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a b s t r a c t

Reticulated vitreous carbon (RVC) has been used as a matrix for electrodeposition of thin layers of Pd
and Pd-rich Pd–Rh alloys. It was found that RVC substrate does not affect qualitatively hydrogen absorp-
tion behavior of Pd-based deposits. Similarly to thin Pd or Pd alloy layers deposited on Au wires, the
�–� phase transition controls the overall rate of hydrogen absorption and desorption into/from Pd-
vailable online 13 August 2008

eywords:
eticulated vitreous carbon (RVC)
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based/RVC electrodes. The possibility of the application of these materials as phase charging–discharging
systems was investigated. The values of specific pseudocapacitance, specific power and specific energy
were comparable with those for supercapacitors utilizing various redox reactions.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Hydrogen–metal systems have been investigated for almost
50 years [1], in both fundamental and application aspects. They
ave been successfully applied as: (i) catalysts in hydrogena-
ion reactions, (ii) source of hydrogen of high purity by thermal
ecomposition of hydrides, (iii) reacting substances in synthesis of
ransition metal alloys, (iv) neutron moderators in nuclear power
ngineering, (v) membranes for hydrogen purification and hydro-
en isotopes separation, (vi) anodes in nickel-hydride batteries
Ni-MH) and (vii) hydrogen storage materials.

Pd is historically the first metal known to absorb hydrogen [1].
t rapidly absorbs large amounts of hydrogen from the gas phase
s well as from the electrolytes [2]. When hydrogen absorption is
erformed from the gas phase, H2 molecules dissociate into atoms
hemisorbed on the Pd surface and then diffuse into the bulk of the
etal. When hydrogen absorption is performed electrochemically,

fter application of a suitable potential value H atoms are gener-

ted on the electrode from hydrogen-containing species present
n the solution, e.g. H+ ions in acidic solutions. Absorbed hydro-
en occupies octahedral voids in Pd crystal lattice [3] forming a
on-stoichiometric compound, PdHx. It was established using the
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ethods of neutron diffraction and NMR that hydrogen is present
nside Pd not in the molecular form but most probably in the form
f protons [4]. Hydrogen in Pd can exist in two phases [1]: �-phase
i.e. solid solution of hydrogen in Pd), for which at room tempera-
ure the atomic ratio between hydrogen and Pd (H/Pd) is below ca.
.03–0.05, and �-phase (i.e. non-stoichiometric Pd hydride), which
orresponds to H/Pd ratio above ca. 0.6. Pd crystal lattice expands
uring hydrogen absorption by more than 3% in the �-phase in
omparison with pure metal [5,6].

Pd alloying with other metals modifies the absorption prop-
rties of the system with respect to pure Pd [1,3,5–11]. These
odifications result from the alteration of the electronic structure

electronic effect) and crystal lattice dimensions (geometric effect),
s well as from changes in elastic properties caused by the alloying
rocess. Among Pd alloys the Pd–Rh system seems to be particu-

arly interesting, since for a low Rh content the amount of absorbed
ydrogen is equal to or even greater than in pure Pd [12–14]. It is an
xception to the rule that Pd mixing with a non-absorbing element
such as Rh) weakens the hydrogen absorption capacity [1,3,7–11].

It should be mentioned that Pd and its alloys with other noble
etals are especially attractive and convenient for electrochemi-

al experiments due to the fact that hydrogen absorption can be

ealized at room temperature without corrosion of the electrode
aterial [15]. Moreover, the use of a thin (of the order of microns)
etal layer deposited on a hydrogen-neutral conducting matrix,

.g. Au or carbon material, has created new possibilities for elec-
rochemical studies of hydrogen-absorbing materials [16–24]. Such

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:aczerw@chem.uw.edu.pl
dx.doi.org/10.1016/j.jpowsour.2008.08.002
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single voltammetric reduction–oxidation cycle, and after hydrogen
removal current drops to values connected only with double layer
charging unless potential is sufficiently high for electrode surface
oxidation [16]. For comparison CV curve for bare RVC is shown. It is
M. Łukaszewski et al. / Journal of

n approach allows for the limitation and control of the amount
f absorbed hydrogen. These electrodes are called ‘limited volume
lectrodes’ (LVEs).

