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Pd alloys with non-noble transition metals are of interest for various catalytic applications. The electrodeposition
of Pd-Zn alloy was investigated from an ammonia citrate electrolyte at neutral pH in this report. Cyclic vol-
tammetry, galvanostatic deposition, and potentiostatic stripping were used to understand the electrochemical
behavior of the system. Films were characterized with electron microscopy, X-ray diffraction, Raman spectro-
scopy and X-ray photoelectron spectroscopy. While Zn-rich alloy films with various compositions were elec-
trodeposited at different current densities, a porous but stable tetragonal PdZn bimetallic compound was ob-
tained after anodic stripping.

1. Introduction

Pd alloys with different transition metals have been studied as al-
ternatives to pure Pd or Pt as catalyst in a variety of chemical and
electrochemical processes. For example, alloying Pd with Fe was found
to improve the selectivity of hydrogen production during the decom-
position of methane [1]. PdNi has been recently investigated as the
electrocatalyst for oxidation of methanol, where the resistance to fuel
poisoning was improved as a result of weaker affinity with carbonac-
eous byproducts [2,3]. In addition, Pd-Zn alloy catalysts have been
studied for hydrogenation [4-7] and steam reforming of methanol
[8-11]. A recent article reported an improved ethanol oxidation per-
formance for porous PdAgZn alloys created by electrodepositing Zn on
PdAg foils and partially dissolving Zn from the annealed alloy [12].

While the electrodeposition of Pd alloys with Ni and Fe has been
reported in the past [13-15], studies on the co-deposition of Pd and Zn
are very limited. A literature study only resulted in two short commu-
nications [16,17], where Pd-Zn alloys with low Zn content (max. <
25 at.%) were co-deposited. Due to the big difference in reversible
potential of Pd and Zn, various complexing agents were used to chelate
Pd cations and to bring the potentials closer. However, the much high
nobility of Pd dictated a low content of Zn in the alloy [16,17].

As electrodeposition is typically a highly-biased process at low
temperature, it is capable of producing metastable materials, namely
materials not at thermodynamic equilibrium states. On the other hand,
formation of compounds with a well-defined stoichiometry and crys-
talline phase has been relatively less available. While bulk deposition of

compound materials, such as CulnSe [18-23], CoSe [24] and SbTe
[25-27], were also reported, they were deposited rather as an alloy.
The compositions of such alloys were tunable with the process and were
often off-stoichiometry. A well-known case of stoichiometric compound
from electrodeposition is CdTe [28], where Cd was deposited as a result
of formation of CdTe compound, causing a underpotential deposition
(UPD) of Cd with Te. The formation of stoichiometric compound relies
on a charge transfer between the metal and chalcogen elements, re-
sulting in a large free energy of formation of stoichiometric compounds.
Similar deposition was reported for some other chalcogenide com-
pounds [29-35]. Another type of UPD process that has been extensively
explored is for layer-by-layer electrodeposition of compounds [36-42]
and metals [43-47]. While the under-potentially deposited element is a
part of the compound itself in the former case, it is used as an inter-
mediate to exchange for the desired element in the latter.

This paper reports a study of the electrodeposition of Zn-rich Pd-Zn
alloys, where an additional anodic stripping was used to remove ex-
cessive Zn and achieve stoichiometric bimetallic compounds. The in-
teractions between two elements during electrodeposition and the ef-
fects of process on the composition, morphology and crystal structure of
deposit are studied.

2. Experimental
2.1. Electrochemical cell

Electrodeposition was carried out in a three-electrode cell, where a
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zinc rod was used as anode and Ag/AgCl electrode as the reference. The
cathode was a disc electrode rotating at 400 rpm. An Autolab 302N
electrochemical station was used for all the electrochemical studies.
The positions of the three electrodes were fixed for all the experiments.
All voltages are referred with respect to Ag/AgCl in this report.

