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Abstract Hydrogen electrosorption was performed in thin
electrodeposits of Pd alloys with Pt, Au, and Rh. The possibil-
ity of their application as phase charging—discharging systems
was investigated. The values of specific pseudocapacitance,
power, and energy were calculated for hydrogen-saturated Pd-
rich electrodes for temperatures 283-313 K. The best working
parameters are exhibited by Pd—Rh alloys with 85-95% Pd,
and by Pd-Pt alloys with 90-95% Pd in the bulk. The maxi-
mum values of specific pseudocapacitance are ca. 4,500 Fg ™",
specific energy ca. 150 Jg ' and specific power up to
750 Wg ! (per the mass of the electroactive material). In the
case of the alloy deposits on reticulated vitreous carbon, their
characteristics related to the total mass of the electroactive
material and the substrate are comparable with those for other
supercapacitors utilizing various redox reactions.

Keywords Palladium alloys - Hydrogen absorption -
Supercapacitors

Introduction

Pd and its alloys represent a large class of hydrogen-
absorbing materials [1], which are important for chemical/
electrochemical power sources. These systems can be ap-
plied in batteries, fuel cells or for hydrogen storage [2, 3].
Moreover, since hydrogen can be electrochemically inserted
into and extracted from Pd-based electrodes, such materials
can be treated as phase charging—discharging systems for
electrochemical capacitors. This type of devices usually
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utilizes the capacitance of electrical double layer of various
carbon materials or pseudocapacitance connected with re-
versible redox processes like insertion of atomic species into
the crystal structure of bulk solid electrodes, e.g. conducting
polymers or transition metal oxides (e.g., RuO,, IrO,,
MnO,) [4-7]. Due to high currents generated during hydro-
gen uptake and removal as well as their good practical
reversibility, thin Pd-based layers electrolytically loaded
with hydrogen seem particularly promising for that purpose.

Recently, we have reported on the possibility of the use
of hydrogen-saturated Pd and Pd-rich Pd—Rh alloys (with
92-97% Pd in the bulk) deposited on reticulated vitreous
carbon (RVC) in supercapacitors [8—10]. It was found that
these systems exhibited good working parameters, with
specific pseudocapacitance reaching 540 Fg ', specific en-
ergy up to 20 Wh kg ' and specific power up to 6 Wg™'. All
these values were within the range reported for other types
of supercapacitors [4—7].

In this work, we summarize the characteristics of Pd alloys
with Pt, Au, and Rh saturated with absorbed hydrogen in the
aspect of their possible application in electrochemical capaci-
tors. We show the influence of temperature and alloy bulk
composition on the values of specific pseudocapacitance,
power, and energy. We demonstrate that supercapacitors based
on Pd-rich Pd-Rh and Pd—Pt alloys are characterized by better
working parameters than pure Pd. For the deposits on RVC
substrate their characteristic are comparable with those for
other supercapacitors utilizing various redox reactions.

Experimental
All experiments were performed in 0.5 M H,SO, solutions
at temperature of 283, 298 and 313 K, controlled by a

thermostat (Lauda RE 306, Germany). The solutions were
prepared from analytical grade reagents and triply distilled
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water additionally purified in a Millipore system. Before the
experiments, the electrolyte was deoxygenated with an argon
(99.999%) stream for 20 min; during the experiments, the
argon stream was directed above the solution level in order to
avoid contact with air. A Hg|Hg,S040.5 M H,SO,4 was used
as the reference electrode. A Pt gauze was used as the auxiliary
electrode. All potentials are recalculated with respect to the
reversible hydrogen electrode (RHE) in the working solution.

The working electrode was a gold wire (99.99%, 0.5 mm
diameter) covered with a thin alloy layer electrodeposited at a
constant potential from a bath containing aqueous solutions of
PdCl, and HAuCly, H,PtCl, or RhCl; with the addition of HCI.
Various alloy compositions were obtained by changing bath
composition and deposition potential. The alloy thickness was
ca. 0.9£0.2 um. The details of the preparation of thin Pd-based
deposits on Au substrate are given in other reports [8—10]. For
comparison, the characteristic of Pd and Pd—Rh deposits (thick-
ness in the range 0.6—1.0 wm) on RVC with the porosity grade
of 20 pores per inch (ppi) is presented on the basis of our
previous studies (see [11-13] for more information).

All alloy compositions are bulk compositions expressed
in atomic percentages. After electrochemical measurements
the electrodes were dissolved in aqua regia and the total
amounts of the metals in the alloys were analyzed by atomic
absorption spectroscopy. Additionally, alloy bulk composi-
tions were determined utilizing the linear dependence of the
potential of the phase transition between the «- and (3-phase
of absorbed hydrogen on Pd bulk content, as described in
detail in our earlier communication [14].