Since hydrogen can be electrochemically inserted into and
xtracted from Pd-based electrodes, such materials can be treated
s phase charging–discharging systems for electrochemical capac-
tors. These devices usually utilize the capacitance of electrical
ouble layer of various carbon materials or pseudocapacitance con-
ected with reversible redox processes like insertion of atomic
pecies into the crystal structure of bulk solid electrodes, e.g.
onducting polymers or transition metal oxides (mostly RuO2)
25–28]. Due to high currents generated during hydrogen uptake
nd removal as well as good practical reversibility of these pro-
esses, thin Pd-based layers electrolytically loaded with hydrogen
eem particularly promising for that purpose.

In our study reticulated vitreous carbon (RVC) has been chosen
s a matrix for deposition of thin Pd and Pd–Rh layers. RVC is an
nexpensive and chemically inert carbon material characterized by
n open pore structure and highly developed surface [29–31]. It
as been widely applied as an electrode material, including the use
s a substrate for deposition of various metals, such as Au [32,33],
t [34,35], Rh [35], Pd [19,20,36–38], Ru [39], Ni [40], Pb [41,42]
nd alloys, e.g. Pt–Rh [35,38] and Pd–Rh [38]. Due to its unique
roperties RVC is attractive for electrochemical studies and can
e regarded as an electrode matrix applicable to energy storage
ystems [30,31,43–48].

In this work we extend our earlier studies on hydrogen absorp-
ion in Pd-based deposits on RVC [19,20,38]. We have examined
he influence of RVC substrate on hydrogen absorption behav-
or. We show the characteristic of these materials as phase
harging–discharging systems that could be applied in electro-
hemical capacitors.

. Experimental

All experiments were performed at room temperature in
.5 M H2SO4 solutions deoxygenated using an Ar stream. A
g|Hg2SO4|0.5 M H2SO4 was used as the reference electrode. A Pt
auze was used as the auxiliary electrode. All potentials are recal-
ulated with respect to the SHE.

Reticulated vitreous carbon (RVC) of 20 ppi porosity grade, made
y ERG, Material and Aerospace Corporation, has been used as a
atrix for electrodeposition of Pd and Pd–Rh alloys. The electrodes
ere in the form of blocks of a volume of 0.2–0.5 cm3. Since den-

ity of this material is 0.048 g cm−3 and surface-to-volume ratio for
0 ppi is 14 cm2 cm−3 [30], the electrodes used were typically of
ass of 10–20 mg and surface area of 3–7 cm2.
RVC substrate was always degreased with acetone followed by

eeping in boiling water for ca. 20 min. Pd and Pd–Rh alloys were
eposited on RVC at constant potential from baths containing PdCl2
nd RhCl3 in HCl [38]. Additionally, RVC electroplated with Au layer
as also employed as the substrate for the deposits. The thickness of

he deposits as calculated from deposition charge was in the range
.6–1.0 �m, which corresponded to 0.7–1.3 mg cm−2 of deposited
etal per surface area. For comparison, the deposits on Au wires

99.9%, 0.5 mm diameter) were also used.
The morphology of the surfaces was examined by a LEO 435VP

canning electron microscope (SEM). Bulk composition of Pd–Rh
lloys was determined in electrochemical experiment from the
otential of �–� phase transition, which was found to depend lin-

arly on bulk Pd content [49]. All alloy compositions given in this
ork are expressed in atomic percentages.

At the beginning of experiments each electrode was cycled con-
inuously through the potential region of hydrogen adsorption and
bsorption until a steady-state voltammogram was obtained. This
Sources 185 (2008) 1598–1604 1599

rocedure took several tens of absorption/desorption cycles and
as applied in order to avoid effects of ageing during further hydro-

en insertion/removal.

. Results and discussion

Fig. 1 shows SEM images of bare RVC matrix and RVC electro-
lated with a thin Pd layer. It is visible that tight deposits fully
overing the substrate were obtained. SEM inspections at high mag-
ifications revealed that the crystalline size of the deposited metal
aried from tens to hundreds of nanometers.

