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Abstract: The AgPd alloys were electrodeposited onto Au and glassy carbon (GC) disc
electrodes from the solution containing 0.001 mol dm PdCl, + 0.04 mol dm3 AgCl + 0.1
mol dm3 HCI + 12 mol dm LiCl under the conditions of non-stationary@?M =0)and
convective diffusion (RPM = 1000), to the different amounts of charge and at different
current densities. Electrodeposited alloy layers were characterized by the anodic linear sweep
voltammetry (ALSV), scanning electron microscopy (SEM), energy dispersive X-ray
spectroscopy (EDS), and X-ray photoelectron spectroscopy (XPS). Compositions of the AgPd
alloys determined by the EDS were almost identical to the theoretically predicted ones, while
the compositions obtained by XPS and ALSV analysis (they were very similar) were
different. Deviation from the theoretically predicted values (determined by the ratio
ju(Pd)/j(Ag)) was more pronounced at lower current densities and lower charges of AgPd
alloys electrodeposition, due to lower current efficiencies for alloys electrodeposition. The
ALSV analysis indicated the presence of\@‘, Pd, expressed by two ALSV peaks, and in some
cases the presence of additional peak (UP), which was found to correspond to the dissolution
of large AgPd crystals formed at thicker electrodeposits (higher electrodeposition charge),
indicating, for the first time, that@ong the phase structure, the morphology of alloy
electrodeposit could also influence the shape of the ALSV response. The XPS analysis,
among the Ag and Pd, confirmed the presence of AgCl at the surface of samples

electrodeposited to low thicknesses (amounts of charge).

Keywords: AgPd alloys electrodeposition, ALSV, XPS, EDS, SEM
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1. INTRODUCTION

The possibility of AgPd alloys electrodeposition from the solution containing high
concentration of chloride ions (12 mol dm LiCl) was first mentioned by Brenner,*
considering results obtained by Graham et al.23 for the electrodeposition of AgPt alloys. It
was shown later*” that in the excess of chloride ions AgCI could dissolve to the
concentrations sufficient for the electrodeposition of AgPd alloys, with Pd electrodeposition
starting at more positive potentials than Ag.

In our previous work” AgPd alloys were characterized by the ALSV technique,
indicating the possibility of the formation of additional phase in the electrodeposited alloys, as
a consequence of the appearance of additional peak on the ALSV responses. These
investigations were in accordance with some other work,® where the measurement of
microhardness and specific electric resistivity indicated the possibility of the formation of
ordered structures (or intermetallic compounds) with approximate stoichiometric
compositions Ag2Pds and AgPd in the AgPd alloys below 1200 °C, while all of the data found
in binary alloys literature® claimed that the AgPd alloy consists of a homogeneous solid
solution phase over the entire composition range.

Miiller et al.1° conducted an unbiased search of fcc-based Agi-«Pdx structures consisting
of up to many thousand atoms by using a mixed-space cluster expansion (MSCE). They found
an unsuspected ground state at 50%-50% composition - the L1; structure, currently known in
binary metallurgy only for the CuosPtos alloy system. They also provided predicted short-
range-order profiles and mixing enthalpies for the high temperature, disordered alloy. Using
MSCE they predicted the existence of following ordered structures in the system AgPd:
AgsPd, Ag2Pd, AgPd, Ag2Pd2, AgsPds, AgPd2 and AgPds.

In this work an attempt was made to characterize AgPd alloy layers electrodeposited
from high concentration chloride solutions by different techniques and compare their results,
with the intention to define the appearance of additional peak on the ALSV responses.

2. EXPERIMENTAL

All experiments of AgPd alloys electrodeposition and ALSV analysis were performed
in a standard electrochemical cells at the temperature of 333+1 K using rotating Au and GC
disc electrodes (d =5 mm) and CTV 101 Speed Control Unit (Radiometer Analytical, S.A.).

The AgPd alloys were electrodeposited onto Au and GC disc electrodes from the solution
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containing 0.001 mol dm= PdCl, + 0.04 mol dm= AgCl + 0.1 mol dm HCI + 12 mol dm3
LiCl under the conditions of non-stationary (RPM = 0) and convective diffusion (RPM =
1000), to the different amounts of charge (-0.05 C cmto -3.0 C cm?) at a constant current
density and at different current densities (-0.178 mA cm to -0.415 mA cm) to the constant
amount of charge (-0.2 C cm?). Pure Pd and Ag samples were electrodeposited onto Au disc
electrode from the solutions 0.04 mol dm-3 PdClI + 0.1 mol dm3 HCI + 12 mol dm LiCl and
0.04 mol dm AgCl + 0.1 mol dm3 HCI + 12 mol dm LiCl, respectively, under the
conditions of non-stationary and convective diffusion. The dissolution of all coatings by the
ALSYV technique was performed in another cell containing 0.1 mol dm HCI + 12 mol dm-®
LiCl under the conditions of convective diffusion @M = 1000) at the same temperature of
333+1 K. The alloy samples for the ALSV analysis were electrodeposited onto Au disc
electrode, while those for EDS and XPS analysis were electrodeposited onto GC electrode.

