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Galvanic-displacement modification of Pd deposits with ultralow amounts
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The formation of the Pt (e.d.Pd) catalyst involves the displacement of palladium by platinum in addition to the displacement of

copper adatoms.

In connection with the quest for highly efficient electrocatalysts
for fuel cells, keen attention is paid to palladium catalysts modified
with small amounts of platinum.'- Platinum is deposited by
both galvanic displacement (GD)!->9 and chemical deposition.®-$
The structures thus prepared are referred to as ‘core—shell” struc-
tures. However, this term is often used only conditionally because
here one deals with the excessive presence of Pt, as compared
to Pd, in the upper layers of the catalyst rather than with a
continuous platinum shell. Usually, the deposition of Pt on Pd
by GD is preceded by the formation of a submono- or mono-
layer of adatoms of a non-precious metal (most often, Cu,g).!”
However, is was shown recently® that, under certain conditions
in solutions containing PtCl;~ ions, the Pd surface layer can be
enriched in Pt due to the direct displacement of palladium by
platinum. According to published data, the mixed Pt—Pd catalysts
exhibit high activity in the electrochemical reactions of oxygen
reduction'¢ and oxidation of methanol (MOR)®® and formic
acid (FAOR).? These results are of scientific and practical interest
because Pd is a less expensive metal than Pt.

Earlier, we considered the properties of the electrolytic deposits
(e.d.) of Pd and the adsorption of copper adatoms on them!-12
and also the GD of a Cu,g monolayer (MLCu,4) on Pt deposits.!314
It was interesting to use the e.d.Pd-MLCu,,(e.d.Pd)- PtClZ~ system
as a model when studying (i) the advantages of using GD for the
synthesis of Pd—Pt catalysts with the ultralow content of Pt; (ii)
the displacement of palladium-supported Cu,, by platinum; and
(iii) the characteristic structural and electrocatalytic properties of
the surface layer on e.d.Pd modified by microamounts of Pt. The
electrocatalytic activity of Pt%e.d.Pd) was studied with respect
to MOR and FAOR.

All electrochemical measurements were carried out in a three-
electrode cell with separate anodic and cathodic compartments.
The reference electrode represented a reversible hydrogen electrode
in the same solution (all the potentials E are shown in the RHE
scale). Palladium was deposited on a Pt plate with Sy = 1 cm?
from a solution containing 1 wt% PdCl, + 0.5 M H,SO, at
E4p = 0.25 V (to obtain stable characteristics, we always used
a fresh solution portion for the deposition). The quantity of
electricity passed at electrolysis corresponded to the deposition
of ~1 mg Pd (this amount is sufficient that the contribution of the
e.d.Pd/Pt interface can be neglected!?). After repeatedly washing
the cell from palladium ions with the supporting electrolyte
solution (0.5 M H,SO,), the latter was changed for a copper-
ion-containing solution (5 mM CuSO, + 0.5 M H,SO,) and the
MLCu,, was formed at E = 0.29 V.!%14 Then, the working com-
partment of the cell was washed with the supporting electrolyte
solution in an argon flow; the circuit was opened, and the solu-
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tion was changed for a deaerated solution of 2 mM K,PtCl, +
+ 0.5 M H,SO,. After this, the transient of open-circuit potential
E vs. T was measured. Once the stationary potential was reached
(Ey, AE/AT <2 mV min™), the solution was sampled from the
cell to be analyzed for the Pd content. For comparison, experi-
ments were staged on bringing the solution of 2 mM K,PtCl, +
+ 0.5 M H,SO, into contact with e.d.Pd in the absence of Cu,.
Below, the electrodes prepared by the GD of Cu,, are referred to
as Pt (e.d.Pd)/Pt and those prepared without copper displace-
ment are designated as Pt%(e.d.Pd)/Pt.

