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In this research we present a fast and quantitative electrochemical method - based on cyclic voltamme-
try (CV) - to screen the hydrogen (H) sorption (adsorption and/or absorption) and desorption behavior of
Pd-based alloys. The method consists of a first step in which specimens are potentiostatically loaded with
H, followed by a second step in which a CV experiment is performed with a wide-range potential sweep.
During the second step, oxidation of H occurs as well as the formation of oxides and their consequent
reduction. The H-loading and the CV start potential are the same so that H oxidation is not influenced

Keywords: by other surface reactions as it is the first process to take place. The method is applied to different Pd-
Hydrogen R R . R . . .

Cyclic voltammetry alloys (Pd-Au, Pd-Mo-Cu) and it enabled to elucidate the differences in H-sorption/desorption properties
Pd-alloys of the alloys. X-ray diffraction (XRD) and scanning electron microscopy (SEM) are used to investigate

changes in the structure as a function of the H-loading times. It was shown with this work that (i) the
phases present in the microstructure have a significant effect on the amount of hydrogen absorbed
and the kinetics of absorption, (ii) even very small amounts of desorbed hydrogen can be detected by
CV and (iii) alloying elements affect hydrogen sorption/desorption behavior of Pd-based alloys and the
interaction strength of H with the surface or the bulk.
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H desorption
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1. Introduction

Palladium-based alloys are applied in membrane reactors to
enhance the efficiency of industrially important chemical reactions
[1-4] and in hydrogen production by steam reforming and water
gas shift reaction [5-7]. Pd-alloys are also applied in thin film
hydrogen sensors [8]. The lifetime and the performance, i.e. the
permselectivity of membranes and the quality of sensors of Pd-
based alloys is largely determined by hydrogen absorption and
adsorption properties. The lifetime is mainly limited by hydrogen
embrittlement when absorption of hydrogen causes hydride for-
mation that is accompanied by large volume changes up to 10%
(for pure Pd), causing microstructural changes and ultimately
breakdown of the material [9]. The performance of Pd-based alloys,
catalytic properties and sensing quality are influenced by surface
poisoning [10-13] and in some cases by surface segregation
[14,15]. Both adsorption and absorption properties are affected
by the amount and type of the alloying elements. H-embrittlement
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can be reduced by alloying because absorption properties are chan-
ged such that the formation of hydrides (B-phase) is prevented
under given process conditions, i.e. when the material stays in
the o phase [9]. Alloying also changes adsorption properties which
allows to reduce the susceptibility to surface poisoning [16] and to
optimize the performance of sensors [17].

In this paper an electrochemical approach was utilized to study
the hydrogen sorption and desorption reactions of bulk Pd-Au and
Pd-Mo-Cu alloys with several tens of micrometer thickness by
combining potentiostatic loading with voltammetry. Alloys chosen
are promising candidates for membrane technology, particularly
for hydrogen gas purification due to their resistance to surface poi-
soning and H embrittlement. Cyclic voltammetry (CV) is a useful
technique in studying sorption/desorption mechanism of hydrogen
and oxygen on various materials [18]. This is mainly because it
reveals information on these mechanisms through well studied
reactions, e.g. formation of adsorbed hydrogen (Volmer adsorp-
tion) or electrochemical desorption of hydrogen into the solution
(Heyrovsky desorption) in one relatively fast scan. Another advan-
tage of the method is the possibility of detecting very low amounts
of H in the material. Czerwinski et al. [19-21] investigated the
absorption/desorption properties of hydrogen in Pd using CV in
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acidic and basic solutions. In these works the H-loading potential
was related to the amount of H absorbed by the material; in their
thin specimen the o and B phases form and show two distinct
peaks in the anodic oxidation region. Lukaszewski et al. [22-25]
investigated the hydrogen absorption behavior and the chemistry
of the surface oxides of Pd-Au alloys. They identified the Pd-rich
and Au-rich oxide forming species by investigating the oxide
reduction peak observed in the CV.

