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The behavior of plat,inum-tin electrodes in cyclic voltammetry in pure acid and the kinetics 
of methanol oxidation on these electrodes have been studied. By using the cyclic volt,ammetry 
t,echnique it was possible to demonstrate that the tin atoms are present in the zero-valent state 
and hence are not acting as a cocatalyst via a redox couple between their oxidic forms. It is 
furthermore shown that the zero-valent tin atoms influence the adsorption properties of the 
platinum atoms. The enhancement in methanol oxidat,ion rate on platinum-tin electrodes is 
explained in terms of a “ligand” effect. 

I. INTRODUCTION to be oxidized by an adsorbed and im- 

Platinum-tin cat.alyst.s have been found mobilized redox-active compound, the 

t,o exhibit considerably higher methanol reversible potential of which should bc 

cl&i-o-oxidation rates t’han pure platinum close t,o the hypothet.ical equilibrium pot’cn- 

(1-S). In t,he literature this cnhanccmcnt tial of t’hc methanol oxidation reaction 
has been at,tributed to a rcdox mechanism [Eq. (4) below]. This so-called surface- 
(l), with 6he t.in being assumed t.o be redox concept was first suggested for 
present in an oxidic form. electrolyte-dissolved sodium molybdate (4). 

In this mechanism t,he adsorbed residue In the case of t’in, the act.ion of the cocata- 
C,H,OP [see Eq. (1) below], supposedly lyst, assumed to be SnOz, could be expressed 
impeding the reaction on pure Pt, is thought as follows : 

sCH30H + (Q-s)HzO + C,H,O, + (2s-p + 2q)H+ + (28-p + 2q)e, (1) 

C,H,O, + (2s~q)SnOz -+ sCOS + pH+ + pe + (as-q)SnO, (2) 

2-q (SnO + Hz0 + SnOz + 2H+ + 2e), (3) 

s( CH,OH + Hz0 -+ CO2 + GH+ + Ge}. (4) 

The equat.ions arc written in accordance Cathro (1) based his conclusion in favor 
with Breiter’s (5) formalism for adsorbed of this mechanism on (a) t,he observation 
residues. For reaction (3) an equilibrium by chronopotentiometry that a relatively 
potential of approx +100 mV vs NHE large charge is required to oxidize Pt-Sn 
(normal hydrogen elect’rode) has been electrodes below 0.6 V as compared to pure 
quoted (2), which is indeed close t,o t,he Pt electrodes, and (b) on the fact t,hat hc 
hypot’hctical potclnt,ial of Eq. (4), viz, found a reaction order of unity in methanol. 
+20 mV vs NHE. However, the former observation can be 
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FIG. 1. Voltammogram of electrodeposited plati- 
num in 4 M H&SO4 at 23°C. Electrode area 4.16 
cm2, loading 62.5 mg Pt, sweep speed 16.4 mV s-l. 

explained not only by a transition from 
Sn2+ to Sn4+ but also by, e.g., the Pt-Sn 
elect,rode having a larger specific surface 
area than the Pt black, as was shown 
previously (3). The latter finding would 
indicate that the oxidation of the residue 
is no longer rate determining, but is not 
consistent with other observations since it 
also implies that the methanol oxidation 
rate would equal the methanol adsorption 
rate, which, as was shown by Cathro (I), 
must not be the case. 

The purpose of the work presented here 
was to find more conclusive evidence to 
elucidate the mechanism of enhanced 
methanol oxidation on Pt-Sn electrodes. 
In doing so, extensive use was made of the 
cyclic voltammetry technique. This tech- 
nique provides information on the electro- 
sorption characteristics of the electrode 
surface and thus on its condition and com- 
position. It will be shown that, in contrast 
to earlier work on Pt-Sn electrocodeposits 
(I), this technique proved very elucidative 
for immersion-type electrodes (3). For the 
redox mechanism to be valid the observa- 
tion by this technique of both anodic and 
cathodic peaks near the redox potential of 
Eq. (3) is a prerequisite. Other workers, 
who studied the oxidation of organic com- 
pounds at redoxactive nickel electrodes in 
alkali (6), indeed found cyclic voltammetry 
to be a very useful tool in this respect. 