A non-exchangeable platinum (Pt) disc electrode was used in cyclic
voltammetry study, which allows the anodic stripping of palladium
(Pd). Exchangeable molybdenum (Mo) and copper (Cu) disc electrodes
were used to prepare films for characterization. The X-ray peak of
copper is close to zinc and the use of copper disc was found to cause an
underestimate of zinc content in the films. On the other hand, Mo re-
sults in an x-ray diffraction peak that overlaps with Pd-Zn alloys.
Therefore, Mo disc was used to deposit films for compositional analysis
and Cu disc was used for other film analysis. While the substrate is
expected to make a difference in the initial nucleation of deposit, such
effects is believed to be negligible on the overall film deposition after
the nucleation. All disc electrodes were polished on a series of sand
paper and aluminum oxide particles down to 50 nm.

2.2. Cathodic deposition and anodic stripping

The electrolyte used is composed of 3 mM PdCl,, 0.3 M ZnCl,, 0.4 M
Citric Acid, and 1.3 M NHj. The pH of the solution was adjusted to 7
using dilute HCl and KOH. Films were deposited at different current
densities from —5 to —25 mA/cm?. A constant charge of 0.9 C/cm? was
used to control the time of deposition, which corresponds to 425 nm at
100% cathodic current efficiency. For stripping experiments, the elec-
trodes with electrodeposited alloys were cleaned with DI water. They
were then rotated at 400 rpm, and subjected to an applied potential of
—0.5V for 30s (or until a constant current was achieved). The same
electrolyte for deposition was used for the stripping study because it
potentially provides a way of doing in-situ stripping with a pulse re-
verse scheme in the future.

2.3. Film characterization

The compositions and thicknesses of the electrodeposited and ano-
dically stripped Pd-Zn alloys were determined with X-ray fluorescence
(XRF). The morphology of films was characterized with a JEOL 7000
field emission scanning electron microscope (SEM). The crystal-
lographic structures were characterized with Bruker D8 X-ray dif-
fractometer (XRD) using Co Ka source with a wavelength of 1.79 A.
Raman spectra were acquired with Hiroba Jobin Yvon Raman micro-
scope with a Laser Quantum Ventus 1064 laser source at a wavelength
of 532 nm. A Kratos Axis 165 X-ray photoelectron spectrometer (XPS)
was acquired to characterize the binding energy of Pd3d and Zn2p
electrons in the films. Carbon peaks were used to calibrate the peak
positions for all XPS spectra.

3. Results and discussion
3.1. Characterization of the electrochemical system

Cyclic voltammetry (CV) with various potential windows were
carried out on Pt disc to understand the electrochemical behaviors of
the elements. Fig. 1 shows the comparison of the CV studies between
alloy and elemental electrolytes. The potential was swept down to
—0.5V the first CV in Fig. 1(a). A small cathodic current was observed
below a potential of —0.06 V, reaching a plateau of —0.25mA/cm?.
One current peak was observed at 0.63 V and is assigned to the anodic
dissolution of pure Pd. As the potential was swept to more negative
potentials, i.e., —0.7 V, in Fig. 1(b), a sharp increase of cathodic current
was observed. This cathodic current resulted in another anodic current
peak on the reverse scan. This pair of cathodic-anodic current seems to
have a reversible potential at —0.55V and is believed to be the ad-
sorption and desorption of hydrogen. More discussion on this
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Fig. 1. Cyclic voltammograms with different sweep potential windows acquired in the
ammonia-citrate Pd Zn alloy electrolyte on Pt disc electrode at a rotation rate of 400 rpm.

conclusion will be provided in the discussions in the anodic stripping
sections. While an additional cathodic current peak was observed later
indicating the saturation of hydrogen adsorption, no further change was
observed on the CVs other than the increase of the peak heights as more
and more Pd was deposited. On the other hand, no Zn deposition was
observed down to —1.1V. Anodic dissolution of Zn was observed in
Fig. 1(e), where a negative potential of —1.3 V was reached.
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The CV of Pd-Zn alloy electrolyte behaves exactly the same as the
elemental Pd electrolyte down to —0.5V, where only pure Pd was
deposited and stripped at 0.63 V. When the voltage was further de-
creased to —0.7V, a second anodic stripping peak was observed at
0.45V. At the same time, the stripping peak of pure Pd decreased.
Therefore, a Pd-Zn alloy or compound was believed to have formed.
The anodic peak at 0.45 is believed to be the stripping of this compound
rather than the Zn itself. As discussed above, zinc deposition does not
start until at —1.3 V in elemental zinc electrolyte, the formation of Pd-
Zn alloy at —0.7 V indicates an underpotential deposition of Zn. At the
same time, the hydrogen desorption peak is much smaller than pure Pd
case, suggesting the solubility of hydrogen is much lower due to the
mixing of Zn. As the CV further extended to more negative than — 1.3V,
an additional stripping peak for pure Zn was observed. The stripping of
Pd-Zn alloy became more dominant than pure Pd. In addition, the hy-
drogen desorption peak does not increase anymore and of same size for
the case with CV down to —1.1 V. All these observations suggested that
no Pd was deposited at potentials more negative than —1.1V and all
the deposit was Pd-Zn alloy and pure Zn.

