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Abstract

The hydrogen electrosorption process was examined in 6 M KOH on Pd binary alloys, containing Rh, Ru, and Pt. Pd-alloys were
electrochemically deposited on Au substrate. The electrodes were subjected to activation procedure—hydrogen pretreatment
procedure (HPP) at first in 0.5 M H,SO,4 and then in 6 M KOH. It was noticed that it was possible to achieve comparable
reversibility of hydrogen electrosorption process in acid and in concentrated base. The obtained values of the «—3 phase
transition potential, hysteresis extent, and maximum hydrogen absorption capacity show good agreement with the data from
acidic medium. The observed kinetics of hydrogen electrosorption were strongly hindered in concentrated alkaline media,
whereas the influence of the electrolyte on the thermodynamic functions of hydrogen absorption is less pronounced.
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Introduction

In spite of the fact that hydrogen sorption properties of Pd and
its alloys are examined for many years, still many aspects of
this process are not explained or confusing. Researchers are
mostly focused on the synthesis of new electrode material and
hydrogen sorption from gas phase [1-4], wherein the impact
of the electrolyte is often overlooked. Therefore, in the litera-
ture, there are many publications dedicated to hydrogen
electrosorption in Pd-based electrodes from acidic water solu-
tions [5—21]. Unfortunately, not many researchers address the
problem of hydrogen sorption in alkaline media [22—-35] being
confined predominantly to Pd examination in diluted
solutions.

Moreover, there are limited works concerning the hydro-
gen sorption in Pd from non-aqueous media [36-39]. The
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behavior of Pd-based materials in concentrated alkaline media
seems to be very important having regard for the fact that Pd
and its alloys are considered as efficient modifiers of hydrogen
sorption properties of AB-type alloys [40—42]. It was recently
found that hydrogen sorption kinetics are strongly enhanced
when the surface of an ABjs alloy is modified with Pd nano-
particles [43]. Since hydride batteries still work in concentrat-
ed alkaline media, it is crucial to use these electrolytes to
examine the process of hydrogen sorption in Pd alloys.

Pd-Rh and Pd-Ru alloys belong to the class of contracted
alloys (lattice constant decrease after alloying), whereas Pd-Pt
alloys are classified as expanded alloys (lattice constant increase
after alloying) [44]. Generally, the assignment to the specific
class can be done on the basis of the variation of the x— 3 phase
transition potential with the content of the alloying metal. In case
of contracted alloys, the potential of x—[3 phase transition de-
crease with the addition of the alloying metal, and in expanded
alloys, the behavior is opposite. Pd-Pt alloys are an exception to
that rule, since Pd alloying with Pt causes the expansion of the
lattice constant, but x—[3 phase transition potentials are shifted
into lower values compared to Pd. Noh et al. assigned this be-
havior to the decrease in compressibility [45], and Moysan et al.
claims that it is the effect of large broadening of the valence band
upon alloying [46].

Alloying Pd with Ru or Rh enhances the hydrogen storage
capacity since Ru or Rh acts as an electron acceptor to Pd [14, 15,
47-49]. Both mentioned types of binary alloys have similar
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electronic structure, with free states around and below Pd Fermi
level. It allows for the electron transfer from Pd to Rh or Ru,
resulting in an increase of the number of holes in Pd d-band, that
can be filled by the electrons from absorbed hydrogen [50].

Recently, the authors have published the results concerning
hydrogen electrosorption in Pd-LVE (limited volume elec-
trode) electrode immersed in concentrated alkaline media
[51]. It was noticed that neither the type of concentrated elec-
trolyte (KOH, NaOH, mixed KOH and LiOH, 0.5 M H,SO,)
nor long cycling in hydrogen region affected the maximum
hydrogen capacity of Pd (H4/Pd). It was concluded also that the
activation procedure (so-called hydrogen pretreatment proce-
dure (HPP)) has a significant impact on the «— 3 phase tran-
sition potential. After implementation of HPP, acxc—f3 phase
transition potential in Pd equals to ca. 0.05 V regardless of
the type of electrolyte. It was found that subsequent cycling of
the Pd-LVE electrode in the potential region corresponding to
hydrogen sorption and desorption results in similar values of
Gibbs energy for hydrogen absorption. These interesting con-
clusions were a motivation to subsequent examination of the
hydrogen sorption properties in Pd binary alloys with Rh, Ru,
and Pt in concentrated alkaline media.