General electrochemical behavior of the samples was exam-
ned by cyclic voltammetry. Fig. 2 presents cyclic voltammogram
ecorded for Pd/RVC electrode in the full potential range. The
ell known features are visible connected with hydrogen adsorp-

ion/absorption/desorption (currents below ca. 0.3 V), double layer
harging (0.3–0.6 V) and surface oxide formation/reduction (above
a. 0.6 V). The CV curve is very similar to those known for thin Pd
eposits on other kinds of substrates, like Au [19–22,24]. One should
ote the voltammogram course in hydrogen region. Typically of
d-LVEs, hydrogen can be absorbed and totally removed during a
Fig. 1. SEM images of bare RVC (a) and Pd deposit on RVC (b).
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ig. 2. Cyclic voltammogram for Pd/RVC electrode in 0.5 M H2SO4 in the full potentia

learly visible that this material is not electrochemically active in
he potential range applied.
Fig. 3 presents the dependence of the amount of electrosorbed
ydrogen (expressed as hydrogen-to-metal ratio) on the elec-
rode potential, obtained in two ways [14,50]: (a) from the charge
f chronoamperometric oxidation (at 0.45 V) of hydrogen elec-
rosorbed at a given potential, (b) from the difference of charges

ig. 3. Hydrogen absorption capacities vs. potential for absorption (solid symbols)
nd desorption (open symbols) obtained in chronoamperometric experiments in
.5 M H2SO4: (a) Pd, (b) 97% Pd–Rh alloy.

t
a
t
t

r
I
d
a
t
w
p
p

a
t
b
(
t
p
c
b
i
(
t
o
i
f
h
g
A
o
P
r
c
i

t
t
c
d

e (−0.05 to 1.35 V), scan rate 0.01 V s−1. Data for bare RVC are shown for comparison.

orresponding to the amount of hydrogen electrosorbed at −0.05 V
nd hydrogen oxidized at a given potential. Procedures (a) shows
he influence of potential on the amount of hydrogen loaded during
bsorption, while procedure (b) yields the potential dependence of
he amount of hydrogen remaining in the electrode during desorp-
ion.

These plots exhibit three characteristics potential regions cor-
esponding to various forms of hydrogen present in the system.
nitially, the amount of electrosorbed hydrogen rises slowly with
ecreasing potential, which mirrors the processes of hydrogen
dsorption and �-phase formation. Then a sharp increase in
he absorption capacity is observed in a narrow potential range,
hich can be attributed to the �–� phase transition. For lower
otentials absorbed hydrogen exists as the hydrogen-rich �-
hase.

As can be seen in Fig. 3, the plots obtained in procedures (a)
nd (b) are similar in the regions of � and � phases but differ in
he phase transition region, which for absorption series (solid sym-
ols) is placed at a lower potential than for the desorption series
open symbols). This behavior corresponds to the effect of hys-
eresis well known for gas-phase measurements, where hydrogen
ressure connected with the �–� equilibrium during absorption
ourse is higher than during desorption course [1,7,51,52]. It is visi-
le that the potential ranges of �–� and �–� transitions are almost

dentical for deposits on RVC (solid line in Fig. 1) and Au wires
dotted line). Fig. 3 also demonstrates that for the Pd–Rh/RVC sys-
em the hysteresis is smaller than for Pd/RVC. Similar behavior was
bserved for thin deposits on Au wires [14]. The effect of hysteresis
s important in the context of energy storage since it is one of the
actors determining energy loss in a charging/discharging cycle of
ydride batteries [15]. Thus, reducing hysteresis increases the ener-
etic efficiency of the system as an electrochemical power source.
nother feature of the data shown in Fig. 3 is slightly lower potential
f the �–� phase transition for the alloy in comparison with pure
d. It is the effect of a smaller lattice parameter of Pd–Rh alloys with
espect to Pd (so-called ‘contracted alloys’) [5,6]. Such behavior is a
onsequence of an additional work to be done to extend the lattice
n a contracted system during the �–� transition [8].
Fig. 4 presents the potential dependence of the time needed
o obtain a steady-state electrode saturation with hydrogen and
he time necessary for hydrogen oxidation, determined from
hronoamperometric curves (Fig. 5). It demonstrates that with a
ecrease in the electrode potential (and a simultaneous increase
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ig. 4. Time needed for a steady-state saturation of the electrode with hydrogen
solid symbols) and time needed for the oxidation of hydrogen electrosorbed at
0.05 V (open symbols) in 0.5 M H2SO4 vs. potential of absorption and desorption,