Although there has been extensive research in the past on H in
Pd-alloys, still the effect of alloying on H absorption is unknown for
a wide range of electrochemical H-loading durations including low
H content region (at room temperature: o-phase, [H]/[M] < 0.05),
the two phase region (o + B-phase, 0.05 < [H]/[M] < 0.6) and the
H saturation region ([H]/[M] > 0.6). In this paper a wide range of
loading times is used, which allowed to distinguish the H-sorption
behavior of these alloys in the earlier stages when the system is not
yet stable and later stages when the system reaches a steady state.

Different terms are generally used to describe the position or
state of a hydrogen atom at the surface or in the bulk of material.
In this paper the following nomenclature was used: (i) Adsorption
refers to the accumulation of hydrogen (physisorbed or chemi-
sorbed) at the surface and also includes the subsurface hydrogen,
(ii) Absorption refers to the initially adsorbed hydrogen that has dif-
fused into the bulk of the lattice, (iii) Sorption includes both
adsorption and absorption phenomena and (iv) Desorption is the
inverse of sorption; it defines the hydrogen that leaves the system
through the surface (with an oxidation reaction) of the sample and
diffuses into the solution.

2. Experimental procedure

The materials used for this study were 50 pum foils of pure Pd,
Pd alloyed with Au (PdgsAus, PdgoAuqg, Pd;sAu,s) and Pd alloyed
with Mo and Cu (PdgsMo4Cus). The foils were obtained from Phi-
lips Research Laboratories in Eindhoven, The Netherlands. The
samples were prepared from these foils by cutting pieces of
5 mm x 10 mm. Samples were attached to a steel wire by spot
welding. The connection and the part of the wire that was inside
the solution were painted with a lacquer resistant at highly basic
solution. Prior to painting, both sides of the sample were washed
first with acetone and then with ethanol, followed by drying with
Ny, in order to dissolve any grease or similar contamination. The
reference electrode was a saturated standard calomel electrode
(SCE) and the electrolyte used was a 1 M KOH (Sigma Aldrich, pur-
ity >85%, pH ~ 13.1) solution. Finally, platinum was used as the
counter electrode. Although in some cases [22-25] the solution is
deaerated by bubbling Ar or N, gas prior to and/or during the
experiment, our experiments were performed without bubbling
gas since no effect of deaeration on results was found.

For the cyclic voltammetry experiments, a Potentiostat Autolab
PGSTAT 12 was used. During the experiments, the potential was
swept between —1.2V and 0.5V with a sweep rate of 0.01V/s
and starting at —1.2V. The potentiostatic H-loading potential
was selected as —1.2 V. Loading times were varied from 25s to
8 h, so that the hydrogen adsorption/absorption behavior of the
materials in o-, oo+ B- and B-phases is covered. The sequence of
the electrochemical experiments is shown schematically in Fig. 1
and was as follows: (1) two repeated cycles of CV (Fig. 1a and b),
(2) potentiostatic hydrogen loading at —1.2 V and (3) two repeated
cycles of CV (Fig. 1c and d). The sample was not removed from the
solution in between the steps mentioned above and the tempera-
ture was fixed at 300 K. All potentials are referred to SCE in this
paper. Traditionally, the current density in CV experiments is
expressed per unit area (A/cm?). Since the amount of hydrogen
absorbed depends also on the volume of the Pd samples, the data

are expressed per unit volume (A/cm?) to take into account the
effect of small volume differences between the samples.

