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The possibility of electrochemical underpotential deposition of aluminium onto palladium from
equimolar AICIs+NaCl melts at temperatures between 200 ° and 300 °C was investigated.
Electrochemical techniques used were cyclic voltammetry, chronoamperometry, potentiodynamic
polarization and open circuit measurements. The results were analyzed by SEM, EDX and XRD. It was
found that aluminium deposits underpotentially onto palladium at around 0.200 V vs. Al from the
chloroaluminate melt used. It was established that under the given conditions, Al underpotential
deposition onto the palladium substrate can result in AIPd and AlsPds alloy synthesis by solid-state
interdiffusion. The surface alloys synthetized are well adhering, microcrystalline deposits, having highly
developed surface area suitable for applications such as hydrogen purification filters.
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1. INTRODUCTION

Surface alloys made of transition metals with aluminium are of particular interest, because of
their proven potential in advanced magnetic, catalytic and electrochemical applications [1-4]. In
addition, their use in medicine as biocompatible materials seems to be very promising [5].

Because of existing and future applications, interest in improved synthesis of palladium-
aluminium alloys has increased in both fundamental and application fields [1]. Palladium (Pd) and
aluminium (Al) are known to form several binary alloys having various crystallographic orientation [6]
and component compositions [7,8], commanding specific, rare and very useful characteristics.

Ongoing research regarding implementation of binary Pd-Al alloys as hydrogen separation
membrane material in so-called “hydrogen-based economy” has been receiving a great deal of attention
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recently [9,10]. Palladium, in its pure form or alloyed with aluminium, has shown the ability to allow
hydrogen diffusion through the metal lattice and, at the same time, a potential to enhance resistance to
carbon monoxide (CO) poisoning [9-12]. For example, the surface of the Pd-Al intermetallic (pure
palladium containing up to 0.1 at.% of aluminium) favors adsorption of hydrogen at the expense of
carbon monoxide and is often used as a membrane material (a filter) in the production of ultrapure
hydrogen [11,13]. Some of the methods that have been used in fabrication processes of Pd-Al alloys,
contributing to the improvements of the properties intended for good hydrogen permeability, better
reproducibility, enlarged resistance to CO poisoning and gratifying cost efficiency are: arc-melting of
the pure components under argon, and sequential annealing [13-15], chemisorption followed by
subsequent annealing [16—-18]. DC magnetron sputtering [19] and ion-beam irradiation [20] are methods
used to incorporate a thin film of Pd-Al alloys, into a porous support.

Meanwhile, Pd-Al alloys which exhibit reduction in magnetic susceptibility, found their way into
medicine as biocompatible materials [5]. Fabricating medical devices from Pd-Al alloys with additives
such as titanium, zirconium, niobium, offers the possibility aligning the device functionality to a specific
application such as magnetic resonance imaging (MRI) compatibility, radiopacity and optimized
strength [5,21]. Pd-Al alloys made of at least 75 at.% Pd, 3 to 20 at.% Al, and one or few more additives,
allow achievement combination of both biocompatibility and ultra-low magnetic susceptibility
properties [5] .

It has been found that the concentration of the elements participating in the Pd-Al alloy [13,14],
and the way that the atoms are arranged in the surface alloy [1,19], are of the essence to their
effectiveness. Thus, it is to be expected that any specific application will greatly depend on the ability
to manipulate the development of the alloy composition and structure. Electrochemical deposition has
been used successfully for tailored synthesis of advanced alloy materials, especially considering shape
and size of the micro and nanostructured deposited materials can be conveniently controlled by the
choice of parameters and regimes of electrolysis [22,23].

The initial stage of metal electrodeposition onto another metal is sometimes manifested as a
development of a monolayer of the depositing metal on top of another metal at the potentials more
positive than the equilibrium potential of the depositing metal, e.g. underpotential deposition (UPD)
[24-31]. However, it should be recalled that due to interdiffusion between the underpotentially deposited
atomic monolayer and the substrate during aluminium UPD from molten salts electrolytes, intermetallic
solid-state reaction can produce aluminium alloys [26,29-35]. In addition, alloys obtained by
electrodeposition very often exhibit chemical composition and crystal structure different from those
obtained by classical procedures [31,36,37]. Varying the metallic substrate material and the conditions
of aluminium UPD offers exciting new potential opportunities to add novel structures that may not be
available today.

