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Theions Pb?* present in solution during the galvanic displace-
ment of lead by platinum strongly affect the composition,
structure, and electrocatalytic properties of Pt%(Pb) composites.
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In line with the development of fuel cells, interest in the formic
acid electrooxidation reaction (FAOR) does not wane.-> One can
substantially increase the activity of platinum in FAOR using
two-component Pt—-M, systems, where M, is a cheap non-noble
metal.>3-8 According to numerous publications, lead is one of the
most promising M, metals.>%-12 Earlier, we found that FAOR-
active mixed Pt—Pb catalysts can be synthesized by the galvanic
displacement (GD) of Pb by platinum and also studied how this
displacement [lead electrolytic deposit (e.d.)] proceeds in the
absence of Pb?* ions from solution. It was of interest to carry out
the GD of lead by platinum in the presence of Pb2* ions under the
conditions described previously* and to compare the results with
the previous data* in order to obtain additional information on the
role of lead adatoms (Pb,g) in the formation of a surface layer
during the displacement of lead by platinum.

The preparation of e.d. Pb on glassy carbon (GC), the procedure
of GD of Pb by Pt, the reagents, and the methods of physico-
chemical characterization of samples were described previously.*
A fundamental difference between this work and previous experi-
mental studies? is that, in the present study, the displacement of
lead by Pt was carried out in a 102 M Pb(CIO,),+10° M K,PtCl,+
+0.1 M HCIO, solution rather than in 103 M K,PtCl,+0.1 M HCIO,,
Henceforth, the deposits formed by GD in the solution containing
no Pb?* are designated as Pt%(Pb)-I and those obtained in the solu-
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Figure 1 Transients of open-circuit potential upon the introduction of
(1,2) e.d. Pb/GC and (3) e.d. Pt/GC into contact with (1,3) 103 M K,PtCl,+
+0.1 M HCIO, and (2) 102 M PbClO,+ 1073 M K,PtCl,+0.1 M HCIO,.
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tion with Pb2* are designated as Pt°(Pb)-11. Samples of composites
subjected to potential cycling in the E interval of 0.05-1.45V are
marked by the subscript nc, where n is the number of cycles.
Potentials E are related to the reversible hydrogen electrode (RHE)
in 0.1 M HCIOQ, solution at a working temperature of 20+1°C. The
activity of samples was tested with respect to stationary currents
of HCOOH electrooxidation in 0.5 M HCCOH+0.1 M HCIO,
solution normalized to cm? of the electrochemically active surface
area (EASA).*

Figure 1 shows transients of open-circuit potential (TOCP)
observed upon the introduction of e.d. Pb into contact with solu-
tions containing either 103 M PtCI2~ (curve 1) or 103 M PtCIZ™+
+1072 M Ph?* (curve 2) by the background of 0.1 M HCIO,. Both
types of E vs. 7 curves demonstrate a characteristic plateau in the
potential region approximately in the interval from —150 to —80 mV.
This longer plateau corresponds to the transition of a part of Pb
atoms to lead ions at the expense of the reduction of PtCI3~ ions
to Pt and also to the partial dissolution of Pb according to the overall
reaction Pb + 2H* - Pb?* + H,.4

The reactions that proceed in the region E < 0 upon the contact
of e.d. Pb with acidic solution of PtCIZ~ can be written as follows:

Pb + PtCI;” = Pt + Pb%* + 4CI, (o)
PtO+ 2H* + 2~ = PO (Hy), )
Pb — 2e~ - Ph?*, ®3)

The exchange current of the reaction 2H* + 2e~ <= H, on
platinum is higher by five or six orders of magnitude than that
on lead.1?

The ICP-AES analysis of the composites (Table 1) showed
that, at the formation of Pt%(Pb)-1, about 50% of Pb dissolves as a
result of discharge of H, in contrast to Pt°(Pb)-11, which is formed
by reaction (1) with only ~15% due to the hydrogen reaction.
This difference can be explained by the fact that, when Pb?* is
present in solution, the rate of formation of Pb,y sharply increases
at E<0. This results in the inhibition of both reaction (2) and the
overall process of Pb dissolution and can explain the much longer
arrest in the region E < 0 when Pb?* is present in solution. The
total mass of the deposit formed in the presence of Pb?* is larger
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Table 1 Surface and volume composition of Pto(Pb)-1 and Pt°(Pb)-II
composites.