For all the electrodes, the electrochemically active surface
area (EASA) was determined with respect to Cu,,.'>!* Note that,
for the composite platinum—palladium electrode, the total surface
of (Pt+Pd) was determined because the Cu,, electrodesorption
from these metals proceeds in close potential ranges. To determine
the electrochemical activity of the test electrodes, the stationary
polarization curves were measured in solutions of 0.5 M MeOH +
+0.5MH,SO, and 1 M HCOOH + 0.5 M H,SO,. All the currents
were calculated per the EASA. The criterion of stationarity was
the current variation at a fixed E by less than 2% per minute.

The insert in Figure 1 shows transients of open-circuit potential
observed upon the contact of PtCl}~ with either e.d.Pd in the
presence of a MLCu,, or e.d.Pd without Cu,y. Curve / demon-
strates a well-pronounced arrest corresponding to the removal of
Cu,,. It is evident that the stationary potentials (E,) established
upon the contact of the platinous chloride solution with e.d.Pd in
the presence (curve /, E; = 0.88+0.01 V) and in the absence of
Cu,q on the surface (curve 2, E; =0.85+0.01 V) are close. These
E; correspond to potentials of the beginning of oxygen adsorption
on Pt and the total removal of Cu,4 from the surface of both Pt
and Pd!%!* according to the reaction

Cu,g + PtCI}~ > Pt + Cu* + 4CI-. )

At the same time, after the removal of MLCu,, (curve 1), E
is substantially lower, as compared with polycrystalline Pt under
analogous conditions (~920 mV).!3 This alone confirms that no
continuous Pt? layer is formed on the surface of e.d.Pd.

Figure 1(a) shows CVA on the original e.d.Pd/Pt (curve ) and
Pt,,(e.d.Pd)/Pt (curve 2). The appearance of Pt on the Pd surface
considerably changes the energy spectrum of hydrogen electro-
desorption: the fraction of strongly bound hydrogen decreases.
Moreover, the surface determined with respect to copper adsorp-
tion increases by a factor of ~1.3. The curve of Cu, electro-
desorption also substantially changes: its complete removal from
Pt (e.d.Pd) occurs at the higher E, as compared with e.d.Pd.
This agrees with the higher potential of complete removal of
Cu,q from Pt, as compared with Pd."!'-!3 It deserves mention that
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Figure 1 Potentiodynamic curves in 0.5 M H,SO, on (/) e.d.Pd and
(2) platinum-modified e.d.Pd: (a) Pt (e.d.Pd)/Pt; (b) Pt°(e.d.Pd)/Pt. (1', 2")
curves of MLCu, electrodesorption. Insert: transients of open-circuit potential
at the contact of PtC13~ with (/) MLCu,q(e.d.Pd) and (2) e.d.Pd.

the displacement of MLCu,y by platinum from the palladium
surface to afford the Pt® monolayer should not be expected to
induce any changes in the EASA because Pt and Pd have similar
lattices with close parameters (a = 3.890 nm for Pd and 3.920 nm
for Pt). The considerable increase in EASA allows us to assume
that Pt is nonuniformly distributed on the surface of a porous
Pd deposit.

An important result was obtained when a solution in which the
MLCu,y was displaced by platinum was analyzed for palladium
that was detected in this solution. This unambiguously suggests
that, in addition to reaction (1), the following reaction occurs:

PtCl} + Pd - Pt? + Pd** + 4Cl-. 2)

In the experiment with e.d.Pd with an EASA of ~57 cm?, the
solution after the removal of MLCu,, contained 14 pg Pd, which
was assessed to correspond to the displacement of ~0.7 Pd
monolayer.

At first glance, the removal of Pd by platinum according to
reaction (1) contradicts the thermodynamics because the standard
electrode potential of the reaction PtCl;~ + 2e <= Pt + 4CI~
(EQ = 0.740 V) is much lower than the standard potential of the
reaction Pd** + 2e <> Pd (E9=0.987 V). However, the equilibrium
potential of the former reaction strongly depends on the con-
centration of chloride anions in the solution. Knowing the charge
consumed in the MLCu,4 desorption, we calculated the amount
of displaced Pd according to reactions (1) and (2) and assessed
the amount of Cl~ anions that appeared in our experiments after
the GD as ~2 pmol dm=. Based on the found CI~ concentration
and [PtCl137] = 2 mmol dm=3, the equilibrium potential of the
reaction PtC13/Pt was assessed as >1.20 V, which resolves the
seeming contradiction. Note that we failed to find any publica-