There are no reports available on the electrochemical deposition or UPD of aluminium onto
palladium substrate from molten salts electrolytes. However, applying the hypothesis proposed by Kolb
et al. [24,25], half of the work functions difference between the substrate metal (@rq4) and the deposited
metal (@ai) is 0.5 eV which suggests that there is a possibility for aluminium UPD onto palladium.
Consequently, our goal was to establish whether there is electrochemical underpotential deposition of
aluminium onto palladium from equimolar AICIs+NaCl molten salts electrolyte at temperatures up to
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300 °C. Our previous works on aluminium underpotential electrodeposition from the mentioned
electrolyte onto some other metal substrates, Cd [26], V [28], Zr [29], Ag [30], Au [34], indicated the
possibility of alloy formation as a result of Al UPD onto Pd as well. This would establish an effective
way to form thermally stable aluminium-palladium surface alloys that could be potentially applied in
filters for extra pure hydrogen.

2. EXPERIMENTAL

Electrochemical experiments were conducted at 200 °, 250 ° and 300 °C, in a three-electrode
electrochemical cell constructed from Pyrex glass for work with melts. Experiments were performed
under 99.99% argon atmosphere, using an EG&G PAR Potentiostat/Galvanostat, (Model 273A, Oak
Ridge, TN, USA) controlled by Power Suite software (Princeton Applied Research, Oak Ridge, TN,
USA). Temperature was controlled by an electronic thermostat with precision of +1 °C.

Working electrodes (WE) were made of palladium (Pd, 99.99%, Sigma-Aldrich, USA) in the
form of wire (g = 1mm) for electrochemical measurements, and a planar plate (surface area = 0.5 cm?)
for longer time electrodeposition. As a reference electrode an aluminium rod (Al, g = 0.3 cm, 99.999%,
Alfa Products, Thiokol/Ventron division, USA) was used, and an Al plate (surface area = 7.5 cm?) served
as a counter electrode.

In this work, potentials of the (Pd) working electrodes were measured relative to the potential of
aluminium (Al) reference electrode in the melt used under given conditions.

Prior to each experiment, the palladium cathode was etched in aqua regia, while the reference
and counter aluminium electrodes were mechanically polished then etched in the solutions made of 50
vol.% HF + 15 vol.% H20 and conc. NH4sOH + 5 vol.% H20.. Thereafter, the electrodes were rinsed
with deionized water, absolute ethyl alcohol and dried before use. Procedures used for the electrolyte-
chloroaluminate molten salt preparation and melt pre-electrolysis, were identical to those described in
our previous works [26,28,30].

Cyclic voltammetry (CV) experiments on the Pd WE conducted in the aluminium UPD range
were as follows: starting from the potential, E;, usually 0.050 to 0.100 VV more negative than the open-
circuit potential (OCP) of the Pd WE moving to a different cathodic end potential, Et, (0.010 to 0.050 V
positive to the equilibrium potential of Al) and then back to the starting potential. Additionally, within
the same potential range, the scan was interrupted when the working potential reached the final cathodic
value Ey, (0.050 to 0.150 V positive to the equilibrium aluminium potential) and held for a chosen period
of time, before starting the return scan.

Controlled aluminium UPD at three used temperatures was always initiated 5 min, after insertion
of the WE into the chloroaluminate melt in order to allow the system to move to thermal equilibrium.
After the potentiostatic deposition at a constant Al UPD, the WE was taken out from the cell under
potential in order to preserve deposited material or possible alloys formed. The melt residue was
removed from the WE by washing of the electrode with absolute ethyl alcohol (Zorka-Pharma, Sabac,
R. Serbia) and dried.
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“Open circuit measurements” included holding the deposition potential of the palladium cathode
at 0.050 to 0.020 V vs. Al for one hour, whereupon the applied potential was switched off and the open-
circuit potential of the working electrode was recorded as a function of time.

To record potentiodynamic polarization curves for the palladium WE in an equimolar
AICI3+NaCl melt at different temperatures, the cathode potential was scanned from the starting value,
Ei=0.000 V, to the final value, Es = 0.900 V, with a scan rate of 1 mV s,

Surface morphology and composition of the obtained deposits were analyzed by scanning
electron microscope (SEM: JEOL, model JSM-5800, Tokyo, Japan), equipped with the instrumentation
for energy dispersive X-ray spectroscopy EDS (EDX), (Oxford INCA 3.2, Abingdon, U.K.).