The speciation of metal ions and chelating agents can be calculated
with the stability constants of different species [48]. The complexing
reactions and stability constants used in the calculation are listed in
Table S1 in Supporting Materials. Fig. 2 shows the fractions of different
metal chelates with respect to the total metal concentrations at different
solution pH's for Pd-Zn alloy solution. While various types of Zn(II)
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Fig. 2. The change of speciation at different solution pH's for (a) Pd and Zn metal cations;
(b) ammonia and citrate chelating agents.
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Fig. 3. The linear sweep voltammetry and partial current densities of metal deposition of
elemental Pd, elemental Zn, and Pd-Zn alloy electrolytes obtained on Mo disc electrode at
a rotation rate of 400 rpm.

complexes with citrate anions are present at different pH's below 7, Pd
and Zn are completely present as [PA(NH3)41?" and [Zn(NH3)41%*,
respectively, when pH is 7 or above. The formation of zincate anions is
not expected due to the presence of abundant NH;. Complexed metal
ions with lower coordination numbers are negligible for both Pd and
Zn. While the ammonia complexed with Pd>* is negligible due to the
much lower total concentration of Pd(II), the majority of ammonia is
used to complex with Zn?* at pH above 6. The rest of ammonia is
present as NH,* between pH 6 and 8 and as NH; at pH above 10. On
the other hand, all citric acid is present as citrate anion at pH above 7.

Galvanostatic deposition was carried out at various total current
densities from elemental and alloy electrolytes. The thickness and
composition of the deposited films were analyzed with XRF and were
used to calculate the partial current densities. Fig. 3 shows the total
current densities and partial current densities for the different electro-
lytes. Pure Pd electrolyte resulted in the highest total current density,
probably due to the catalytic effect of Pd on hydrogen evolution reac-
tion. A diffusion limited Pd deposition partial current density of
—1.7 mA/cm? was clearly observed, corresponding to a deposition rate
of 0.78 nm/s. Using Levich's equation [49], a diffusion coefficient of
9.2E-7 cm?/s was obtained for [PA(NH3)4]1?" in this electrolyte, which
is significantly lower than most simple metal cations [50].

On the other hand, Zn deposition partial current starts at —1.2V. A
current plateau was also observed at —4.17 mA/cm?, corresponding to
a diffusion coefficient of 3.6E-9 cm?/s for [Zn(NH3),]?" if it is the
limiting current density of the reduction of [Zn(NH3)4]2+. This diffu-
sion coefficient is dramatically lower than Zn*" in acidic solutions as
well as the complexed [Pd(NH3),4]%" in the same electrolyte. Therefore,
it is very likely that the current plateau observed is not due to the re-
duction of [Zn(NH;),]®>* but some other complexed Zn species. The
detailed concentrations of different species between pH6 to 7.5 are
listed in Table S2 in Supporting Materials. While the results were listed
for alloy electrolyte, the presence of 3 mM Pd(II) in the alloy solution
does not change the Zn complexation from Zn-only electrolyte. It is
evident that zincate ions are negligible even at a high pH of 13 due to
the complexation with NH;. The only available Zn cations are [Zn-Cit] ~
and [Zn-Cit,]* ", of which the total concentration is negligible at a pH
of 7, but reaches 0.3 mM and 6.7 mM at a pH of 6.5 and 6, respectively.
At a total concentration of 6.7 mM, the diffusion coefficients of [Zn-
Cit]™ and [Zn-Cit,]*" calculated from the current plateau would be
1.1E-6 cm?/s, which is in the same range of [PA(NH,)4]1%*. While the
pH of solution is not expected to drop significantly to 6, this dis-
crepancy in diffusion coefficient is believed to result from the
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uncertainty in some stability constants as well as a small pH deviation
of solution.

