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ABSTRACT: Addition of Ag is a promising way to enhance the H2
permeability of sulfur-tolerant PdCu membranes for cleanup of coal-
derived hydrogen. We investigated a series of PdCuAg membranes with at
least 70 atom % Pd to elucidate the interdependence between alloy
structure and H2 permeability. Membranes were prepared via sequential
electroless plating of Pd, Ag, and Cu onto ceramic microfiltration
membranes and subsequent alloying at elevated temperatures. Alloy
formation was complicated by a wide miscibility gap in the PdCuAg phase
diagram at the practically feasible operation temperatures. X-ray diffraction
showed that the lattice constants of the fully alloyed ternary alloys obey
Vegard’s law closely. In general, H2 permeation rates increased with increasing Ag and decreasing Cu content of the membranes
in the investigated temperature range. Detailed examination of the permeation kinetics revealed compensation between activation
energy and pre-exponential factor of the corresponding H2 permeation laws. The origin of this effect is discussed. Further analysis
showed that the activation energy for H2 permeation decreases overall with increasing lattice constant of the ternary alloy. The
combination of these correlations results in a structure−function relationship that will facilitate rational design of PdCuAg
membranes.
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1. INTRODUCTION

Dense Pd-based membranes are widely investigated for H2
purification and application in membrane reactors.1−3 In
particular, integration into steam reforming and water−gas
shift reactors has been frequently studied for small-scale H2
production.2−5 Hydrogen is mostly produced from natural gas
nowadays, but coal and biomass are much more abundant and
evenly distributed worldwide. Hence, the latter are attractive
feed stocks for production of H2 as a clean and sustainable
energy carrier.5 However, syngas derived from coal and biomass
usually contains sulfur, which can easily damage many Pd-type
membranes. For example, H2S reacts with Pd and PdAg to form
Pd2.8S, Pd4S, and Ag5Pd10S5, which largely inhibit hydrogen
permeation and also cause mechanical membrane failure.6−8

Palladium alloys with copper and gold and face-centered
cubic (fcc) structure are exceptions in this respect since such
membranes exhibit good H2S tolerance as McKinley discovered
nearly 50 years ago.9 Cu alloys have attracted more
attention6,8,10−13 because Cu also reduces the noble metal
costs and enhances low-temperature membrane stability.14,15

However, hydrogen permeability declines rapidly with increas-
ing Cu content except for a narrow range of highly permeable
PdCu alloys with body-centered cubic (bcc) structure, but
those do not withstand sulfur well either.11 There has been a
thrust in recent years to improve the permeability of PdCu
alloys through addition of Ag16−21 since PdAg alloys are well
known for their excellent H2 permeability and Ag is a relatively

inexpensive noble metal. Density functional theory (DFT)
calculations16 provided trends for hydrogen solubility,
diffusivity, and permeability in fcc PdCuAg alloys with Pd ≥
66% (all compositions are given in atom % in the present
study). Yet, experimental validation of those findings is largely
missing as laboratory studies on such membranes were limited
to a few select compositions with mostly high Cu (20−30%)
and moderate to low Ag contents (1−15%).17−20 Moreover,
those reports largely lack characteristic permeation kinetic
parameters which are important for both fundamental under-
standing and practical implementation of such membranes.
The scope of the present work is gaining systematic insight

into the structural and permeation kinetic properties of
PdCuAg alloys. In addition, we want to understand how
membrane characteristics are influenced by alloy formation
from sequentially deposited metal layers at moderate annealing
temperatures because composite palladium membranes pre-
pared by electroless plating (ELP) on alumina substrates are
found to be most promising for practical applications.1

Accordingly, we prepared a series of PdCuAg/ceramic
composite membranes with at least 70% Pd and otherwise
Ag-rich, Cu-rich, and approximately even Ag and Cu
stoichiometry. Structural analyses and permeation measure-
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ments have been carried out during and after completion of
alloy formation in the hydrogen-selective metal layer.

2. EXPERIMENTAL SECTION
2.1. Membrane Preparation. Alloy membranes were supported

on the outside of commercial ceramic microfiltration membranes
(TAMI) provided by the Energy research Centre of the Netherlands
(ECN). The outer surface of these tubes with a 14 mm outer (o.d.)
and 10 mm inner diameter (i.d.) had been furnished with a
macroporous coating at ECN to reduce the average pore size to 3.4
μm.22 Those pores were blocked with an inorganic filler before metal
deposition via electroless plating (ELP) to prevent ingress of Pd into
the substrate pores as previously described.23 Palladium, silver, and
copper were plated in this sequence and eventually alloyed at 773−823
K. Substrates were activated with Pd seeds before Pd and Ag
deposition and afterward dried for 4 h at 423 K in air followed by 2 h
annealing at 723 K in flowing N2. Copper was plated directly onto the
annealed PdAg surface and then dried and annealed as before.
Commercial solutions were used for Pd seeding (OPC-50 inducer and
OPC-150 cryster, Okuno Chemical Industries) and Pd plating
(PALLA TOP, Okuno) and applied as elsewhere detailed.24

