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a b s t r a c t

The search for and development of stable Pd-based membranes for hydrogen separation

applications with resistance to hydrogen embrittlement and cracking is a challenging and

time-consuming task. Membrane failure is most often caused by the occurrence of the aeb

phase transition during hydrogen absorption and desorption by the Pd-alloy below the

critical temperature. By finding a suitable alloy with a critical temperature below room

temperature, the membrane lifetime can be extended tremendously. Here we present

a combinatorial approach that enables the fast screening of phase transitions in multi-

component Pd-alloys for hydrogen separation membranes by experiments and thermo-

dynamic calculations. The method is applied to the well-documented PdeCu alloy

compositions. Hydrogenography, a compositional gradient thin film technique, is used to

experimentally investigate the alloy compositions. Using a new phenomenological method

to determine the critical temperature from hydrogenography measurements, we show that

the experimental results and the calculations, using the Cluster Variation Method (CVM),

agree well with the phase boundaries and critical temperatures reported in literature. Our

results show that the combined capabilities of hydrogenography and CVM enable an effi-

cient screening of promising multi-component alloys for which thermodynamic data are

scarce or absent.

ª 2010 Professor T. Nejat Veziroglu. Published by Elsevier Ltd. All rights reserved.
1. Introduction temperatures (>625K)andpressures (40bar), thesemembranes
The use of membrane reactors equipped with Pd-based

membranes is a promising technology to separate high-purity

hydrogen from natural gas and coal gasification gas streams

[1,2]. A major challenge is the development of Pd-based alloys,

which are stable during long-term use and numerous hydro-

genation cycles. Besides being able to operate at high
nl (R.J. Westerwaal).
ssor T. Nejat Veziroglu. P
need to have a high hydrogen permeability [3,4] and high

resistance towards poisoning effects by contaminants like H2S,

C, CO, CO2 [5]. However, themechanical, chemical and thermal

stability are equally important [6e8].

Membrane failure is mostly related to hydrogen embrit-

tlement and cracking of the active Pd-based membrane layer

caused by the aeb phase transition at temperatures below the
ublished by Elsevier Ltd. All rights reserved.
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critical temperature [9e11]. This phase transition occurs

mainly during start up and shut down of the membrane

reactor and for pure Pd this is accompanied by a considerable

volume expansion of DVbea/Va¼ 10%. Furthermore, due to the

clamping of the membrane to the carrier substrate, hysteretic

effects associated to the hydrogen induced expansion of the

membranewith respect to the carrier, cannot be excluded [12].

These effects indicate that the stability and lifetime of Pd-

based membranes can be improved considerably by sup-

pressing the aeb phase transition, hence, by reducing the

critical temperature (Tc) below room temperature.

A possible way to lower the critical temperature is by e.g.

alloying the Pd, but given the amount of alloying elements and

compositions which need to be screened this is not a trivial

task. For PdeCu and PdeAg alloys it is known that the Tc

decreases as function of increasing Cu and Ag concentration

[13,14]. Furthermore, these alloys have the additional advan-

tage of being more resistant towards contaminations

[5,15e17] and having a sufficient or even improved perme-

ability as compared to pure Pd [3e5,18e20] while the reduction

of the amount of Pd results also in a cost benefit [21,22].

However, it is found that the critical temperature is not

uniquely determined as it is influenced by properties like

crystallinity, grain size, stress development, interaction with

the carrier substrate etc. For pure bulk Pd the Tc ranges from

556 K [23] to 566 K [24], while for Pd films Tc’s of 528 K [25],

542 K (50 nm thin film), and 568 K (300 nm thin film) are found

[26,27]. This indicates that the characterization of kinetic and

thermodynamic properties, especially the determination of

the critical temperature, is not a trivial task and becomes even

more challenging for alloys. For an accurate determination of

the critical temperature, the alloy phase should be well-

defined. This is often difficult to realize in practice due to

incomplete alloy formation, phase segregation and stress

effects.