On the other hand, the reversible potential of the two complexed
Zn-citrate cations can be estimated from the stability constants and
Nernst equation as follows: E,,, = E° — 0.029 pK,, + 0.029 log;o(C,.).
With a standard potential of —0.96 V (vs. Ag/AgCl) for Zn?™, the sta-
bility constants of 5.0 for [Zn-Cit] ™ and 5.9 for [Zn-Cit,]*~, and the
concentrations of 2.2 mM for [Zn-Cit] ~ and 4.5 mM for [Zn-Cit,]*~, the
reversible potentials are estimated as —1.18V for [Zn-Cit]~ and
—1.20V for [Zn-Cit,]*~ (vs. Ag/AgCl). This estimate is consistent with
the observation in CV (Fig. 1) and the partial current (Fig. 3), also
suggesting that the Zn deposition was due to the reduction of [Zn-Cit] ~
and [Zn-Cit,]*".

The partial current densities of Pd deposition from Pd-Zn alloy
electrolyte was lower than in the elemental Pd electrolyte. This in-
hibition of the more noble Pd element is similar to the so called
anomalous codeposition [51-54], but it is here resulted from the un-
derpotential co-deposition of Zn and relates to a much lower work
function of Zn than Pd [55-57]. At the same time, Zn deposition in Pd-
Zn alloy system was enhanced as compared with Zn-only electrolyte at
potentials above —1.5V, consistent with the underpotential co-de-
position observed in the CV studies. However, because the Zn deposi-
tion rate was even higher than the limiting current density observed in
the elemental Zn electrolyte, it is believed that reduction of other Zn
cations also occurred due to this promotive effect of co-deposition.

The deposition rate of Zn in alloy system significantly decreases as
the deposition potential became more negative. This is probably due to
the catalytic hydrogen evolution reaction in presence of Pd and a sig-
nificant pH increase at cathode surface, resulting in a change of spe-
ciation. It can be seen from Fig. 2 and Table S2 in Supporting Materials
that Zn-citrate species quickly disappears as pH increases. At the same
time, the strongly complexed [Zn(NH3)4]12" would not be reduced until
at more negative potentials, resulting in the current decrease.

3.2. Anodic stripping of deposited films

The CVs of Pd-Zn alloy system in Fig. 1 showed both anodic strip-
ping or desorption processes at various potentials. Different alloy films
were deposited at different current densities up to a constant charge
900 mC/cm?. As presented in Fig. 4, the as-deposited films are Zn-rich.
The Zn contents increases with the deposition current densities, con-
sistent with the elemental Zn deposition observed in CVs at more ne-
gative potentials. Anodic stripping was therefore carried out at —0.5V
for 30 s for three Pd-Zn alloy films, which were deposited at —15, — 20,
and — 25 mA/cm?, respectively. Zn contents of the films fall between 40
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40 post-stripping " A 1 60
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X
+ 30 70
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© . o
as-deposit L .. -
& 20 et gt 180
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Fig. 4. Compositions of Pd-Zn alloy films deposited at different current densities before
and after anodic stripping.
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Fig. 5. The current density evolution during the anodic stripping at — 0.5V (Ag/AgCl) of
three Pd-Zn alloy films deposited at —15, —20, and —25mA/cm?>

at.% and 60 at.% after stripping.

Fig. 5 shows the current evolution along the stripping of the same
three films in Fig. 4. A high anodic current density was observed at the
beginning and this stripping current decays to zero for all three films. In
fact, the final current density was a small cathodic current, consistent
with the steady state cathodic deposition of Pd observed in CV at
—0.5V. The amount of Pd deposition is believed to be negligible due to
the low current density and short time. Anodic Stripping lasted for
different time for the films, depending on the different thicknesses.
Because all the films after stripping had a composition between 40 and
60 at.% Zn, a stable bimetallic phase is believed to form. In addition, a
second stripping attempt at 0V didn't resolve any anodic current, fur-
ther confirming that the films after the first stripping was stable and do
not have excessive Zn that can be stripped. The binary Pd-Zn phase
diagram [58] shows that an intermetallic compound phase forms at a
composition range between 40 and 60 at.% Zn, consistent with the
observation here. While a typical stripping process can only remove
elements on the electrode surface, a de-alloy process can create porous
films that allows the continuous removal of elements beneath the sur-
face.