The results obtained for binary alloys in concentrated alka-
line media were compared either with those obtained for the
same samples in acidic media or with published data. In the
view of the authors, studies concerning hydrogen
electrosorption properties of Pd binary (Pd alloyed with Rh
or Ru or Pt) alloys in concentrated alkaline media have not
previously been published.

Experimental

Hydrogen electrosorption experiments were carried out in a
three electrode system: Pd-M (M = Rh, Ru, Pt) LVE [51] was
the working electrode, Pt gauze was the auxiliary electrode,
Hg|/HgO|6 M OH  was the reference electrode. LVE elec-
trodes were electrodeposited from the PdCl, solution with
either H,PtClg, RhCl;, and RuCl; solutions according to the
procedures described in details in [12—15]. Physicochemical
characteristics of the alloys are described in details in [52].
The compositions of each alloy were analyzed with the use
of optical emission spectrometry with inductively coupled
plasma (ICP-OES) in the analytical laboratory of Mint-
Metals LLC (Poland). Before the ICP-OES analysis, the sam-
ples were dissolved in aqua regia. The thickness of the LVE
electrodes is equal to ca. 0.5+0.1 pum. The hydrogen
electrosorption in Pd binary alloys was conducted at first in
0.5 M H,SO, solution and then in 6 M KOH solution. During
the experiments, Ar was used to the deaeration. All potentials
were calculated in reference to RHE. The potential recalcula-
tion into RHE was done with the use of Hydroflex electrode
[38, 39, 51].
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Results and discussion
The implementation of the HPP

In previously published research, concerning the behavior of Pd-
LVE electrode in concentrated alkaline media, the authors
ascertained the impact of HPP on hydrogen sorption properties
of the Pd electrodes [51]. The implementation of similar proce-
dures has been checked in case of Pd-binary alloys containing
Rh, Ru, and Pt. HPP involves electrode polarization in the po-
tential region of hydrogen absorption and desorption. The tech-
niques of chronoamperometry (CA) and cyclic voltammetry
(CV) were used alternately to achieve invariable CA and CV
courses. In this study, before HPP in 6 M KOH, the electrodes
were subjected to HPP in 0.5 M H,SOy. The results of HPP in
acid are shown in inset in Fig. la. In case of HPP in acid, only a
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few cycles/steps lead to stabilization of hydrogen oxidation po-
tential ().

The greatest discrepancy was visible for Pd electrode; how-
ever, after ca. 6 cycles, the £, reaches stable value of ca.
0.10 V. Ey,, value lower than in Pd was achieved for different
binary alloys, irrespective of the type of the alloying metal and
composition. Figure 1a presents further electrodes cycling in
6 M KOH. One can notice that in case of some electrodes,
Eroy 1s lower at the beginning of the experiment than after a
few cycles/steps of HPP. This behavior was observed for all of
the investigated alloys, regardless of the alloying metal.
Similarly as for Pd electrode, in alloys, CA has a stronger
impact on the evaluation of the £}, towards lower potentials
than CV. Analysis of the HPP course in Fig. 1a leads to the
conclusion that rather deterioration than improvement of re-
versibility of hydrogen sorption process can be observed after
application of CV. It is manifested by the increase of Ez,, in
subsequent CV cycles. Evaluation of the dependence of Ex,,
on number of CV cycles shows that for the alloys lower final
value of Ey,, (ca. 0.10-0.12 V) can be achieved than for Pd.
Figure 1b presents the CV behavior for exemplary Pd-Ru
electrode before and after HPP in 6 M KOH.

It is clearly visible that application of HPP results in a
significant increase of the electrochemical reversibility of the
hydrogen sorption process. CV after HPP in 6 M KOH resem-
bles the course of the CV in acid.

HEI for Pd binary alloys

After implementation of HPP in concentrated alkaline media, Pd
binary alloys were subjected to the experiments of hydrogen
absorption and desorption with the use of CA (absorption, de-
sorption) and CV (absorption in wide potential range) tech-
niques. In Fig. 2a—c, there are results obtained in acid and con-
centrated base for the selected compositions of Pd-Rh, Pd-Ru,
and Pd-Pt alloys. It should be emphasized that electrolytes used
in hydrogen electrosorption experiments significantly vary in pH
and viscosity. Dynamic viscosity of 6 M KOH is 2 times higher
than the one of 0.5 M H,SO,. Furthermore, in both cases, the
source of hydrogen is different: hydrogen cation in acid, water
molecule in base. Despite the differences in electrolytes used in
the experiments, the courses of hydrogen electrosorption iso-
therms (HEISs) in the two-phase (o« [3) region show good com-
patibility. Similar conclusions were drawn previously for Pd-
LVE [51]. Tt is worth noting that achievement of these results
was possible only after implementation of HPP.