At the beginning of hydrogen absorption experiments
each electrode was subjected to a series of voltammetric
and chronoamperometric scans/steps through the potential
region of hydrogen adsorption and absorption until a steady
state voltammogram was obtained. This procedure was ap-
plied in order to avoid the effects of aging during further
hydrogen insertion/removal [15-17].

Hydrogen absorption was performed at potential —0.01 V
vs. RHE for a period sufficient to ensure full hydrogen
saturation, determined by chronoamperometry. At this po-
tential, it was possible to load the electrodes with hydrogen
in a short time with avoiding a significant hydrogen evolu-
tion. Hydrogen was desorbed under voltammetric (a single
scan to 0.49 V vs. RHE at 0.01 Vs ") or chronoamperometric
(a potential step to 0.49 V vs. RHE) conditions. Hydrogen
extraction potential was adjusted to make possible a rapid
removal of all absorbed hydrogen without the parallel oxida-
tion of the electrode surface.

Results and discussion

Figure 1 shows typical voltammetric and chronoampero-
metric responses recorded during hydrogen desorption
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Fig. 1 a Voltammogram (scan rate 0.01 Vs ') and b chronoampero-
gram (polarization at 0.49 V) recorded during hydrogen desorption
from Pd electrode after saturation with hydrogen at —0.01 V (298 K).
Parameters used in Eq. 1-10 are indicated

after earlier electrode saturation with hydrogen. These
curves are typical of hydrogen extraction form thin Pd-
based layers and were described in detail in earlier
reports [12—17]. By the integration of hydrogen oxida-
tion currents the amount of absorbed hydrogen was
obtained. It was found that under the applied conditions
of hydrogen sorption/desorption the oxidation of hydro-
gen from solution has no significant influence on the
amount of absorbed hydrogen calculated from the hydrogen
oxidation charge. It was calculated that the cathodic charge
during hydrogen loading is not higher than ca. 5% in compar-
ison with the anodic charge during the oxidation of absorbed
hydrogen.

The amount of hydrogen absorbed in Pd-based mate-
rials can be recalculated into units commonly used for
description of energy storage systems, i.e., pseudocapa-
citance per mass unit. Under voltammetric conditions,
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specific pseudocapacitance is obtained according to the
equation:

OX

Haps

C= AL -y (1)
where Quans: is charge due to the oxidation of absorbed
hydrogen, AF is the potential range in which absorbed hy-
drogen is completely oxidized, and my, is mass of the
hydrogen-absorbing material (i.e., the mass of Pd or Pd alloy
deposit). The parameters used in the calculation are illustrated
in Fig. la.

The value of specific pseudocapacitance of the electrode
saturated with hydrogen can be estimated in the following
way. Absorbed hydrogen oxidation charge is given by the
expression:
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Fig. 2 Influence of temperature and alloy composition on specific
pseudocapacitance (per mass of electroactive material) for hydrogen
desorption process

where ny is the amount of absorbed hydrogen, ny is the
amount of the hydrogen-absorbing metal, My, is molar mass
of the metal, dy; is metal density, /; is the thickness of the
metallic layer and S is the geometric area of a substrate for
the metallic layer.

Pseudocapacitance per the unit of mass of the metal is
equal to:

o Oh  [MF

TAE-my My - AE

(3)

Taking into account the values of a maximum H/M ratio
typical of a Pd layer of a thickness of 1 um (i.e. H/M=0.73)
and AE typical of the voltammetric hydrogen extraction with
a scan rate sufficient for the removal of all absorbed hydrogen
in a single anodic scan (i.e. AE=0.2 V, v=0.01 Vs ') one
obtains C=3,300 Fg™' (per the mass of Pd deposit). Similar
values were found experimentally for Pd layers with a thick-
ness in the range of 0.6-1.0 pm [11-13].

