Available online at www.sciencedirect.com

ScienceDirect

Mendeleev Commun., 2021, 31, 561-563

Mendeleev
Communications

Role of oxides in the electrochemical dissolution of Pd and its alloys
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The dissolution of Pd, Pd—Pb and Pd—Cu electrodeposits
proceeds predominantly from the surface free from
chemisorbed oxygen. The strongest inhibiting effect of surface
oxidesisrevealed in the dissolution of the mixed deposits.
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Employment of Pd catalysts in fuel cells is hampered by their
cost as well as lower corrosion stability compared with other
noble metals.1% The Pd corrosion is typically explored using
cyclic voltammetry, with some reports considering the predominant
anodic dissolution of Pd in the corresponding potential scan®’-°
and other works demonstrating the preferential transfer to solution
in the course of cathodic desorption of oxides.1%-13 The opinions
on how a non-noble metal additive affects the Pd corrosion
stability are still controversial,1%614-17 the dispersed forms of Pd
catalysts being the least explored.1-+18

We investigated the dissolution of dispersed electrodeposited
Pd and Pd—M (M = Pb, Cu) in anodic potential scan, the process
was found to be limited by the formation of monolayer of palladium
oxide,>1° though the role of oxides in the dissolution was not
considered. Therefore, it is of interest to compare these results with
the ones using the same samples and analogous conditions but in
a cathodic potential scan.

In this work, the electrodeposits of Pd—Pb and a Pd reference
were obtained from deaerated solutions of Pb(CIO,), + PdCI, +
+ 0.1 M HCIO, and PdCl, + 0.1 M HCIQ,, respectively, at the
deposition potential Eg, of 100 mV,> while Pd-Cu and the
corresponding Pd reference were electrodeposited from solutions
of CusSO, + PdsO, + 0.5 M H,SO, and PdSO, + 0.5 M H,SO,,
respectively, at Ege, = 400 mV, all potentials from here on being
given relative to reversible hydrogen electrode (RHE) in the same
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Figure 1 Four dissolution modes employed and their corresponding
potential variations in electrochemical dissolution of electrodeposited Pd
and Pd-M (M = Pb, Cu).
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anodic potential, surface oxide.

solution. For one group of samples, the electrodissolution was carried
out in a slow anodic potential scan from 0.3 to 1.25 V followed
by a quick drop back to 0.3 V2 for another group a slow cathodic
potential scan from 1.25 to 0.3 V was preceded by a potential jump
from 0.3t0 1.25 V. The linear potential scan rate was 1.7-2.0mV s,
The resulting four dissolution modes are demonstrated in Figure 1,
the I-an and I-cat modes being called anodic and cathodic half-
cycles, respectively. Use of the anodic half-cycles allowed one to
eliminate the dissolution and redeposition of Pd in the cathodic
scan, which occurred when the full-cycle voltammogram (CVA)
was recorded, whereas the employment of the cathodic half-
cycles made it possible to avoid the dissolution in the anodic
scan (for details, see Online Supplementary Materials, S1). The
amount of Pd passed to solution after the polarization of
electrodeposited Pd was estimated using ICP-AES (Table 1).

At first sight, it is quite unexpected that the amount of Pd
dissolved in three half-cycles in mode Il differs little from the
corresponding amount in one half-cycle in mode I. However, it
should be taken into account that the first half-cycle pertains to a
freshly formed surface. As follows from Table 1, the dissolution
of Pd in a cathodic half-cycle is ca. 2—-4 times weaker compared
with its anodic counterpart.

The dissolution of Pd in the potential range of Figure 1, which
is limited on the top by formation of the monolayer of PdO at
1.25 V,*20 proceeds through the following reactions:

Pd - Pd2* — 26 E, = 0.987 V @)

PdO + 2H* - Pd2* + H,0, @

Table 1 Dissolution of Pd (Ege, = 100 mV) in 0.1 M HCIO, and Pd (Ege, =
=400 mV) in 0.5 M H,S0,.