All solutions were made from extra pure UV water (18.2 MQ@'l), Smart2PureUV,
TKA, and p.a. chemicals (PdCl2, AgCl, LiCl, HCI), SIGMA-ALDRICH.

Saturated calomel electrode (SCE), Radiometer Analytical, was used as the reference
electrode in all measurements, while Pt mesh, placed parallel to the working electrode, was
used as a counter electrode in both cells.

The j-E curves for Ag, Pd, and AgPd alloys electrodeposition and ALSV responses for
their dissolution were recorded using potentiostat Reference 600 and software PHE 200 and
DC 105 (Gamry Instruments). Before each experiment all solutions were purged with 5.0 N>
for 30 min. Rotating disc electrodes were polished with emery papers 1200 — 4000 and
polishing alumina (1 um, 0.3 pm, 0.05 um) before the electrodeposition of each sample.

The SEM-EDS characterization of all coatings was performed with FEI Versa 3D field
emission gun (FEG)-SEM equipped with energy dispersive spectrometer (EDS).

The XPS analysis of samples was carried out in the ultrahigh vacuum system (3-10°
mbar) equipped with hemispherical analyzer (SES R4000, Gammadata Scienta). The Mg Ka
source of incident energy of 1256.6 eV was applied to generate core excitation. The
spectrometer was calibrated according to ISO 15472:2001. The energy resolution of the system,
measured at full width at half maximum for Ag 3ds.. excitation line, was 0.9 eV. The analysis
area of prepared sample was about 3 mm?2. No gas release and no changes in the sample
composition were observed during the measurements. The CasaXPS 2.3.12 software was
applied for analysis of the XPS spectra. No charging was observed for the studied sample,
therefore no additional calibration of the spectra energy scale was applied. In the spectra, the
background was approximated by a Shirley profile. The spectra deconvolution into a minimum
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number of components was done by application of the Voigt-type line shapes (70:30
Gaussian/Lorentzian product). The analytic depth of the XPS method was estimated as 10.2
nm. The calculations were performed with QUASES-IMFP-TPP2M Ver 2.2 software according
to an algorithm proposed by Tanuma et al.'! This estimation takes into account 95% of
photoelectrons escaping from the surface. The experimental error of the XPS analysis was +
3%.

3. RESULTS AND DISCUSSION

3.1. Electrodeposition of samples for the ALSV, XPS and EDS analysis
3.1.1. AgPd alloys electrodeposited under the conditions of non-stationary diffusion

Polarization, j - E curves, for the electrodeposition of pure Ag, pure Pd and AgPd alloys
onto Au disc electrode, recorded at a sweep rate of 1 mV st and RPM = 0 are presented in
Fig. 1. Electrodeposition of Pd is characterized with well-defined diffusion limiting current
density (jL(Pd)) in the solution containing only PdCl, (PdCls% ions), as well as in the solution
containing PdCl2 and AgCl @Clz@'), with that recorded in the presence of AgCl being
slightly higher (ju(Pd) =-59.18 uA cm?). In the absence of AgCl sharp peak corresponding to
the formation of Pd-H®213 is detected at -0.10 V, while in the presence of AgCl such peak
doesn’t exist, indicating that Pd-H cannot be formed during the AgPd alloy electrodeposition.
Electrodeposition of Ag is seen to commence at about -0.11 V being characterized with the
sharp increase of current density until the peak at about -0.15 V has been reached. The j - E
curve for AgPd alloy electrodeposition practically represents the sum of those for Pd and Ag.
The current density values for AgPd alloy electrodeposition are marked in the figure as j(1) =
3jL(Pd), j(2) = 5jL(Pd) and j(3) = 7jL(Pd).

The composition of the AgPd alloy could be calculated from the parameters of each

metal electrodeposition. Masses of the electrodeposited Pd (Geg) and Ag (Gag) are given as

_ JL(Pd)tMpyS

Gpg = 1)
J(AQ)tM S
Gag :% )

where: j_(Pd) — diffusion limiting current density for Pd electrodeposition; t — time of
electrodeposition; Mpg — molecular weight of Pd; S — electrode surface area; z — number of
exchanged electrons; F — Faradays’ constant; jq — current density for AgPd alloy
electrodeposition; j(Ag) — current density for Ag electrodeposition (j(Ag) = jd - ju(Pd)); Mag —
molecular weight of Ag.
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Fig. 1. The j - E curves for electrodeposition of pure Ag (dashed green line), pure Pd (dotted
red line) and AgPd alloy (solid black line), recorded at a sweep rate of 1 mV s from the
following solutions: (Ag) - 0.04 mol dm= AgCl + 0.1 mol dm= HCI + 12 mol dm LiCl; (Pd)
- 0.001 mol dm PdCl; + 0.1 mol dm3 HCI + 12 mol dm LiCl; (AgPd) - 0.001 mol dm-
PdCl, + 0.04 mol dm3 AgCl + 0.1 mol dm= HCI + 12 mol dm3 LiCl.

