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Abstract

The purpose of the study was identification of the role of the chemical composition of Pd, Pb-alloys based of palladium in
the processes of injection and extraction of atomic hydrogen.

The objects of study were Pd-Pb alloy foils with a lead content of 3, 5, 7,9, and 11 at. %, representing the B-phase of the
solid solution. Samples with a thickness of 40 to 62 um were obtained by cold rolling. Hydrogen permeability was studied
by cyclic voltammetry and two-stage cathode-anode chronoamperometry in deaerated solutions of 0.1 M H,SO,. The
obtained results were processed according to a mathematical model developed for electrodes of semi-infinite thickness.

The dependence of the hydrogen permeability coefficient, as well as the rate constants of the processes of injection and
extraction of atomic hydrogen, on the chemical composition of the alloy has been revealed. It was found that the Pd-Pb
alloy with a lead content of 5 at.% demonstrates the highest values of hydrogen permeability compared with samples of
the same crystal structure, since the rate constant of atomic hydrogen injection is very sensitive to the alloy structure. The
latter confirms that the phase-limiting transition of atomic hydrogen into the alloy is the rate-determining stage, at least
in the initial period of time.
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1. Introduction

Now, one of the promising areas is the
development of materials for portable electronic
sensors based on palladium alloys and their
oxides [1-3]. Methods for the synthesis of such
materials are not expensive and are compatible
with planar technologies of the microelectronic
industry [4, 5].

An analysis of literature sources indicates that
metal oxide semiconductors based on palladium
alloys have a significant advantage in detecting
gases with oxidizing properties (0zone, nitrogen
dioxide) compared to materials with n-type of
conductivity, in particular tin (IV) oxide SnO,,
which is widely used for the detection of reducing
gases [6]. However, the process of interaction of
palladium alloys and metal oxide semiconductors
based on them with reducing gases remains not
fully understood.

Also, one of the important areas of hydrogen
energetics is the production of high-purity
hydrogen using membranes based on palladium
and its alloys. Hydrogen is widely used as fuel
for ecological transport and in power plants,
as well as in industries such as micro- and
nanoelectronics and reduction metallurgy [7-
9]. Effective palladium membranes should have
not only high specific hydrogen permeability and
corrosion resistance, but also high plasticity [10,
11]. The forecasting of hydrogen permeability is an
important step in the design of fused membranes
for hydrogen separation. Hydrogen permeability
in alloys is determined by the diffusion coefficient
of hydrogen and its solubility. Since in modern
technologies the consumption of high-purity
hydrogen is in great demand, reduction of the cost
of its production becomes necessary. Therefore,
the transition from pure metals to alloys is one
of the effective ways for reducing the cost of
membranes. In addition, doping palladium with
such chemical elements as Pb, Ru, Cu, Y, and
Ag can increase the durability of the membrane
[12-15].

The Pd-Pb system exhibits limited solubility
over the entire range of compositions and
temperatures. The investigated samples of alloys
of the Pd-Pb system with a lead content of up to
14 at. % are substitutional solid solutions [16]. It
was also shown in [17] that the Pd-Pb system has
a fairly wide range of a-solubility compared to
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other binary palladium compounds. An analysis of
the research results [12] showed that the addition
of lead to palladium-based alloys leads not only
to an increase in their hydrogen permeability,
but also to an increase in corrosion resistance,
strength, and plasticity. The fact that binary Pb—
Pd alloys have an excellent ability to accumulate
atomic hydrogen is also important [18].

The aim of this research was investigation
of the role of the chemical composition of
palladium-based Pd,Pb alloys in the processes
of injection and extraction of atomic hydrogen.

2. Experimental

The studies were carried out on foils made of
palladium-lead solid solution with a Pb content
3,5,7,9,and 11 at. % obtained by cold rolling.
The foil thickness of the Pd-Pb system ranged
from 40 to 62 pm.

