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Abstract
The study of the hydrogen sorption process in metals/alloys of different forms is crucial for developing the fields of catalysis and
energy storage. The objective of this research was to examine basic hydrogen electrosorption properties of Pd-Ir alloy thin films
obtained through electrodeposition. Pd-Ir alloys, containing more than 87% at. Pd, were successfully potentiostatically electro-
deposited from aqueous baths containing PdCl2 and IrCl3. X-ray diffractometry confirmed the Pd-Ir alloy formation and homo-
geneity of the deposits. The hydrogen electrochemical absorption was carried out with the use of cyclic voltammetry and
chronoamperometry. The values of H/(Pd+Ir) for Pd-Ir alloys containing less than 3% at. Ir are similar, comparable to Pd. The
further increase of Ir content results in the abrupt drop of hydrogen absorbing capacity. The linear decrease of the potential ofα→
β phase transition versus Pd content is observed, confirming classification of the Pd-Ir alloys to the group of the contracted alloys.
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Introduction

The process of hydrogen electrosorption has been examined in
details in Pd [1–6], whereas hydrogen absorbing properties of
some of Pd-based binary alloys are still unknown. The litera-
ture contains studies on a variety of Pd-M-H systems with
different M elements such as Rh, Ru, Pt, Au, Ni, Cu, and
Ag [7–18] but there is no information about Pd-Ir alloys in
the aspect of hydrogen electrosorption.

The phase diagram of Pd-Ir system shows a large miscibil-
ity gap in the solid state. Thus, in the Pd-Ir systems at thermo-
dynamic equilibrium two phases may be present in the solid
state, i.e., Ir solid solution in Pd for Pd-rich alloys and a Pd
solid solution in Ir for Ir-rich alloys [19]. The lattice constant
of homogeneous Pd-Ir alloys is smaller than that of pure Pd
and exhibits negative deviations from Vegard’s law [20].

Since with the Pd alloying with Ir the lattice constant de-
creases, Pd-Ir alloys can be classified to the group of
contracted alloys. Generally, classification to the group of
expanded or contracted alloys is reflected on the course of
the hydrogen sorption isotherms. In the case of contracted
alloys hydrogen sorption isotherms are shifted into higher
values of hydrogen pressures or respectively into lower poten-
tials (for hydrogen electrosorption). Thus, it is expected that
alloying Pd with Ir will result in the described behavior.

Pd and Ir belong to the platinum group metals; however,
their interaction with hydrogen is different. Pd is able to ad-
sorb and absorb hydrogen, whereas in the case of Ir only
hydrogen adsorption is possible [21, 22]. Hydrogen absorp-
tion in Pd-Ir alloys was studied only by a few authors. LaPrade
et al. [23] studied hydrogen absorption from the gas phase in
the bulk, annealed Pd-Ir alloys. They found that the hydride
phase is formed for the alloys containing less than approxi-
mately 9% of Ir. The authors also stated that the lattice con-
stant expansion after hydrogen dissolution in Pd-Ir alloys is
smaller than for pure Pd and decreases with increasing amount
of Ir. Akamaru et al. [24], Zlotea et al. [25], Malouche et al.
[26], and Kobayashi et al [27] studied the hydrogen sorption
properties of Pd-Ir nanoalloys. The authors noticed that in Pd-
Ir nanoalloys the ability for hydrogen absorption occurs for a
much wider range of compositions than in the bulk alloys. All
the cited results refer to hydrogen sorption from the gas phase
and they could differ from those obtained through hydrogen
electrosorption from electrolytes.
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According to the electronic effect [28] the maximum
amount of absorbed hydrogen in Pd alloys with a non-
absorbing metal (e.g., Au, Ag, Pt) decreases with the in-
crease of the content of alloying metal. It can be ex-
plained by the band model. Since the gaps in the Pd d-
band are partially filled by the alloying metal electrons,
less gaps remain for the electrons from absorbed hydro-
gen. However, in Pd alloys with metals characterized by
an increased number of free electronic states in d-band
below Pd Fermi level, such as Rh and Ru, in a certain
composition range greater hydrogen capacity is observed
[9, 11, 12, 28]. Since Ir has the electronic structure similar
to Rh, it can be expected that Pd-Ir alloys will possess
hydrogen absorption properties close to those of Pd-Rh.
These predictions were not confirmed by the results pub-
lished by LaPrade et al. [23], Akamaru et al. [24], and
Kobayashi et al. [27]. However, they provided data only
for a few alloy compositions, with the Ir content lower
than 3%. The previous studies [11, 12] on the electrode-
posited Pd-Ru alloys have revealed that hydrogen absorp-
tion properties may be very sensitive to bulk composition
and already 0.5–1% substitution by Ru has led to distinct-
ly increased hydrogen absorption capacity, while after
further Ru addition the alloy ability to absorb hydrogen
drastically decreased. Therefore, more detailed investiga-
tions on hydrogen absorption into Pd-Ir alloys with wider
composition range are necessary, in particular for alloys
with very small Ir contents (below 3%).