* The surface morphology of deposits was studied using a JEOL JSM-
6490 LV scanning electron microscope. The amount of Pd passed to
solution was determined by inductively coupled plasma atomic emission
spectroscopy (ICP AES). The surface layer composition was determined
by XPS on a Kratos Axis Ultra DLD spectrometer.

tions in which a considerable contribution of reaction (2) was
taken into account when palladium was modified by platinum
via Cuyg.

In line with the observed effect of the partial displacement of
Pd accompanying the displacement of Cu,q, it was of interest to
follow changes in the e.d.Pd characteristics upon its open-circuit
contact with PtCl3~ anions in the absence of both Cu,, from
the surface of Pd and Cu?* from the solution. On the qualitative
level, the adsorption characteristics of the Pt%(e.d.Pd)/Pt electrode
[Figure 1(b)] are similar to those found for Ptd (e.d.Pd/Pt)
[Figure 1(a)]. However, there are certain differences. The surface
determined with respect to Cu,, remained virtually the same. The
complete removal of Cu,, from the surface of Pt%e.d.Pd) occurred
at lower anodic potentials, as compared with Pt%,(e.d.Pd) (0.75
and 0.85 V, respectively). The suppression of adsorption of strongly
bound hydrogen on Pt (e.d.Pd/Pt) [curve 2, Figure 1(b)] was some-
what weaker. The observed changes in the adsorption characteristics
after the contact of e.d.Pd with PtCI3~ suggest that, in the absence
of Cu,g, the Pt deposition also proceeds by reaction (2). Indeed,
the ICP AES measurements with the original Pd deposit (S, =
= 70 cm?) revealed the presence of 6 ug of Pd in solution after
the contact of the deposit with PtCIJ~. This corresponds to the
displacement of ~0.4 Pd monolayer. The approximate calculation
of the Pt amount that could be deposited additionally due to a
change in the total charge!®!7 of e.d.Pd as a result of the reduction
of PtCl}~ anions (assuming that AE = 0.6 V and the average
capacitance of e.d.Pd ~ 40 pF cm™ of the EASA) afforded
0.15 MLPt. Thus, the total amount of Pt deposited at the contact
of e.d.Pd with PtCl3~ is equivalent to ~0.5 monolayer, which is
~3 times lower than that for the displacement of MLCu,y. The
Pt content of the whole sample was 4.1 wt% or 2.2 at% for
Pt (e.d.Pd) and 1.5 wt% or 0.8 at% for Pt%(e.d.Pd), i.e., one can
really speak of modification of e.d.Pd with ultralow amounts of Pt.

Information on the morphology and structure of Pt (e.d.Pd)/Pt
and Pt%(e.d.Pd)/Pt was obtained by the SEM and XPS." The SEM
images show that the direct displacement of Pd by platinum
[Figure 2(a)] induces no considerable changes in the dendrite
structure of the original palladium deposit [the latter image is
identical to Figure 2(a)]. At the same time, the deposition of Pt
through the GD of a Cu,y monolayer produces deposits with
the different morphology: they become globular and denser
[Figure 2(b)]. This obvious change in the deposit structure
allows us to assume that, during the displacement, the reactions
Cu,, — 2e = Cu?*, Pd — 2e - Pd** and PtCI]~ + 2e = Pt* + 4CI-
are spatially separated to a considerable extent.!® The review
XPS spectra (Figure 3) for Pt (e.d.Pd)/Pt and Pt’(e.d.Pd)/Pt
are similar [with the exception of copper traces distinguishable
in spectrum (a)]. According to XPS data, the Pt:Pd ratio in the
surface layer (2-3 nm) is 0.32 Pt (e.d.Pd) and 0.11 for Pt(e.d.Pd).
This well agrees with the above estimates of the surface coverage
of e.d.Pd with platinum for two test composites.