Sample Mode Pd dissolved/ug
Pd electrodeposited l-an 14.2
at100 mv Il-an 15.0
|-cat 7.8
11-cat 52
Pd electrodeposited l-an 2.1
at400 mv I-cat 054
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Figure 2 (a) CVA curve measured in 0.1 M HCIO4 at 20 mV s for Pd
electrodeposited at 100 mV; inset: surface fraction free of chemisorbed
oxygen (1 - 0) vs. potential as determined from the CVA curve in HCIO,.
(b) CVA curve in 0.5 M H,SO, at 7 mV s for Pd electrodeposited at 400 mV.
(c) Hypothetical ratio |ghogic/lanegic OF Pd dissolution currents in the anodic
and cathodic half-cycles vs. potential.

while the formation of PdO, as a result of the reaction Pd + H,0 -
- PdO + 2H* + 28, proceeds with the rate far exceeding the
dissolution velocity of Pd.2™

Figure 2 demonstrates typical CVA results for the Pd deposits.
As is known,* the dissolution of Pd starts at ca. 700 mV. The
monolayer of chemisorbed oxygen (PdO) begins to form in the
anodic potential scan also at 700-800 mV. Thus, in the anodic half-
cycles, dissolution of Pd proceeds under the conditions when a
considerable surface fraction is free from palladium oxide. For more
than a half of the cathodic half-cycle at ca. 1250-950 mV, the
dissolution proceeds on the surface almost completely occupied
by PdO. Even when the potential value of 700 mV is attained, the
oxide still remains on a considerable part of the surface. Therefore,
a higher total dissolution rate in the cathodic scan is expected if
Pd dissolves preferentially by the reaction (2).

The ratio of Pd dissolution currents in the cathodic (lcahodic)
and anodic (I,y0gic) Scans can be roughly assessed by assuming
that it occurs only in the areas unoccupied by PdO. Let us suppose
that irrespective of the scan direction, the Pd dissolution current
is a certain function of potential | = f(E) (1 — 6), where (1 -6)
represents the surface fraction free of chemisorbed oxygen. Then,
Icathodicllanodic = (1 - eo)cathodic/(l - eo)anodic- The ratio of the Pd
surface fractions unoccupied by oxygen in the anodic and
cathodic scans was tentatively estimated from the curve in Figure 2(a),
where contribution of the Pd dissolution currents was neglected
due to high potential scan rate.3* We assumed the (1 - 6,) values as
land0at0.6 and 1.25V, respectively. The quantities of electricity
consumed in the potential scanning up to the required values were
normalized to the charge obtained by integrating the cathodic peak
for the reduction of chemisorbed oxygen. The inset in Figure 2(a)
demonstrates the (1 —6,) values found in the anodic and cathodic

scans. The ratios I anodic/lanodic Calculated based on these values
for potentials range of 0.7-1.25 V, where the Pd dissolution is
possible, are presented in Figure 2(c), with the time scale for
potential scanning from E = 700 mV being shown on the top. In the
range of 950-1250 mV where we expect the greatest values for
the f(E) function according to reaction (1), the ratio |z nodic/lanogic
is close to zero. The currents become commensurable only in the
range of 0.7-0.85 V, where they themselves are low. These
calculations confirm the assumption that in the potential range
under investigation, the Pd dissolution proceeds predominantly by
reaction (1). Were Pd dissolution by reaction (2) impossible, one
could expect even greater differences between the dissolution in
the anodic and cathodic half-cycles compared with the ones
observed (see Table 1). Note that these calculations cannot be
employed for the quantitative analysis of experimental data on
the dissolution because they have been obtained at the potential
scan rate one order of magnitude lower than the rate used in
recording the CVA curve in Figure 2(a). Moreover, the factors
like possible formation of an incomplete PdO monolayer at
1.25 V* as well as probable activation of the catalyst surface upon
desorption of chemisorbed oxygen®! were ignored, while both of
them could accelerate the Pd dissolution in the cathodic potential
scan.