Phase analysis of the deposits on the Pd cathode was performed at room temperature by X-ray
diffraction (XRD) on a Philips PW 1050 powder diffractometer (Philips, Delft, The Netherlands), which
uses Ni filtered CuK radiation (1 = 1.54178 A), scintillation detector within 20-80° 26 range in steps of
0.05°, at a scanning time of 5 s per step.

3. RESULTS

Cyclic voltammograms recorded on palladium working electrode in the used electrolyte at three
different temperatures (200 °, 250 ° and 300 °C) are presented in Fig. 1.
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Figure 1. Voltammograms obtained with palladium working electrode in equimolar AIClz+NaCl
electrolyte; v=10mV s*:a) T =200 °C, b) T =250 °C, ¢) T = 300 °C.
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Anodic current waves became better defined when the final cathodic potential, Ef, was held for
a specific period of time before being allowed to return to the initial potential, E;, Fig. 2.

The change in the “open circuit” working electrode potential as a function of time after 60 minutes
of constant potential of 0.020 V vs. Al applied at 250 °C and 300 °C in the used electrolyte is presented
in Fig. 3. Two shoulders were recorded. These two plateaux approximating constant potentials indicate
the presence of two phases at the potentials between the equilibrium potentials of aluminium and
palladium in the used electrolyte.
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Figure 2. Voltammograms obtained with palladium working electrode in equimolar AICI;+NaCl
electrolyte, v=10 mV s: a) T = 200 °C, potential change sequence Ei = 0.900 V — Ef= 0.050
V vs. Al, b) T =250 °C, potential change sequence Ei =0.900 V— Ef=0.050 V vs. Al,¢) T =
300 °C, potential change sequence Ej = 0.900 V — different cathodic end potential Es, Ef holding
time 600s.

Potentiodynamic polarization curves recorded in the potential range between 0.000 V and 0.900
V vs. Al with the Pd WE in the used electrolyte at three different temperatures (see Fig. 4) showed two
equilibrium potentials E; and Ej. The values did not change significantly with increasing temperature,
and were close to the potentials calculated as mid-point values between cathodic and anodic current
peaks in Figs. 1 and 2, and the shoulders recorded in Fig. 3. These potentials (E; and Ey, Fig. 4) should
indicate the phases in equilibrium with aluminium ions present in the used electrolyte. Being positive to
the aluminium equilibrium potential in the used electrolyte and in the same time negative to the
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palladium equilibrium potential (=1.025V vs. Al) in the same electrolyte, they should reflect two phases
formed as the result of aluminium underpotential deposition onto palladium working electrode.
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Figure 3. Open circuit potentiograms for a Pd WE after Al UPD at the potential of 0.020 V vs. Al for
60 min. at 250 °C and 300 °C.
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Figure 4. Potentiodynamic polarization curves on the palladium working electrode in equimolar
AICI3+NaCl electrolyte; v =1 mV s 1; potential sequence Ei = 0.000 V — 0.900 V vs. Al at: a)
T=200°C,b) T=250°C,c) T=300"°C.



Int. J. Electrochem. Sci., 16 (2021) Article ID: 210663 7

The results obtained by the SEM and EDS analysis of the palladium electrode surface exposed
for 2 hours to a constant underpotential of 0.050 V vs. Al in used electrolyte at 250 °C are presented in
Figs. 5-6.
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Figure 5. SEM micrographs at: a) lower, b) higher magnification, and ¢) EDS analysis, of the Pd surface
after 2 hours of Al UPD at 0.050 V vs. Al in the used electrolyte at 250 °C.
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Figure 6. EDX maps of palladium, aluminium and oxygen distribution after 2 hours of Al UPD onto
palladium substrate, at 250 °C; the same surface presented in Fig. 5.

SEM revealed well developed surface of a crystalline deposit, well adhered to the substrate
surface Fig. 5a and b. Higher magnification images of the resulting deposit showed nodular
agglomerations which are closely packed and continuously cover the entire working surface.