The composition of the AgPd alloy expressed in at.% of each metal is obtained from the

following equations

__Gpg

@%)Pd B Gpg+Gag 3)
_ _ Gag

@A)Ag h GpatGag 4)

These equations actually represent wt.% of metals, but they are practically identical to at.% of
metals, since the molecular weights of both metals are very close. Using Eqgns. (1-4) the AgPd
alloy compositions for different current densities and constant charge (Q =-0.2 C cm?) were
calculated and presented in Fig. 2 as a function of the current density for alloy
electrodeposition, jq (C, .).@can be seen the content of both metals (at.%) changes
exponentially with the increase of current density, starting from j_(Pd). The amount of Pd
decreases, while the amount of Ag increases and already at jq = 1.5j.(Pd) equal amounts of Ag
and Pd should be electrodeposited.
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Fig. 2. Composition of the AgPd alloys calculated from Eqns. (1-4): (1) at.% Pd; (@) at.%
Ag. Composition of AgPd alloys obtained by different techniques: (A\) at.% Pd and (V) at.%
Ag obtained from the ALSV; (<>) at.% Pd and (#) at.% Ag obtained from the XPS; (v¥) at.%
Pd and () at.% Ag obtained from the EDS (see Tables I — I1I).

3.1.2. AgPd alloys electrodeposited under the conditions of convective diffusion

In the case of pure Pd electrodeposition from the solution containing 0.001 mol dm-3
PdCl; + 0.1 mol dm HCI + 12 mol dm LiCl under the conditions of convective diffusion
the diffusion limiting current density for Pd cannot be precisely defined, as shown in Fig. 3a.
Although the commencement of Pd electrodeposition is moved to slightly more cathodic
potentials in comparison with that at non-stationary diffusion (Fig. 1), a well-defined plateau
of the j_(Pd) does not exist at any applied rotation rate. A sharp peak of Pd-H formation
appears at the same potential (about -0.10 V), as in the case of non-stationary diffusion. The
reason for such behavior might be that the sweep rate of 1 mV s is faster than necessary for
Pd electrodeposition. An attempt was made to apply sweep rate of 0.1 mV s, but with that
sweep rate the plateau of the diffusion limiting current density could be obtained only with the
RPM=400, while at higher values of RPM such plateau could not be detected. Taking into
account that at@M:QOO the diffusion limiting current density for Pd electrodeposition is 10
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times higher than that for non-stationary diffusion (see Figs. 1 and 3a) the amount of
electrodeposited Pd is 10 times higher and in the region of the plateau of the diffusion limiting
current density electrodeposit becomes rougher with increasing cathodic potential producing
increase of the j_(Pd) due to increase of the real surface area. This increase is more
pronounced than in the case of non-stationary diffusion and j_(Pd) cannot be well-defined.

For AgPd alloy electrodeposition in the solution 0.001 mol dm3 PdCl; + 0.04 mol dm-
AgCl + 0.1 mol dm= HCI + 12 mol dm3 LiCl the situation is even worse. The current density
for Pd electrodeposition increases in the potential range where a plateau is expected, as seen
in Fig. 3b (black solid line). As in the case of non-stationary diffusion, electrodeposition of
Ag commences at the same potential, characterized with the sharp increase of current density.
Hence, the calculation of alloy composition using Egns. (1-4) is impossible and the

composition must be determined by other techniques, such as ALSV, XPS or EDS.
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Fig. 3. () The j - E curves for electrodeposition of pure Pd recorded at a sweep rate of 1 mV
s’ and different RPM’s (given in the figure) form the solution 0.001 mol dm PdCl, + 0.1
mol dm HCI + 12 mol dm™ LiCl. (b) The j - E curves for electrodeposition of pure Ag
(green dashed line), pure Pd (red dotted line) and AgPd alloy (black solid line), recorded at
the sweep rate of 1 mV s at the RPM=1000 form the following solutions: (Ag) - 0.04 mol
dm AgClI + 0.1 mol dm™3 HCI + 12 mol dm3 LiCl; (Pd) - 0.001 mol dm PdCl, + 0.1 mol
dm= HCI + 12 mol dm3 LiCl; (AgPd) - 0.001 mol dm= PdClI, + 0.04 mol dm AgCl + 0.1
mol dm HCI + 12 mol dm™ LiCl.
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3.2. Characterization of electrodeposited AgPd alloys by the ALSV technique

The samples for the ALSV analysis were electrodeposited onto Au disc electrode, due
to reasons explained in our previous work.’
3.2.1. Characterization of AgPd alloys electrodeposited under the conditions of non-
stationary diffusion

