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Abstract

A PdAg deposit containing ~25 at.% Ag is obtained by the electrochemical codeposition from an aqueous solution of Pd and
Ag sulfates (Au support, 0.5 M H,SO,). The deposit is characterized by means of various physical, physicochemical, and
electrochemical methods. The PdAg deposit demonstrates the ~2 times higher specific activity (per the electrochemically
active surface area (EASA) of Pd) in the formic acid oxidation reaction (FAOR) as compared with the individual Pd deposit
prepared under the same conditions. The effect of silver additions on the palladium activity depends on many factors. The
corrosion stability of PdAg is studied in 0.5 M H,SO, solution based on the overall cyclic voltammograms (CVAs) and also
on anodic and cathodic half-cycles in the region E=0.3 —1.25 V (vs. reversible hydrogen electrode (RHE)). The electro-
chemical estimates are compared with the results of direct analytical determination of dissolution products in solution after
anodic polarization of deposits. The total amounts of Pd dissolved substantially increase with incorporation of Ag, which
is associated, first of all, with the considerable increase in the EASA; at the same time, the specific dissolution of Pd also
substantially increases. The possible factors determining the active dissolution of PdAg deposits are discussed; in particular,

the specific mechanism of their dissolution via silver adatoms is proposed.

Keywords Electrodeposition - Palladium-silver - Corrosion stability - Formic acid oxidation

Introduction

The Pd—-Ag composites are widely studied because they are
cheaper than pure palladium catalysts, and their activity in
various reactions is often higher as compared with palla-
dium. Among the latter reactions, mention should be made
of the formic acid oxidation reaction (FAOR) [1-8], the oxy-
gen reduction reaction (ORR) [3, 9, 10], the synthesis of
hydrogen by catalytic decomposition of HCOOH [11-13],
and dehalogenation [14, 15]. For longer than 50 years, atten-
tion was focused on the FAOR because formic acid serves as
the fuel in low-temperature fuel cells with proton-exchange
membranes (PEMFC). Being the best monometallic cata-
lyst for the formic acid oxidation [16, 17], palladium fails
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nonetheless to provide the HCOOH oxidation rates sufficient
for the commercial use of PEMFC at room temperature. It
was found [3, 18-24] that the Pd activity in FAOR can be
substantially enhanced by the addition of certain inexpensive
d-metals (Cu, Pb, Co, etc.). The literature data on the effect
of silver inclusions to palladium on its FAOR activity are
very controversial. Thus, in certain investigations, the transi-
tion from palladium to Pd—Ag composites was observed to
enhance the catalytic activity [1-4, 20]; in the other studies,
no noticeable catalytic effects were observed [5, 6]. In [3, 4],
the FAOR activity of Pd—Ag catalysts was found to depen
strongly on the way these two components were mixed and
also of the Ag:Pd ratio.

A serious obstacle to the use of palladium as the catalyst
is its low corrosion stability, the lowest among platinum-
group metals [18, 22, 25-38]. The problem of palladium dis-
solution was considered in numerous studies; however, the
majority of fundamental investigations were carried out for
compact palladium samples [18, 25-31]. The kinetics and
mechanism of electrodissolution of disperse palladium were
studied in less detail [32-36]. Moreover, the question of how

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10008-023-05404-1&domain=pdf

1768

Journal of Solid State Electrochemistry (2023) 27:1767-1778

the addition of the other metals affects the corrosion stabil-
ity of disperse palladium still remains open [18, 22, 37-40].
From the viewpoint of the use of palladium-based catalysts
in fuel cells with proton-exchange membranes, the studies
of palladium electrodissolution in sulfuric acid solutions at
potentials below 1.23 V (RHE) deserve the keenest atten-
tion. In several studies [4, 22, 37, 39], the incorporation of
foreign metals was observed to accelerate the palladium dis-
solution; however, there are also studies [18, 33, 38, 40] in
which the corrosion stability of PAM was found to be higher
as compared with Pd. The comparative analysis of these
results is extremely complicated due to the great difference
in the degrees of dispersion of PdM alloys, the Pd:M ratios,
the electrode polarization conditions, etc. Conclusions on
the corrosion stability of bimetallic catalysts are often made
based on indirect factors such as the changes in the true sur-
face area and/or specific mass activity at accelerated stress-
testing or acidic treatment in the O, atmosphere [18, 37, 38,
41, 42]. Moreover, the effects of palladium dissolution may
be compensated by changes in the degree of dispersion and/
or specific surface activity. The question whether palladium
dissolves mainly in the course of its anodic polarization (in
the anodic scan) or during the cathodic reduction of oxides
is still debated [25-28, 30-32, 43, 44].