X-ray diffraction (XRD) was used to determine the phases pres-
ent in the material upon different H-loading times. X-ray powder
diffraction (XRPD) patterns were recorded in a Bragg-Brentano
geometry in a Bruker D8 Advance diffractometer equipped with a
Vantec position sensitive detector and graphite monochromator
[26]. Data collection was carried out at room temperature using
monochromatic Co Kot radiation (4 = 0.179026 nm) in the 20 region
between 40° and 140°, step size 0.04° 26 and measuring time per
step 2s. The samples were placed on a Si {510} substrate and
rotated during measurement. Scanning Electron Microscope
(SEM) was utilized to investigate surface related changes (e.g. seg-
regation) upon H-loading. The SEM was a JEOL JSM 6500F from
Japan Electron Optics Ltd with a hot field emission gun and is
equipped with a Thermo Fisher Ultradry EDS detector with Noran
System 7 data-acquisition and data-analysis software. The back-
scattered electron detector (BSE) was an Autrata type.

3. Results and discussion

In this section the results of the electrochemical methods that
were applied on Pd, Pd-Au and Pd-Mo-Cu will be presented and
discussed. The range of alloying was chosen such that both the sin-
gle phase (Pd;sAuys and PdgsMoqoCus) and two-phase (PdgsAus
and PdgoAuqg) systems were investigated. A wide range of poten-
tiostatic loading times were applied in order to gain knowledge
on both adsorption and absorption related properties of Pd-alloys.
In the following sections, before going into a detailed discussion on
H adsorption/absorption properties of different alloys, a descrip-
tion of a typical CV scan will be given with the definitions of differ-
ent regions, including the reactions taking place. Next, the method
for quantification for both the CV scans and potentiostatic loading
curves will be described. This will be followed by a discussion on H
sorption/desorption properties of the Pd-alloys.

3.1. Description of a CV scan for Pd-alloys

A typical CV curve for PdgsAus is given in Fig. 2. Hydrogen evo-
lution and/or adsorption takes place at Region 1 and Region 3,
whereas H-desorption (oxidation) occurs in Region 2.

Region 1 in Fig. 2 shows that the current is negative and
decreasing. In this region, the discharge of H,O occurs (Volmer
reaction) which results in hydrogen adsorption on the electrode
surface according to Eq. (1). This reaction takes place around a
potential of —1.068 V vs. SCE in a solution of pH 13.1 [27]. This is
the main reason for selecting a potentiostatic H-loading potential
of —1.2V, i.e. to ensure that the Volmer reaction takes place on
the surface of the working electrode.

H,0 + e~ — Hyqs + OH™ (1)

The adsorbed hydrogen can either diffuse into the bulk through
absorption (Eq. (2)),

Hads — Haps (2)

or it can recombine with another adsorbed H atom (Tafel reaction)
and diffuse away from the surface as is given in Eq. (3):

Hads + Hads - HZ (3)

Sweeping the potential from Region 1 towards Region 2, once the
current is in the anodic region, the hydrogen that was adsorbed and/
or absorbed in Region 1 starts to desorb, forming the hydrogen
desorption peak. Sweeping the potential further until the switching
potential (Es = 0.5 V) leads to PdO formation (Region 4 in Fig. 2) and
oxygen evolution (Region 5 in Fig. 2). During the reverse scan, oxy-
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Fig. 1. Experimental scheme: CV scans before H-loading (a) scan 1, regarded as a cleaning/reference step; (b) scan 2; CV scans after H-loading (c) scan 3; (d) scan 4.
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Fig. 2. A typical CV scan performed on PdgsAus in a 1 M KOH solution. Starting and
switching potentials are —1.2V and 0.5V, respectively. Sweep rate is 0.01V/s.
Different reaction regions of hydrogen evolution/adsorption (Region 1 and Region
3), hydrogen desorption (Region 2), PdO oxidation and reduction (Region 4 and 5,
respectively) and oxygen evolution (Region 6) are shown.

gen and PdO reduction takes place on the electrode surface (Region 7
and Region 5 in Fig. 2, respectively). This is followed by Region 3,
where similar to Region 1, hydrogen is produced which can adsorb
on the surface. Regarding the regions related to hydrogen sorp-
tion/desorption, Region 1 and Region 3 can be used to calculate
the total amount of hydrogen evolved (H; gas and the hydrogen that
is adsorbed) at the electrode surface and Region 2 is used to deter-
mine the amount that desorb out of the system.