The studied samples were made in an electric
arc furnace in a purified helium environment at
a slight overpressure [12]. Pd-Pb systems were
fused with lead and palladium with a purity of
99.95 wt. %. Each ingot was subjected to remelting
2-3times, which allowed ensuring the uniformity
of the composition. Then, the flat samples were
melted from the original ingots for subsequent
rolling into foil. The chemical composition of
the alloy was controlled by scanning electron
microscopy (SEM, Jeol-6510, Japan). The structure
and phase composition of Pd,Pb samples were
studied by X-ray diffractometry (ARL X’TRA,
Switzerland).

For obtaining foil of a given thickness, the
annealed samples were subjected to cold rolling
followed by vacuum annealing at 950°C for 3 h,
and then rolling on a four-high rolling mill in 10
passes with intermediate vacuum annealing at
900 °C for 30—-90 min. The use of this technology
allows to obtain foils with a uniform fine-
grained structure of a solid solution with an FCC
lattice. The electrode made of spectrally pure
graphite, onto which metal samples, previously
degreased with ethyl alcohol were deposited
using a conductive graphite glue, was used for
electrochemical measurements.

The studies were carried out in a glass three-
electrode cell with the cathode and anode
spaces separated by a thin section. The working
solution was aqueous 0.1 M H,SO, (extra pure
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grade), prepared using a bidistillate. Solutions
were deaerated with chemically pure argon for
30 min. Platinated platinum Pt(Pt) was used
as an auxiliary electrode. Copper sulphate
reference electrode (0.1M CuSO, +0.1M H,SO,)
was connected to the working electrode with a
Luggin capillary and a thin section.

Electrochemical measurements were
performed by cyclic voltammetry and two-stage
cathode-anode chronoamperometry using an
IPC-Compact potentiostat. Before obtaining the
polarization dependences, the working electrode
was subjected to preliminary preparation, for
the removal of the products of oil annealing
used in rolling, as well as for standardization of
the surface condition. The preparation included
preliminary polarization of the electrode for 500 s
at the initial potential £ = 0.21V, followed by
cycling over a wide range of potentials. First, the
potential was scanned from E_to the cathode
region E_=-0.13 'V, then the scanning direction
was changed to the anode regionup toE, = 1.55V
and againreturned to E_. The potential scan rate
was 5 mV/s. According to this scheme, the samples
were cycled four times without preparation of the
electrode surface and changing the solution.
Potentiodynamic curves (forward and reverse)
were obtained in the same range of potentials at
dE/dt =5 mV/s.

The potential E = 0.21 V was applied to the
working electrode for 500 s before obtaining each
two-stage cathode-anode i,t-curve. The curve
corresponding to the cathode current transients
was recorded at the hydrogenation potential
E_=-0.13 V, the hydrogenation potential
values were the same for all studied samples.
The duration of the hydrogenation process ¢,
of electrodes was changed from 1 to 10 s. Then
the potential was switched to the hydrogen
ionization potential E? determined based on the
anodic peak in the cyclic voltammogram. The
current transients was recorded until it reached
a constant value, which usually occurred within
500 s. After that, without turning off the cell
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and without removing the electrode from the
cell, the pre-polarization potential E was again
applied and the procedure with another time
t. was repeated. The hydrogenation time used
in the study ¢, = 10 s removed the possibility of
palladium hydrides being formed.

All potentials are provided for a standard
hydrogen electrode, and the current values are
given per single unit of the visible surface.

3. Results and discussion

Hydrogen permeability depends on many
factors, such as the roughness, structure,
substructure, and phase composition of metal
systems. Diffraction patterns of the studied Pd,Pb
alloys with different lead content are shown in
Fig. 1. The orientation of the (200) and (220)
faces was most pronounced in alloys with a lead
content of 3,5,9,and 11 at. %. This orientation is
characteristic of cold-rolled samples due to grain
elongation during rolling. The texture (111) and
(311) was characteristic for an alloy with a lead
content of 7 at. %. As can be seen from Fig. 1, the
orientation of the faces of Pd-7 at. % Pb alloy
was close to the orientation for pure palladium
obtained under the same conditions.