In our previous studies [22, 40, 44], to compare the elec-
trodissolution of PdM alloys and individual Pd, we studied
their electrodeposits (ED). The electrodeposition allows
obtaining sufficiently dispersed structures without using any
surface-active organic stabilizers. For the quantitative deter-
mination of the dissolution of samples, we have proposed the
method of measuring the anodic and cathodic “half-cycles”
in the interval £E=0.3-1.25 V, which was followed by
analysis of dissolution products in solution. The use of this
method made it possible to separate more precisely the dis-
solution in the cathodic and the anodic potential scans and
elucidate the role of oxides in the electrodissolution of the
deposit. The total amount of Pd dissolved from the PdPb and
PdCu deposits was found to be much higher as compared
with individual Pd deposits, which was associated mainly
with the substantial increase in the degree of dispersion of
deposits upon inclusion of relatively low amounts of Pb or
Cu. At the same time, we have noticed that in the presence
of copper additive, the specific dissolution of Pd was sub-
stantially lower. Comparing the dissolution of deposits in the
anodic and cathodic half-cycles allowed us to conclude that
the dissolution proceeds preferentially by the direct reac-
tion Pd— Pd** and that oxides hinder the dissolution pro-
cess. The inhibiting effect of oxides on the dissolution of the
mixed deposit PAMo was also observed in [45]. In [4], the
dissolution of Pd from its mixed deposit Pd°(Ag) prepared
by galvanic displacement was observed to be higher as com-
pared with the individual Pd deposit. It seemed interesting
to carry out the more systematic investigations of the effect
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of small additions of silver on the dissolution of palladium
using the method described in [22, 40]. In this study, we
studied the formic acid oxidation only in the low-potential
region where the dissolution of both Pd and Ag was absent.
However, the results on the electrodissolution of PdAg in the
potential region of oxygen adsorption can also be important
for the storage of anodic catalysts and also for the determina-
tion of their stability at short circuiting in direct formic acid
fuel cells (accidental or aimed at periodic removal of strong
chemisorption products that can inhibit the FAOR).

Experimental

All electrochemical measurements were carried out in a
three-electrode cell with separate anodic and cathodic com-
partments in the argon atmosphere at 20+ 1 °C. Potentio-
states R301M (“Elins”’) and P-5827 (Russia) were used. For
preparation of solutions, we used H,SO, (Merck Suprapur),
Ag,SO, (Fluka, puriss p.a.), PASO, (Aldrich), HCOOH
(Fluka puriss p.a.), and water purified in the Milli-Q system.

Pd and Ag were codeposited onto polycrystalline Au plates
(0.8 cm? on both sides) under potentiostatic conditions from
solution of 107> M PdSO,+ x 10~ M Ag,SO,+0.5 M H,SO,
(pH 0.35) at £, =04 V (from here on, the potential values
E are related to the reversible hydrogen electrode in 0.5 M
H,SO, solution). The 1.1 C charge was passed, which cor-
responded to the deposition of ~0.6 mg Pd from a solution
that contained no silver salts (deposit thickness ~0.5 pm). The
current efficiency of metal deposition was ~90%. From solu-
tions with x=1, the electrodeposits (ED) containing 24 +3
at.% Ag were obtained. These deposits were chosen for the
further studies, because in regard the content of the non-noble
component they were close to the PdCu and PdPb deposits
used earlier in corrosion tests [22, 40]. For the EDs PdAg
with the high Ag content (>50 at.%), no increase in the FAOR
activity was observed as compared with ED Pd [6]; the pro-
moting effect is expected at the lower silver content. The Pd
electrodeposits used for a comparison were deposited from the
107 M PdSO, +0.5 M H,SO, solution under the same con-
ditions as the PdAg deposit. The FAOR activity of deposits
was tested based on the value of the stationary current meas-
ured under potentiostatic conditions in the solution of 0.5 M
H,S0,+0.5 M HCOOH (pH ~0.3); the stationarity criterion
corresponded to variations of the current <2% per min.