Pt Pb
Sample Method
at% ug at% ug

PtO(Pb)-I1 ICP-AES? 82.6 170 17.4 38.0

EDXP 86.0 14.0

XPS 77.2 22.8
PtO(Pb)-1 ICP-AES? 62.0 85 38.0 52.5

EDX 65.0 35.0

XPS 87.5 12.5

aConfidence interval, £10%. °Average value for 7 points.

than the mass of the Pt(Pb)-11 deposit; moreover, the fraction
of Pt in the bulk of this deposit is larger (the mass of initial Pb
deposit was 250+ 10 pg cm2).4

Yet another distinction of TOCP recorded in the presence of
Pb2* in solution (see Figure 1, curve 2) is the well-pronounced
arrest near ~550-800 mV. This may be associated with the earlier
inhibition of reaction (1) because of the higher surface coverage
by Ph,q when Pb?* is present in solution in the concentration much
higher than that provided by displacement of Pb (< 3x 1075 m).
It cannot also be ruled out that the presence of Pb2* in considerable
amounts favors the formation of mixed deposits PtPbO,.5 The
stationary potentials for Pt°(Pb)-I and Pto(Pb)-11 are almost equal
and close to E established on e.d. Pt in PtCI3~ solution (see
Figure 1, curve 3). This allowed us to conclude that E for Pt%(Ph)
composites is determined by reactions on Pt%.4
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Figure 2 CVA in 0.1 M HCIO, for (a) Pt%(Pb)-I and (b, c) Pt°(Pb)-II.

Cycle number: (1) 1, (2) 2, (3) 5, (4) 10, and (5) 20. Curve 1" in Figure 2(c),
1%t cycle in 102 M PbCIlO, + 0.1 M HCIOQ, solution.

The overall XPS spectrum of PtO(Pb)-II is similar to that of
Pto(Pb)-1.# The Pt and Pb contents in the surface layer estimated
based on the XPS data (see Table 1) show that lead is present in
substantial amounts in both samples, but its content in Pt%(Pb)-11
is double that in Pto(Pb)-I. The incomplete displacement of Pb
from the surface layer by platinum is associated with the fact that
a part of Ph,y on Pt desorbs at E > Eg.* Insofar as the surface
coverage with Pb,y increases with the Ph2* concentration in
solution,* it should be expected that the larger amount of lead
will be incorporated into the surface layer, which is confirmed
experimentally. The XPS spectra of Pt%(Pb) point to the presence
of lead in both its metallic and oxidized forms.

The ionization currents of hydrogen adsorbed on Pto(Pb)-II
[Figure 2(b)] are higher than those on Pt%(Pb)-I [Figure 2(a)],
which is probably associated with the high amount of deposited Pt
(see Table 1). For EASA assessed from the hydrogen adsorption,
the specific values are 16 m? g-* for Pt°(Pb)-1 and 11 m? g~! for
Pto(Pb)-11, which are close to the specific surface of e.d. Pt on
platinum. In the anodic branch of the first CVA at potentials of
oxygen adsorption, the lead ionization currents are observed,
which point to the absence of strong Pt shells. However, at the
further potential cycling after five or six cycles, the differences in
CVA become insignificant and the latter acquire the shape typical
of e.d. Pton GC.* This fact points to the formation of a sufficiently
strong Pt shell. This is also confirmed by the XPS analysis of
samples subjected to 20-fold cycling; the lead contents of surface
layers were 7.5 at% for Pt°(Pb)-1,,, and 3.5 at% for Pto%(Pb)-11,o,
(Pb at% + Pt at% = 100%). Note that the depth of XPS analysis
is 3-4 nm (more than 10 monolayers of Pt); i.e., the first atomic
layer may contain a much lower amount of Pb.

According to Figure 2(b), for the Pt°(Pb)-I11 deposit, the hydro-
gen sorption considerably decreases with the number of cycles,
whereas it changes insignificantly for Pto(Pb)-1 [Figure 2(a)].
However, this difference cannot be considered as fundamental
because the variation in the amount of adsorbed hydrogen (Qy)
with the number of cycles was poorly reproducible. The main reason
for this may be the action of two competitive factors: the decrease
in the amount of lead in the surface layer should favor the increase
in Qy, Whereas the restructuring of the deposit with the crystal
growth should lead to a decrease in Q. It is interesting that the
adsorption of hydrogen on Pt%(Pb) composites is suppressed almost
completely when Pb2* cations in the concentration sufficient for
the formation of the Ph,y monolayer are added to the background
solution®® [Figure 2(c)]. Such an effect was observed at the forma-
tion of the Pb,y monolayer on smooth polycrystalline Pt and
e.d. Pt.415 This allows us to assume that platinum can conglo-
merate to form sufficiently large islets at least in the upper atomic
layer of Pt%(Pb).