Int. J. Electrochem. Sci., 16 (2021) Article ID: 210663 8

According to semi-quantitative EDS measurements, Fig. 5¢ the content of Al and Pd in the
resulting deposit was 4.07 at.% and 43.57 at.%, respectively. There was also oxygen recorded, which
should be attributed to exposure during the sample handling. The white areas, Fig. 6, in the EDX maps
of the sample from Fig. 5a and b, has given us a clear picture of position and distribution of Pd, Al and
O in the deposit.

These data definitely identify aluminium as electrodeposited from the used electrolyte onto
palladium electrode at potentials more positive than the equilibrium potential of aluminium at
temperatures applied. When the final cathodic potential, Er, was made more negative (for example 0.020
or 0.010 V vs. Al), under other conditions kept the same, UPD aluminium amounts in the palladium
substrate increased even if the deposition time was made shorter.

XRD analysis on the corresponding electrodes confirmed that underpotentially deposited
aluminium onto palladium produces Pd-Al alloys. Diffractograms in Figs. 7-9 revealed which Pd-Al
alloys were synthetized.
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Figure 7. XRD analysis of the Pd electrode surface after 5 hours of Al deposition under potentiostatic
regime applied at 0.200 V vs. Al, T = 250 °C; (*)- AlPd; (e)- AlsPds.
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Figure 8. XRD analysis of the Pd electrode surface after 5 hours of Al deposition under potentiostatic
regime applied at 0.100 V vs. Al, T = 250 °C; (e)- AlsPds; (+)- Al2O.
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Figure 9. XRD analysis of the Pd electrode surface after 5 hours of Al deposition under potentiostatic
regime applied at 0.050 V vs. Al, T = 250 °C; (*)- AIPd; (e)- Al3Pda.

4. DISCUSSION

Cyclic voltammograms revealed that negative current densities of the voltammograms did not
produce pronounced waves, while anodic current waves were well defined. Articulation of the cathodic
and anodic current waves in the aluminium underpotential range (the potentials positive to the aluminium
equilibrium potential in the used system) was more pronounced with increased temperature. At 300 °C
both cathodic and anodic current waves were well defined, indicating that processes of electrodeposition
and dissolution were taking part on the palladium WE in the used electrolyte in the area of aluminium
underpotentials, Fig. 1.

By increasing the holding time at Es, at a constant temperature in the aluminium UPD range,
anodic current densities increased, making the charge encompassed by the anodic current wave larger.
The increased anodic charge indicates increased amounts of the previously electrodeposited aluminium
being dissolved, Fig. 2.

Table 1. Cathodic end holding potential, E (V vs. Al) and corresponding dissolution charge (mAs cm2)
in the anodic section of the voltammograms on palladium electrodes as a function of deposition
holding time t (S) and temperature T (°C).

Electrode Holding time E Dissolution charge [mAs cm?]
[s] [Vvs.Al] 200°C 250 °C  300°C
60 0.050 2.1 3.2 16
Pd 300 0.050 9.5 14.1 81
600 0.050 11.3 19.2 182

Amounts of the charge encompassed by the cathodic and anodic current waves calculated from
the voltammograms recorded on palladium working electrode exposed to aluminium underpotential
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deposition and dissolution are substantially larger than the charge needed for the electrodeposition of a
close packed Al(111) monolayer, which is 1.17 mAs cm [26,30]. When deposition time at the cathodic
end potential (holding time) was made longer, the cathodic currents would not increase, while the
corresponding anodic current wave maxima and dissolution charges increased, Table 1.

However, increasing the system temperature, all other conditions being the same, provoked an
increase of the peak currents and increase of the charge within the limits of the current waves. This
indicated that underpotential deposition of aluminium onto palladium does not end with one Al
monolayer being formed on the Pd surface, but that additional amounts of aluminium were deposited.
Aluminium underpotentially deposited in excess of one monolayer could make alloys with palladium
substrate by interdiffusion processes [26,27,30,31]. This would result in a development of at least one
new phase, in addition to the underpotentially deposited Al monolayer. These new phases should have
their own equilibrium potentials in contact with the electrolyte used. The current wave potentials
recorded on the voltammograms were in agreement with this proposition: there was one cathodic and
two anodic current peaks, Table 2. The “open circuit measurements”, Fig. 3, also revealed two discrete
“shoulders”, I and II, thus defining equilibrium potentials of at least two phases made during Al
underpotential deposition onto Pd substrate under given conditions, Table 3.