The SEM images of deposits were obtained using the
device JEOL-JSM6490 LV at an accelerating voltage of
30 kV. The bulk composition and the structure of deposits
were determined by the methods of energy-dispersive X-ray
spectroscopy (EDX), X-ray diffraction analysis (XRD), and
inductively coupled plasma atomic emission spectroscopy
(ICP-AES). Their surface composition was determined using
X-ray photoelectron spectroscopy (XPS); the XPS spectra
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were collected by means of a spectrometer Axis Ultra DLD,
Kratos (monochromic AlKa radiation with the analyzer
energy of 160 eV). Bruker D8 ADVANCE diffractometer
with CoKa radiation (wavelength =0.179026 nm) was used
for studying the lattice parameter of deposits.

The electrochemically active surface area (EASA) of sam-
ples was determined from the charge consumed in the desorp-
tion of a monolayer of O, in the cathodic scan of cyclic vol-
tammogram (the normalization factor was 420 uC cm™2 [46,
471). We had to abandon the idea to determine the EASA based
on copper adatoms because we observed considerable incorpo-
ration of copper into the surface layer of deposits, which could
substantially affect their electrocatalytic behavior.

The dissolution of deposits was carried out in deaerated
solutions of 0.5 M H,SO, at the linear potential scanning with
arate v=2.0 mVs~!. Figure 1 shows five dissolution modes.
The modes II,, and II,, are called the anodic and the cathodic
half-cycles, respectively. The use of the anodic half-cycles
allowed us to eliminate the dissolution and the redeposition of
Pd in the cathodic scan that occur when the full-cycle voltam-
mogram (CVA) is measured, whereas the use of the cathodic
half-cycles made it possible to eliminate the dissolution in
the anodic scan [22, 44]. The concentration of metals in solu-
tion was determined by the ICP-AES technique. It deserves
mention that the corrosion mode I and also modes II and III
were used for freshly prepared deposits. At the same time,
before starting the studies on the electrodissolution of depos-
its, we measured considerably fast full CVAs (v=20 mV s7h
in 0.5 M H,SO; in the interval E=0.3—-1.25 V in order to
determine the EASA and also for certain stabilization of the
deposit surface. The slow CVAs were measured in a new por-
tion of deaerated solutions of 0.5 M H,SO,.
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Fig.1 Scheme of potential variation in the experiments on the com-
parison of dissolution of PdAg and Pd deposits during anodic polari-
zation (see text)

Results and discussion
Morphology and composition of deposits

Figure 2c shows that the palladium deposits consist mainly of
lamels between which the inclusions of individual spherical
globules of 0.4-0.7 um are located. The electrochemical codepo-
sition of Pd and Ag led to the formation of the smaller “loose
globules” of 0.15-0.5 um which were distributed sufficiently
uniformly over the gold surface (Fig. 2a). The SEM images
make it possible to assume that the degree of dispersion of the
Pd deposit increases after the incorporation of small amounts
of silver. However, this assumption should be confirmed by
some other method because the globules observed by SEM may
turn out to be agglomerates of finer particles (see the next sec-
tion). The slow potential cycling (mode I) made the Pd deposit
more homogeneous; however, the size of globules remained
unchanged (Fig. 2d). The morphology of the PdAg deposit
after its polarization in mode I remained virtually unchanged
(Fig. 2b). The changes in SEM images for deposits cycled in
mode II were also minor. Such an effect of cycling suggests
that the deposit layers removed in these cycles were very thin as
compared with the size of particles observed by SEM.

The EDX spectra of the PdAg deposits after the exper-
iments on their dissolution turned out to be close to one
another and also to the spectrum of the untreated mixed
deposits (for example, Fig. 3 shows the EDX spectra
for two samples). The estimated bulk content of silver
(Pd+ Ag=100 at.%) also showed the absence of consider-
able changes in the bulk composition after the electrodisso-
lution in the modes used (Table 1). A small decrease in the
bulk content of silver was observed for the sample polarized
in mode I. This pointed to the predominant dissolution of Ag
from the two-component PdAg deposit. On the whole, the
EDX data provided the additional evidence for the dissolu-
tion of small amounts of deposits.