3.2. Quantification of adsorbed and absorbed hydrogen for Pd-alloys

To quantify the amount of hydrogen that is sorbed and to estab-
lish if all the hydrogen that is evolved on the surface does sorb/des-
orb, the total charge Q (in C) involved in the reactions of Region 1,
Region 2 and Region 3 are compared. Q is calculated by integrating
the I(t) after converting the potential axis of Fig. 2 to time axis as in
Eq. (4):

_|E() — By
)]

t (4)
where E(t) is the potential at time t (V), E; is the initial /starting poten-
tial (V), vis the sweeprate (V/s)and t is time (s). The E; term in Eq. (4)
is replaced by the switching potential E; for the reverse scan.

The total charge Q calculated by integration of I(t) is then used
to calculate the amount of hydrogen. This implicitly assumes that
each electron reacts with 1 H atom according to Eq. (1). If all the
hydrogen atoms evolved are sorbed and also completely desorbed,

then the following equations regarding scan 1 and scan 2 (see
Fig. 1a and b) should hold:

(Q of Region 15" 1) = (Q of Region 25" 1) (5)

<Q of Region 3°*" 1) + (Q of Region 15%" z)
= (Q of Region 2°°" 2) ®)
After potentiostatic H-loading takes place, it should hold that:
(Q of hydrogen loading curve) + (Q of Region 15" 3)
= (Q of Region 2°" 3) )

The left side of these equations shows the total charges related
to hydrogen evolution (adsorbed and/or evolved) and those on the
right side are due to H-desorption. The comparison of the left and
right side of Egs. (5) and (6) averaged for 20 measurements shows
that for scan 1, the difference between the total Q related to H evo-
lution and H desorption is about 34%, whereas this difference for
scan 2 is only 6%. The higher difference between the anodic and
cathodic regions of scan 1 is attributed to the presence of contam-
ination or oxide layers on the surface that reduce the sorption of
hydrogen. It is also observed that the peak potential E, of the
hydrogen desorption peak (Region 2 in Fig. 2) of scan 1 and scan
2 are the same (—0.65 V vs. SCE). However, the total Q differs for
these two scans (i.e., larger Q for scan 2), pointing to a larger
amount of H adsorbed [18].

Similar to calculating the amount of H desorbing from the sam-
ple using the CV curves, integration of I(t) vs. time plot of the
potentiostatic loading curve was used to calculate the amount of
hydrogen evolved during H-loading. The loading curves for the
Pd-Au alloys are shown in Fig. 3. The loading curves of Pd;sAu,s
presented in Fig. 3¢ show different characteristics than that of Pdgs.
Aus and PdgoAuqg (Fig. 3a and b, respectively). The PdgsAus and
PdgoAu;o samples show a region with slightly higher current den-
sities (see arrows), whereas the Pd;sAu,s sample does not show
such region. The changes in the current (and hence the absorption
property) are related to the phases present in the material as will
be shown next. Different stages of the loading curves can be related
to different phases as the o,ax and Bmin concentrations correspond
to the charges in relation with inflexion points on the loading
curves as shown by Lukaszewski et al. (Pd-Au and Pd-Pt) [28]
and Hubkowska et al. (Pd-Ru) [29]. In the current work, direct
phase identification was performed by means of X-ray diffraction
at selected points (times of loading) of the loading curve. Fig. 4
shows the diffraction patterns of PdgsAus samples for different
H-loading times. In Fig. 4a, the diffraction pattern of a fresh sample
(before performing CV) is shown where the material is in the o~
phase. The material is in the face-centered-cubic (FCC) structure
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Fig. 3. Potentiostatic H-loading curves at —1.2'V for (a) PdgsAus, (b) PdgoAuyg, (c)
Pd;sAuys. The loading current goes through an increasing region followed by a
decreasing trend in PdgsAus and PdgpAu;g samples associated with the o — B
transition. The PdsAu,s alloy, however, does not show this behavior (stays in the
one phase region throughout loading).