3.3. Characterization of films

Fig. 6 shows the morphology of films galvanostatically deposited at
various current densities for 900 mC/cm? before and after anodic
stripping. Continuous films with smooth surface and metallic luster
were obtained at a current density of —15mA/cm? or above. The film
deposited at —10mA/cm? was also of metallic luster but was not
continuous under SEM inspection. Shallow grooves from mechanical
polishing of the disc electrode were sometimes observed. Porous pat-
ches and cracks on the scale of a micron were observed on the same
films after stripping. EDS mapping in Fig. S3 in Supporting Materials
showed that the patched regions, for example the region labeled as “A”
in Fig. 6(a’) has a much stronger signal from copper substrate, sug-
gesting a much thinner Pd-Zn film. This suggests that the composition
in the as-deposit Pd-Zn film was not uniform. Regions with a higher Zn
content were stripped to a more degree than regions with a lower Zn
content. This non-uniformity in stripping was observed in all the films
deposited at various current densities.

The crystallographic structures of the films were characterized XRD
and the results are shown in Fig. 7. Electrodeposited pure Zn and pure
Pd films were also included for comparison. Other than the film de-
posited at —10mA/cm? didn't show distinct peaks due to the limited
film thickness, strong XRD reflections were observed for films deposited
at higher current densities. As discussed above, the Zn contents in the
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Fig. 6. Topdown SEM images of the surface morphology of Pd-Zn alloy films deposited at (a, a) —25, (b, b") —20, (¢, ¢’) —15, and (d, d) —10 mA/cm?. (a—d) before and (a’-d’) after

anodic stripping at —0.5V.

as-deposit films were above 66 at.%. However, such Pd-Zn alloys were
of the orthorhombic PdZn, phase. No reflections of hexagonal Zn or
cubic Pd phase were detected. A strong doublet peak was observed at 20
of 47.6° and at 48.2°, corresponds to the preferred crystalline orienta-
tions. While the first peak corresponds to the (312) or (223) reflections
of orthorhombic PdZn,, the second peak relates to the (132) reflection.
The other two reflections observed at 67.2° and 92.0° result from the
(422) and (352) phases.

12

The crystalline structure of the films was completely changed after
the anodic stripping. As shown in Fig. 7(b), only one reflection was
observed at 47.7°. While this peak can be the first peak in the afore-
mentioned doublet, it can also be assigned to the (111) reflection of Pd-
Zn. Since all the other reflections of Pd-Zn, disappeared after stripping
and the alloy composition is at about 50% Zn, this reflection is believed
to be (111) reflection of Pd-Zn. The FWHM of this reflection was 0.21°,
0.47°, and 0.42° (after the correction of instrumental broadening of
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Fig. 7. XRD patterns of Pd-Zn alloy films deposited at —15, —20, and —25 mA/cm? (a)
before and (b) after anodic stripping at —0.5 V. The XRD of pure Zn and pure Pd were
also included.

0.31°), corresponding to an average grain size of 53, 24, and 27 nm for
films originally deposited at —15, —20 and — 25 mA/cm?, respectively.
These grain sizes are much smaller than the nodular features observed
under SEM, suggesting that the nodules were agglomerates of multiple
grains.

The alloy films were also characterized with Raman spectrum before
and after stripping. The spectra were similar for the three films show in
Fig. 7. Fig. 8 shows the spectra of a representative sample, which was
prepared at —25mA/cm?. The spectra of pure Zn and pure Pd were
included for comparison as well. The Raman peak at 560 cm ~* and the
shoulder observed in the as-deposit sample results from a surface ZnO
layer. The two broad and weak peaks at 840 and 1040 cm ! observed
for both Pd and alloy samples do not match for PdO spectrum [59] and
are believed not to associate with the metal films. The spectra of alloy
films before and after stripping are alike except for the ZnO peak. The
absence of this vibration peak in the anodically stripped alloy is con-
sistent with the removal of excessive Zn. More importantly, it also
confirms that a stable PdZn bimetallic compound has formed and the Zn
atoms in this compound is stabilized by Pd and does not get oxidized in
air.