Figure 4 shows the XRD patterns of deposits. The lower
pattern belongs to an Au plate with the Pd deposit. Because
the Pd layer was thin, the gold peaks were quite intense. The
position of gold peaks well coincided with the reference data
[48]. The lattice parameter for the Pd deposit is 0.3892 nm
(the reference data for Pd is 0.3890 nm [49]). In the PdAg
deposit, we observed the presence of the Pd phase and also
of a new disordered phase of Pd,Ag,_,, [50]. After the elec-
trodeposition, the peaks of Pd slightly shifted to the lower
angles, which corresponded to the increase in the lattice
parameter to 0.3906 nm. The lattice parameter of this newly
formed phase of Pd,Ag;_,, is 0.3981 nm. According to the
previous studies, this new phase is Pd,, 40Ag s, [49, 50]. The
regions scanned by EDX are several tens of micrometers; for
XRD, the size of inspected regions is several millimeters.
Insofar as the size of particles in the PdAg deposit is much
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Fig.2 SEM images of (a, c) freshly prepared (a) PdAg and (c) Pd deposits and (b, d) after their polarization in mode I: (b) PdAg and (d) Pd
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Fig.3 EDX spectra of (a) freshly prepared PdAg deposit and (b) after
its polarization in mode I,

smaller, the results obtained by EDX and XRD give no way
of concluding anything on the location of these two phases
in the mixed deposit.

Figure 5 shows the overview XPS spectra for several sam-
ples of ED PdAg. Table 1 shows the content of palladium
and silver (Pd+ Ag=100 at.%) on samples’ surface calcu-
lated based on the XPS data. It is seen that after the freshly
deposited PdAg sample was polarized anodically in different
modes, a large amount of Ag remained on its surface. Only

Table 1 The bulk (ICP-AES, EDX) and surface (XPS) compositions
of PdAg (at.% Ag) deposits before and after electrodissolution tests in
different modes

Experiment  Object of analysis EDX ICP-AES XPS
no

1 Original PdAg 24+3 23 29.1
2 After test in mode I 20.5 23.6
3 After test in mode II,, 24.4 29.5
4 After test in mode II,, 27.0 13.8
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Fig.4 XRD pattern for Pd (lower line) and PdAg (upper line) deposits

after its polarization in mode II ., a substantial decrease in
the surface content of Ag as compared with initial ED PdAg
was observed. It is interesting that a slight decrease in the
Ag content in the surface layer was also noted in [4] during
potential cycling (0.09-1.4 V) for the Pd’(Ag) composite
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Fig.5 Overview XPS spectra of (1) freshly prepared PdAg deposits,
after their polarization in modes (2) I, (3) I, (4) II_,.; (5) e.d. Pd

an’ cat?

@ Springer



1772

Journal of Solid State Electrochemistry (2023) 27:1767-1778

prepared by galvanic displacement. Presumably, this was
mainly associated with the presence of silver adatoms on Pd
at the potentials of oxygen adsorption [4] and the fast transi-
tion PdAAg — PdAg,,. It should be noted that the content of
alloy components in the surface layer is variable because
when the samples are polarized under the chosen conditions,
considerable amounts of both Ag and Pd pass to solution
(see the final section).

The analysis of silver and palladium lines in the XPS
spectra and also of the Auger spectra of these elements (are
not shown here due to their similarity to the analogous spec-
tra of PdO(Ag) [4]) has shown that both metals are present
on the surface preferentially in their nonoxidized state. The
Ag3d XPS spectra of samples showed the doublet of slightly
asymmetrical narrow lines of the Ag3ds,, component with
the binding energy of 367.5 eV, which is lower by approxi-
mately 0.7 eV as compared with pure metal silver. Such a
shift is typical of Pd—Ag alloys with the silver content below
30 at.% [51].

Voltammograms of deposits

Figure 5 shows the typical CVAs for PdAg (a,b) and Pd (c,d)
deposits measured at the fast (a,c) and slow (b,d, mode I)
potential scan rates. Curves a and ¢ which were measured for
estimation of the EASA and also for the surface stabilization
(see “Experimental”) substantially differ even visually in the
potential region of oxygen adsorption (> 600 mV), which is
associated with the increase in both the EASA and the disso-
lution of the Pd deposit upon the inclusion of relatively low
amounts of silver. The integral anodic charge at £> 600 mV
(the positive currents were summarized in both anodic and
cathodic scans) minus the corresponding integral cathodic
charge at v=20 mVs~! was found to be equal to~0.7 mC for
Pd and ~ 60 mC for PdAg. This pointed to the strong increase
in the deposit dissolution in the presence of silver (for PAAg,
this charge corresponded to the sum of dissolution charges
of Pd and Ag) [25].