The calculations of specific pseudocapacitance according
to Eq. 1 have been performed for hydrogen-saturated Pd—Pt,
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Fig. 3 Influence of temperature and alloy composition on specific energy
(per mass of electroactive material) for hydrogen desorption process
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Pd-Au and Pd-Rh alloys. The changes in pseudocapaci-
tance per deposit mass with alloy bulk compositions, at
various temperatures, are shown in Fig. 2. It is visible that
for Pd-rich Pd-Rh alloys the specific pseudocapacitance is
higher than that for pure Pd, reaching a maximum for 88—
95% Pd. For these alloy compositions, the pseudocapaci-
tance is by ca. 40-50% greater than for pure Pd. This
tendency mirrors the fact that Pd-rich Pd—Rh alloys are
characterized by a greater hydrogen absorption capacity in
comparison with Pd [10, 15]. Moreover, the width of hy-
drogen oxidation peak in voltammetry is reduced upon Pd
alloying with Rh. The latter effect means that hydrogen can
be extracted from Pd-Rh alloys in a narrower potential
range that from pure Pd. Therefore, in the formula used
for the calculation of specific pseudocapacitance (Eq. 3)
the numerator not only increases, but also the denominator
decreases, which leads to a greater increase in specific
pseudocapacitance than the value expected on the basis of
the changes in absorption capacity alone. The effect of peak
width reduction is also observed for Pd—Pt alloys; however,
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in that case the amount of absorbed hydrogen is always
lower than in pure Pd [16]. As a result, the increase in
pseudocapacitance for Pd-rich Pd-Pt alloys is smaller than
for Pd—Rh alloys and after a weaker maximum (pseudoca-
pacitance by up to 25% greater than for Pd) for ca. 90-95%
Pd, the capacitance markedly drops for lower Pd contents.
In the case of Pd—Au alloys, the unfavorable effect of the
decrease in absorption capacity dominates over the benefi-
cial effect of Au addition on hydrogen peak width [17],
which leads to a monotonic capacity loss with increasing
Au bulk content.

In the temperature range studied, temperature has little
influence on pseudocapacitance values. This is due to the
fact that with increasing temperature both the amount of
absorbed hydrogen (i.e. Qyaps_ in Egs. 1-3) and the hydro-
gen peak width (i.e. AE) slightly decrease, resulting only in
small changes in pseudocapacitance.

For the characteristic of a real charging/discharging sys-
tem working as a supercapacitor the mass of a carrier has to
be taken into account. In earlier papers [12, 13], we reported

m  Pd-Pt
4 Pd-Au
s0] ¥ Pd-Rh

(0)

700
600 -
500 -

400 -

300 ‘ T
600 -
500
400 -
300

200 v
600 %5

Maximum specific power / W g’

500
400
300 +

200 -+

100 T
75

Pd bulk content / % at.

Fig. 4 Influence of temperature and alloy composition on: a average specific power, b maximum specific power (per mass of electroactive

material) for hydrogen desorption process

@ Springer



J Solid State Electrochem (2012) 16:2533-2539

2537

on the electrochemical behavior of Pd and Pd-Rh (92-97%
Pd in the bulk) layers deposited on RVC. This material has
been widely described in the literature as a promising elec-
trode material with possible applications in electrochemical
power sources [18-23]. In our experiments, the metal/alloy
layers of a thickness of 0.6—1.0 um were deposited on RVC
with 20 ppi porosity grade. In that case, the total mass of the
electrode material (m) is a sum of the hydrogen-absorbing
layer (my) and RVC substrate (mgryc):

m:mMerRVC:dMJM-SJrM (4)

Vv
where dryc is RVC density (0.048 gcm73), and S/V is the

surface-to-volume ratio characteristic of RVC material of a
given porosity grade (14 cm® cm > for 20 ppi) [20]. Thus,
the specific pseudocapacitance for H-Pd/RVC system can
be estimated from the equation:

e (] - dy -l - F

AE
C/ Habs _ C AE'

A my 7MM'AEI' (dM'lM‘FdR;VC) - 1+%ﬁfm
(5)

Taking into account that for Pd deposits on RVC the
width of hydrogen oxidation peak is greater (AE'=0.5 V)
than for Pd deposited on Au wire, while the H/M ratio is
practically unchanged, one obtains the values of C=340 Fg '
for 1 um layer of Pd on RVC (20 ppi). The experimental
values found in our studies [11-13] were in the range 240—
430 Fg ' for Pd and up to 540 Fg ' for Pd-Rh alloys (97% Pd

in the bulk). This tendency is consistent with the data pre-
sented in Fig. 2. It is noteworthy that the values of specific
pseudocapacitance for hydrogen-saturated Pd-based systems
are comparable with the data reported for supercapacitors
based on reversible insertion of atomic species into bulk solid
electrodes, e.g., polymers or metal oxides, and higher than the
values typical of double layer electrochemical capacitors
[4-7].

Other parameters used for the characterization of super-
capacitors are specific power and specific energy. Specific
energy can be obtained as:

0X . AE
E= "t T~ (6)

mm
An average value of specific power can be obtained under
conditions of chronoamperometric hydrogen oxidation
according to the relation:
o
# : (Eabs - Edes)

P, = 7
a . )

where O~ is charge due to the oxidation of absorbed
hydrogen, ¢ is a period required for a complete hydrogen
desorption and E,,s—FEqe 1s the difference between absorp-
tion and desorption potentials in chronoamperometric
experiments (here 0.50 V).