espectively: (a) Pd/RVC, (b) 97% Pd–Rh/RVC.
n the amount of absorbed hydrogen) the absorption time initially
lowly increases, then passes through a sharp maximum and finally
radually decreases. Analogous dependence has been found for
ncreasing potential of hydrogen desorption, but with the maxi-

um placed at a slightly higher potential.

i
P
h
d
a

ig. 5. Chronoamperograms recorded for Pd/RVC in 0.5 M H2SO4 according to potentia
0.05 V, anodic step (2) hydrogen oxidation at 0.45 V.
Sources 185 (2008) 1598–1604 1601

The existence of a maximum on the t–E dependence indicates
he potential where the rate of the absorption/desorption pro-
ess reaches the minimum value. Such behavior has also been
bserved for thin layers of Pd and its alloys deposited on Au wires
14,50,53,54]. The only difference was that for RVC electrodes the
espective time values are higher than for Au wires. This, how-
ver, can be explained by larger total volume of hydrogen-absorbing
aterial in the former case.
A comparison of the potentials of time maxima with the respec-

ive H/Pd–E or H/(Pd + Rh)–E plots for absorption and desorption
eveals that these potentials are always within the phase transi-
ion region. Moreover, the maximum absorption time corresponds
o the highest potential sufficient for �-phase formation and the

aximum desorption time is connected with the lowest poten-
ial sufficient for �-phase decomposition. Thus, we can conclude
hat the slow process of �–� transition rather than surface kinetics
r bulk diffusion controls the overall rate of hydrogen absorp-
ion and desorption into/from thin Pd-based layers [55–57]. The
ow rate of phase transition is also mirrored in the courses of
oth absorption and desorption chronoamperograms with inflex-

on points present at the initial parts of i–t curves (indicated
y arrows in Fig. 5), where a rapid decrease in the current (see
egion A in the inset in Fig. 5) is followed by a region of a lower
lope or even a plateau (region B). It has been found that for an
bsorption step the charges passed up to those points correspond
o the amounts of hydrogen only slightly higher than its max-
mum concentration in the �-phase. On the other hand, in the
ase of a desorption step the charges consumed before the inflex-
on points (area C) are very close to the differences between the
otal amount of absorbed hydrogen and its minimum concentra-
ion in the �-phase. Thus, the characteristic points on i–t curves
ndicate the onset of the �-phase formation or decomposition,
espectively.

Fig. 6 shows open circuit potential measured after sample satu-
ation with hydrogen at −0.03 V. A long period of almost constant
otential (ca. 0.01–0.03 V) is observed corresponding to �- and �-
hase coexistence, followed by rapid increase up to ca. 0.7–0.8 V,
.e. a value at which no form of hydrogen is present in Pd or the
d–Rh alloy. These data demonstrate that in the absence of external
ydrogen the Pd–hydrogen system is unstable and its spontaneous
ehydriding occurs. According to the literature [58,59] hydrogen
bsorbed in Pd has a tendency to leave the metal, since without

l program: pretreatment at 0.45 V, cathodic step (1) hydrogen electrosorption at
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range 0.5–6.0 W g−1, i.e. of the same order of magnitude as the char-
acteristics of typical supercapacitors [61–65]. Moreover, maximum
values of specific energy exceeded 20 Wh kg−1, again within the
range reported in the literature for this class of systems [62,64].