Typical ALSV responses'* for dissolution of AgPd alloys electrodeposited under the
conditions of non-stationary diffusion (Fig. 1) are shown in Fig. 4a for samples
electrodeposited at different jq (Qu = - 0.2 C cm) and in Fig. 4b for samples electrodeposited
to different Qg (ju = - 178 pA cm™).
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Fig. 4. ALSV responses for dissolution of AgPd alloys recorded at RPM = 1000 and a sweep
rate of 1 mV s in the solution containing 0.1 mol dm= HCI + 12 mol dm LiCl. (a) Alloys
(1) -ja(1) =
3jL(Pd) = -178 pA cm?; (2) - ja(2) = 5jL(Pd) = - 296 pA cm?; (3) - ja(3) = 7ju(Pd) = -415 pA
cm?; (4) —ja(4) = 5j.(Pd) = - 296 pA cm?; Qq = -1.0 C cm. (b) Alloys electrodeposited to

different charges (given in the figure) at a constant current density jo = -178 pA cm™,

electrodeposited to the charge Qq = - 0.2 C cm at different current densities:

Considering these ALSV responses it seems that all of them are characterized with two
dissolution peaks, one corresponding to the dissolution of Ag and one corresponding to the
dissolution of Pd. With the increase of the amount of charge for AgPd alloy electrodeposition
(thickness of the alloy layer) the peak current densities on the ALSV responses become
higher. In order to determine approximate composition of the AgPd alloys (taking into
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account high values of current efficiencies for alloy electrodeposition, see Tables I - 111), the
ALSV responses were analyzed as schematically presented in Fig. 4a for sample 4, as well as
in Fig. 4b for sample corresponding to the dissolution of AgPd alloy electrodeposited to Qq =
- 0.6 C cm? (see also Fig. 5b). The ALSV responses were divided in two parts, one
corresponding to the dissolution of Ag (Q(Ag)aLsv) and another one corresponding to the
dissolution of Pd (Q(Pd) aLsv). The at.% of Pd and Ag, calculated from their charges on the
ALSV responses, are presented in Fig. 2 (points (A) and (V) respectively), while calculated
percentages are presented with (1) for Pd and (@) for Ag. The percentages of Pd and Ag
obtained from the XPS analysis are presented with (<) for Pd and () for Ag, while those
obtained from the EDS analysis are presented with (5) for Pd and () for Ag, respectively. It
should be stated here that only two samples presented in the Fig. 2 were analyzed by the XPS
and EDS (see Table 1). Results of the composition analysis with all three techniques were
different (Tables I — I11). Relatively good agreement was obtained for those obtained from the
XPS and ALSV analysis, where the at.% Pd was the lowest for sample AgPd2. The difference
between the calculated percentages of Pd (L) and Ag (@) and those determined from their
charges on the ALSV responses (Pd (A), Ag (V)), as well as those determined by XPS
(Pd(<), Ag(#)), is seen to increase with the decrease of electrodeposition current density.
Actually, for the ALSV and XPS analysis, the increase in the at.% Pd is equal to the decrease
in the at.% Ag. Taking into account that the results of XPS and ALSV analysis are in
relatively good agreement, the difference between theoretically predicted and experimentally
detected alloy compositions could be the consequence of lower current efficiency for alloy
electrodeposition at lower current densities (jo) and lower amounts of charge for alloy
electrodeposition (Qq) (see Tables I and I1). At higher current densities (> 400 A cm) and
higher values of Qq the current efficiency #; for alloy electrodeposition is very high (> 97 %)
causing identical theoretical and experimentally determined compositions of AgPd alloys (see
Fig. 2 and Tables | and I1). Due to low current densities for AgPd alloys electrodeposition, the
highest amount of charge was Qq = -1.5 C cm (see Table I, sample (5)).
3.2.2. Characterization of AgPd alloys electrodeposited under the conditions of convective
diffusion

ALSYV responses for dissolution of AgPd alloys electrodeposited under the conditions of
convective diffusion are shown in Fig. 5a for samples electrodeposited at different jg (Qqd = -
0.2 C cm) and in Fig. 5b for sample electrodeposited at jq = - 7.0 mA cm2?tothe Qs =-3.0C
cm2. For dissolution of these samples the same comments and conclusions as those for

samples electrodeposited under the conditions of non-stationary diffusion are valid.
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With the increase of jq the peak of Ag dissolution increases, while that for Pd
dissolution decreases (Fig. 5a), as in the case of samples electrodeposited under the conditions
of non-stationary diffusion. For samples electrodeposited under the conditions of convective
diffusion the peak potential of Pd dissolution is seen to become more negative with the
increase of jq (Fig. 5a), while that for samples electrodeposited under the conditions of non-
stationary diffusion remains practically the same (Fig. 4a). Such behavior could be the result
of different morphology of AgPd samples electrodeposited by these two procedures (see Figs.
9-11). For sample electrodeposited to the highest charge (Q4=-3.0 C cm?), the separation of
Ag and Pd peaks is not as well-defined as for samples electrodeposited to the lower charges.

Table I. Electrodeposition of the AgPd alloys to Q¢ =-0.2,-1.0 and -1.5 C cm? at@x/lzo and different
current densities (ja) from the solution: 0.001 M PdCl; + 0.04 M AgCI + 0.1 M HCT+ 12 M LiCI.
Dissolution (ALSV) in the solution 0.1 M HCI + 12 M LiCl at@w:woo with a sweep rate of 1 mV s,

. Q(Pd)aLsv Q(AQ)aLsv 175 (%) e as = Q(UP)aLsv
Sample  jg (LA cm?) Com?)  (Com?) OnsviOs at% at% at% at% at% at% (%)
Pd Ag Pd Ag Pd Ag
Qi¢=-0.2Ccm?2
(1)AgPd1 178 0.088 0.093 90 24 76 274 726 16.2 838 0

(2) 296 0.059 0.139 96 12 88 15.7

(3)AgPd2 415 0.042 0.154 98 8 92 134 866 9.8 90.2 10.2
Qu¢=-1.0Ccm?