a— phase transition potential and hydrogen
electrosorption hysteresis

From HEIs it was possible to designate the values of ax—3
and 3—« phase transition potentials in selected Pd binary
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Fig. 3 a The influence of the alloy composition and alloying metal on the
potential of x— {3 phase transition. b The hysteresis of hydrogen sorption
(base, full symbols; acid, open symbols); linear regression done for
results in alkaline media

alloys. Figure 3a shows the dependence of ox—[3 phase tran-
sition potentials on the Pd content in the bulk. For comparison,
there are also presented, the results obtained for the same
electrodes in acid. £,_,3 vs Pd content dependence is linear
in acid as well as in base. It means that the use of E,_,3 to
estimate the approximate composition of binary alloys can be
utilize successfully also in concentrated alkaline media.
Unfortunately, the relation of Es_,, to Pd content shows
worse agreement; however, it is also visible in acidic media.
The discrepancies of Ej_,, vs Pd content can be explained
based on the conditions of CA desorption measurements. To
obtain full saturation of hydrogen, the electrode was polarized
for several dozen/several hundred seconds in the potential of
[3-phase formation. These conditions of electrode polarization
results in not only hydrogen saturation but also undesirable
impurity adsorption on the electrode surface. Since in
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concentrated alkaline solution, in principle, the concentration
of impurities is higher than in acid, this effect is noticeable
more often in basic than in acidic media. The strongest depen-
dence of E,,_,3 on Pd content is noticeable in case of Pd-Ru
alloys, while for Pd-Rh and Pd-Pt, these relations have similar
courses. From Fig. 3b, one can see that the hysteresis extent of
hydrogen sorption decreases the fastest with increasing Pd
content in Pd-Ru alloy. Pd-Pt alloys reveal the weakest depen-
dence of hysteresis on the alloy composition. For Pd-Rh al-
loys, slope of this dependence is intermediate between Pd-Ru
and Pd-Pt alloys. In general, it can be concluded that no sig-
nificant difference in the phase transition potential of hydro-
gen sorption, and by association the degree of hysteresis, was
noticed after comparison of the results achieved in acid and
concentrated base for Pd binary alloys. After implementation
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Fig. 4 a The dependence of time of hydrogen sorption on potential value
for 98% Pd-Ru; hydrogen desorption, open symbols; hydrogen absorp-
tion, filled symbols. b The influence of alloy composition and type of
electrolyte on the maximum, normalized time of absorption; hydrogen
sorption in acid, open symbols; hydrogen sorption in base, filled symbols
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of HPP, the behavior of Pd-binary alloys in two-phase region
in concentrated alkaline media is similar to the one obtained in
acid.

The kinetics of hydrogen absorption in concentrated
alkaline media

The kinetics of hydrogen absorption in concentrated alkaline
media were studied through the analysis of hydrogen absorp-
tion times determined from CA absorption curves. Figure 4a
presents the influence of hydrogen sorption potential on the
time of absorption and desorption in base and acid for the
exemplary Pd-Ru alloy. One can notice that in the absorption
and desorption processes, times of hydrogen sorption are sig-
nificantly longer in base than in acid. This effect is more
pronounced in regions where the « and (3 phases coexist.
Thus, further discussion on the hydrogen sorption kinetics
was based on the variation of the maximum times of hydrogen
sorption with the alloys composition. Regarding the fact that
absorption times can be influenced by the amount of absorbed
hydrogen, times of absorption were normalized to the H/M,
according to the procedure described in [14]. It can be noticed
from Fig. 4b that normalized times of absorption in concen-
trated base are generally few times higher than in acid. They
are the longest in case of Pd-Ru alloys (max. 9 times higher
than in acid) and Pd-Pt alloys (max. 3 times higher than in
acid) electrodes. However, overall tendency to reduce the time
of absorption with increasing content of the alloying metal is
preserved, as it is in case of acid. The increase of the sorption
time in concentrated alkaline media can be an effect of the
presence of impurities on the electrode surface (mentioned
in the “a—3 phase transition potential and hydrogen
electrosorption hysteresis” section). Since the individuals
adsorbed on the electrode surface can hinder the process of
hydrogen insertion (removal) to (from) bulk of the electrode.
Other arguments confirming deterioration of the kinetics of
hydrogen sorption in concentrated base are related to the re-
duced value of the maximum hydrogen desorption currents
(compared to results in acid). To verify proposed hypothesis,
simple experiment was conducted—before the procedure of
CA hydrogen desorption, the electrode was polarized in the
potential region involving creation of surface oxides and the
reduction of them. Before and after this experiment, CA de-
sorption curve was registered (after full saturation of elec-
trode). It was noticed that the desorption time and the max.
desorption current were higher after the electrode polarization
in “surface oxide region.” It indicates that the hydrogen sorp-
tion kinetics are strongly influenced by the state of the elec-
trode surface. However, the applied procedure cannot be uti-
lized often, since many cycles in surface oxide region causes
the alloy dissolution and thereby the change in the alloy com-
position [53].
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Table 1 The minimum hydrogen concentration in 3-phase and maxi-
mum hydrogen concentration in «-phase for Pd and selected composi-
tions of Pd-Rh, Pd-Ru, and Pd-Pt alloys in 6 M KOH