Fig. 8. Maximum values of specific power obtained for oxidation of hydrogen
absorbed at −0.05 V in Pd and Pd–Rh alloys deposited on RVC: CAmax, specific power
ig. 6. Open circuit potential vs. time after hydrogen absorption (1200 s at −0.03 V)
n: (a) Pd/RVC and (b) 97% Pd–Rh/RVC.

ydrogen in the solution the Pd–H equilibrium is strongly shifted
owards hydrogen desorption.

The presence of potential plateau in Fig. 6 can be explained
y Gibbs phase rule—as long as � and �-phases coexist, electrode
otential is independent of the state of charging with hydrogen. One
hould note lower potential of the plateau for the Pd–Rh alloy than
or Pd, which results from the aforementioned lattice contraction of
he alloy. However, once the �-phase decomposition is completed,
nly one phase is present in the system and potential can change,
ventually reaching the values corresponding to surface oxidation
f the electrode. Lower final potential for the Pd–Rh alloy is in line
ith the fact that Rh addition to Pd makes the electrode surface

asier for oxidation [60].
The analysis of the above data confirms earlier statements

19,20,38] that there is no qualitative influence of RVC substrate
n the absorption behavior of Pd-based deposits. The main differ-
nces concern timescale of the processes, which can result from
pecific geometry of RVC material. Another feature, which is mani-
ested on CV curves at high scan rates, is an uncompensated IR drop
nside the pores of RVC. There are also considerably higher double
ayer charging currents due to the highly developed electrode sur-
ace [38]. However, when stationary measurements are performed
uring a period long enough to obtain equilibrium conditions, the
esults for RVC electrodes are in agreement with the data reported
or thin Pd-based layers deposited on other substrates [14,16–20].
his statement is also true for the comparison between the deposits
n bare RVC and RVC first electroplated with Au [38]. The latter
ind of matrix, however, allows for better deposit adhesion to the
ubstrate during repeated hydrogen absorption/desorption runs.

The amount of hydrogen absorbed in Pd-based materials can be
ecalculated into units commonly used for description of energy
torage systems, i.e. pseudocapacitance per mass unit. This was
one on the basis of the ratio between charge of absorbed hydrogen
xidation and the potential range in which all absorbed hydrogen
s electrochemically removed during an anodic CV scan [61]. Pseu-
ocapacitance characteristics referred to the total mass (i.e. the
um of deposit and substrate masses) of Pd and Pd–Rh hydrogen
bsorbers deposited on RVC are shown in Fig. 7. The maximum val-
es of specific pseudocapacitance reach more than 500 F g−1, i.e.
re comparable with the data reported for supercapacitors based

n reversible insertion of atomic species into the crystal structure
f bulk solid electrodes, e.g. polymers or RuO2 [25], and higher than
he values typical of double layer electrochemical capacitors [26].
t should be stressed that specific capacitance of bare RVC under
he same experimental condition did not exceed 0.1 F g−1, i.e. was

c
C
o
t
o
(

ig. 7. Maximum values of specific pseudocapacitance obtained for voltammetric
0.005 V s−1) oxidation of hydrogen absorbed in Pd and Pd–Rh alloys deposited on
VC.

egligible in comparison with psedocapacitance originating from
edox processes of hydrogen absorption/desorption (see also CV
urves in Fig. 2).

The values of specific power are collected in Fig. 8. They were
alculated in various ways, both for chronoamperometric and
oltammetric oxidation of hydrogen absorbed at −0.05 V. In the
ormer case average power (CAav) was obtained as the product
f charge-to-time ratio during total removal of absorbed hydrogen
nd the difference between potentials corresponding to hydrogen
bsorption (−0.05 V) and oxidation (0.45), while in the latter case
CVav) it was obtained as the product of scan rate applied (here
.005 V s−1) and charge consumed during hydrogen oxidation [61].
dditionally, the values of specific power were calculated for max-

mum (CAmax – for region A in Fig. 5) and plateau (CAplat – region
) current in chronoamperometric oxidation as well as for peak
urrent (CVp) in voltammetric oxidation. All these values are in the
orresponding to maximum current in chronoamperometric oxidation (0.45 V);
Aplat, specific power corresponding to current plateau in chronoamperometric
xidation (0.45 V); CAav, average specific power in chronoamperometric oxida-
ion (0.45 V); CVp, specific power corresponding to current peak in voltammetric
xidation (0.005 V s−1); CVav, average specific power in voltammetric oxidation
0.005 V s−1).
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ig. 9. Ragone plot for chronoamperometric (CA) and voltammetric (CV) oxida-
ion of hydrogen absorbed in Pd and Pd–Rh alloys deposited on RVC. Dotted lines
orrespond to various discharging times.