Figure 3 demonstrates typical CVA curves for freshly electro-
deposited Pd—Pb and Pd-Cu. In the potential range of interest
exceeding 700 mV, these curves differ from their counterparts for
electrodeposited Pd (see Figure 2). First of all, this is manifested
in higher current observed for the mixed deposits, which is associated
with an increase in the degree of dispersion of Pd deposits with intro-
duction of Pb and Cu.5® The form of the anodic scan is different,
which is associated with a change in the energy spectrum of oxygen
chemisorbed on Pd, formation of mixed oxides PdMO,?? and
definite dissolution of metals. Certainly, the effect of increase in
current during the anodic potential scan in the presence of Pb or
Cu is associated in some extent with anodic leaching of the non-
noble metals from their alloys. The total contribution of such
currents makes it possible to assess the observed dissolution of
Pb and Cu from the mixed deposits. The calculation results in less
than 15% of the total charge in the oxygen region of curves in
Figure 3 (for details, see Online Supplementary Materials, S2).

Table 2 illustrates the dissolution of electrodeposited Pd—Pb
and Pd-Cu in anodic and cathodic half-cycles (see Figure 1)
according to ICP-AES data. The effect of weaker dissolution of
Pd in cathodic half-cycles compared with anodic ones (5-7 fold
for electrodeposited Pd—Pb and ca. 20 fold for Pd—Cu) is more
pronounced for the mixed deposits.

Thus, the preferential dissolution of Pd in the surface areas free
of chemisorbed oxygen (oxides) is higher when the second component
is present in the deposit, probably due to formation of mixed
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Figure 3 CVA curves (a) in 0.1 M HCIO, at 20 mV s~ for electrodeposited
Pd-Pb and (b) in 0.5 M H,SO, at 7 mV s~ for electrodeposited Pd—Cu.
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Table 2 Dissolution of electrodeposited Pd-Pb in 0.1 M HCIO, and
electrodeposited Pd-Cu in 0.5 M H,SO, in half-cycles as well as under
potentiostatic conditions.

Sample Mode Pd Pb or Cu
dissolved/ug dissolved/ug

Pd-Pb I-an 36.6 49.2

electrodeposited I1-an 41.7 29.1

at100 mv I-cat 7.0 42
I1-cat 5.8 35
1.1V,5h 45 3.2
(potentiostatic)

Pd—Cu I-an 7.1 31

electrodeposited |-cat 0.34 0.64

at 400 mvV

1.1V,6h 0.58 1.0
(potentiostatic)

oxides PdPbO, or PACuO,. The potential of cathodic peak in the
CVA curves of electrodeposited Pd—Pb is 690+ 15 mV compared
with 740+ 10 mV for reference Pd deposited at 100 mV, while for
Pd—Cu it is 710£15 mV in contrast to 780+10 mV for Pd
deposited at 400 mV. This allows one to suggest that the bond
between oxygen and the surface becomes stronger upon incor-
poration of Pb or Cu into Pd.

Note that the long term polarization for 5-6 h of electro-
deposited Pd—Pb and Pd—Cu under potentiostatic conditions at
1.1V produced the one order of magnitude smaller amount of Pd
passed to solution compared with the one in the anodic half-
cycles (see Table 2), although the time the deposits spent in the
potential range of 0.7-1.25 V for even three half-cycles was not
more than ca. 0.25 h. At 1.1V the surface of electrodeposited Pd
and Pd—M was occupied by oxides to the large extent. In the cathodic
half-cycles of the mixed Pd deposits, the second components also
dissolved weaker (see Table 2, right column), which additionally
confirms the inhibiting effect of oxides on the dissolution of the
deposits.

The above results reveal that in the potential range of formation
of a monolayer of chemisorbed oxygen (PdO), it considerably
inhibits the Pd dissolution, which agrees in general with the
mechanism of Pd dissolution deduced from electrochemical
scanning flow cell measurements combined with on-line ICP-MS 3
though, in contrast to the authors of study,® we assume here that
the partial dissolution of Pd proceeds as well through the reaction
of PdO with its acidic environment according to reaction (2).

In summary, the inhibiting effect of oxides on the Pd dissolution
becomes stronger in the presence on the surface of a non-noble
metal as the second component. This explains high stability of
mixed Pd-M electrocatalysts in the oxygen reduction reaction,
which proceeds in acidic solutions at the potentials of practical
interest, namely >0.8 V, with considerable surface coverage by
oxides.
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Supplementary data associated with this article can be found
in the online version at doi: 10.1016/j.mencom.2021.07.042.
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