A second mechanism which was proposed 
in the literature for some other binary sys- 
tems, viz, the so-called adsorption mecha- 
nism, will be included in our considerations. 
Unlike the redox mechanism, where the 
properties of the surface Pt atoms are un- 
affected even though one of their functions 
is taken over by the cocatalyst, the adsorp- 
tion mechanism involves a modification of 
the surface Pt atoms via electronic inter- 
action with the second element. This inter- 
action, known as the so-called ligand effect 
(7) in heterogeneous catalysis, may result 
in a weaker bonding of the methanol 
residue and moreover facilitate the co- 
adsorption of water molecules [Eq. (4)]. 
Such a mechanism can only be envisaged 
to take place on very intimately mixed 
systems such as alloys. Indeed, this mecha- 
nism has been postulated for Pt-Ru alloys 
(8, 9), although recently a redox function 
has also been proposed for Ru surface 
atoms in such catalysts (10). 

II. METHODS 

Three types of Pt-Sn electrodes were 
used : first, immersion-type electrodes in 
which tin was deposited onto a pure Pt 
surface via immersion of a hydrogen- 
covered Pt electrode (in this case a Pt 
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FIG. 2. Voltammograms of platinum-tin electrode 
prepared by immersion of electrodeposited platinum 
in SnCl, solution; 4 M H,SO+ 23°C. 
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clcctrodcposit~) in an aqueous tin solution 
(3) ; further, conventional elcctrocodcposits 
in which Pt and Sn wcrc electrodeposited 
simultaneously from an aqueous solution 
cont,aining bot#h species and, finally, t.ruc 
alloys prepared by mching. 

The olcctrode preparation m&hods as 
well as the electrochemical testing t’ech- 
niques employed have been described in 
detail elsewhere (3). Unless st,ated other- 
wise, all potentials are given in this paper 
as t’hcy were measured, i.e., rclativc to a 
reversible hydrogen reference electrode in 
t,hc same solution. 

III. RESULTS A?r’D 1)ISCUYSION 

1, Cyclic l’oltanlnzetry of Pt-Sn Electrodes 

Figure 1 shows t,he cyclic voltammogram 
of pure Pt in 4 :1/ sulfuric acid. The volt- 
ammograms obtained immediately after 
t,in adsorption via immersion (Figs. 2 and 3) 
differ widely from that, of pure Pt. How- 
ever, they show no signs of redox activity 
of the adsorbed tin species. On the con- 
trary, in the low pot8ential region where 
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FIG. 3. First cycles of Pt,-Su catalyst,s as a func- 
tion of concentration of immersion solution. Load- 
ings approx equal, 5.0 mg Pt; sweep speed 64 mV 
s-1. 4 Jlf II*SOa, 23°C. f j 
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FIG. 4. Voltammograms of platinum-tin electrode 
prepared by electrocodeposition; 4 M H2SO,, 23°C. 

such behavior should be observed [+lOO 
mV, Eq. (3)], the areas of the anodic 
hydrogen peak have become smaller; ob- 
viously, adsorbed t’in reduces hydrogen 
adsorpt,ion. If t.he adsorbed t,in had indeed 
been redox act#ive t,hese peak areas would 
have become larger since two electrons are 
involved in t#he oxidahion of a tin atom 
[Eq. (3)] instead of one clect8ron for a 
hydrogen at.om. The shape of the hydrogen 
oxidat,ion peaks has not’ changed for low 
t,in covcragcs (Fig. 3). [Elsewhere (3) it 
has been shown that wit#h adsorbed tung- 
state or molybdat,e enlarged peaks at low 
potemials are indeed found.] 

At higher pot,entials, t,he original oxygen 
adsorption region has also become smaller 
and morrows a new peak or shoulder has 
appeared at about 530 mV; the lat.tcr 
phenomenon is explained in Sect. 111.2. 
In the cathodic current region the oxygen 
reduction peak has shifted to lower values 
and at high surface tin contents it even 
merged Ivith the hydrogen adsorpt.ion 
pctaks. These observations arc explained in 
Sect,. 111.3. The magnitude of the decrease 
in adsorption arca and the shift of the 
oxygen reduction peak depend on t,he tin 
content8 of t’hc immersion solution and thus 
on t,hc surface t.in content,, as can be seen 
in Fig. 3. In cont’rast, the additional anodic 
peak at 830 mV does not change position. 
The efIwt.s do not depend on t,he type of 
immersion solution. By using a ?Ja& (OH), 
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solution we found that only a relatively 
small coverage can be obtained but that the 
effect is similar to that of employing a 
SnC14 solution. 