It would be interesting to compare the parameters of Pd-
ased/RVC supercapacitors with other type of devices utilizing
ydrogen absorption in metals/alloys, i.e. nickel-hydride batteries
Ni-MH). The latter systems are characterized by higher specific
nergy (55–70 Wh kg−1) [15] but lower specific power (typically
elow 1 W g−1) [65] than our system studied. It should be added
hat hydrogen diffusion coefficient in metal hydrides used in most
ommercially available batteries is at least two orders of magnitude
ower than in Pd–H system (10−8 to 10−10 vs. 10−6 to 10−7, respec-
ively) [1,15], thus higher diffusional limitations are expected in the
ase of Ni-MH. It should be added that since capacitance of the Pd–H
ystem is essentially based on pseudocapacitance resulting from
edox processes occurring in the bulk of electroactive material, this
ype of supercapacitor is somewhat battery-like in its behavior [63].

The latter fact is confirmed by the course of Ragone plot (i.e.
pecific power vs. specific energy) for Pd-based/RVC supercapac-
tors (Fig. 9). In contrast to the case of double layer capacitors, in

hich the increase in specific energy results in a decrease in specific
ower [65,66], our systems studied exhibit the increase in power
ith energy. This effect was predicted by Pell and Conway [66] for

atteries and supercapacitors based on faradaic pseudocapacitance
nder the conditions of sufficiently high discharge currents, i.e. cor-
esponding to the energy region before the maximum power is
eached. This maximum is visible in Fig. 9 at the right-hand side
f Ragone plot. Thus, it can be concluded that the systems exam-
ned may operate at both high energy and power. It should be noted
hat during discharging of hydrogen-saturated Pd or Pd–Rh alloys
he potential remains practically constant as long as � and � phases
oexist (see Fig. 6). This is another similarity to battery-like behav-
or, as for a typical capacitor the potential decline with the extent
f discharge is observed [66].

Although one can recognize the slow �–� phase transition
n Pd-based systems as their main disadvantage that limits the
ate of charging–discharging processes, it should be stressed that
elatively high currents can still be achieved during dehydrid-
ng of pure �-phase (region A in the inset in Fig. 5). In fact, the
alues of hydrogen loading/deloading time at extreme charging
nd discharging potentials (−0.05 and 0.45 V, respectively) are

f the order of minutes being comparable with literature data
or supercapacitors based on carbon, polymers or metal oxides
61–63]. Moreover, kinetic parameters might be improved by apply-
ng thinner layers than used in our study. Also, it is possible the
bsorption–desorption hysteresis to be decreased by higher Pd

p
n
a
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e

ig. 10. Cyclic voltammograms (0.001 V s−1) for Pd/Au/RVC electrode subjected to
ontinuous potential cycling in 0.5 M H2SO4. H/Pd ratios shown in the legend.

ubstitution with Rh without significant deterioration of hydrogen
bsorption capacity (up to 20% Rh in the alloy bulk the amount of
bsorbed hydrogen is higher than in pure Pd [14]).

Fig. 8 also demonstrates that the values of average specific
ower calculated for voltammetric oxidation are lower than under
otentiostatic conditions. This difference mirrors the fact that for
olarization between −0.05 and 0.45 V at scan rate 0.005 V s−1 time
eeded for the oxidation of all absorbed hydrogen is higher than
uring polarization at constant potential of 0.45 V, therefore charge
onsumed in time unit is lower. Also, in Figs. 7 and 8 it is visible that
n the case of Pd and Pd–Rh deposits on RVC electroplated with Au
he values of specific pseudocapacitance and power are lower than
or the deposits on bare RVC. However, the use of Au as an inter-

ediate layer between Pd-based deposit and RVC matrix seems
o be more appropriate for real applications due to better deposit
dhesion to the substrate [38,67,68].