Attention should be drawn to the splitting of the
cathodic peak to two peaks in the first fast CVA recorded
on the freshly prepared mixed deposit (Fig. 6a). Based
on the XRD data, the latter effect can be associated with
the exposure of two phases to the surface. However, it
should be taken into account that the XRD data charac-
terize the bulk structure of the deposit, whereas the CVA
describes the processes on the surface, i.e., in a very thin
layer which cannot be analyzed even by XPS (XPS analy-
sis depth~3 nm). It is evident that immediately after its
deposition, the surface layer of the alloy is in the extremely
unstable state. In the second and third cycles of fast CVAs
(e.g., Fig. 7) and also in the first slow CVA (Fig. 6b), the
splitting of the cathodic peak was absent. Apparently, the
restructuring of the surface layer was very fast and led to
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its higher degree of homogeneity. We can also assume
that in case of the separate location of two phases in the
freshly deposited PdAg, the splitting of the cathodic peak
(Fig. 6a) would not disappear so soon during electrode
potential cycling (Figs. 8 and 9).

The assessment of the EASA of Pd from the charge con-
sumed in the oxygen electrodesorption gave 5+ 1 cm? for
Pd deposits and 30 + 8 cm? for PdAg (the data for a large
number of deposits used in this study were averaged). It
is evident that the increase in EASA should be considered
among the main factors responsible for the increase in the
overall dissolution of palladium when silver is present in
the deposit [22, 40]. Assessing the average size of particles
based on the EASA by the model of spheres gave the value
0.56+0.1 um for Pd, in good agreement with the SEM data,
which points to the low internal porosity of the deposit. The
similar assessment of the particle size in the PdAg deposit
(with regard to the fact that palladium occupied ~ 75% of the
overall surface) gave the value 0.11 +0.03 pm. This con-
firmed the considerable increase in the degree of disper-
sion of the deposit as a result of incorporation of silver. At
the same time, the latter value was considerably lower than
the particle size in the PdAg deposit assessed based on the
SEM data. This difference can be associated with the high
surface roughness of globules and/or certain conglomeration
of particles.

An attempt was undertaken to assess the possible involve-
ment of silver into the process of oxygen adsorption on PdAg
by the comparison with the CVA measured on an individual
silver deposit. However, this turned out to be impossible
because the adsorption of oxygen on PdAg was accompa-
nied by the high currents of silver dissolution and also due
to the presence of cathodic current of the electroreduction
of the passivating film of nonsoluble silver sulfate deposit
(insert in Fig. 7). The potential of cathodic current maxi-
mum is close to the standard potential of the half-reaction
Ag,S0,+2e=2Ag+S0, >~ (0.653 V).

As the potential scan rate decreased, the shape of CVAs
in the anodic potential region for Pd and PdAg (Fig. 5b and
d) underwent no substantial changes. The integration of the
current at v=2 mVs~! demonstrated a considerable increase
in the dissolution of the Pd deposit (by a factor of ~5 accord-
ing to the charge consumed in electrodissolution), whereas
the dissolution of PdAg remained at the same level (in the
charge units) as v decreased tenfold. The behavior of PdAg
seems to be anomalous and allows one to assume that the
structure of the freshly prepared mixed deposit is more
defective as compared with the structure of the analogous
deposits of individual Pd.

It is well known that the potential of the cathodic peak of
oxygen electrodesorption characterizes the binding energy of
adsorbed oxygen. According to Fig. 5, this potential for the
Pd deposit is 750 mV at v=20 mVs~! and 790 mV at v=2
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mVs~!; for PdAg, this potential is 700 (the average value for
two peaks) and 740 mV, respectively. First, the considerable
difference of the potentials of O,,, desorption for PdAg and
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Fig.7 CVA of ED PdAg in solution of 0.02 M CuSO,+0.5 M
H,SO,. Inset: CVA of ED Ag in solution of 0.5 M H,SO, (see text)

Pd agrees with the above assumption on the presence of a
bimetallic phase (or phases) on the surface of the freshly
prepared PdAg deposit. Second, the decrease in the cathodic
peak potential (at the same v) when going from Pd to PdAg
suggests that the bond formed by chemisorbed oxygen with
palladium strengthens upon introduction of silver.