Table 2. Peak potential values, E (V vs. Al) of the cathodic and anodic current waves obtained by CV
in Al UPD range onto Pd at different temperatures from equimolar AICIz+NaCl melt.

E o o o
Electrode [V vs. Al] 200°C 250°C 300 °C

Cathodic 0.203 0.176 0.101
Pd Anodicl 0.279 0.446 0.446
Anodicll 0633 0.611 0.567

Prolonged potentiostatic aluminium underpotential deposition led to a proportional increase in
time needed for the dissolution of the phases during the “open circuit measurements”, but had very little
or no influence on the values of the plateaux potentials.

Table 3. Inflection points potentials, (V vs. Al) obtained in “open circuit” measurements after one hour
of aluminium UPD at 0.020 V vs. Al on palladium in equimolar AlCIs+NaCl melt for different
temperatures T (°C).

Inflection point potential 0 o o
[V vs. All 200 °C 250°C  300°C

I 5 0.233 0.314
I - 0.499 0.514

Electrode

Pd
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Values of the two plateaux (equilibrium) potentials recorded were comparable to the values of
the two anodic current waves potentials from Table 2 obtained from CV experiments.

Potentiodynamic polarization curves, Fig. 4, recorded in the Al underpotential range also show
two equilibrium potentials (E; and E;) at values very close to those seen in the “open circuit
measurements” done under the same conditions. Actually, the E, value changed from 0.240 V to 0.225
V and finally to 0.200 V vs. Al while E;; value changed from 0.494 V to 0.526 V and finally to 0.545 V
vs. Al when the working temperature changed from 200 ° to 250 ° and to 300 °C, which was a significant
agreement in the recorded values as well as in dependence on the temperature between the equilibrium
potentials of the two phases presented in Fig. 3 and Fig. 4. This is characteristics for the potential of the
solid phase in equilibrium with its ions in the surrounding electrolyte.

It appeared that electrodeposition of aluminium in the underpotential region onto palladium
proceeded after at least one complete monolayer formed with the same rate with which aluminium atoms
from the monolayer keep entering solid-state intermetallic reactions with the substrate. It seemed that
this dynamic quasi-equilibrium persists during the solid-state intermetallic reaction, most probably, due
to solid-state interdiffusion with the substrate.

This led to the conclusion that electrochemical measurements indicate at least two Pd-Al alloys
being formed during Al underpotential deposition onto Pd substrate from equimolar AlCI3+NaCl mixture
at 200 °, 250 ° and 300 °C. EDS analysis of the palladium surface after Al underpotential deposition
done at all three temperatures registered aluminium on/in the surface, Figs. 5 and 6.

According to XRD analysis surface aluminium-palladium alloys were synthetized even at
potentials as positive to the aluminium equilibrium potential as 0.100 and 0.200 V vs. Al (Figs. 7 and
8). For example, XRD analysis of the Pd electrode kept for 5 hours at 0.200 V vs. Al and 250 °C (Fig.
7), has shown that Al UPD at this potential offers indications of Pd-Al alloys being formed.

Results of our XRD analysis, examples given in Figs. 7-9, clearly indicate AIPd and AlzPds
intermetallic compounds formed by aluminium underpotential deposition onto palladium from
equimolar AlICIz+NaCl melt at 250 °C:

- cubic AIPd (most intensive peaks in diffractogram are at 26 values of 25.89; 36.93; 41.48;
45.65; 60.11 and 72.68 degrees [JCPDS No. 00-029-0065];

- cubic AlzPd4 (most intensive peaks in diffractogram are at 26 values of 26.15; 41.9 and
46.13 degrees [JCPDS No. 00-029-0066].

Analysis of all the diffractograms obtained has shown that aluminium underpotential deposition
onto palladium, at temperatures between 200 ° and 300 °C, always produced several alloys which
possessed characteristic 26 values very close to those of the substrate, which made their matching to the
26 values listed in the literature difficult.