and H is expected to fill the interstitial sites upon loading. The XRD
pattern for 500 s H-loading (Fig. 4b), is very similar to the diffrac-
tion pattern before loading, no additional diffraction peaks are
observed. The 500 s loading corresponds to the initial part of the
potentiostatic loading curve, where the current is abruptly
decreasing, as indicated with an arrow in Fig. 3a.

In this region, the material is still in the o-phase and calculation
of the hydrogen amount by means of XRD is difficult since a
remarkable shift in diffraction peaks is not observed. The o — f
transition has started to take place for loading times around
1000 s. Diffraction patterns obtained at this stage of loading show
the appearance of the B-{200} reflection next to the a-{200}
reflection indicated by an arrow in Fig. 4c. The results of XRD when
H-loading was performed for 2500 s and 10,000 s, which both cor-
responds to the higher current region of the loading curve (see
arrows in Fig. 3a and b), are shown in Fig. 4c and d. It is clearly seen
that the oo and B phases coexist for these loading times and that the
amount of B-phase increases in time, as indicated by a higher peak
area of the B-phase for 10,000 s loading than 2500 s loading. For
longer loading times (Fig. 4f) all the a-phase has transformed into
the B-phase. The Pd;sAu,s alloy does not show similar behavior of
a change in the current density (see Fig. 3c) which suggests that
this material stays in the one phase (o-phase) region throughout
the loading. The corresponding H contents by means of CV will
be discussed in the next sections.

3.3. Adsorption vs. absorption in the «-phase

The hydrogen desorption peak of the second scan is due to the
total hydrogen sorbed during Region 3 in the first scan and Region
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Fig. 4. XRD patterns of PdgsAus samples after different H loading times. (a) PdgsAus
alloy showing FCC a-phase peaks. (b) After 500 s loading, the material is still in the
o-phase, [H]/[Pd] cannot be calculated by XRD since a remarkable shift in peaks is
not observed). (c) For the 1000 s loaded sample, the formation of B-phase (see
arrow) [H]/[Pd] ~ 0.46. (d) After 2500 s loading [H]/[Pd] ~ 0.46 and (e) 10,000 s
loading [H]/[Pd] ~ 0.46, the B-phase amount is increasing indicated by bigger p-
phase peaks, (f) for a sample that was 56,000 s loaded [H]/[Pd] ~ 0.52, only the B-
phase peaks are visible, indicating that the o — B transformation is complete.

1 in the second scan (see Fig. 2). Since the amount of total hydro-
gen generated in these regions is very small, the second scans of
Pd-alloys can be used to differentiate the adsorption properties
of the materials. To determine if absorption readily occurs during
the second scan, the number of hydrogen sites available on the
sample surface and the amount of H evolved during the second
scan was compared. Assuming a {111} orientation on the Pd sur-
face and 1 H/Pd adsorption ratio on the surface [30], there are
3.79 x 10" Pd sites available for H adsorption. The amount of
hydrogen produced at the surface was calculated to be
1.41 x 107 atoms (see Eq. (6) and Section 3.2 for information
about the quantification method). This indicates that, even in
Region 1 of the second scan when there is no H-loading performed
on purpose, all the sites available for H near the surface are full.
This means that, even in the very low H-loading amounts, absorp-
tion has started.

Fig. 5a shows a correlation between the mean peak potential of
the hydrogen desorption peak and the percentage of Au in the Pd-
Au alloy.