(@) 296 0.290 0.700 99 12 88 17.2
Qu¢=-1.5Ccm?

(5) 296 0.469 1.018 99 13 87 27.6

ju(Pd) = -59.18 pA cm?

Table 11. Electrodeposition of the AgPd alloys to the different amounts of charge (Qd) at jo = -178 pA cm?
(ja = 3jL(Pd)) and RPM = 0 from the solution: 0.001 M PdCI2 + 0.04 M AgCIl + 0.1 M HCI + 12 M LiCl.
Dissolution (ALSV) in the solution 0.1 M HCI + 12 M LiCl at@/l = 1000 with a sweep rate of 1 mV s,

Qs (C cm?) Q(Si)r::;\/ Q((CAS?:;)SV QZjL S(i/;’()?d at%Pd at%Ag QUP)aLsv (%)
-0.05 0.0243 0.0191 73 38 62
0.1 0.043 0.043 86 33 67
0.2 0.097 0.088 93 35 65
0.4 0.176 0.206 96 30 70 16
06 0.312 0.267 97 37 63 23

at.% of Pd and Ag, as well as Q(UP), are obtained from the ALSV responses.
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Only one sample (ALSV presented in Fig. 5b) was analyzed by the XPS and EDS.
Results of conditions for AgPd alloy electrodeposition and their compositions are shown in
Table I11.
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E Il ] E L H O(Ag)Ast i
= ol ‘! || s L ’. . i
i L i
it % 4l H .
H 21
1 1 i ! L
i Sl
0 B ey ! 0 el 1 i i L
02 -01 0.0 0.1 0.2 -0.1 0.0 0.1 0.2
E/Vvs. SCE E/V vs. SCE

Fig. 5. ALSV responses for dissolution of AgPd alloys recorded at RPM = 1000 and a sweep
rate of 1 mV s in the solution 0.1 mol dm= HCI + 12 mol dm LiCl. (a) Alloys
electrodeposited to the charge Qq = - 0.2 C cm at different current densities (marked in the

figure). (b) Alloy electrodeposited to the highest amount of charge.

Table I11. Electrodeposition of AgPd alloys to the different amounts of charge (Qu) at different current
densities and Q = 1000 from the solution: 0.001 M PdCl; + 0.04 M AgCl + 0.1 M HCI + 12 M LiCI.
Dissolution (ALSV) in the solution 0.1 M HCI + 12 M LiCl at@/l = 1000 with a sweep rate of 1 mV s,

ALSV XPS EDS
Qi Q(Pd)asv Q(AQ)asv 75 (%) Q(UP)aLsv
Sample ) ) ) at% at% at.% at.% at% at%
(Ccm?) (Ccm?) (Ccm?)  QaLsv/Qq (%)
Pd Ag Pd Ag Pd Ag
jo = -5 mA cm?; RPM = 1000
1) -1.0 0.195 0.796 99 11 89 4
2 -2.0 0.214 1.512 86 7 93 40
jo =-7 mA cm?; RPM = 1000
(3)AgPd3  -3.0 0.649 2.065 90 134 866 152 848 34 96.6 55
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3.2.3. Procedure of fitting ALSV responses

According to the theoretical predictions for the ALSV technique,'* ALSV responses of
solid solution type alloys should be characterized with two separate peaks only
(corresponding to the dissolution of each metal), since in the case of alloys with intermediate
phases (intermetallic compounds) each phase should be characterized with a separate peak on
the ALSV. The shape of the ALSV responses of AgPd alloys is seen to change from ALSV
responses with two peaks only to the ALSV responses with more than two peaks, depending
on the value of jq and Qq (See Figs. 4 and 5). The procedure of fitting ALSV responses with
two peaks (using@gin multi-peaks Lorentzian function) was possible only for samples
electrodeposited at smaller current densities (< 200 pA cm?) and samples electrodeposited to
the cathodic charges lower than 0.4 C cm™. In Fig. 6 are presented results of fitting ALSV
responses of the AgPd alloys dissolution electrodeposited at different values of jq to a
different Qq under the conditions of non-stationary diffusion. Fitting lines (black solid lines)
are in a good agreement with the experimental ones (magenta dash-dot-dot lines), with the Ag
peak being labeled with red dash lines, Pd peak with green dotted lines and a third, unknown
peak, UP, whose origin was undefined, labeled with a blue dash-dot lines. It should be
emphasized that fit of the most positive peak, Pd peak, cannot follow the shape of the
Lorentzian peak after the peak maximum has been reached, since the peak current density
sharply decreases due to removal of the traces of the electrodeposit and certain discrepancy
between the fitting and experimental lines must exist, as it could be seen in Figs. 6 and 7. As
already stated only sample electrodeposited at jo = 3j.(Pd) could be fitted with two peaks, Fig.
6a and b, while the appearance of a third peak (UP) could already be observed for the sample
electrodeposited at jq = 7j.(Pd).