The Al-Pd phase diagram, which has not yet been precisely finalized, envisages nine intermetallic
phases none of which can be formed at temperatures below 600 °C [6-8]. Those richer in palladium are:
AlPds, AlIPd2, AlsPds, AlPd and AlzPd». First three in the listing containing between 71.7 at.% and 62.5
at.% of Pd exhibit an orthorhombic structure, and last few containing between 56 at.% and 39.41 at.%
show a cubic structure. Some authors, however, found that characteristics of Al-Pd phases, AlPd, AlPd>
and Al;Pds are those of nonstoichiometric intermetallic compounds [38]. Others have produced
amorphous thin layer phases by cooling, which when thicker became cubic metastable phase of Al.Pd
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stoichiometry [39,40]. Some have used vapour deposition to nucleate Al-Pd phases of different
structures [41]. It should be mentioned that maximum aluminium dissolution in palladium is 20 at.%
and that at 1055 °C. In other words, the alloys (AIPd, AlsPds) recorded in the analysis made on the
deposits formed during the Al UPD onto Pd (and illustrated by Figs. 7-9) at temperatures applied (200
°, 250 ° and 300 °C) should not have been synthetized.

Available literature shows examples of Al UPD from melts on a number of metals resulting in
examples of alloys being formed at temperatures below those predicted by the phase diagrams of the
individual pairs [26,29-35]. Solid-state interdiffusion between atoms of the deposited metal and the
substrate metal is mainly responsible for the alloy formation at the temperatures, sometimes well below
those demanded by the phase diagram [26,27,30,31,42,43].

To the best of our knowledge, there are no reports regarding electrochemical overpotential and
underpotential deposition of aluminium onto palladium from melts. There are only a few reports of
electrodeposition from ionic liquids [44]. However, there is a number of reports on ion scattering [16,45]
and vacuum deposition of aluminium onto palladium [1,16-18,20,46]. Discussing the results, the authors
propose formation of AIPd, AlsPd and AlsPd as possible phases with primitive cubic (the cell of 2 atoms),
hexagonal (a = 1.30 nm, ¢ = 0.96 nm) and orthorhombic structures (a = 2.2505 nm, b = 1.7729 nm and
¢ = 1.184 nm), respectively. They also proposed a mechanism of surface Al-Pd alloys formation induced
by Al scattering and chemisorbed deposition onto Pd in three steps [1,16-18,20]:

- Al atoms are chemisorbed onto Pd single-crystal plane making a coverage from a half to
a full Al monolayer;

- during annealing at the temperatures from 175 ° to 225 °C starts a stoichiometric
substitution of an adsorbed Al atom with a Pd atom from the Pd substrate until Al coverage is as low as
® = 0.5 of an Al-Pd alloy monolayer [47]; the process continues by further Al atoms migration into the
bulk Pd exchanging places with Pd atoms which come out to the immediate Al layer above and react
with Al atoms remaining as second surface Al-Pd alloy layer; thus a bi-layer is formed made of Al-Pd
surface alloy;

- when bi-layer coverage exceeds ® = 0.5 nucleation of 2D bi-layer islands starts, some of
the round shape and some of a rough shape.

With time or temperature increases, 2D islands can become 3D islands providing that Al atoms
are continuously supplied. It was mentioned that only ~ 22 at.% of deposited aluminium atoms were
used for formation of the surface alloy [17]. The last two layers, over underlayers of Al-Pd alloy formed
on Pd substrate, are always a layer of Pd(2x2)p4g on top of a layer of c(2x2)Al-Pd alloy. This model
suggested that the alloy formed should be an AlPds composition, however, this was not confirmed [18].

It is possible that this or some other modified form of this model takes part in the formation of
the alloys observed during Al UPD onto Pd from the equimolar AICIs+NaCl melt at temperatures 200 °,
250 ° and 300 °C. It should be noted that SEM photographs of the Pd-Al alloy islands-deposit, Fig. 5,
are similar in appearance to those reported in the work describing Pd-Al alloy formation by Al
chemisorption and annealing on Pd [17].
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5. CONCLUSIONS

This report is the first in the available literature on the aluminium underpotential deposition onto
palladium from inorganic melts (AICIs+NaCl) at temperatures below 300 °C.

Solid-state interdiffusion processes involving underpotentially deposited aluminium and
substrate palladium atoms take part during deposition and result in surface alloys formation. Recorded
alloys, AIPd and AlzPds, were synthetized at temperatures below 300 °C, which are several hundred
degrees Celsius lower than the temperatures defined by the Pd-Al phase diagram.

These results could be a basis for a new and less complicated technology for production of filters
to be used in safeguarding hydrogen by decreasing the poisoning effect of carbon monoxide.
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