The practical necessity to find reliable Pd-basedmembranes

capable to operate under harsh conditions, leads to a strong

need for the development of accurate high throughput charac-

terization techniques. The thin film combinatorial screening

technique called hydrogenography has so far been applied

successfully in thedevelopmentofhydrogensensors [28,29] and

materials for hydrogen storage [30,31]. Here we show its appli-

cability to determine the critical temperature of promising

multi-component Pd-alloys for hydrogen separation

membranes. In addition, we combine the thin film hydro-

genography technique with the cluster variation method

(thermodynamicCVMcalculations) based on input of data from

binary (bulk) alloys [14]. This coupled approach enables us to

identify candidate alloys and examine their hydrogenation

properties around the critical point. Our focus here is on the

development of a new method which we apply to the rather

well-documented PdeCu system.
2. Methodology

In the following we will give a detailed description of the

experimental and theoretical techniques and show how their

combination can yield reliable and accurate quantitative
information about the alloy properties in a fast and efficient

way, especially around the critical point.

2.1. Hydrogenography

Generally, Sieverts-typemeasurements are used to determine

the sorption characteristics of metal alloys. However these

methods are extremely time-consuming. Therefore, they are

not very well suited for a fast characterization of the hydro-

genation properties of a large number of alloys. As a conse-

quence, the systematic characterization of multi-component

alloys is rare and often limited to a narrow range of alloy

compositions.

Hydrogenography differs from Sieverts’-type measure-

ments as it is a high throughput experimental thin film

technique. The technique is based on the property that

hydrogen absorption by a thin metal film results in optical

changes of the film. Using a simple optical transmission setup,

a hydrogen loading cell (pressure up to 10 bar) and an oven

(temperature ranging from 305 K to 573 K), properties such as

the plateau pressure and critical temperature are determined

quantitatively. By using a thin film with a compositional

gradient, it is possible to investigate the thermodynamic and

kinetic hydrogenation properties of continuous series of alloy

compositions simultaneously under the same experimental

conditions [31,32].

PdeCu gradient thin films with a thickness from 50 to

80 nm (depending on composition) are deposited at room

temperature on glass substrates in an ultrahigh-vacuum dc

magnetron co-sputtering system (base pressure 10�9 mbar,

deposition pressure 0.003 mbar). Pd-rich gradient thin films

(up to 30 at.% Cu) are investigated thus avoiding any bccefcc

phase transitions [33,34]. To reduce strain effects due to

clamping of the film by the glass substrate, a 3 nm thick Pd

intermediate layer is deposited between the Pd-alloy gradient

film and substrate ((Pd)PdeCu). This allows us to study the

hydrogenation behavior of quasi-free thin films [12].

To determine the film thickness and PdeCu composition at

all (gradient) positions, tooling samples have been used. The

thickness of pure Pd and Cu thin films is measured with

a DEKTAK profilometer, from which the thickness profile of

the PdeCu alloy is determined. Subsequently the position

dependent composition is calculated by using the atomic

volumes of Pd and Cu. Furthermore, the ratio of the elements

in the gradient sample is verified by Rutherford Back Scat-

tering Spectrometry, resulting in a compositional map of the

sample. At different sample positions the Cu and Pd concen-

trations are determined and compared with the results

obtained with the DEKTAK profilometer. The results are

consistent and a fitting procedure gives a relation between the

position on the sample and composition.

Upon hydrogenation, we relate the concentration of

the b (hydride) phase to the optical transmission by the

LamberteBeer relation, assuming that the a and b phases are

properly mixed. In the two-phase region, the sum of the

fractions of the system that is either in the a or in the b phase

is normalized to 1, that is xa þ xb ¼ 1; with xa and xb the frac-

tions of the a and b phases. Assuming a homogeneous

distribution of the phases, the intensity of the light reaching

the CCD camera is given by,

http://dx.doi.org/10.1016/j.ijhydene.2010.10.014
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Iðxa; xbÞ ¼ I0 � eð�maxa�mbxbÞt þ IB (1)

with I the intensity of the transmitted light, I0 the initial light

intensity before reaching the sample, IB the background light

intensity detected by the CCD camera, ma the absorption coef-

ficient at themaximumhydrogen concentration (amax) of the a-

phase, mb the absorption coefficient at the minimum hydrogen

concentration (bmin) of the b-phase, and t the local thickness of

the film. Then the transmission of the sample is defined as,

ThIðxa; xbÞ � IB ¼ I0 � eð�maxa�mbxbÞt (2)