For the AgPd alloys electrodeposited at a constant current density jo = -178 nA cm (jq
= 3j(Pd)) and RPM = 0 to the different amounts of charge (Fig. 4b, Table 1), the appearance
of a third peak (UP) was detected at cathodic charges higher than -0.2 C cm™.

@ong the Q(Pd)aLsv and Q(Ag)acsv in Tables I - 111 are presented results obtained by
the analysis of the charge under the third peak, Q(UP)aLsv, and the whole ALSV responses
(QAst).@rd peak appears to be more pronounced, its charge, expressed in percentages of
the total charge under the ALSV (Qacsv), increases with the increase of cathodic current
density and cathodic charge. It should be stated that such approach is rough approximation,
since all three peaks obtained by fitting procedure overlap and it is practically not possible to

determine exact amount of charge for the UP peak.
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1 'O T T T T T T
(@) j,=3j(Pd)

J,=T7j(Pd)
Q,=-0.2C em’i

: 00 0.1
E/Vvs. SCE E/Vvs. SCE E/V vs. SCE

Fig. 6. Results of fitting ALSV responses of the AgPd alloys electrodeposited at jg = 3j.(Pd),

Qs =-0.1 C cm? (a), ju = 3jL(Pd), Qu = -0.2 C cm? (b) and ja = 7j(Pd), Qa = -0.2 C cm? (c).

Fitting (black solid lines), experimental (magenta dash-dot-dot lines), Ag (red dashed lines),

Pd (green dotted lines), unknown peak (UP) (blue dash-dot lines).

In Fig. 7 are presented ALSV responses of AgPd alloy layers electrodeposited at
different current densities and different amounts of charge under the conditions of convective
diffusion@’leOOO). Since the cathodic charges are higher than -0.4 C cm™ all ALSV
responses had to be fitted with three peaks. The UP peak is seen to increase with the increase
of Qu.

Results presented in Table 111 are obtained by the analysis of ALSV responses shown in
Fig. 7. As can be seen the charge for UP reaches high values in samples electrodeposited to
higher cathodic charges (Qu4 = -2.0 C cm™ and Qq = -3.0 C cm2). The composition of only one
sample (AgPd3, Qg = -3.0 C cm2) was analyzed by the XPS and EDS techniques.

Hence, considering the results of the ALSV analysis it appears that all electrodeposited
AgPd alloy layers do not represent solid solution type alloy, being characterized with the
presence of two peaks only (corresponding to the dissolution of Ag and Pd). The appearance
of a UP peak could be either the consequence of the formation of additional phase, or the

properties of the AgPd electrodeposit. Theoretically, there is a possibility for the formation of
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different ordered structures in the AgPd system,° but the question arises is it possible to
detect these ordered structures by the application of the ALSV technique. In order to define
the appearance of UP peak on the ALSV responses, additional analysis, using XPS and SEM-

EDS techniques was performed.

14 — T . T

JImAcm

i

66 ol = oo =% -8.1 e, PR
E/V vs. SCE E/Vvs. SCE E/Vvs. SCE
Fig. 7. Results of fitting ALSV responses of the AgPd alloys electrodeposited at@leooo:
(@) ja=-5mA cm? Qu=-1.0 Ccm?; (b) ja=-5mAcm? Q¢=-2.0Ccm?Z(c)ju=-7mA
cm?, Q¢ =-3.0 C cm™. Fitting (black solid lines), experimental (magenta dash-dot-dot lines),
Ag (red dashed lines), Pd (green dotted lines), unknown phase (UP) (blue dash-dot lines).

3.3. Characterization of the AgPd alloys by the XPS analysis

Five peaks, namely O1s, Ag3d, Pd3d, C1s and Cl2p were detected on the surface of
AgPdl1, AgPd2 and AgPd3 samples. For the composition analysis the most important peaks
are Ag3d and Pd3d and their percentages were taken from the complete XPS spectra. The
XPS results for these two elements are shown in Fig. 8. By their deconvolution it was
discovered that certain amount of AgCl could be detected on Ag3d spectra. The amount of
AgCl is seen to decrease from AgPd1 to AgPd3 samples, being 19.3 % for AgPd1, 16.4 % for
AgPd2 and 5.3 % for AgPd3. Certain amount (smaller in percentages than AgCl) of PdO was
detected under the Pd3d spectra, also decreasing from AgPd1 to AgPd3.
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Fig. 6. Results of the XPS analysis for Ag3d (a,b,c) and Pd3d (d,e,f) in samples AgPd1,

AgPd2 and AgPd3 res

pectively.