Figure 4 compares stationary polarization curves of electro-
oxidation of MeOH and HCOOH on Pt2, (e.d.Pd)/Pt, Pt%(e.d.Pd)/Pt,
e.d.Pd and e.d.Pt, all calculated per square centimeter of EASA (for
mixed deposits, EASAp, , pg)- In the electrooxidation of methanol,
the specific activity of platinum-modified Pd deposits [Figure 4(a),

Figure 2 SEM images of (@) Pt%(e.d.Pd)/Pt and (b) Pt (e.d.Pd)/Pt samples.
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Figure 3 Review XPS spectra: (a) Pt,(e.d.Pd)/Pt and (b) Pt%(e.d.Pd)/Pt.

curves /, 2] substantially exceeds that of e.d.Pd (curve 3), as
should be expected because of the very low Pd activity in this
reaction. The specific activity in MOR increases as we pass from
Pt%(e.d.Pd) to Pt (e.d.Pd), which is explained by the larger part
of catalyst surface occupied by Pt for catalysts prepared by
GD of Cu,. Although a considerable amount of Pt equivalent to
almost two monolayers is present on the surface of Pt (e.d.Pd),
its specific activity is considerably lower, as compared with e.d.Pt
on Pt (curve 4). This agrees with the assumption on the non-
uniform distribution of Pt on the surface of e.d.Pd and the
presence of platinum-free areas on the Pd surface, which are
inactive in MOR. Another reason can be the small size of Pt islets
and/or particles (for MOR, a negative size effect was observed!20).
However, the specific mass activity of Pt (i.e., for currents recal-
culated per mass unit) in Pt2, (e.d.Pd) is much higher as compared
with e.d.Pt as such (at 0.6 V, ~5 and ~1.0 mA mgpl, respectively).
Such increase in the specific mass activity of Pt in the modified
electrode can be due to the higher degree of dispersion of this Pt
deposit (assuming in the first approximation the absence of any
synergistic effect in the Pt—Pd system'#). It is interesting that the
specific mass activity of Pt with respect to MOR at 0.6 V found
for the Pt (e.d.Pd) catalyst was close to that exhibited by the
PtRu catalyst at 0.6 V.20

On the modified e.d.Pd, the specific currents of FAOR
[Figure 4(b), curves I and 2] are considerably lower compared to
e.d.Pd (curve 3). This seems reasonable taking into account the

low activity of Pt in FAOR (curve 4). Moreover, the specific
activity of Pt%e.d.Pd) in FAOR is substantially higher than that
of Pt (e.d.Pd). Apparently, this is mainly associated with the
fact that more amount of platinum blocks better the palladium
active sites at which the FAOR proceeds by the current-determining
pathway via the single-site adsorption of HCOOH.?'?> On the
other hand, one can hardly expect the appearance of new active
sites for FAOR on the platinum-modified e.d.Pd due to the close
crystal structures of Pt and Pd.

Note that all the above results for Pt),(e.d.Pd)/Pt and
Pt%(e.d.Pd)/Pt were obtained for samples prepared by a procedure
in which the contact time of MLCu,4(e.d.Pd) and e.d.Pd with the
PtCl13~ solution was limited to a time sufficient for the establish-
ment of Ey; (11-12 min). Recently, we have found that a 2-h
contact of e.d.Pd with 2 mM H,PtCl, + 0.5 M H,SO, solution led
to the removal of a Pd amount higher by a factor of 3 than that
for the contact times used in this study. This confirms the absence
of the formation of any dense Pt shell and the presence of at least
partial spatial separation of the reactions of Pd ionization and Pt
deposition.'® The kinetics of palladium displacement by platinum
deserves an independent study.
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Figure 4 Stationary polarization curves for (¢) MOR and (b) FAOR:
(1) Pt (e.d.Pd)/Pt; (2) Pt%e.d.Pd)/Pt; (3) e.d.Pd/Pt; (4) e.d.Pt/Pt.
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