Before hydrogen absorption the initial transmission T0 is

given by,

T0hTðxa ¼ 1; xb ¼ 0Þ ¼ I0 � eð�ma;0Þt (3)

here ma,0 the absorption coefficient for themetallic state. Using

the relation xa þ xb ¼ 1 this results in the following relation

stating that in the two-phase region the hydrogen concen-

tration scales linearly with the logarithm of the normalized

transmission. Formally, this equation only holds in the two-

phase region because outside this region the dependence of

the transmission on the hydrogen cencentration differs from

the LamberteBeer relation.

ln
T
T0

¼ �
ma;0 � ma

�
tþ �

ma � mb

�
txb (4)

T0 is the transmission through the film in the as-prepared

state and T the optical transmission during hydrogenation. As

long as the sample loads uniformly, the Pressuree-

Transmission-Isotherms (PTI) give the same equilibrium pres-

sure and are qualitatively analogous to “classical” Pressure

Composition Isotherms (PCI) obtained with standard volu-

metric or gravimetric methods on bulk samples [12]. To obtain

an (quasi-)equilibrium state between the applied hydrogen gas

and the hydrogen in the PdeCu film, the pressure is increased,

dependingontheset temperature, in small linear or logarithmic

pressure steps with after each pressure step a relaxation time.

The determination of the critical temperature is not straight-

forward and we developed three new phenomenological

methods for the determination of the critical temperature from

hydrogenographymeasurements, see Fig. 1:

a) Image fit method

b) Phase boundary method

c) Boltzmann fit method

The image fitmethod determines the critical concentration

from a hydrogenography image of a gradient sample. In Fig. 1a

we display how the optical transmission (color) of a gradient

alloy film changes when slowly increasing and decreasing the

hydrogen pressure. Upon increasing the hydrogen pressure,

the aeb phase transition occurs up to the critical composition

(left part of Fig. 1a) and upon reducing the hydrogen pressure

the reverse phase transition occurs (right part of Fig. 1a).

Between the a-phase (dark region, low hydrogen concentra-

tion) and b-phase (light region, higher hydrogen concentra-

tion) a sudden change in transmission occurs. This change in

transmission will disappear at the critical Cu concentration

since above this concentration only one phase exists. This
boundary can be fitted by a second order polynomial. If the

temperature is below the critical temperature of any of the

alloys probed in the gradient film, a flat top (transmission does

not change with pressure as indicated by the horizontal line)

will appear between the two branches of the polynomial. At

this specific PdeCu ratio the polynomial fit fails. The junction

between the parabola branches and the flat top determines

the critical Cu concentration with a standard deviation of

1.5 at.% Cu.

The phase boundary method determines the critical

temperature at a single alloy composition from an extrapo-

lation of the Pressure-Transmission-Isotherms (PTI’s), see

Fig. 1b. We fit the amax and bmin phase boundaries as obtained

from the optical transmission measurements (ln(T/T0)) by

a second order polynomial. At the critical temperature the

difference between amax and bmin disappears, thus the top of

the parabola corresponds to the critical temperature.

The Boltzmann method again analyses the PTI’s of indi-

vidual alloy compositions. It is based on a Boltzmann fit

through the PTI plateau region with,

lnðT=T0Þ ¼ A1 �A2

1þ exp
�
p�pPLAT

dp

�þA2 (5)

A1, A2 and dp are constants depending on the specific

measured PTI, p the applied H2 pressure and pPLAT is the

plateau pressure. The plateau pressures are determined by the

maximum value of the derivative of the Boltzmann fit.