3.4. Characterization of the AgPd alloys by the EDS analysis

Result of the EDS analysis for sample AgPd1 is presented in Fig. 9a, while SEM

micrograph of that sample is shown in Fig. 9b. The surface is heterogeneous and rough, with

the presence of white and gray parts and the substrate is not completely covered with

15

electrodeposit (a,b). White parts on the EDS (a) contain approximately 12.6 at.% ClI, while the

EDS of gray parts shows only 0.6 at.% CI, indicating that white parts of the electrodeposit
could be AgCI with excess of chloride since the ratio Ag/Cl is higher than 1. The AgCI was
detected on much bigger surface area (3 mm?) and much lower depth (10.2 nm) by the XPS

analysis. Hence, for the EDS analysis only gray parts of the electrodeposit were considered
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and corresponding results are given in Tables | - 111. As can be seen in Fig. 9a, AgPd crystals
are characterized by rounded shape with the dimensions of about 200 nm.

25um 1515 M| ess3s

Fig. 9. (a) EDS analysis at two positions of the surface of AgPd1 sample. Average
composition is given in Table I. (b) SEM micrograph of the surface of AgPd1 sample: inset —

SEM recorded at higher magnification.

Result of the EDS analysis for sample AgPd2 is presented in Fig. 10c, while SEM
micrograph of that sample is shown in Fig. 10d. Again, the surface is heterogeneous and
rough, with the presence of white and gray parts and the substrate is not completely covered
with electrodeposit (c,d), but the non-covered substrate surface is smaller in comparison with
that for sample AgPd1. White parts on the EDS (c) contain approximately 13.1 at.% CI, while
the EDS of gray parts shows only 0.9 at.% CI. Concerning the presence of AgCl (XPS) on the
surface of sample AgPd2, the same conclusion, as that for sample AgPd1, is valid. AgPd

crystals (Fig. 10c) are characterized by rounded shape with the dimensions of about 300 nm.

25um 11e57 MY 65533

Fig. 10. (c) EDS analysis at two positions of the surface of AgPd2 sample. Average
composition is given in Table I. (d) SEM micrograph of the surface of AgPd2 sample: inset —

SEM recorded at higher magnification.
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Result of the EDS analysis for sample AgPd3 is presented in Fig. 11e, while SEM
micrograph of that sample is shown in Fig. 11f. The surface is rough, composed of much
larger crystals than those of samples AgPd1 and AgPd2. No presence of white parts was
detected on the sample surface, indicating the absence of AgCI. Since this electrodeposit is
much thicker, the substrate is completely covered with electrodeposit (e,f). At some positions
large AgPd crystals, of about 10-20 um high (marked with arrows in Fig. 11f), growing
normally to the electrode surface are detected (f), which is typical for metals with fast

nucleation rate, as are Ag and Pd.t>%’

Fig. 11. EDS analysis at two positions of the surface of AgPd3 sample. Average
composition is given in Table I.@SEM micrograph of the surface of AgPd3 sample: inset —
SEM recorded at higher magnification.

Considering the results of ALSV, XPS and EDS analysis for samples electrodeposited
under the conditions of non-stationary diffusion (Fig. 2), it could be stated that similar
compositions obtained by the ALSV and XPS are the result of high surface area analysis (in
the case of ALSV the whole sample, in the case of XPS 3mm?), taking into account the
presence of AgCl on their surfaces. For the EDS analysis only gray parts of the surfaces were
analyzed, giving higher percentages of Ag in the electrodeposit (Tables | — I11). The
appearance of UP on the ALSV responses, recorded for samples obtained at higher
electrodeposition current densities and higher charges, is most probably the consequence of
different morphologies. Actually, with the increase of j¢ and Qq the morphology becomes
similar to that presented in Fig. 11f and the Ag from large AgPd crystals, particularly those of
higher heights (marked with arrows in Fig. 11f), dissolves easier and faster than from the rest
of the surface (the dissolution is a pure inversion of deposition).'® When the whole amount of
Ag from the large AgPd crystals is dissolved, the current density on the ALSVs starts to
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decrease until the Ag begins to dissolve from the rest of the surface, causing the appearance of
an additional peak on the ALSV responses. Hence, the appearance of an additional peak could
be the consequence of this phenomenon.'>8 The ALSV response for thin AgPd alloy layer
(Fig. 6a,b — low jg and Qq) shows no additional peaks and could be fitted with two peaks using
Origin multi-peaks Lorentzian function. Hence, it appears that additional peak on the ALSV
responses is the result of faster dissolution of large crystals of higher heights. This means that
Q(UP)aLsv, given in Tables I - 111, roughly represents the percentage of total surface area

containing large AgPd crystals of higher heights.
4. CONCLUSIONS

The AgPd alloys electrodeposited from the solution containing 0.001 mol dm= PdCl. +
0.04 mol dm AgCl + 0.1 mol dm HCI + 12 mol dm3 LiCl under the conditions of non-
stationary@M = 0) and convective diffusion@’M = 1000), to the different amounts of
charge and at different current densities, were characterized by the ALSV, SEM, EDS and
XPS technigues. Compositions of the AgPd alloys determined by the EDS were almost
identical to the theoretically predicted ones, while the compositions obtained by XPS and
ALSV analysis (they were almost identical) were different. Deviation from the theoretically
predicted values (determined by the ratio j_(Pd)/j(Ag)) was more pronounced at lower current
densities and lower charges of AgPd alloys electrodeposition, due to lower current
efficiencies for alloys electrodeposition. The ALSV analysis indicated the presence of Ag, Pd,
expressed by two ALSV peaks, and additional peak, which was found to correspond to the
dissolution of large AgPd crystals formed at electrodeposits with higher charge and larger
cathodic current densities. The XPS analysis, among the Ag and Pd, confirmed the presence

of AgCl at the surface of samples electrodeposited to low amounts of charge.
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N3BOJ