Formic acid oxidation

We restricted our consideration to the stationary FAOR cur-
rents in the low-potential region (<300 mV) because the
latter region is very interesting from the standpoint of using
formic acid in fuel cells. Figure 6 shows that on average,
the introduction of silver in small amounts to the palladium
deposit doubles its specific activity in FAOR (curves /
and 2). The authors of several studies [1-4] observed the
stronger activation effect of the silver molecules introduced
to Pd on the oxidation rate of formic acid in acidic solutions.
At the same time, in [6], the absence of any noticeable effect
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ElmV Table 2 FAOR current in 0.5 M H,SO, at 200 mV for several Pd-Ag
250 samples (WA cm™2 Pd)
2
Sample at.% Ag i, pAcm™2
3
200 |- 1 PdAg/Au (this study) 23 16
1

! 2 PdAg/GC [6] 49.5 10

150 I 3 PdAg/CNW [20] 28 70

4 PdAg/Au [4] 50 56

100 5 Pd” (Ag)/Au [4] 52 80

6 Pd® (Ag)/Au [4] 60 55

50 1 1 1 1
-6.0 -5.5 -5.0 -4.5 -4.0

log i [Acm”Pd]

Fig.8 Stationary polarization curves of FAOR in 0.5 M HCOOH+0.5 M
H,S0, on (1) ED PdAg (23 at.% Ag, XPS), (2) ED Pd, and (3) Pd%(Ag)
deposit obtained by galvanic displacement (28 at.% Ag, XPS) [20]. The
current is normalized to EASA

was observed at incorporation of ~50 at.% Ag into the mixed
ED PdAg.

We can assume that this discrepancy is associated, first
of all, with the different contents of silver in the surface
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Fig.9 (a) Anodic and (b) cathodic half-cycles in mode II (see text)
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layer of composites. To check this assumption, we com-
pared the specific FAOR rates for several Pd—Ag structures
considered in [4, 6, 20] and in this study. The results of
these studies were chosen because their authors also used
the disperse deposits formed by electrodeposition from
solutions containing neither structure-forming surface-
active organic compounds nor chloride ions. Furthermore,
the electrochemical methods used for determination of
EASA were the same, the FA electrooxidation was studied
in one and the same solution, and the same criterion of sta-
tionarity current was used. All these factors were required
for the correct comparison of the results. Table 2 shows the
stationary FAOR currents at 200 mV on the PdAg deposits
prepared by the codeposition (samples 1 and 2) and the
galvanic displacement of ED Ag by palladium (Pd°Ag, sam-
ples 4-6) with indication of the fraction of silver contained
in the surface layer of Pd°’Ag composites (XPS data). Fig-
ure 6 gives, as an example, one of polarization curves of
FAOR on Pd°Ag (sample 3 in Table 2). Although curves
2 and 3 were measured on samples with the close contents
of Ag in their surface layer (23 and 28 at.%, respectively),
their current differed ~ fourfold. Table 2 shows the absence
of any correlation between the surface layer composition
and the activity of PdAg in FAOR. Indeed, it should be
taken into account that the XPS method determines only the
average composition of a~3-nm layer, which corresponds
to more than 10 monolayers. However, the absence of the
expected correlation once again confirms that the effect of
the addition of the second component (M) to the Pd catalyst
depends on many factors. These factors may include the size
effect, the third body effect, the electronic effect, the effect
of lattice defects, the formation of new active sites (ensem-
bles), and the structure of the Pd/M interface [1-6]. It is
especially difficult to single out the dominating factor(s) for
the catalysts with the highly developed surface.

Electrodissolution of the PdAg deposit

In the section “Voltammograms of deposits,” certain pre-
liminary results were shown on the dissolution of PdAg
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and Pd deposits. These results were obtained exclusively
by electrochemical measurements. To gain deeper insight
into the effect of small silver inclusions to palladium on the
deposit dissolution, we used the direct analytical measure-
ments of the metals that had passed to solution during the
anodic polarization of deposits.