Between the logarithm of the plateau pressures and the cor-

responding Cu concentrations, a linear relation is found, as

was shown already by Flanagan et al. [41], see Fig. 1c. A strong

deviation from this linear behavior signifies the presence of

the critical concentration. The plateau pressures are deter-

mined with steps of 0.5% in Cu concentration.

As wewill show, these threemethods result in comparable

critical temperatures. Note that in all experiments, we cycled

the films until we observe a reproducible behavior reflecting

the intrinsic nature of the transition.
2.2. Statistical thermodynamic approach: cluster
variation method

The influence of alloying Pd with Cu on the critical tempera-

ture and the a (low hydrogen content) e b (high hydrogen

content) phase boundaries is determined by a statistical

thermodynamical approach. We calculated the phase

boundaries using the cluster variation method (CVM) [35]. The

energy functional used in the CVM is expressed in terms of

small groups of atoms (clusters) for which correlated occu-

pancies are considered. This model has been put forward

recently as a tool to design new Pd-alloys [13,14] and has

proven successful in the determination of thermodynamic

properties of interstitial systems [36]. Phase equilibria

between a and b phases of binary, ternary or multi-compo-

nent alloys are predicted based on available experimental

bulk data of binary alloys. The model takes into account the

volume changes due to the aeb transition, and the possible

orderedisorder transitions. For the purpose of modelling, the

structure is described as consisting of a fully occupied fcc host

metal matrix, with hydrogen occupying the octahedral sites

http://dx.doi.org/10.1016/j.ijhydene.2010.10.014
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Fig. 1 e Schematic representation of the determination of the critical temperatures with hydrogenography by the 3 proposed

methods. a) hydrogenography image fit method, b) phase boundary method, c) Boltzmann fitting method.
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only. The sublattice, consisting of the octahedral sites, also

forms an fcc structure with its sites occupied by H and/or

vacancies. The basic cluster used is a tetrahedron formed on

the interstitial fcc sublattice: in this case the interstitials are

described in the mean field of the metal host.

This approach implicitly contains the vibrational contri-

butions to the entropy and energy through the use of effective

pair interaction parameters based on experimental thermo-

dynamic data (at room temperature). Those data contain all

the energy contributions; in the relatively small temperature

range considered and Twell above the Debye temperature, the

temperature dependence of the vibrational contribution is

small and is not needed to describe the phase boundarieswell.

Previous work on interstitial systems [38] showed that when

the (much more cumbersome) ab initio calculations approach

is used instead of effective pair potentials, the Debye-Gru-

neisenmodel can be used to describe the T dependence of the

vibrational contributions.

The corresponding critical temperatures are obtained by

fitting the concentration differences at the phase boundary i.e.

c(bmin)ec(amax) as function of temperature using a second

order polynomial. The extrapolation to the temperaturewhere

c(bmin) ¼ c(amax) is considered as Tc. This is an empirical

method i.e. there is not a known linear relation between c

(bmin)ec(amax) and the temperature, but it can be fitted accu-

ratelywitha secondorderpolynomial.Additionaldetails about

the CVM calculation method are described elsewhere [13,14].
3. Results and discussion

3.1. Pressure-transmission-isotherms and phase
boundaries

Thin films allow a fast scanning of the physical properties.

While the presence of a substrate may influence the hydroge-

nation properties, we have shown that in Pd the isotherms

reproduce those of bulk samples [12]. This implies that also the
critical point in thin films are representative for that of bulk

samples. To determine the critical point, pressure-trans-

mission-isotherms (PTI) of several PdeCu thin films are

measuredasa functionof theCuconcentration. Fig. 2 showsthe

PTIs at 307 K, 323 K and 353 K as obtained from the optical

transmission of a Pd95Cu5 thin film. We find that the plateau

pressures closely resemble those found by Sakamoto et al. [37]

obtained on 50e100 mm thick foils. The plateaus resulting

from the coexistence of the a and b phases show a slope, which

is most likely due to strain development in the film during

hydrogenation. However, the equilibrium hydrogen pressure

(as determined by Boltzmann fitting) is the same as that found

for bulk samples [37,39]. The width of the plateaus quickly

reduces with increasing temperature, indicating the proximity

of the critical temperature at this Cu concentration.