The values of the crystal lattice parameters for
alloys of the Pd—Pb system, obtained at different
pretreatment temperatures in a vacuum are
shown in Table 1 [12].

As can be seen from the data in the Table, an
increase in the lead content in the alloy of the Pd-
Pb system from 3 to 11 at. % results in a nonlinear
change in the period of the crystal lattice, which
reached a minimum at X, = 5 at. %.

The production of thin metal alloys by
cold rolling involves the use of organic oils.
Subsequent annealing of rolled samples at
temperatures of 900 and 950 °C results in the
formation of annealing products on the surface
of the alloys. The presence of such products
manifested itself on the anodic branches of
the potentiodynamic curves as a suppression
of the ionization peak of atomic hydrogen and

Table 1. Lattice parameter of Pd-Pb alloys during vacuum heat treatment [12]

rog X,,,at.%

’ 3 5 7 9 11

25 3.9080+0.0005 | 3.9027+0.0007 | 3.9286+0.0007 | 3.9422+0.0003 | 3.9480+0.0002
200 3.9168+0.0005 | 3.9114*0.0013 | 3.9369+0.0002 | 3.9511#0.0010 | 3.9567%0.0006
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Fig. 1. X-ray diffractograms of Pd-Pb alloys foil with

lead content: 3(1), 5 (2), 7 (3), 9 (4), 11 at. % (5) and
Pd (6)

the appearance of a peak in the potential range
from 1.00 to 1.20V (Fig. 2). This peak, which was
clearly visible both in the first and second cycles
of voltammograms, was probably associated with
the oxidation of oil annealing products on the
surface of the rolled foil. Further cycling of the
potential significantly increased the height of the
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Fig. 2. Cyclic voltammograms for Pd-7 alloy foil at.%
Pb obtained in 0.1 M H,SO, at dE/dt = 5 mV/s; 1-4 -
cycle numbers

atomic hydrogen ionization peak, and results in
the disappearance of the oxidation peak. Five or
more scan cycles did not lead to any noticeable
changes in the obtained results.

Thus, the cyclic voltammetry method not
only turned out to be sensitive to contamination
of the surface of metal samples, but also allowed
additional surface cleaning to be performed.

Cyclic voltammograms obtained on the foil
electrodes of the Pd-Pb system with different
lead content are shown in Fig. 3. The comparison
of cyclic voltammograms revealed that 3 at.%
of lead in the alloy results in a sharp increase
in the ionization peak of atomic hydrogen
compared to pure palladium. However, an
increase in the concentration of lead to 11 at.
% results in a decrease in the ionization rate of
atomic hydrogen. The cathodic branch of the
curve at a potential of ~0.65 V had a peak related
to the reduction of surface palladium oxides,
presumably PdO. The position and amplitude
of this peak were practically independent of the
lead concentration in the alloy. The observed
maximum cathode current corresponds to the
process of evolution of molecular hydrogen.

For the calculation of the hydrogen
permeability parameters two-stage cathode-
anode chronoamperograms of samples of the
Pd-Pb system were used (Fig. 4). Their general
view was similar for all alloys, however, as
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Fig. 3. Cyclic voltammograms for foil alloys of the Pd-
Pb system with X, =3 (1),5(2),7 (3),9(4), 11 (5) at. %
and palladium (6) obtained in 0.1 M H,SO, at
dE/dt = 5 mV/s

the hydrogenation time increased, a gradual
increase in anodic and cathodic currents was
observed. It should be noted that if the nature of
the declines on the anode and cathode i,t-curves
for alloys with X, up to 7 at. % was quite sharp,
for alloys with a lead content of 9 and 11 at. %,
the currents decrease more smoothly, which
may be due to a change in the mechanism of
the process.

