%CO/H
2
mixtures

A 2% CO/H
2
mixture is the most common hydrogen

feed stream for a low-temperature fuel cell which uses a

hydrocarbon as the primary fuel; this mixture is pro-

duced by steam reforming and shifting [10]. In order to

separate the structural effects from the surface composi-

tion effects, the oxidation of CO/H
2
mixture will be

compared on the Pt^Sn(IMP) surface and Pt
3
Sn(110)

alloy; as in the case of CO oxidation, the electrocatalytic

activity of Pt
3
Sn(111) is only included as cross-reference.

Fig. 5 shows the quasi-steady state (1 mV/s) oxidation

of 2% CO/H
2
on three different Pt^Sn alloys at

2500 rpm. In order to ensure the equilibration of the elec-

trode surfaces with CO prior to the recording of the oxi-

dation current, the electrode potential in all of the

following experiments was held at 0.05 V (the immersion

potential) for 3 min at a rotation rate of 2500 rpm.

Under these conditions, the diffusion-limiting current

density for the oxidation of pureH
2
is 4.04mA/cm

2

[13],

so that mass-transport resistances are negligible below

� 0:5mA/cm

2

. The Pt
3
Sn(111) surface exhibits the low-

est overpotential for the oxidation of H
2
in the presence

of 2% CO, shifted negatively by � 0:1 eV relative to

either Pt
3
Sn(110) or Pt^Sn(IMP). The insert in fig. 3 is a

magnification of the low current density region were all

currents are kinetically controlled. As with the oxidation

Fig. 4. (a) Polarization curves for oxidation of pure CO (öö), 25%

CO/Ar (^ ^ ^) and 2% CO/Ar (� � �) mixtures on a sputter-cleaned

Pt
3
Sn(110). (b) Polarization curves for oxidation of pure CO (öö),

15% CO/Ar (^ ^ ^) and 2% CO/Ar (� � �) mixture on a sputter-cleaned

Pt^Sn(IMP) electrode. Inserts in (a) and (b) show a reaction order for

CO oxidation on Pt
3
Sn(110) and Pt^Sn(IMP). Polarization curve for

oxidation of pure CO (^ � ^) on an annealed Pt
3
Sn(111) electrode

shown as indication of themagnitude of structure effects in this system.

0.5MH
2
SO

4
at 65

�

C. Sweep rate, 1mV/s,Rotation rate, 2500 rpm.

Fig. 5. Current^potential curves recorded on sputter-cleaned

Pt
3
Sn(110), annealed Pt

3
Sn(111) and sputter-cleaned Pt^Sn(IMP) elec-

trodes in 0.5 M H
2
SO

4
saturated with a 2% CO in H

2
mixture at rota-

tion rate of 2500 rpm. Sweep rate, 1mV/s. Temperature, 65

�

C.
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of pure CO, Pt
3
Sn(110) and Pt^Sn(IMP) surfaces have

essentially identical activity for the oxidation of H
2
in

the presence of 2%CO.

4. Conclusions

It may be concluded that an ion implantation techni-

que has been developed for the modification of a Pt sub-

strate by Sn. This method is used to create a non-

equilibrium Pt^Sn(IMP) near-surface alloy with ca.

8.6 at% Sn. The kinetics of the electrooxidation of CO

and a 2% CO/H
2
mixture on Pt^Sn(IMP) is essentially

identical to that of Pt
3
Sn(110). The fact that any non-

equilibrium composition can be easily prepared by this

implantation method opens an interesting practical

opportunity to create a new Pt^Sn alloy fuel cell catalyst

having an otherwise unobtainable surface composition

of Sn. This method also appears to have general utility in

alloy catalysis as a means of exploring compositions in

thermodynamically unfavorable regions of the bulk

phase diagram.
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