Instead of determining the PTI diagrams for each Cu

concentration separately, hydrogenography enables one to

measure numerous Pd100�xCux isotherms simultaneously in

a gradient thin film sample. Thus, in a single hydrogenation

run we obtain the plateau pressures for many Pd100�xCux

alloys at a given temperature. In Fig. 3 the hydrogen absorp-

tion and desorption cycle of such a PdeCu gradient sample

with compositions between Pd55Cu45 and Pd92Cu8 is shown.

Upon increasing the hydrogen pressure slowly from 1mbar to

1 bar, at low Cu concentrations a well-defined optical change

is observed (formation of the transparent b phase). At higher

Cu concentrations the pressure needed to obtain an optical

transition increases, while it finally becomes fuzzy and

disappears altogether on the left side of the picture. Upon

decreasing the applied hydrogen pressure, the Pd100�xCuxeH

film returns to its de-hydrogenated state, as is illustrated by

the transition to the less-transparent state. As the optical

transparency is related to the hydrogen concentration in the

film, isotherms can be obtained for any composition of the

gradient film. Themeasured PTIs at 308 K for the compositions

Pd85Cu15, Pd80Cu20, Pd75Cu25, and Pd72Cu28 (colored lines in

Fig. 3) are shown in Fig. 4. Again the correspondence with the

bulk data is quite good. In both cases we observe a small

http://dx.doi.org/10.1016/j.ijhydene.2010.10.014
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Fig. 4 e PTI’s for different Cu concentrations measured at

308 K during hydrogen absorption and desorption. For

lower Cu concentrations a hysteresis is observed in both

the hydrogenography isotherms as bulk isotherms [39].

Fig. 2 e Hydrogenography PTI’s of a 38 nm Pd95Cu5 thin

film. The results of Sakamoto et al. on bulk samples are

shown for comparison [37]. The upper horizontal axis

indicates the ratio of the number of hydrogen atoms to the

total number of metal atoms and the lower horizontal axis

shows the hydrogen concentration as ln(T/T0) according to

hydrogenography.
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hysteresis, which for Pd has been attributed to coherency

strain induced by the phase transformation [40]. This hyster-

esis is expected to vanish above the critical temperature.

Indeed, from Fig. 4 we conclude that at 308 K, the hysteresis

effect disappears between the compositions Pd80Cu20 and

Pd72Cu28. Furthermore, the plateau pressure and slope

increase whereas the coexistence region of the aeb phases

appears to decrease with increasing Cu concentration.

The narrowing of the two-phase region for an increasing Cu

content at a constant temperature is also found in the corre-

sponding CVM calculations. When compared to the isotherms

for pure Pd, the isotherms of Pd100�xCux alloys shift towards

higherpressuresas functionof increasingCuconcentrationand
Fig. 3 e Hydrogenography image of the PdeCu gradient

sample in a) the as-prepared state and b) during a full

hydrogenation cycle. Figure a) shows a few film defects

(light spots) and on the Cu rich side a higher transmission

(I0). The lines indicate the positions from which we derive

the PTI’s.
therefore thehydrogencapacity inpurePd isalwayshigher than

for any PdeCu alloy [39]. I.e. isobaric hydrogen capacity

decreaseswith an increasing Cu fraction [37]. For the PdeCueH

system, the phase boundaries calculated by the CVM for the

corresponding compositions are shown in Fig. 5. The lines

indicate the phase boundaries calculated by the CVM and the

marks correspond to (experimental) literature data [37,39,41].