Cycling of a freshly immersed catalyst 
causes the oxygen reduction peak to shift 
gradually to its original position (Fig. 2). 
In other experiments it was observed that 
this shift may proceed via an intermediate 
double peak, indicating that the surface 
can also be inhomogeneous, exhibiting both 
pure Pt and Pt-Sn characteristics. The 
shoulder or separate peak in the oxygen 
adsorption region decreases to very low 
levels. Especially the anodic hydrogen 
peaks clearly show increases in the area 
available for chemisorption. The increases 
of the peak areas and the oxygen reduction 
peak shift are accompanied by increases in 
passivation current and decreases in the 
surface tin content to stable levels (3). 

When measuring a freshly immersed 
electrode at elevated temperature (85°C) 
the shoulder in the oxygen adsorption 
region appears as a separate peak at 
720 mV. This peak virtually disappears 
after the first cycle, indicating rapid 
dissolution of the tin. 
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(CURRENT GAIN x 1) 
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FIG. 5. Voltammograms of PtSn alloy samples 
in 4 M HtSO, at 23 and 85’C. Sample areas approx 
equal. 

The cyclic volt,ammogram of an clcctro- 
codeposited Pt-Sn catalyst (Fig. 4) shows 
that the oxygen reduction peak of this 
catalyst is generally less displaced than 
that of an immersed catalyst. On cycling, 
the features of the peak shift and the in- 
crease in hydrogen desorption peak area 
are seen as well. 

During the first cycle of a Pt-Sn alloy 
(Fig. 5, only data for PtSn are presented) 
large corrosion currents are recorded. The 
characteristic shoulders in the oxygen 
adsorption region already emerge in the 
second cycle; they decrease gradually on 
cycling, as was found for the other types 
of catalyst. As a result of corrosion the 
baseline in the voltammograms shows a 
distinct slope, especially at 85°C. 

It is finally worth mentioning that con- 
siderable readsorption of tin is observed 
when Pt-Sn elect,rodcs, after potential 
cycling in acid between 0 and 1.6 V to 
remove tin from the surface, are not 
immediately taken out of the solution but 
are kept for some time at 0 V potential 
(hydrogen adsorption level). This behavior 
can be expected from the analogy of this 
treatment with the immersion preparation 
procedure (3). However, in the present case 
we are dealing with minute amounts of 
dissolved tin that were previously desorbed 
from the same electrode. 

In conclusion, it can be said that the 
three types of Pt-Sn catalyst, viz, im- 
mersed, electrocodeposited and alloyed, 
show the same features in the cyclic 
voltammograms, indicating that their sur- 
faces are very much the same. A similar 
conclusion was reached on the basis of their 
activities (3). No evidence of an electro- 
chemical redox behavior at low potential 
was found. 

6. The State of the Tin Atoms on the Surface 
of Pt-Sn Electrocatalysts 

As remarked above, besides the decreases 
in available Pt area, there are two notice- 
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able features due to the presence of tin on 
the platinum surface, namely, an additional 
anodic peak near 530 mV and a shift of the 
oxygen reduction peak t,o lower potentials. 
These fcaturcs cannot be cxplaincd in 
t.erms of rcdox behavior of the adsorbed tin. 

The anodic peak (or shoulder at low tin 
coverage) at, 830 mV can be explained most 
easily by t,he dissolut,ion of t’in from the 
surface. This explanation is supported by 
t.hc abscncc of a cat,hodic counterpart and 
by t’he fact that, the areas of the hydrogen 
and oxygen adsorption peaks increase as 
the 830 mV peak decreases. The high 
potential of the peak with respect to the 
st,andard potentials of bulk Din (Sn = Sn’+ 
+ 2e, EO = -136 mV vs NHE) or bulk 
tin oxides means t,hat t’he t’in is very 
strongly adsorbed (or “adsorpt,ion st,a- 
bilized”). This can be explained by assum- 
ing that tin forms an intermct’allic bond 
Tvith platinum in a two-dimensional surface 
alloy, which strongly suggests that tin is 
in the zero-valent state. From the shift of 
t,hc oxidation potenGa1 with respect to the 
bulk value, AE, of 966 mV, a value for the 
stabilization free energy (AG = -nFAE) 

of almost 2 eV (or ~165 kJ/mol) is calcu- 
lated for t,he tin atoms adsorbed on Pt. 
The observation of the adsorption st,abiliza- 
tion phenomenon also means that the tin 
at’oms arc present in submonolaycr coverage 
at the Pt surface, because ot.hcrwise bulk 
t,in behavior would have been observed. 
This is in good agreement with the rcsult,s 
of our radioactive tracer study (5) in which 
adsorbed tin covcrages wrrc actually 
measured. 