Kapakrepu3anuja eJileKTPOXeMHjCKH HCTAJOKEHUX CJI0jeBa cpedpo-najaaaujym ne@

PAa3IUYUTUM TEXHHKaMa

HEBEHKA P. EJIE3OBURY, IIJOTP )XABMHCKW?, MUJIA H. KPCTAJU'R ITAJUR®,
TOMAII TOKAPCKU* BOPKA M. JOBUR?, BIIAJIUMUP JI. JOBURY"

Y Huemumym 3a myamuducyuniunapma ucmpascusarsa Yuusepsumema y Beozpaody, 11030
beoepao, Kneza Buwecnasa 1, Cpouja
2 ATX Vuusepsumem 3a HAyKy u mexHono2ujy, gpaxynmem 3a obojene memare, yo.
Muyxujesuua 30, 30-059 Kpakos, Ilowcka
8 Texnonowxo memanypuwixu paxynmem Yuusepsumema y Beozpady, 11000 Beozpao,
Kapnezujesa 4, Cpouja
* AT'X Vuueepsumem 3a nayky u mexrono2ujy, Axademcku yenmap 3a mamepujaie u

HanomexHnoaozuje, yi. Muyxkujesuua 30, 30-059 Kpaxos, [lowcka

Amncrpakr: TaHku ciojeBu cpedpo-naiaanjyM Jerypa UCTAI0KEHU Cy eIEKTPOXEMH]CKUM
MOCTYIIKOM Ha JUCKOBUMA O] 371aTa U CTAKJIACTOT yIJbeHUKA U3 pacmopa@m@j a3
PdCl, +@4@n am 2 AgCl + oM 2 HCI + 12@1 am 2 LiCl mox ycnosuma
necraronapue (@ =0 0 mint) u kousektuBHe (@ = 1000 0 mint) nudysuje, npu
Pa3IMYUTHM BPETHOCTHMA TYCTHHE CTPYje TaOKEHha U KOJIMINHE HaCJICKTPUCAmbA.
EnexTpoxeMujcku UCTaN0KeHH CII0J€BU OKapaKTEepUCaHH Cy aHOJHOM JINHEAPHOM
BontamerpujoM (ALSV), ckenunpajyhom enexkTpoHckoM MuKpockonujoM (SEM), enepreTcku
JUCTICPTOBAaHOM PEHITeHCKOM criekTpockornujoM (EDS) u perareHckomM GpoToeieKTpOHCKOM
cniekrpockomnujoM (XPS). Cacras cpebpo-nananujym nerypa onpehen EDS texuukom 0mo je
CKOPO MJCHTUYaH TeOPUjCKH MpeaBuleHoM, 1ok cy cactaBu oapehenu XPS u ALSV
TeXHHKaMa (KOjH Cy OWJIM CKOPH WICHTUYHHU) OJICTYIIATIH O] TEOPH]CKH IPEIBUN)CHOT, IPH
YeMy j€ TO OJICTYIamke OMJI0 U3PAKEHU]E KOJI y30paKa NCTaJ0KEHUX MabUM I'yCTHHaMa
CTpYje M y30paKa HCTaJOKEHUX JI0 MabUX KOJUYMHA HaelekTpucama. ALSV ananmusa je
MoKa3aja MpUCYCTBO cpedpa U manaaujyma, H3pakeHo Kao JBa CTPyjHA BpXa, Kao U
MPHUCYCTBO jOIII jJeTHOT CTPYJHOT BpXa, 3a KOjH je ycTanoBJbeHo SEM u EDS ananuzama na je
MOCJIE/TAIIA pacTBapama BETUKUX CpeOpo-TiaiainjyM KpucTaja Koju ce GopMupajy Ko

ne0JbHUX IPEeBIIaka, UCTAIOKEHUX /10 BehuX KoMMYMHA HaeleKkTpucamwa. Ha Taj HauuH je 1o
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IPBU MYT MOKa3aHO Ja rnopex (a3Hor cactaBa 1 MOp(OJIOTHja Tanora Jerypa Moxe yTHIIaTH
Ha 061K ALSV oarosopa. XPS aHann3oM je Ha MOBPIIMHU TalkbUX Y30paka (MCTaT0KEHUX
710 MabUX KOJMYMHA HACIEKTPUCAha Y YCIOBUMA HECTAI[MOHApHE Andy3uje) moTBpheHo

MIPUCYCTBO cpedpo xyopua, mopea cpedpa u nanaaujyma.
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