The calculations show that hydrogen solubility (amax) increases

while thehydrogencapacity (bmin) decreaseswith increasingCu

concentration. The decrease in the strength of the effective field

of the metal sublattice and the relative interaction strength

between nearest-neighbor occupied (H) and unoccupied

(vacant) interstitial sites with increasing Cu content, reduces

the miscibility gap [14]. Furthermore, a very good agreement

between the CVM calculated phase boundaries and literature
Fig. 5 e Comparison of CVM calculated (solid lines) and

(experimental) literature data (symbols) phase boundaries

in Pd100exCuxeH systems with x [ 10, 15, 20, 25, 28 and

30 at.% Cu. Symbols in the inset represent experimental

data for (-) Pd90Cu10eH [37,39], (C) Pd85Cu15eH [37,39],

and (A) Pd80Cu20eH [37,39] systems.

http://dx.doi.org/10.1016/j.ijhydene.2010.10.014
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Fig. 6 e Normalized pressure-transmission-isotherms

versus pressure and fitted with a Boltzmann function in

the plateau region for the Cu concentrations 10, 15, 20, 25,

28 and 30 at.% at 308 K.

Fig. 8 e Critical temperature for aeb phase transition as

function of Cu concentration as determined by CVM

calculations (C) and by hydrogenography using the image

fit method (-), phase boundary method (A) and

Boltzmann fit method (:).
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data [37,39,41] is found, indicating the predictive abilities of

CVM calculations for unknown alloy compositions.

3.2. Critical temperature determination

The observed agreement between hydrogenography, CVM

calculations and literature data on the obtained plateau

pressures, provides a reliable basis for the determination of

the critical point. While the three methods to derive the Tc

from hydrogenography lead to more or less the same result,

we focus in Fig. 6eFig. 7 on a number of pictures illustrating

the Boltzmann method. First, for various concentrations, the

isotherms are fitted with a Boltzmann function (Fig. 6), then
Fig. 7 e Plateau pressure as function of Cu concentration

measured at a) 308 K, b) 323 K, and c) 373 K during

hydrogen absorption and desorption for a (Pd)PdeCu

gradient thin film.
the plateau pressure thus obtained is plotted versus the Cu

concentration (at various temperatures, see Fig. 7). From the

sudden change in slope, a critical point can be determined

very well. The critical temperatures as determined by the

various hydrogenography methods and the CVM calculations

for various Cu concentrations are summarized in Fig. 8. The

critical temperatures follow the same trend as function of Cu

content. The critical temperature decreases almost linearly

with increasing Cu concentration frome530 K for the compo-

sition Pd95Cu5 to e300 K for Pd67Cu33. Comparing the three

methods based on hydrogenography we find that at higher Cu

concentrations (>15%) the image fit method, phase boundary

method and Boltzmann fit method result in lower Tc’s as

compared to the values found by CVM, whereas at lower Cu

concentrations the phase boundary method results in higher
Fig. 9 e Dehydrogenation measurement at 308 K showing

the difference between a PdeCu gradient film directly

deposited on the substrate (PdeCu) and with a 3 nm Pd

layer between the substrate and the PdeCu gradient thin

film ((Pd)PdeCu).

http://dx.doi.org/10.1016/j.ijhydene.2010.10.014
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Fig. 10 e Micrographs (in reflection) of PdeCu thin films

deposited directly on a glass support: a) Pd85Cu15 after 7

hydrogenation cycles, b) Pd88Cu12 after 7 hydrogenation

cycles, c) Pd87Cu13 after 15 hydrogenation cycles at room

temperature.
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Tc’s compared to CVM. The image fit and Boltzmann fit

method have a comparable slope to the CVM calculations but

underestimates the Tc values, where as the phase boundary

method has a bit different slope in Tc values. Although, the
films are provided with a 3 nm Pd intermediate layer between

the PdeCu gradient film and substrate, possibly the Tc values

in our thin films are still affected by the substrate [12,42].