When the amount of Au in the alloys is small (Pd and PdgsAus),
the mean peak potential is significantly more cathodic compared
to that of Pd-alloys of higher Au content. The more anodic peak
potential of PdgoAu,o and Pd,sAu,s samples could point to mainly



A.V. Uluc et al./Journal of Electroanalytical Chemistry 734 (2014) 53-60 57

-0.56 +———————————————— ——
-0.58- (@) % ’

-0.60

V)

-0.62

-0.64

-0.66 4

Mean Ep vs. SCE
HH

-0.68
L]

-0.80 i
-0.85

T T T

-
0 5 10 15 20 25
Au at.%

Pd, Mo, Cu,

-3
8.0x10 T T T T T T T T

(b)

6.0x10°4 %

4.0x10°4

Mean [H]/[M]

2.0x10° 2

2.0x10°4 &

1.0x10° 1= T T T ' '
0 5 10 15 20 25

Au at.%

Pd Mo, Cu,

Fig. 5. (a) The mean peak potentials, (b) the mean [H]/[M] of minimum 20 measurements for Pd-Au and Pd—-Cu-Mo systems. The second scans were used to determine the

values.

three possibilities: (i) higher Au% samples sorb higher amounts of
hydrogen and thus a longer time period is required to strip it all
out; (ii) H diffusivity gets smaller with increasing Au% [31] so a
longer time period is required for H to diffuse to the surface; or
(iii) hydrogen is more strongly bound to the surface/bulk so that
it is energetically more difficult to remove from the material. If
the first option is correct, then the mean hydrogen content [H]/
[M] should have the same trend as the mean peak potential with
amount of Au in the Pd-Au alloy. However, it is shown in Fig. 5b
that there is no clear correlation between the H content and the
amount of Au in the alloy. In fact, for short loading times, the
[H]/[M] is highest for PdgoAu;o, somewhat lower for Pd;sAu,s fol-
lowed by pure Pd and smallest for PdgsAus. Thus, the first option
can be eliminated. The second and third options both remain as
possible explanations. They are both feasible explanations. Accord-
ing to the third option, the peak shift is related to the interaction
strength between the hydrogen and the surface or bulk sites of
the alloy. As seen in Fig. 5a, this would suggest that the hydrogen
is attached more strongly as the amount of Au in the alloys is
increased. This is in good agreement with density functional calcu-
lations of Sonwane et al. [32,33], where the binding energies of
hydrogen to the octahedral sites are calculated to be higher for
Pd-Au alloys and lower for Pd-Cu alloys, with respect to pure Pd.
For Pd-Cu-Mo system, the mean peak potential is the most catho-
dic one, and the hydrogen amount that is sorbed in the system is
significantly lower than the Pd-Au alloys.

3.4. Hydrogen in the a+p and B phase regions

The CV scans of Pd alloys after H-loading up to 1000 s at —1.2 'V
are shown in Fig. 6. The direct observation for all materials is the
shift of E, to more anodic potentials as the loading time increases.
This is because the potential axis of a CV curve can also be consid-
ered as a time axis. As the time of loading increases, there is more
time needed to strip the H out of the samples. Also, the B-phase
(once formed) needs to decompose into the o-phase during
unloading which additionally could contribute to the time delay.
It is also seen that different Pd-Au alloys with different percent-
ages of Au have distinctly different shapes. While CV scans of Pdgs.
Aus look rather symmetrical in peak shape, the PdgpAu;o alloy
shows a tail at the beginning of the hydrogen desorption peak
whereas the Pd;sAu,s shows a tail at the end. In Fig. 6d, the CV
scans for Pd-Cu-Mo system is also shown for the same loading
times. The shape in this case also consists of a hydrogen desorption
peak with a tail at the end. Additionally, a high oxidation current is
observed on the cathodic region right after the hydrogen desorp-
tion peak. This oxidation reaction prevents the hydrogen desorp-
tion peak current to drop to low values which makes the

calculation of the hydrogen amount more difficult. In this case,
by subtracting the charges (Q) involved in the reduction of PdO
in the reverse scan from the total Q of hydrogen desorption of
the forward scan, the hydrogen amounts were estimated.