For desorption time typically of the order of 1 s and
H/M=0.73 one obtains the value of specific energy and aver-
age specific power for pure Pd ca. 130 Jg ' and 330 Wg ',
respectively. By the analogy to specific pseudocapacitance
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(Eq. 5) taking into account the influence of the RVC substrate
the values of specific energy and power can be expressed as
follows:

E . AE

E = AE (8)
d
1+ %;JCIM
Pt
Py' = d[ - (9)
1+ ,idRI\;/(IM

where AFE’ is the potential range in which absorbed hydro-
gen is completely oxidized from a Pd deposit on RVC (here
ca. 0.5 V), while ¢ is a period required for a complete
hydrogen desorption from Pd deposit on RVC (ca. 25 s for
E. s~ E4es=0.50 V). Equations 5, 8, and 9 allow the estima-
tion of the values of the working parameters for these
systems deposited on RVC (note, that in Eq. 8 £ denotes
specific energy, but AE stands for potential difference).
Additionally, maximum specific power accessible during
hydrogen extraction can be calculated from the maximum
value of hydrogen oxidation current (i;,,x), i.€. at the very
beginning of hydrogen extraction in a chronoamperometric
experiment (see Fig. 1b):
_ Imax (Eabs - Edes)

Pmax -

(10)
mm

The influence of alloy bulk composition on the values of
specific power and energy (per mass of the deposit) for Pd
alloys with Au, Pt or Rh is presented in Figs. 3 and 4. It is
demonstrated that for Pd-rich Pd—Pt alloys both average and
maximum values of specific power exceed those for pure
Pd, with a maximum corresponding to Pd bulk content
around 90%. For these alloy compositions, the specific
power at 313 K is almost by 100% higher than for pure Pd.
This behavior is a consequence of the positive effect of Pt
addition to Pd on the kinetics of hydrogen electrosorption,
which is mirrored in higher current and shorter time
corresponding to hydrogen oxidation [16]. For other alloys,
average specific power is not higher than for Pd. However, for
Pd-Rh alloys the values of maximum specific power are
intermediate between those for Pd and Pd-Pt alloys, with a
maximum between 90% and 95% Pd. It should be noted again
that for the Pd—Rh system the tendencies are in line with those
observed earlier for the deposits on RVC, where the average
values of specific power were ca. 3 Wg ' for PdA/RVC and ca.
2 Wg! for Pd-Rh/RVC [13], while maximum specific power
reached 6 Wg . For all systems, specific power increases
with temperature due to the acceleration of hydrogen electro-
sorption process [16, 17].

The values of specific energy decrease with increasing
content of the alloying metal and with increasing tempera-
ture. In the case of Pd and Pd-Rh deposits on RVC, the
values of specific energy reached ca. 80 Jg ' [13].
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Figure 5 shows the changes in the values of specific
pseudocapacitance as well as average and maximum specific
power during repeated hydrogen absorption/desorption under
cyclic voltammetric conditions at 298 K for Pd and a Pd—Rh
alloy (92.6% Pd in the bulk) deposited on Au wires. This
procedure was applied to check charging—discharging durabil-
ity of a potential supercapacitor. No significant deterioration of
hydrogen absorption capacity was observed even after 800
cycles. The changes in the specific pseudocapacitance between
maximum and minimum values did not exceed 5%. It means
that during prolonged cyclic loading—deloading procedure no
irreversible oxidation of the electrode material or metal losses
occurred. The values of specific power even raised slightly
with the progress of cycling due to the improvement in the
kinetics of hydrogen electrosorption. The latter effect was
reported in the literature [24] and was explained by a succes-
sive creation of defects in Pd crystal lattice which facilitate
further transport of hydrogen in the metal.

Data presented in Figs. 2, 3 and 4 lead to the conclusion
that hydrogen-saturated Pd-rich (in the range of 85-95% Pd
in the bulk) Pd—Pt and Pd—Rh alloys are promising electrode
materials to be utilized in supercapacitors. Both these systems
are characterized by higher pseudocapacitance and maximum
specific power with respect to the Pd—H system. Additionally,
Pd-Pt alloys exhibit also higher average specific power as
compared to Pd.

Conclusions

Hydrogen-saturated Pd alloys with Pt, Au and Rh can be
applied as phase charging—discharging systems for electro-
chemical capacitors. The best specific pseudocapacitance is
exhibited by Pd-Rh alloys with 85-95% Pd, and by Pd-Pt
alloys with 90-95% Pd in the bulk. These systems are also
characterized by higher specific power than Pd. When these
alloys are deposited on RVC substrate, their characteristics
are comparable with those typical of supercapacitors utilizing
various redox reactions.
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