As in the case of rather slow cyclic
voltammograms, the pulsed cathodic and
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anodic current transients with an increase in
lead content up to X, = 7 at. % first increased
and then decreased. Therefore, the addition of
Pb to the palladium crystal lattice in an amount
of more than 7 at. % results in the suppression of
both the intercalation process and the ionization
of atomic hydrogen.

Using the results presented in [19], and
taking into account the thickness of the studied
samples, further processing of the experimental
data was carried out using a mathematical model
describing the injection and extraction of atomic
hydrogen for electrodes of semi-infinite thickness
[20]. This model assumes that during the period
of hydrogenation ¢_= 10 s, there is no through
penetration of atomic hydrogen into the foil.
In this case, according to [20], for the studied
samples, the cathode current transients i_is
described by the equation:

o k>t kt'’?
lc(t):zj+Fk(c;[(nc)—cg)~exp o erch.(l)

H

Here i is the maximum cathodic current, D,
is the diffusion coefficient of atomic hydrogen in
the solid phase, k is the efficient rate constant of
atomic hydrogen extraction, Ac: =(cz(n°)—cy)
is the change in the concentration of atomic
hydrogen H in the surface layer of the metal
phase cg, and ¢; is the equilibrium molar
concentration H in the bulk and in the near-
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surface layer of the film, respectively, and n_ is
the cathodic overvoltage.

For short times when t < 35, and the parameter
74172
Dz < 1,equation (1) describes the initial period
H

of the cathodic current transients, when the phase
boundary kinetics mode is reached:

] 2i<_t1/2
2 1/2°
n'°Dy,

L(6)=i,(0)-Fk[c; (n,)-c; 2)

74172
In case when W>> 1, which means that
H

the limiting stage is the solid-phase diffusion H,
equation (1) is transformed:

FK, 3)

ic(t) = i:’ + VT

Here K, = Ac=-D,'* is the coefficient that makes
it possible to estimate the permeability of hydrogen
into the metal in the case when the values Ac-. and
D, cannot be determined separately.

The linearisation of cathodic chronoampe-
rograms obtained at ¢, = 10 s, allowed to isolate
two linear segments (Fig. 5). Their location, both
at short and longer times, strongly depends on
the concentration of palladium in the alloy. At the
same time, the slopes of the obtained dependences
not significantly differed from each other. This
suggests that with an increase in the concentration
of lead in the Pd,Pb-alloy, the mechanism of
hydrogen insertion/ionization does not change.

227

1
[\S]
'
'
1
[
'
¢
~~
o
N~

Current density i, mA/cm’
1 1 1 1
o —_ —_ —_
P o i o 0
- —
']
1 1
. 1)
' ' ’
' 3 )
N '
1
1
/// ;
/ l
B ~o N Oy

o
o0

S
(o)
(9,1
—
o
W
e}

172 2

. 1
Timet ", s

2023;25(1): 85-94

Hydrogen permeability of the Pd-Pb system foil of various composition

Diffusion and kinetic parameters obtained
from the linear dependences of the cathodic
current transients are presented in Table 2:

Analysing the obtained parameters, we
can conclude that the hydrogen permeability
parameter K, grows with an increase in the
concentration of lead in the palladium crystal
lattice, reaching a maximum value in the alloy
with X, =7 at. %. A further increase in the lead
content in the alloy results in a non-systematic
change in the parameters.

The comparison of similar characteristics on
Pd-Pb samples with pure palladium revealed that
even small additions of lead to the palladium
crystal lattice results in the suppression of
the processes of incorporation and ionization
of atomic hydrogen in the alloy. At the same
time, the calculated values of the parameters
determined for the alloy with X,, = 7 at. %,
almost coincide with the values corresponding
to palladium.