As stated previously, the amount of hydrogen produced during
potentiostatic loading can be compared with the hydrogen desorb-
ing from the specimen during CV. The results for PdgsAus and Pd;s.
Auys for loading times up to 60,000 s are given in Fig. 7. As the
loading time increases, the total hydrogen evolved also increases
as expected. For the PdgsAus (Fig. 7a) the amount of H desorbed
however first increases but then remains constant after loading
times of about 10,000 s. Initially almost all the H produced also
desorbs (91%), implying that almost all the H has been absorbed.

After longer loading times (>10,000 s) the material is saturated
with H (about 0.5 [H]/[M]), the amount of desorbed H does not
increase anymore, indicating that the material has absorbed the
maximum amount of hydrogen for the given conditions. Similarly
for the Pd;sAu,s samples initially (loading time <10,000 s) there is
an increase in the area of the desorption peak. After 10,000 s of
loading, which corresponds to about 0.3 [H]/[M], there is a drop
in the amount of desorbed H (down to about 0.25 [H]/[M]) and
from then on that amount stays constant for all longer loading
times. This reduction of desorbed H for Pd;sAu,s after longer load-
ing times is so far not understood. Both surface segregation and
changes in the amount of defects in the material were investigated.
Surface segregation (of Au) could hinder the dissociation of H, and
therefore reduce the absorption of H atoms. Changes in the defect
amount and type could lead to a reduction of the amount of des-
orbed H since defects could be traps for H. No surface segregation
of Au [14,34] was observed by means of SEM. BSE data were used
to first visually determine the Au-rich regions (higher brightness
due to its higher weight than the Pd atoms) and then EDS was used
to quantify the Pd:Au ratio. Analysis of the surface of Pd;sAu,s with
this method showed that a few Au-rich regions were present on
the surface for both as-received material as well as the samples
that were loaded longer than 20,000 s. But no clear increase of
the amount of Au-rich regions was found. Changes in the amount
or type of defects were also monitored by looking at XRD profiles
and their line widths that in principle reflect local changes in the
crystal structure [35], but no changes were found. Although exper-
imentally not observed, our calculations based on work of Toma-
nek et al. [36] showed that segregation of Au to the surface of
Pd-sAu,s sample is expected to be more pronounced than for lower
Au content samples. To summarize, even though proof of Au segre-
gation was not found on the surface of Pd;sAu,s samples, the pos-
sibility cannot be ruled out as an explanation of the observed
difference between the hydrogen evolved during loading and the
hydrogen desorbed from Pd;sAu,s alloys.
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Next, the relation between the amount of H desorbed as a func-
tion of loading time will be discussed. In Fig. 8a-c, the amount of
desorbed H after various loading times for the Pd-Au alloys is pre-
sented. In Fig. 8a the results for the low H-loading times (up to
3000 s) are collected. Clearly, the Pd;sAu,s sample absorbs the
highest amount of hydrogen for the low loading times, however
Fig. 8b shows that for higher loading times the Pd;sAu,s samples
desorbs less hydrogen than PdsAugs and Pd;pAuge. During the ini-
tial stages of H absorption where the system is away from a steady
state, the H-absorption of different alloys is determined by reduc-

tion kinetics. This is reflected in the amounts of hydrogen evolved
as shown in Fig. 7. For H-loadings up to 3000 s, the amount of
hydrogen evolved is higher for Pd;sAu,s than for PdgsAus. This sug-
gests that the H* reduction at the surface of the Pd;sAu,s alloy is
faster than the PdgsAus alloy. The amount of H eventually absorbed
by the system is determined by thermodynamics. It is well known
that the number of interstitial sites available for hydrogen
decreases as the Au content in Pd increases [37,38], because the
sites close to Au atoms are energetically less favorable for H. In par-
ticular, in Nanu et al. [38] the analysis of atom configurations by
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means of neutron diffraction showed that when the amount of Au
in the Pd-based alloy is increased, also tetrahedral sites in the
vicinity of Au atoms are occupied, whereas in pure Pd only octahe-
dral interstitial site are occupied by H.