The discussion above, which indicates the possibility of
enhanced hydrogen absorption capacities of Pd-Ir alloys com-
pared to Pd, were the main motivation to perform the studies
under this system. Despite the relatively high costs of noble
metals Pd-Ir system is still investigated in view of different
processes such as electrocatalytic activity towards oxygen re-
duction [29], hydrogen oxidation [30], hydrogen evolution
reaction [31], and hydrogenation reaction [32]. Moreover,
the cost of thin (approximately 1μm) Pd-based films is signif-
icantly lower than the cost of the bulk materials (for Pd-Ir thin
film electrode containing approximately 13% at. Ir it is ap-
proximately 0.1 €/cm2).

The main aim of this preliminary study was to present the
effectiveness of electrodeposition method in obtaining thin
films (approximately 1 μm) of Pd-rich Pd-Ir alloys and ex-
press the potential of this alloy as a hydrogen-absorbing
material.

In the literature there is a lack of information on the elec-
trodeposited Pd-Ir alloys and their hydrogen sorption proper-
ties obtained electrochemically. Therefore, in this paper the
results of hydrogen electrosorption properties of electrodepos-
ited Pd-Ir alloys are presented. Moreover, the new insight into
the hydrogen capacity of the bulk, electrodeposited Pd-Ir al-
loys, andα→β phase transition potential variation with the Pd
content is discussed.

Experimental

Materials

Palladium(II) chloride was purchased from Sigma-Aldrich
and iridium(III) chloride hydrate was obtained from Alfa
Aesar. Au wire (99.99%; diameter: 0.5 mm) and Au plate
(99.99%; thickness: 0.12 mm) were supplied from Mint-
Metals (Poland). The 0.5 M H2SO4 water solution was pre-
pared from analytical grade reagent (Avantor Performance
Materials Poland S.A.) and water purified in the Hydrolab
and the Millipore system (the conductivity of water after pu-
rification: approximately 0.054 μScm−1).

Pd-Ir alloy preparation

Pd-Ir alloys were deposited electrochemically on the Au wire
(used for electrochemical measurements and SEM analysis) or
Au plate (used for XRD and SEM analysis) from the mixtures
of water solutions: 0.11 M PdCl2 in 1M HCl and 0.5 M IrCl3.
The galvanic baths used for electrodeposition contain the fol-
lowing concentrations of Pd(II) ions: 0.03–0.07 M and Ir(III)
ions: 0.28–0.42M.Variety of alloy compositions were obtain-
ed by the use of different concentration of the ions in the baths
and the application of different values of electrodeposition
potentials (0.38–0.18 V). The thickness of the electrodeposits
calculated from atomic absorption spectroscopy measure-
ments (AAS) was in the range of approximately 0.8–1.1 μm
and the deposition efficiency was in the range of approximate-
ly 86–97%.

Physicochemical characterization of Pd-Ir alloys

The bulk compositions of the Pd-Ir alloys were determined
with the use of AAS (Thermo-Scientific 3300, USA) and en-
ergy dispersive X-ray spectroscopy (EDS; Quantax 400,
Bruker, USA). In the latter measurement X-ray excitationwith
electron beam energy of 10–15 keV and spectrum acquisition
time of approximately 100–120 s were applied. For energy
calibration, X-ray signals obtained from pure Cu were
utilized.

The surface morphology of alloys were examined with a
Merlin scanning electronmicroscope (SEM, Zeiss, Germany).