Fig. 10 shows hydrogen absorption–desorption currents
ecorded for Pd/Au/RVC electrode during continuous potential
ycling. This procedure was applied to check charging–discharging
urability of a potential supercapacitor. No significant deterio-
ation of hydrogen absorption capacity was observed even after
00 cycles, i.e. the changes in H/Pd ratio did not exceed 10%.
owever, further cycling led to some loss in hydrogen absorption
apacity due to partial dropping off the coating after repeated
ydrogen insertion and removal, which is connected with crystal

attice expansion/contraction accompanying �–� and �–� phase
ransitions [5,6]. It should be stressed that the cycle-ability of the
d/Au/RVC system was much better than that of Pd deposited on
are RVC. In the latter case already after 200 cycles the deposit
dhesion became weaker and H/Pd ratio decreased.

Comparing Fig. 10 with Fig. 2 one should note some differences
n the hydrogen absorption/desorption currents. In Fig. 10 a pair of
eaks is observed (cathodic at ca. −0.06 V and anodic at ca. 0.08 V),
hile in Fig. 2 the large cathodic peak is not present; instead a small
ave at ca. 0.17 V is visible. The differences between both CV curves
riginate from different scan rates applied. Fig. 2 corresponds to
igher scan rate (0.01 V s−1) than Fig. 10 (0.001 V s−1). Since hydro-
en absorption is relatively slow, during faster polarization not all
vailable amount of hydrogen can be absorbed and the cathodic
eak in not developed. At higher scan rate hydrogen adsorption
eak (i.e. the aforementioned signal at 0.17 V) is much more pro-

ounced, since the contribution of the bulk process of hydrogen
bsorption to the overall hydrogen signal is smaller. The differences
n signal shape and potential may also be partially due to IR drop
ffect that occurs as a result of RVC porosity. This effect is expected
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o increase with scan rate. However, the separation between anodic
nd cathodic hydrogen peaks observed even at low scan rate indi-
ates a certain degree of electrochemical irreversibility of hydrogen
bsorption and desorption. As was discussed in detail in our ear-
ier works [14,50], this behavior originates from a slow �–� phase
ransition.

Therefore, in that context it would be interesting to investigate
hydrogen–metal system which is homogeneous, i.e. where single
hase exists during hydrogen loading and therefore no phase tran-
ition occurs. However, for the use in supercapacitors the amount
f absorbed hydrogen in that phase should be distinctly higher
han in the �-phase in pure Pd. Such features are exhibited by
d alloys with Au or Ag containing ca. 20–30% of solute metal
1,5,6]. Moreover, these alloys exhibit faster kinetics of hydrogen
bsorption/desorption [69,70]. Thus, further research is needed to
xamine these systems in the aspect of possible applications in
upercapacitors.

. Conclusions

Pd and Pd–Rh alloys can be potentiostatically deposited on
VC matrix. Such electrodes exhibit electrochemical properties
ypical of the deposits, not influenced qualitatively by RVC sub-
trate. The slow processes of phase transitions control the rate of
ydrogen absorption and desorption into/from thin Pd-based/RVC

ayers. Under open circuit conditions spontaneous decomposition
f the �-phase occurs and electrode potential is determined by
–� phase equilibrium. The values of specific pseudocapacitance,
pecific power and specific energy calculated for the process of
ydrogen oxidative desorption from Pd and Pd–Rh alloys deposited
n RVC are comparable with those typical of supercapacitors utiliz-
ng various redox reactions. Further studies are certainly needed to
olve several problems before these systems find their real appli-
ations.
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18] A. Czerwiński, I. Kiersztyn, M. Grdeń, J. Solid State Electrochem. 7 (2003)

321.
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34] A. Czerwiński, J. Sobkowski, R. Marassi, Anal. Lett. 18 (A14) (1985) 1717.
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