Table 2 The values of Gibbs energy of hydride formation/
decomposition for Pd and selected compositions of Pd-Rh, Pd-Ru, and
Pd-Pt alloys in 6 M KOH

Alloy type Pd content (at. %) HIM 0tax HM Bmin
Pd 100 0.036 0.52
Pd-Rh 98.6 0.038 0.52
96.4 0.083 0.54
92.5 0.092 0.49
Pd-Ru 98.0 0.038 0.50
96.5 0.059 0.39
94.5 0.072 0.38
Pd-Pt 914 0.042 0.40
90.7 0.053 0.38
84.7 0.07 0.30

The maximum hydrogen capacity of the alloy in the
concentrated alkaline media

From the point of view concerning the hydrogen storage prop-
erties, it is very important to discuss the influence of the type
of the electrolyte and the alloying metal on the maximum
hydrogen capacity. Figure 5 presents the results obtained for
Pd binary alloys with Rh, Ru, and Pt in acid and concentrated
base. For comparison, there were placed also the literature
data registered in acid [12—14]. One can notice that the values
of maximum hydrogen capacity obtained in acid and concen-
trated base are similar. Thus, the tendency of decreasing
H/M,,... with increasing content of the Pd-alloying metal is
also noticeable. It should be mentioned that for Pd-Rh alloy,
containing ca. 92.5% Pd, the H/M in concentrated base is also
(as in acid) higher than in pure Pd. For Pd-Ru alloys, this
property has not been confirmed, since, in acid, it was char-
acteristic only for alloys containing less than 1% of Ru [14].
These results show that surface processes (individuals
adsorbed on the electrode surface) have no adverse influence
on the maximum hydrogen capacity. In case of all studied Pd-
Pt alloys, slight increase of the H/M,,,x can be observed in
6 M KOH compared to acid. However, it can be noticed
(comparing with the literature data) for examined samples,
not only in concentrated base, but also in acid. This behavior
can be explained on the basis of the theory postulated in the
literature [54] that hydrogen capacity increases with the de-
creasing thickness of the LVE. The thicknesses of examined
samples were ca. 0.5 um, while thicknesses of the electrodes
from the literature were ca. 1 um. In case of Pd-Rh and Pd-Ru
alloys, there is rather slight decrease of hydrogen maximum
capacity in electrodes examined in this study. In Table 1, there
are calculated the values of maximum hydrogen solubility of
hydrogen in «-phase and minimum hydrogen solubility in 3-
phase for Pd binary alloys enable to 3-phase formation. These
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Alloy type Pd content (at. %) —“AG, i/ AGs,,
(kJ mol ™" 112) 298 K
Pd 100 9.6/ 12.5
Pd-Rh 98.6 8.1/10.8
96.4 7.0/9.1
92.5 5.2/6.2
Pd-Ru 98.0 6.7/4.1
96.5 4.8/2.5
94.5 2.7/1.5
Pd-Pt 91.4 49/3.4
90.7 3.124
84.7 0.8/0.87