X-ray diffraction (XRD) patterns were collected by D5000
(Bruker AXS) diffractometer with an Cu anode (40 mA, 40
kV) and a Ni filter (1:20). The detector with 192 measuring
LEDs (A Lynx Eye, Bruker AXS) was used.

Electrochemical characterization of Pd-Ir alloys

The electrochemical characterization of Pd-Ir alloys was car-
ried out in the water solution of 0.5 M H2SO4 in the three-
electrode system: Pd-Ir alloy electrode was a working
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electrode, Pt gauze was an auxiliary electrode, and
Hg|Hg2SO4|0.5 M SO4

2− was a reference electrode. Cyclic
voltammetry (CV) and chronoamperometry (CA) were used
in electrochemical measurements. All potential values are
expressed versus RHE.

The electrodes were saturated with hydrogen at fixed po-
tential values (from approximately 0.18 V to approximately
−0.12 V) for sufficient time ensuring full hydrogenation. Then
the absorbed hydrogen was oxidized with the use of CV (10
mVs−1) starting form the value of saturation potential (from
approximately 0.18 V to approximately −0.12 V) to the value
of approximately 0.38 V. The scan rate of 10 mVs−1 was
chosen to be the most optimal after the preliminary experi-
ment involving the influence of the scan rate on the hydrogen
oxidation charge.

The charge was calculated by the integration of hydrogen
oxidation signal (Q) and then recalculated into H/(Pd+Ir), ac-
cording to the formula: H/(Pd+Ir) = Q/(F·n), where F is a
Faraday’s constant and n expressed sum of the number of
Pd and Ir moles (AAS). In this manner approximately 26–30
points were collected to create hydrogen electrosorption
(absorption) isotherm (HAI: H/(Pd+Ir) vs. Eabs). The α→β
phase transition potentials (Eα→β) were determined from the
inflection points at the HAIs (from the area of the abrupt
increase of hydrogen content). The maximum hydrogen ca-
pacities (maximum values of H/(Pd+Ir)) were determined
from the area of β-phase plateau at HAI. Under described
experimental conditions adsorbed hydrogen has only negligi-
ble influence on the value of H/M ratio.

Results and discussion

Structural and morphological analysis of Pd-Ir alloys

Thin films of electrodeposited Pd-Ir alloys were subjected to
preliminary physicochemical characterization involving
SEM, EDS, and XRD analysis.

SEM image in Fig. 1a presents the morphology of the fresh
Pd-Ir (approximately 97% Pd, EDS) electrode after the elec-
trodeposition process. It can be noticed that the thin film elec-
trodeposited on a gold substrate is compact and not cracked.
After hydrogen electrosorption process there are many cracks
(Fig. 1b) in the electrodeposited film due to the hydrogen
insertion/removal into/from the bulk of the electrode. The re-
sults obtained in the Fig. 1c confirmed that the thickness of the
electrodeposited layer is approximately 1 μm, since the values
of the thickness calculated from the AAS measurements were
in the range of approximately 0.8–1.1 μm.

XRD measurements revealed that in Pd-Ir alloys the lattice
constant shrinks compared to Pd, which confirmed the classi-
fication of Pd-Ir alloys to the class of the contracted alloys
(Fig. 2a, b).

The lattice constant for pure Pd equals to approximately
3.8907 Å; for pure Ir it is approximately 3.839 Å, whereas
for Pd-Ir alloy, containing approximately 96% at. Pd it is
approximately 3.885 Å. The value of lattice constant obtained
for the Pd-Ir alloy is placed between the value of the pure
metals (Fig. 2b), and can be a physicochemical evidence of
the alloy formation.