XPS spectra were also acquired for alloy films deposited at
—25mA/cm?, before and after stripping. Fig. 9 shows the Pd 3d and Zn
2p XPS spectra of these films in comparison with the ones acquired
from electrodeposited pure Pd and pure Zn films. A 30s sputtering
procedure was used immediately before the analysis to remove surface
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Fig. 8. Raman spectra of a Pd-Zn alloy film deposited at —25 mA/cm? before and after
anodic stripping at —0.5V. The spectra of pure Zn and pure Pd were included for com-
parison.
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Fig. 9. (a) Pd3d and (b) Zn2p XPS spectra of a Pd-Zn alloy film deposited at — 25 mA/cm?
before and after anodic stripping at —0.5V. The spectra of pure Zn and pure Pd were
included for comparison.

native oxides, if any. As shown in Fig. S4 in Supporting Materials, de-
convolution of most XPS peaks resolves only one dominant Gaussian
peak without or with a much less pronounced shoulder peak. Therefore,
the spectra in Fig. 9 only show the overall peaks without de-convolution
and were plotted in log scale of intensity for easier comparison. A shift
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Table 1

XPS peak positions (in binding energy, eV) obtained from XPS spectra of pure Pd, pure Zn,
as-deposited and anodically stripped Pd-Zn films. Values in parentheses are the binding
energy in alloys as compared from pure metals.

Binding energy Pd 3d 5/2 Pd 3d 3/2 Zn 2p 3/2 Zn2p 1/2

(eV)

Pure Pd 334.95 340.2

Pure Zn 1021.7 1044.9

As-deposited 335.55 340.85 1020.95 1044.1
Pd;¢Zng, (+0.6) (+0.65) (—0.75) (—-0.8)

Stripped PdsoZns, ~ 335.25 340.5 1020.75 1043.95

(+0.3) (+0.3) (—0.95) (—0.95)

toward higher binding energy of Pd and a shift toward lower binding
energy for Zn were observed in the alloys, suggesting the formation of a
strong bond between Pd and Zn where partial charge transfer can occur
[60]. This is also consistent with the underpotential co-deposition dis-
cussed in the CV studies and the self-terminating behavior during
anodic stripping.

Table 1 summarizes the peak positions as well as the shifts for al-
loys. It can be seen that the two peaks in any doublet always shift si-
multaneously. As compared with pure Pd film, the binding energy of Pd
3d core levels increase by about 0.6 and 0.3 eV in the as-deposited and
stripped Pd-Zn alloys. On the other hand, the Zn 2p core levels decrease
by about —0.8 and —0.95€V in the as-deposited and stripped Pd-Zn
alloys as compared with pure Zn. As discussed in Fig. 4, the composi-
tions of the alloy films were Pd;¢Zngs and Pds¢Znsy before and after
stripping, respectively. In other words, the higher Zn content the more
significant shifts in Pd 3d peaks, and the higher Pd content the stronger
shifts in Zn 2p levels. These observations are consistent with the XPS
studies on vapor deposited alloy specimens, where Pd and Zn in various
amount equivalent up to a few monolayers were deposited [61].

4. Conclusion

Electrodeposition and anodic stripping of Pd-Zn binary alloys were
investigated in an ammonia-citrate electrolyte. Electrodeposition of Zn
was promoted in the presence of Pd due to the underpotential co-de-
position. On the other hand, Pd deposition rate in alloy was lower than
the elemental deposition, similar to the anomalous codeposition.
Furthermore, a reversible adsorption and desorption of hydrogen was
observed in CVs, where the amount of hydrogen was related to the
palladium in the film. While Zn-rich alloys with various compositions
were deposited at different current densities, bimetallic 1:1 PdZn
compound was obtained after stripping. The crystallographic structure
was also changed from orthorhombic PdZn, phase to tetragonal PdZn
phase. XPS characterization showed a shift to higher binding energy for
Pd3d and lower binding energy for Zn2p in alloys, consistent with the
bimetallic compound formation. The stability of the PdZn compound
was manifested as the self-termination of stripping, the unchanged
composition upon further anodic stripping, as well as the absence of
surface ZnO in Raman characterization.
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