The specific stationary currents of FAOR on freshly formed
PtO(Pb)-11 catalyst (Figure 3, curve 1) are much higher (~20-fold)
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Figure 3 Stationary polarization curves of FAOR on (1) Pt(Pb)-II, (1)

PtO(Pb)-1159c, (2) P(Pb)-1, (2) Pt°(Pb)-15, and (3) e.d. Pt; 0.5 M HCOOH +
+0.1 M HCIO,.
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Table 2 Surface layer composition of Pt—Ph composites and their specific
activity in FAOR (at 200 mV).

Sample Composite Aoy, (at%) Ig (ip00/ LA cm2)
1 PtO(Pb)-I 12.5 1.40
2 PtO(Pb)oc-! 7.5 -0.25
3 PtO(Pb)-11 23.0 0.60
4 PtO(Pb)oc-11 35 0.50
5 e.d. PtPb® 76.0 2.20
6 e.d. PtPbyg5 2.6 0.30
7 e.d. Pt - -0.75

than the analogous currents on e.d. Pt (curve 3); however, on
PtO(Pb)-11 the effect of FAOR promotion is far weaker than on
Pto(Pb)-I (curve 2). Thus, the presence or absence of Pb?* in
solution at GD has a substantial effect on the electrocatalytic
activity of the Pt°(Pb) binary catalysts. This effect could be
associated with the larger amount of Pb in the surface layer of
PtO(Pb)-11 as compared with Pt°(Pb)-1 (see Table 1). This is why it
was of interest to correlate the surface composition of Pt-Pb
catalysts (XPS data) with their activity in FAOR, based on the
corresponding data for Pt°(Pb)-14 and Pt°(Pb)-I1 (this study), and
e.d. PtPb.5

Table 2 presents such a comparison for E = 200 mV. It is
evident that the presence of lead in the surface layer activates Pt
in FAOR, but no correlation is observed between the Pb content
(App) and the activation level. Thus, samples 1 and 2 contain
close amounts of Pb in the surface layer, however their activities
differ by a factor of ~40; the highest activity is exhibited by
samples 1 and 5 containing 12.5 and 76 at% Pb, respectively. The
above suggests that the promotion of Pt by lead additions depends
on a complex of factors such as changes in the electronic state of Pt
atoms (electronic factor), a decrease in the contribution of areas
suitable for n-site adsorption of strongly chemisorbed species, the
effect of structure defects, and the bifunctional catalysis.®>*2 To
date it is impossible to distinguish the contributions of each of
these factors.

The PtO(Pb)-1I composite differs substantially from the Pt(Pb)-I
composite not only in the polarization characteristics of FAOR
but also in the stability of these characteristics. The activity of
PtO(Pb)-11 after 20-fold potential cycling does not change signi-
ficantly (Figure 3, curve 1'), whereas the activity of Pto(Pb)-I
decreases considerably (curve 2').

It was assumed* that the bifunctional catalysis!® associated
with the generation of active oxygen forms on Pb inclusions is
highly improbable at least in the potential region of hydrogen
adsorption (lower than ~350 mV, according to Figure 2). At the
same time, in the previous study,* we ignored the fact that, at
these potentials, lead atoms may move from the catalyst bulk
to the surface to form lead adatoms on Pt clusters. In turn, the
presence of the adatoms should be accompanied by the appearance
of Pb?* ions in the near-surface solution layer. This makes possible
the overall reaction Pb?* + HCOOH — Ph,y + 2H* + CO,, i.e,

the pair Pb,y/Pb?* can provide the mediator catalysis of HCOOH
oxidation. To elucidate whether FAOR can proceed even if partially
by the proposed route, we performed the following experiment.
Two samples of the original composite Pt°(Pb)-11 were held at
300 mV for 6 h: one in 0.1 M HCIO, solution and the other in
0.5 M HCOOH + 0.1 M HCIO, (both solutions were deaerated).
In the former case, 67 ug of lead passed to solution and, in
the latter case, 34 ug, i.e, only a half. This counts in favor of
interaction between Pb?* ions and HCOOH molecules in the near-
surface layer. The catalysis of mediator type can most probably
occur on samples with the higher Pb content in the surface
layer. Note that the effect of different factors on the activity of
Pt—M, composites depends on the length and type of the Pt/M;
interface.#517.18
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