In the case of the studied alloy negative deviation from
Vegard’s law is observed (the lattice is more contracted than
expected). The composition calculated from Vegard’s law
(90.5%) varies from the one obtained from AAS measure-
ments (approximately 96% Pd). The XRD analysis shows also
the evolution of the diffraction patterns after electrode expo-
sition under hydrogen (1 atm.) atmosphere. After interaction
with hydrogen, the diffraction patterns from the hydrogen ab-
sorbing phase were shifted into lower values of scattering
angle. In the case of the Pd-Ir alloy containing approximately
96% at. Pd, the value of the lattice constant in hydride phase
(β-phase) is approximately 4.015 Å and after changing the
atmosphere into helium it achieves the previous value obtain-
ed before the exposition to hydrogen. According to La Prade
et al. [23] the value of the lattice constant of Pd-Ir electrode
(approximately 96% Pd) in the βmin phase equals to approx-
imately 3.971 Å. Whereas in the case of the tested sample,
lattice constant after absorption from the gas phase is approx-
imately 4.015 Å. It indicates that the hydrogen absorbed in the
tested sample is in the β-phase. The lattice constant expansion
after hydrogen dissolution in Pd-Ir alloy (96% at. Pd) is sim-
ilar to the one obtained for pure Pd (the changes of the lattice
constant: ΔaPd=0.134 Å; ΔaPd-Ir=0.130 Å). Irrespective of the
atmosphere the width of the XRD diffraction patterns is stable
which confirms the homogeneity of the hydrogen absorbing
phase. In Fig. 2c, there is the SEM image of the Pd-Ir alloy
electrode subjected to XRD analysis. It can be noticed that the
exposure to gaseous hydrogen (1 atm.) also results in the
cracks in the electrode volume, as was the case with
electroabsorbed hydrogen.

Electrochemical characterization— electrosorption of
hydrogen

Thin films of electrodeposited Pd-Ir alloys were subjected to a
series of experiments involving electrochemical absorption of
hydrogen from the acidic medium. Before the main measure-
ment, each of the Pd-Ir alloy electrode was polarized in the so-
called “hydrogen region” (potential range: −0.1÷0.3 V), to
obtain repetitive results. This approach, called hydrogen pre-
treatment procedure (HPP), was previously used for Pd and
Pd-based electrodes in aqueous and non-aqueous electrolytes
[4, 5, 9]. Figure 3a shows cyclic voltammetry behavior of Pd-
Ir alloys of various compositions after HPP. It is clearly visible
that Pd alloying with Ir significantly influences on the position
of hydrogen desorption signal (Ep

an). This effect is already
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Fig. 1 a SEM image of the Pd-Ir electrode (approximately 97% Pd,
EDS). b SEM image of the Pd-Ir electrode (97% Pd, EDS) after hydrogen
electrosorption. c SEM image of the Pd-Ir electrode (approximately 99%,

EDS) after hydrogen electrosorption. The segments with arrows indicate
the thickness of the electrodeposited layer

Fig. 2 a XRD patterns of Pd-Ir
alloy (approximately 96% Pd
(EDS) in the bulk) in helium and
hydrogen atmosphere. b The
evolution of 220 XRD signal in
different atmospheres. c SEM
image of the Pd-Ir electrode sub-
jected to XRD analysis
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evident for an alloy containing approximately 1.2% Ir. The
value of Ep

an decreases with the increasing Ir content which
indicates the facilitation of the process of hydrogen removal.
Ir addition to Pd results also in slight changes in the position of
the hydrogen absorption signals (Ep

ca). For the alloys able to
the formation of the hydride phase Ep

ca is higher than in Pd.
The decreasing difference between Ep

an and Ep
ca indicates that

the presence of Ir increases the electrochemical reversibility of
the process of hydrogen absorption. Furthermore, in the po-
tential range −0.1÷0.2 V there are only single signals originat-
ing from the hydrogen insertion/removal into/from the bulk of
Pd-Ir electrodes. It is an electrochemical confirmation that
there is only one Pd-rich hydrogen absorbing phase.

Hydrogen electrosorption isotherms (HEIs) of the same
samples as presented in Fig. 3a are shown in the Fig. 3b. In
the case of Pd-Ir alloys the shapes of electrosorption isotherms
are similar (S-shape) than that obtained for Pd and Pd-based
alloys in different electrolytes [3–5, 9]. In the HEI three main
parts can be distinguished: (1) first plateau assigned to the
hydrogen absorbed in the α-phase (solid solution of hydrogen
in the alloy) and hydrogen adsorbed, (2) the abrupt increase in
the values of H/(Pd+Ir) corresponding to α→β phase transi-
tion, and (3) second plateau assigned to hydrogen absorbed in
the β-phase (hydride) [33]. In the contracted alloys the poten-
tial of the α→β phase transition decreases with increasing
amount of the alloying metals [9, 11, 12]. It is due to the fact
that in contracted alloys greater work than in pure Pd is needed
for lattice expansion during hydrogen absorption. This behav-
ior is also observed for examined Pd-Ir alloys and constitutes
the electrochemical confirmation that Pd alloying with Ir leads
to the creation of contracted alloys. The increase of the Ir
content in the alloy influences on the decrease in the α→β
phase transition potential (see Figs. 3b and 4).