The phenomenon of adsorption stabiliza- 
t’ion manifr&s it,self also in deposition of 
t,he first monolayer on a foreign solid at 

potentials above the reversible oxidation 
potential, for which the term “under- 
potential deposition” is used. As such it 
has been the subject of numerous specific 
and a few general studies (11-1~). It has 

furthermore been shown (14) that the 
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FIG. 6. Dependence of reaction rate on methanol 
concentration for immersion-type Pt-Sn electrode 
at 85’72 in 0.5 M H$Od solutions. 

partial monolayers formed do have cata- 
lytic effect,s such as those we arc dealing 
with in the present study. 

In the earliest work on Pt-Sn electrodes 
(1, 15) it was not realized t,hat the tin 
species might be zero-valent. However, 
Bowles and Cranshaw (16) have demon- 
st,rat,ed by Mijssbauer spectroscopy t,hat 
tin adsorbed on Pt in an acidic medium is 
in the zero-valent state and Andrew et al. 

(.2), applying the same technique to elect,ro- 
codeposited Pt-Sn elect,rodes, showed that, 
though the majority of the tin is present 
as SnO,, a minor portion of the tin is 
present as a dilute Pt-Sn alloy. X-Ray 
phot,oelect)ron spectroscopy as applied by 
Andrew et al. (2) showed tin to be mainly 
present in an oxidic form; in our work, too, 
only Sn4+ was detected by this tcchniquc. 
It should be realized, however, t,hat these 
studies were hampered by t,hc lack of a 
good zero-valcnt tin st,andard. Finally, 
undcryot~cntial deposition of tin 011 gold 
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FIG. 7. Voltammograms of electrodes precovered 
with methanol residue at 400 mV. Sweep speed 64 
mV s-1; 4 M H2SOd, 23°C. (a) High surface tin 
content (shortly after Sn immersion); (b) very low 
surface tin content (same electrode after many 
cycles). 

was observed by Vicente and Bruckenstein 

(17). 

3. Kinetics and Mechanism of Methanol 
Oxidation 

As shown in the preceding section there 
is evidence to indicate that the tin atoms 
in Pt-Sn catalyst,s are stable in their zero- 
valent state at potentials at which methanol 
oxidation will take place (generally below 
450 mV). Consequently, it is difficult to 
envisage that tin atoms operate in a redox 
mode to enhance the oxidation rate of 
methanol. Instead, since the tin atoms arc 
bound so strongly to the Pt surface, it is 
more likely that electronic or so-called 
ligand effects (7) will play a role resulting 
in a change in properties of the surface Pt 
atoms. Such an effect has indeed been 
observed. It shows up most clearly in the 

voltammograms of the immersion-type 
electrodes as a tin-coverage-dependent shift 
of the oxygen reduction peak to lowvcr 
potentials: Figs. 2 and 3 indicate that 
oxygen adsorption has become stronger. 
The effect, although weaker, was also noted 
for Pt-Sn electrocodeposits by Cathro (1) 
and by Andrew et al. (9) ; these latter 
workers noted that the effect was caused 
by a degree of modification of the Pt 
surface by tin. 

Further evidence in support of the 
adsorption mechanism could be provided 
by a kinetic study of methanol oxidation. 
Since on a pure Pt catalyst the oxidation of 
the fuel residue is supposed to be the rate- 
determining step, the reaction order in 
methanol should be zero. However, in the 
case of the redox mechanism [Eqs. (l)-(3)] 
we expect Eq. (1) to become rate deter- 
mining, resulting in a reaction order of one 
in methanol. In the case of the adsorption 
mechanism we cannot clearly identify the 
various steps and so we may expect the 
order in methanol to have any value bc- 
tween zero and one. Kinetic studies at 
23 and 85°C were carried out by potentio- 
static polarization t,ests as described else- 
where (3) ; concentration and potential 
ranges are given in Fig. 6. The reaction 
rates were considered to be steady state 
values. For pure Pt at 85°C the order in 
methanol is indeed very close to zero. Only 
at low concentrations ( <10e2 M), where 
no Tafel behavior was found, does the 
order approach one because diffusion be- 
comes rate determining. For pure Pt at 
23°C an order greater than zero is also 
observed at higher concentrations (viz, in 
the Tafel region), a value of 0.24 being 
found on the average. The tendency 
towards higher order here starts already 
below 10-l M because diffusion is much 
slower at this temperature. For Pt-Sn 
electrodes an average order of 0.40 is found 
at 85°C (Fig. 6) and of 0.58 at 23°C. Since 
the reaction rat#es are higher, the tendency 
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of bhese orders towards one begins at higher 
concentrations than for pure Pt. 