Table 3 compares the data on the dissolution of ED PdAg
in five modes of anodic polarization (Fig. 1) with the analo-
gous data for individual ED Pd deposited also at 0.4 V. Here,
m is the total amount of metal passed to solution; m(PdAg)
and my(Pd) are the values of m(Pd) for the corresponding
deposits normalized to the average EASA. Table 3 shows
that the overall dissolution of palladium from PdAg much
exceeds the dissolution of the individual Pd deposit. This is
mainly associated with the increase in the degree of disper-
sion of the deposit upon introduction of silver. However,
the ratio of m(Pd) values summarized over the modes I, II,,
II1,,,, and II,, for ED PdAg to the analogous sum for ED Pd
is~9 and substantially exceeds the ratio between the average
EASA values of mixed and individual palladium deposits
(~6). The considerable increase in the specific dissolution
of the deposit after the incorporation of silver is also con-
firmed by the ratio of nonintegrated values m (PdAg)/m (Pd)
(Table 3) which exceeds 1 by a factor of ~ 1.5-3.

Quite unexpected was the absence of any substantial dif-
ference between the dissolution of the PdAg deposit in anodic
and cathodic half-cycles (Table 3). The earlier studies of ED
PdPb and PdCu [44] revealed the much stronger dissolution
in the anodic half-cycles as compared with the cathodic half-
cycles. This was explained by the inhibiting effect of oxides
on the electrodissolution process. To find the reasons for the
specific behavior of the PdAg deposit, the analytical data
on its dissolution were compared with the electrochemical
estimates of its dissolution in half-cycles. By integrating the
current in the anodic half-cycle II,, (Fig. 7a) and correcting

the result for the electric double-layer charging and the oxy-
gen adsorption (0.420 mC cm~2x 30 cm?), we obtained the
charge of ~43 mC which was consumed in the dissolution of
palladium and silver. At the same time, under the assumption
that 2e is consumed per Pd atom and le per Ag atom, the
analytical data showed that the charge consumed in mode II,,
was equal to~38 mC, which agreed adequately with the elec-
trochemical estimate. The main peculiarity of the cathodic
half-cycle (Fig. 7b) is the high anodic current in the potential
region of 1.25-0.90 V. This current comprises the currents of
the electric double-layer charging, the oxide formation, and
the dissolution of alloy’s metals. Based on the conclusion
drawn in [30, 44] that palladium dissolves mainly from the
surface areas free of oxide, it can be expected that in the case
of the fast formation of the PdO monolayer as the potential
shifts to 1.25 V, a sharp drop of anodic current should occur
in the beginning of the cathodic scan at least as a result of
blocking of the Pd dissolution. However, the analytical meas-
urements (Table 3) showed the presence of considerable dis-
solution of palladium in mode II . This can be explained by
the absence of a full PdAO monolayer due to its slow formation
and/or by the nonmonolayer character of the limiting cover-
age of the Pd surface by chemisorbed oxygen at 1.25 V. The
latter effect was also noted in [35] for several forms of ED Pd.
The integration of the current in the cathodic peak at~0.8 V
gave the charge corresponding to~ 0.6 monolayer of O, ..
Thus, the above results agree with the assumption that the
preferential dissolution of palladium does not proceed via
oxide [30, 44].

The amounts of silver m(Ag) dissolved from its codeposit
with Pd in all anodic polarization modes exceeded several
times the dissolution of the individual Pd deposit (the molar
ratio Ag:Pd is 2-5, Table 3). The so strong difference in
the dissolution of components of mixed ED PdM was not
observed in [22, 40] for M =Pb, Cu.

Table 3 Data on the dissolution

of Pd, Ag, and Cu at the Sample Mode m(Pd), pg my(Pd), ug cm™? mg (PdAg)/m(Pd) m(Ag), ug
polarization of ED PdAg, Pd, PdAg I 19.6 1.2 23 69
and PdCu in modes I-II1 I, 50 033 13 77
1L, 14.1 0.88 4.4 28
I, 4.6 0.29 2.1 23
I, 13.8 0.86 26
Pd I 2.1 0.52
II,, 0.95 0.24
1L, 0.8 0.20
I, 0.54 0.14
Sample Mode m(Pd), pg mg, ug cm™2 Pd mg (PdCu)/ my(Pd) m (Cu), pg
PdCu I 13.2 0.15 0.29 10.6
[40] 10, 7.1 0.08 0.31 3.1
1L, 10.5 0.12 0.6 4.7
11, 0.34 0.004 0.03