Moreover the local configuration of Au atoms around an octahe-
dral site matters. This is consistent with the neutron diffraction
experiments [37] and Mossbauer spectroscopy results [39] that
indicated that the H atoms are repelled by Au atoms and conse-
quently the interstitial sites in the vicinity of Au atoms are not
preferably occupied by H atoms. The PdgsAus material absorbs less
hydrogen than PdgpAu;o for loadings up to 3000s (because of
kinetics) but eventually higher amounts of hydrogen are absorbed,
as is in accordance with the phase diagram [40]. In Fig. 8d, the
mean peak potential (Ep) as a function of loading time is presented
for Pd-Au alloys. In contrast with Fig. 5a (for low loading times),
here the E,, is shifted to more cathodic potentials with increasing
Au content. Lukaszewski et al. in their work [23] observed similar
behavior and attributed the easier H-oxidation of Au-richer alloys
to be kinetically originated by a probable change on the surface
or the bulk characteristics of the samples upon Au% increase. Our
results presented in Fig. 8b indicate that the amount of [H]/[Pd]
is lowest for Pd;sAu,s for the high loading times; the shift of the
E,, of higher Au content samples is attributed to the fact that lower
H amounts results in shorter times for the total H to desorb from
the material. The observations regarding the E; shift for low and
high H amounts is also in accordance with recent work of
Lukaszewski et al. [41]. Revisiting the discussion of the diffusivity
of H in Pd-Au alloys that was considered before for very low H con-
tent (see Section 3.3), diffusion of H is not the determining factor in
the observed peak potential shift (Fig. 8d) for the high H content.
As Au% increases, the diffusivity of H decreases [31], so a peak shift
to more anodic potentials is expected whereas the observed peak

shift on Fig. 8d is towards more cathodic potentials. Thus, when
only small amounts of hydrogen are absorbed, E, reflects the H-
metal binding strength or the diffusivity of H and for higher H con-
tents the time needed to remove all the H is determining E,,.

4. Conclusions

In this research we used a fast and quantitative electrochemical
method to screen the hydrogen sorption (adsorption and/or
absorption) and desorption behavior. We showed that the method
can be used to (i) determine the effect of phases present on the
amount of hydrogen absorbed and the kinetics of absorption, (ii)
quantify the amount of hydrogen desorbing (even for very small
amounts) and (iii) identify the effect of alloying elements on
hydrogen sorption/desorption behavior and the binding strength
of H to the surface or in the bulk.

The method was applied to Pd-based alloys. Analysis of the H-
loading current for different alloys (Pd, Pd-Au and Pd-Mo-Cu)
shows that the phases present, i.e. o, oo+ or B, influences the
kinetics of H evolution and H uptake in the material. In particular,
the hydrogen reduction kinetics is enhanced in the two-phase
region. The amount of desorbing H, determined by the consecutive
cyclic voltammetry scans, allowed to quantify the amounts of
hydrogen even in the a-phase when about 0.05 H atoms per metal
atom are present. Significant differences in H-sorption/desorption
behavior are observed depending on the kind and amount of alloy-
ing elements present. Au and Cu-Mo addition can reduce the total
amount of H that can be absorbed (long loading times). The param-
eter determining the total hydrogen uptake for low H-contents is
the kinetics of H" reduction, whereas for long loading times the
total amount of H in the material is determined by thermodynam-
ics. The peak potential (Ep) of the CV scans may be an indication of
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how strong the hydrogen is interacting with the surface or the bulk
for low loading times and of the amount of H in the bulk for high
loading times.
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