It should be noted that the effective rate
constant of the extraction k for all the studied
alloys remain practically unchanged within
the experimental error. At the same time, the
effective rate constant of the process of injection
of atomic hydrogen k varied with the change
in lead content in the alloy. As in the case of
hydrogen permeability, these characteristics
were maximal for an alloy containing 7 at. % Pd.
As a consequence, the adsorption equilibrium
constant K changed in the same way.
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Fig. 5. Linearised cathodic potentiostatic current transients curves for Pd-Pb alloy samples with X, = 3 (1),
5(2),7(3),9 4), eleven (5) at. % for different time sections: a) t=0-3s;b)t=4-10s

90



Condensed Matter and Interphases / KoHaeHCcMpoBaHHble cpeabl M MexXda3zHble rpaHuLLbl

N. B. Morozova et al.

2023;25(1): 85-94

Hydrogen permeability of the Pd-Pb system foil of various composition

Table 2. Characteristics of cathode injection and anode extraction of atomic hydrogen obtained both
on the foil of the Pd-Pb system with different lead content and on Pd [21]

. 3
Xy at. % m()lffc;?z_’sl/z k x108, mol/cm?s k x10%, cm/s K-x10%, mol/cm®
0 2.06+0.76 1.88 +0.47 2.43+0.86 5.57+2.24
3 1.07 £0,01 1.12+0.04 3.77£0.05 3.32%0.02
5 1.40 +0.01 1.35+0.01 3.07 £0.05 4.36 £ 0.01
7 2.02+0.01 1.79 +0.01 3.24%0.13 5.63£0.01
9 0.65*0.01 0.58 £0.05 3.21%£0.02 1.84 +0.01
11 1.64 +0.01 1.66 +0.01 3.05+£0.02 5.08 £0.01

The values k and k determined in these
experiments are important characteristics
of the phase-boundary exchange process.
The most favourable orientation of a metal
sample for surface processes is the (311) crystal
face, which manifests itself in an alloy with
X,, = 7 at. %. However, based on the obtained
results, we can conclude that the results on
hydrogen permeability for an alloy with 7 at. %
cannot be compared with data for alloys of other
compositions due to the different structure of
the alloy. On the other hand, there was a non-
monotonic decrease in both the diffusion and
kinetic parameters of hydrogen permeability for
alloys with X, >7 at. %. In this regard, it should be
noted that the alloy used in the study with X, =11
at. % had additional deformations associated with
the folds of the sample. The latter could lead to an
increase in the hydrogen permeability parameter.

The theoretical model developed for samples

Heret=t-t_.Inthe anodic chronoamperogram
(4), it is not possible to identify the sections
corresponding to the phase boundary transition
and diffusion processes separately. Therefore,
the processes of injection and extraction of
atomic hydrogen were considered only within the
framework of the solid-phase diffusion kinetics
regime. We assumed that, at sufficient times,
these processes are limited only by solid-phase
diffusion of atomic hydrogen in a metal sample.
Taking into account this assumption, the section
of the anode i,t-curve at t > 50 s was well linearised
in the coordinates i — [1/1"* - 1/t"*] according to
the equation:

. .. FK 1 1
L (T)zla _I_/ZD(W_tIT]' ©)

T

The value of the hydrogen permeability
coefficient K, can also be found from the slope
of the chronocoulograms plotted in coordinates

o . : V2 | 412 _ 412 . L
of semi-infinite thickness adequately describes  4.(0) = [T +t.* —t "] according to the equation:
the processes of cathodic injection and anodic 2FK

—_ 1% D 1/2 1/2 1/2
extraction of atomic hydrogen on the studied % (v)=iyT+ 2 [T -t ] (6)

alloys of the Pd-Pb system with different lead
content. In particular, the complete anode
current transients of step chronoamperograms
is adequately described by the equation:

Flcg (M) —¢5]

(V=1 - V22 DHl/z x
) ke @
x| 1- 7 |eXP erfc—.
D D, D,

The parameters of the injection and extraction
processes of atomic hydrogen, determined using
the linear dependences of the anode current
transients, are presented in Table 3.