cat
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It is interesting to compare the results found for the PdAg
deposit with the data for the PdCu deposit [40]. The latter
deposit was synthesized by the same procedure as the PdAg
deposit from sulfates of both components at the same depo-
sition potential of 0.4 V; its electrodeposition was also car-
ried out in 0.5 M H,SO,. These factors make the comparison
more correct. Table 3 (lower part) also shows the data for
PdCu [40]. It is seen that the values of m(Pd) for these two
mixed deposits differ insignificantly, whereas the specific
dissolution values m(Pd) for PdCu are much lower as com-
pared with PdAg. The lower stability of PdAg deposits as
compared with PdCu can be associated to a certain extent
with the higher binding energy between Pd and Cu atoms
(the mixing heat Pd-M is 7 kJ/mol [52] for Cu and 5 kJ/mol
[53] for Ag) and also with the larger radius of Ag atoms
rag(1.45 nm) > rpy(1.40) > re, (1.35). For such a relation of
radii, the incorporation of silver atoms into the surface layer
of Pd should induce tensile strains, whereas the inclusion
of Cu atoms should induce compressive strains. The ten-
sile strains decrease the corrosion stability of palladium in
its alloys [1]. The relation between the radii of these three
metals correlates with the increase in the specific dissolu-
tion of Pd upon incorporation of silver and its decrease in
the case of copper. A strong increase in the electrodissolu-
tion of Pd in perchloric acid solution was observed at the
incorporation of Pb into a Pd deposit (rp,=1.60 nm) [22].
However, it seems unlikely that the relation between radii is
the decisive factor. A significant role is also played by the
deposit structure and the formation of oxides on its surface
[44]. Moreover, the silver adatoms can be involved in the
process of dissolution of the PdAg deposit in the potential
region under consideration. When the potential of the onset
of Pd dissolution is reached (~0.7 V), the copper adatoms
are already completely removed from the surface, whereas
the silver adatoms only begin to leave the Pd surface (their
complete removal occurs at E> 1.25 V [54]). The dissolution
can proceed by the following scheme: PdAg —PdAg,,— P
d** +Agt +3e.

The much more active dissolution of silver as compared
with copper from their binary alloys with Pd (Table 3)
makes it possible to assume the more homogeneous dis-
solution of PdCu as compared with PdAg. This result is
quite unexpected. The standard potential of the pair Ag/
Agt (E°=0.799 V) much exceeds the standard potential
of the pair Cu/Cu?* (E°=0.345 V), which allows one to
expect the more active copper dissolution. Presumably, the
observed effect is associated with the higher energy of the
Pd-Cu bond on the surface as compared with the Pd—Ag
bond. At the same time, it is possible that the mechanisms
of dissolution of copper and silver from their alloys with
palladium substantially differ, which is associated with the
aforementioned difference in the formation of the adatomic
copper and silver coatings on palladium. Silver adatoms can

@ Springer

play the active role in the dissolution of silver from the PdAg
alloy. Silver dissolution may proceed by the following reac-
tion: PdAg—PdAg,,—Pd+Ag™ +e.

Conclusions

e Mixed deposit PdAg (~25 at.% Ag) is obtained by elec-
trodeposition under potentiostatic conditions from the
solution of 10~ M PdSO,+10™* M Ag,SO,+0.5 M
H,SO,. The deposit is characterized by the SEM, XRD,
XPS, ICP-AES, and CVA methods. The formation of
solid solution is confirmed. The incorporation of silver
leads to the ~ sevenfold increase in the EASA of Pd.

e The incorporation of silver into Pd increases the specific
activity of Pd in FAOR about 2 times. The analysis of
this effect which involved the literature data has shown
that the changes in the activity upon the addition of silver
to Pd deposits do not correlate with the surface composi-
tion of codeposits but depend on many factors.

e By using the ICP-AES, CVA methods, and the method
of potentiodynamic half-cycles, the electrodissolution
of the PdAg deposit was compared with electrodisso-
lution of the Pd deposit prepared under similar condi-
tions. It is found that the total amounts of Pd dissolved
strongly increase after the addition of Ag, which is
associated first of all with the increase in the EASA.
At the same time, the specific dissolution of Pd also
substantially increases.

e The dissolution of Pd proceeds preferentially on the sur-
face areas free of oxides. It is assumed that the anoma-
lous dissolution of the PdAg deposit and the high Ag:Pd
ratio at the electrodissolution are associated with the
involvement of silver adatoms in this process.
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