values give ability to conclude about the extent of the misci-
bility gap in Pd-Rh-H, Pd-Ru-H, and Pd-Pt-H systems.
Comparing them to the results from the literature [12—-14],
hydrogen solubilities in . and B, in each of the system
studied are lower than in acid. Nevertheless, it does not influ-
ence on the average extent of the two-phase region. Moreover,
the closure of the miscibility gap in concentrated base for Pd-
Rh and Pd-Ru alloys follows for similar compositions as in
acid. It is ca. 74% Pd in Pd-Rh alloys (ca. 75% in acid [13])
and 88% Pd for Pd-Ru alloys (ca. 93% in acid [14]). The
intersection point of the curves delimiting the two-phase area
in Pd-Pt-H system indicates that the closure of the two-phase
area follows for ca. 56% of Pd content, whereas it is ca. 85%
Pd in acid [12]. The discrepancies result mostly from the less,
than in acid, impact of the alloying metal addition on the
values of hydrogen concentration in f3,,;, phase. In case of
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acid, the H/Mpgmin values vary stronger with the change in the
alloy composition; thus, the closure of the miscibility gap
follows in acid for the higher contents of Pd than in concen-
trated base. Moreover, for Pd-Pt-H system, the calculations
were done for alloys containing less Pd than in Pd-Rh and
Pd-Ru alloys. The inflexion points in CA desorption and ab-
sorption curves used for calculations of hydrogen concentra-
tion in both phases are better outlined for alloys containing
more Pd. Additionally, in concentrated alkaline media the
shapes of CA curves are “less sharp,” what could be also a
reason for the discrepancy.

The thermodynamics of hydrogen sorption in alloys in
the concentrated alkaline media

The values of E,,_, 3 and their evaluation with the temperature
can be used to calculate the values of thermodynamic func-
tions: Gibbs energy (Table 2 for 298 K), enthalpy, and entropy
(Fig. 6) for hydrogen sorption process in concentrated alkaline
media. For pure Pd in concentrated base, values of thermody-
namic functions for hydrogen absorption are as follows:
AG, _,3==9.6 k] mol 'y, AH, ;= 38.3 kJ mol 'y,
AS, ,3=—96.51 mol 'y, K. AG,_, 5 values obtained for
binary alloys show that the least stable hydrides are formed in
case of Pd-Ru alloys, whereas the stability of hydrides in Pd-
Rh and Pd-Pt is similar. Figure 6 presents the relative values of
AH,_,zand AS,,_, ; for examined Pd binary alloys. In gener-
al, the process of hydrogen sorption is less exothermic in
alloys than in pure Pd. AH,,_,; values increase slightly with
the addition of the alloying metal, which indicates that the
hydrogen sorption process becomes less exothermic in alloys
containing more Ru, Rh, and Pt. In case of the thermodynamic
data obtained for binary alloys in acid, the dependence of
AH,_, zon the addition of alloying metal are stronger outlined
that in concentrated base, especially for Pd-Ru alloys [12, 15,
18]. The variation of AS,_,; values with the content of
alloying metal is used in literature to determine the type of
interstices occupied by hydrogen. The lack of dependence
signifies that hydrogen can occupy both available types of
interstices i.e. near Pd and near alloying metal, whereas the
variation of AS,,_, 3 with the addition of alloying metal indi-
cates that hydrogen occupy preferably the interstices near the
Pd atoms. The dependence obtained in concentrated base for
binary alloys rather indicates that hydrogen locates in both,
available type of interstices (near Pd atoms and near alloying
metal atoms) although still prefers Pd atoms neighborhood.
These results are in line with the literature data for Pd-Pt
[12] and Pd-Rh [18] alloys. However, in case of Pd-Ru alloys
in acid strong increase of AS,,_, s with the addition of alloying
metal was observed [15]. Unfortunately, there is a lack of
thermodynamic data in literature for that system, especially
for hydrogen sorption from gas phase.

Conclusions

Application of electrode activation procedure (HPP) in Pd
binary alloys with Rh, Ru, and Pt in 6 M KOH leads to the
achievement of reversibility of hydrogen electrosorption pro-
cess, comparable with this in 0.5 M H,SO,. Pd alloys require
fewer cycles/steps of HPP than pure Pd. After application of
HPP, essential hydrogen electrosorption properties such as
phase transition potential, hysteresis, and hydrogen maximum
capacity are similar to those obtained in acid. In concentrated
alkaline media the kinetics of hydrogen electrosorption are
hindered, what is mostly caused by the presence of the surface
impurities. The use of concentrated alkaline electrolyte influ-
ences slightly (in comparison with acid) the thermodynamics
of hydrogen electrosorption process. The obtained results in-
dicate that Pd-binary alloys with Rh, Ru, and Pt can be effec-
tively used to modification of AB type alloys, commonly
working in concentrated alkaline media.
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