One can see from these data, the hydrogen
permeability coefficient calculated based on
the anode current transients was somewhat
overestimated compared to K, calculated based
on cathode current transients (Fig. 6). Possibly,

Table 3. Hydrogen permeability coefficients calculated from anodic chronoamperograms and
chronocoulograms for Pd-Pb system foils with different lead content

X,,,at.% 3 5 7 9 11
K, (i )x108 mol/cm?s'2 3.01 £0.04 4.41+0.01 14.27 +0.30 1.49 £ 0.02 8.08 +0.30
K, (g,)x108 mol/cm?s'? 4.86 £0.02 4.54+0.02 7.11+0.15 16.33+0.05 | 23.87 +0.09
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Fig. 6. Dependence of K on the composition of the
alloy, found from the cathode (1) and anodic chrono-
amperograms (2) and chronocoulograms (3)

this phenomenon is due to the effect of dilatation
of the crystal lattice of palladium-based alloys.
It should be noted that the nature of the K
dependencies determined based on the cathode
and anode chronoamperograms (Fig. 6) on the
composition of the alloy was almost the same.
At the same time, the K, values, calculated based
on chronocoulograms, non-linearly increase with
an increase in the lead content in the alloy. The
reasons for this discrepancy are not yet clear.

Lead additives strengthen palladium. Out of
the studied alloys, a sample with a lead content
of 11 at. % had higher hardness (HV) and higher
tensile strength (c,) than the other samples
[12]. As a result, this sample was more prone to
the formation of macrodefects, which adversely
affect the hydrogen permeability. In addition, this
composition is close to peritectic for the Pd-Pb
system, which can also affect the electrochemical
behaviour of the sample.

Based on the presented X-ray patterns
(Fig. 1), we can conclude that the alloy containing
7 at. % Pb is very similar to pure palladium
by crystallographic orientation. Therefore, a
comparison of the hydrogen permeability of alloys
with a Pb content of 7 and 11 at. % with alloys of
other compositions is incorrect. Therefore,among
Pd,Pb alloys with a lead content of 3, 5,and 9 at.%,
the alloy with X, = 5 at.% was characterized by
the highest hydrogen permeability. In this case,
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alloys of the same crystallographic orientation
were considered.

The data obtained are consistent with the
results presented in [12]. However, the indicated
values of hydrogen permeability, obtained using
the physical method of the calibrated volume,
did not reveal a noticeable effect based on the
orientation of the crystal face. At the same time,
the electrochemical method of non-stationary
chronoamperometry used in this study turned
out to be sufficiently sensitive to the structural
state of the sample surface.

4. Conclusions

1. The injection and extraction of atomic
hydrogen of the studied Pd-Pb samples of
different compositions, obtained by cold rolling,
is adequately described by a mathematical
model developed for electrodes of semi-infinite
thickness.

2. Potentiodynamic and chronoamperometric
dependences for alloys of the Pd-Pb system with
lead content X, < 11 at. % showed that small
additions of lead to palladium did not change
the kinetics of hydrogen evolution. An alloy with
a lead content of 5 at. % demonstrated the best
hydrogen permeability among the alloys of the
Pb-Pd system, considering samples with the
same structure.

3. It was established that when lead is added
in an amount of up to 7 at. % into the crystal
lattice of palladium, both the atomic hydrogen
ionization rate and hydrogen permeability
increased. However, a further increase in the lead
content in the alloy results in suppression of the
process. At the same time, the addition of lead
results in a decrease in the hydrogen permeability
constant K, as well as the effective rate constant
of atomic hydrogen injection k compared to pure
palladium.

4.The electrochemical method of chronoampe-
rometry turned out to be quite sensitive to
the structural state of the sample surface. The
alloy structure especially affected the phase-
boundary exchange stage, which was reflected
in the effective rate constant of atomic hydrogen
injection.
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