To that the influence of thin film clamping on the critical

temperature is investigated by comparing hydrogenography

measurements with and without a 3 nm Pd intermediate

layer, see Fig. 9. For the gradient film without a Pd interme-

diate layer, the plateau pressures shift towards higher pres-

sures and a larger slope is found as compared to films with

a Pd intermediate layer. As a consequence a somewhat lower

Tc is found for a thin film directly deposited on a glass

substrate. Thus a Pd interlayer reduces the stress develop-

ment in the thin film system which results in a critical

temperature close to bulk-values.

The isotherms, critical temperature and hysteresis effect

are all influenced by stress effects in the film during hydrogen

absorption and desorption [40,43,44]. This strain development

has its origin in the coherency strain at the transforming a and

b phases (which is also present in bulk samples) [40,43,44] and

the coherency strain induced by the sticking of the film on the

substrate (elastic boundary conditions) [45]. In thin films, the

clamping effect to the substrate will weaken the attractive

HeH interaction and as a consequence of a decreased HeH

interaction energy, the apparent critical temperature

decreases [46].

Since the noble metal Pd forms a less strong bond with the

substrate (glass) as compared to Cu, lowering the Cu concen-

tration results in a reduced sticking of the PdeCu film to the

substrate. To illustrate this effect, reflection micrographs of

thin PdeCu films are shown in Fig. 10. In Fig. 10a and b the

surface of a Pd85Cu15 and a Pd88Cu12 thin film are shown after 7

hydrogenation cycles. The thin film with a higher Cu

concentration (Pd88Cu15) shows significally less buckling than

the film with a lower Cu concentration, whereas the buckling

increases with hydrogenations cycles, see Fig. 10b and c. The

Cu acts as a sticking material to the substrate resulting in less

buckling and higher plateau pressures. Therefore, the pure Pd

intermediate layer allows buckling of the film during hydro-

genation, which releases almost all stress. This has the effect

of creating a quasi-free standing PdeCu gradient film that has

a critical temperaturewhich is comparable to bulk-values [46].

For comparison, Fisher et al. indicate that the a and b phase

are no longer formed at 298 K and 35 at.% Cu, in good agree-

ment with our results [47].

Furthermore, for future research the combination of

hydrogenography and CVM calculations results in a method-

ologywhich allows identification of themost promisingmulti-

component Pd-alloys for specific membrane applications.

First by CVM calculations the phase boundaries and critical

temperature of a not yet synthesized multi-component Pd-

alloy containing hydrogen are determined. Based on these

results the most promising allows can be selected and be

characterized with hydrogenography.
4. Conclusions

Hydrogenography measurements on PdeCu alloys show that

this technique is a reliable high throughput screening method

to develop new Pd-based alloys for hydrogen separation

http://dx.doi.org/10.1016/j.ijhydene.2010.10.014
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membranes. We found a reliable method to determine the

critical temperature from these measurements. The deter-

mination of the critical temperature is essential for the design

of a separation membrane which is able to operate at water

gas shift conditions in hydrogen production. The experi-

mental results are in agreement with CVM calculations and

literature data and this indicates that hydrogenography on

thin films gives results that are comparable to conventional

bulkmethods. The best agreement between bulk and thin film

data is obtained when using a Pd interlayer between the film

and the substrate thereby creating a quasi-free film.

Hydrogenography in combination with the cluster varia-

tion method can thus be used to “design” a Pd-alloy with the

desired phase stability in a certain hydrogen concentration-

temperature range. The methodology comprises two steps:

first the phase boundaries and critical temperature of a not yet

synthesized multi-component Pd-alloy containing hydrogen

are calculated. Next, based on the calculations, the alloys that

show no phase transition in the desired temperature and

pressure window are selected. The second step consists of the

preparation of thin film specimens by magnetron sputtering

and the experimental determination of the actual critical

temperatures by hydrogenography.

The method to design and characterize new alloys can

easily be extended to multi-component alloys for which

thermodynamic data are scarce or absent. The combination

of hydrogenography and CVM calculations is therefore

a powerful tool for a fast and efficient determination of

promising multi-component Pd-alloys for hydrogen separa-

tion membranes.
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