From t,he fact that Pt and Pt-Sn give 
rise to different orders in methanol it must 
bc concluded that met,hanol oxidat,ion 
proceeds via different mechanisms on these 
cat.alysts ; a similar conclusion was already 
indicated by the differences observed in 
the Tafcl slopes (3). It is, however, im- 
possible to give a clear indicat.ion of the 
act,ual mcchanistn on the basis of t,he 
reaction schcmc involving Eqs. (l)-(3). 
Cat,hro’s observation (1) that, the methanol 
order equals one for Pt-Sn is probably 
crroncous. 

In conclusion, these results again point 
to t.he adsorption mechanism being 
operative. 

As mentioned in the Mroduction, Binder 
et al. (8) postulat’cd the adsorption mccha- 
nism for Pt-Ru alloys. They envisaged 
t,his mechanism to proceed because of a 
weaker bond strcngt#h bct~~ccn t,he 
mct.hanol residue and the surface as a 
result of alloying, so that, at a given 
potential, more sites bccomc available for 
adsorption of Hz0 molecules. This was 
evidenced by cyclic voltammetry of residue- 
covered electrodes in acid in n-hich they 
observed a 170 mV shift of the residue- 
oxidation peak to lower pot’cnt,ials for t#he 
alloy compared t’o pure Pt. We were able 
to reproduce this result qualitatively on 
immersion-type Pt-Ru electrodes. Hom- 
ever, we would Iikc to remark t,hat this 
result can also be accounted for by an 
explanation suggested by Andrew et al. (2) 

for t,hc cast of Pt-Sn, in which st#rongcr 
bonding of the second reactant of Eq. (4), 
viz, HzO, presumably in the form of OH 
groups, is &&cd by alloying. In any case, 
t,hc latter explanation supports the adsorp- 
t,ion mechanism equally well. The cxperi- 
mcnts were carried out using two separate 
solutions (8). The elect#rode was preoxidized 
at 1.5 V in a 0.5 M H&O./l M CH,OH 
solut,ion and then subjected to methanol 

adsorption at a potential of 400 mV for 
15 min. Thereafter the electrode was trans- 
ferred to a 4 M HzSO, solution and the 
residue was oxidized by a fast anodic sweep. 
The charact#eristics of the residue formed 
were not dependent on the potential of t.he 
residue formation up to values as high as 
0.6 V, in accordance with Bicgler’s work 
(18) on pure Pt. Some results are given in 
Fig. 7. It is seen that the potcnt.ial of the 
residue oxidation peak of the high-tin- 
coverage electrode is approx 70 mV below 
t,hat of t’he low-tin-coverage electrode. In 

addition, careful analysis of the results of 
a large number of experiments showed t,hat 
in t#he oxidation of the residue on Pt-Sn 
el&rodes 1.2-1.5 electrons are involved 
per Pt site made bare (one Pt site is defined 
as a sit,e where one Pt-H complex is 
formed). On pure Pt this amount was found 
t,o be u&y, in agreement with resuhs from 
the literature (19). 

Hence, these last results are also indica- 
tive of a difference in oxidation mechanism 
and/or reactant-solid bond st,rength be- 
tween Pt-Sn and pure Pt clectrodcs. 

CONCLUSIONS 

1. From the similarity of the voltammo- 
grams of immersion-type, elect.rocode- 
posited and alloyed Pt-Sn elect,rodes it is 
evident that their surfaces are identical on 
an atomic scale. 

2. It has been confirmed that the tin 
atoms are present in a zero-valent stat,e at 
the platinum surface at potentials where 
methanol oxidation takes place. They 
influence bhe properties of the surface Pt 
at,oms in such a way that oxygen is ad- 
sorbed more st,rongly. 

3. On t(he basis of conclusion (2) as well 
as on the facts that no tin redox peaks arc 
observed in the voltammograms and that 
on Pt-Sn methanol oxidation t.akes place 
with an order of less than one, we conclude 
that the cnhancemcnt in methanol oxida- 
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tion rate on Pt-Sn is brought about not by 
a redox but by an adsorption mechanism. 
A full explanation in terms of rate- 
determining steps has still to be given. 
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