The relation betweenα→β phase transition potential (Eα→
β) and alloy bulk composition exhibits linear correlation (see

Fig. 4). This behavior was also noticed for other contracted/
pseudo-contracted binary Pd-based alloys such as Pd-Rh, Pd-
Ru, and Pd-Pt [9]. Also, in the case of Pd-Ir alloys electro-
chemical measurements leading to the determination of the
Eα→β can serve as a non-destructive method of the estimation
of the alloy bulk compositions. According to the course of the
Eα→β versus Pd content, the Pd-Ir alloys exhibit intermediate
behavior between Pd-Pt/Pd-Rh and Pd-Ru alloys (in the case
of Pd-Pt and Pd-Rh alloys the relations of Eα→β vs Pd content
have similar courses). However, the course ofEα→β versus Pd
content for Pd-Ir alloys reflects more the one for Pd-Ru alloys
[9].

Alloying Pd with Ir results also in the changes in the max-
imum hydrogen absorption capacity. One can notice in Fig. 5
that for all the tested compositions of the Pd-Ir alloys the
hydrogen absorption capacity is lower than for pure Pd. For

Fig. 3 a Cyclic voltammetry behavior of selected compositions of Pd-Ir alloys in 0.5 M H2SO4; scan rate: 0.01 Vs−1. b Hydrogen electrosorption
isotherms (HEIs) of Pd-Ir alloys

Fig. 4 The dependence of the α→β phase transition potential on the Pd-
Ir alloy compositions
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the alloys containing less than 3% at. of Ir, H/(Pd+Ir) is very
close to the H/Pd (0.72), exceeding 0.66±0.02. For this group
of Pd-Ir alloys (Ir content below 3% at.) hydrogen absorption
capacity of Pd-Ir alloys is similar to the one obtained for Pd-Pt
alloys. With the increase of the Ir content, the decrease in the
hydrogen absorption capacity is more abrupt, and more re-
flects the behavior of the Pd-Ru alloys. Theoretical predictions
involving calculations of hydrogen absorption energy and
density of states made by Yayama et al. [34] indicate that there
was huge possibility of the increased hydrogen absorption
capacity, similarly as in the case of Pd-Rh alloys. However,
the values of the hydrogen absorption capacity obtained elec-
trochemically for a wide range of Pd-Ir alloy compositions,
contradict cited hypothesis. Interestingly, examined system of
Pd-Ir alloys exhibits hydrogen electrosorption properties clos-
er to Pd-Pt and Pd-Ru alloys rather than Pd-Rh alloys, as it has
been predicted from the similarities of electronic structures.

Our further studies on the Pd-Ir-H system will involve i.a.
the detailed examination of hydrogen electrosorption proper-
ties in different electrolytes, kinetics, and thermodynamics of
hydride phase formation. Pd-Ir alloys will be also subjected to
thorough physicochemical characterization.

Conclusions

The potentiostatic electrodeposition from chloride baths con-
taining Pd(II) and Ir(III) ions enables to obtain compact and
not cracked Pd-Ir (above 87% at. Pd) thin films on a gold
matrix. The formation of the contracted alloys and their ho-
mogeneity were confirmed electrochemically and by XRD
analysis. The process of hydrogen oxidation is facilitated in
Pd-Ir alloys (compared to Pd). Already a little addition of Ir
(below 2% at.) leads to the significant increase of reversibility

of the process of hydrogen electrosorption. Pd alloying with Ir
results in the decrease in the α→β phase transition potential
(typical for contracted alloys) and the decrease in the hydro-
gen absorption capacity. The variations of the α→β phase
transition potentials and hydrogen absorption capacities with
Pd content in Pd-Ir alloys reflect the intermediate behavior
between Pd-Pt and Pd-Ru alloys. The theoretical predictions
indicating the possibility of higher than in Pd hydrogen ab-
sorption capacities have not been confirmed.
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