Compositions and operation parameters of the homemade Ag and
Cu baths have been described before too.25,26 The membranes were
once turned upside down during each metal deposition step to avoid
uneven metal deposition along the up to 15 cm long substrates.
Altogether six membranes M1−M6 have been prepared in this way.
Using the same procedures, a Pd/Ag/Cu trilayer M7 was prepared on
a ceramic membrane tube (8 mm i.d., 12 mm o.d.) supplied by the
Nanjing University of Technology for structural alloy formation
studies.
Preparation of very thin Pd alloy membranes with precise

stoichiometry via ELP is notoriously difficult. Therefore, we
determined binary alloy compositions after Pd and Ag deposition
and then adjusted Cu plating times to reach ternary target
compositions. Practically, we started with 15 cm long support pieces
and cut off 1 cm long pieces from each end before and after Cu
deposition. These cutoff pieces were labeled top and bottom according
to sample end and annealed for 60 h at 1073 K in N2 for rapid alloying
of the metals and subsequent alloy composition analysis. Following
PdAg precursor analyses we plated additional Ag or Pd on several
membranes in order to get closer to target compositions. In these
cases another set of end pieces was cut off for rapid alloying and
chemical analysis. After Cu plating the remainder of the membrane
tubes was annealed at 773 K in H2 for 48 h and then transferred to
ECN where one end was joined to a stainless steel extension tube and
the other one closed off with a stainless steel cap using graphite seals.
2.2. Permeation Measurements. The setup for permeation and

alloying experiments has been elsewhere described.27 Membranes were
mounted with graphite gaskets into a stainless steel separator shell
which was placed inside a furnace. H2 (purity > 99%)28 or N2
(99.999%) was supplied to the membrane outside, while the tube
interior was kept at atmospheric pressure. Sweep gas was not used.
Feed gas flow and pressure were set with a mass flow controller in the
feed and a back pressure valve in the retentate line, respectively. The
feed side pressure Pfeed was measured with a pressure gauge at the
retentate exit. Permeate fluxes were measured with a soap bubble flow
meter or an TH-ZM8 electronic soap film flowmeter (Wuhan
Tianhong Instrument Co. Ltd.) when permeate volume rates were
larger than 1500 mL min−1. Membranes were heated under N2 at 1 K
min−1 to 773 K and then annealed at that temperature under flowing
H2 (ca. 150 mL min−1, Pfeed ≈ 120 kPa) to form the alloy. From time
to time H2 permeation rates JH2 were determined in the range 473−
823 K at pressure difference ΔPH2 = 100 kPa to determine activation
energies. Temperature was changed at a rate of ca. 1.5 K min−1 and
held at least 40 min constant before fluxes were recorded. The
pressure dependence was investigated varying Pfeed between 150 and
600 kPa.
2.3. Membrane Characterization. Alloyed PdAg precursor and

PdAgCu layers from cutoff samples were detached from the ceramic

support for structural and compositional analyses. The thickness of the
PdCuAg layers was calculated from the area and weight of such
fragments. X-ray diffraction (XRD) patterns were recorded with an
X’Pert PRO diffractometer (PANalytical) using Cu Kα radiation at 40
kV and 40 mA. Energy-dispersive X-ray spectroscopic analysis (EDS)
was carried out on a FEI Quanta 200 F scanning electron microscope
equipped with an Ametek detector.

3. RESULTS AND DISCUSSION
3.1. Vegard’s Law. Figure 1 displays diffraction patterns of

alloyed metal layers from the top cutoff pieces of each ternary

membrane. All XRD patterns indicate single-phase fcc
structures, and the same was found for the bottom end
PdCuAg membrane pieces and all PdAg precursor samples.
Table 1 lists experimental lattice parameters for each ternary
and binary precursor sample. This allows us to examine
whether these ternary metal layers obey Vegard’s law.29

According to this rule the lattice constant aalloy of an alloy is
a linear function of the atomic fractions xmetal and metal lattice
constants ametal. For PdAg and PdCuAg alloys this correlation
can be written as follows

= + = + −a x a x a a x a a( )PdAg b,Pd Pd b,Ag Ag Pd b,Ag Ag Pd (1)

= + +

= + − − −

a x a x a x a

a x a a x a a( ) ( )

PdCuAg t,Pd Pd t,Ag Ag t,Cu Cu

Pd t,Ag Ag Pd t,Cu Pd Cu (2)

Since nominal binary atomic fractions, e.g., xb,Ag and xb,Pd, in
a ternary alloy can be expressed as a function of the ternary
ones, i.e., xt,Ag and xt,Pd, eqs 1 and 2 can be combined to give

= − −a a x a a( )PdCuAg PdAg t,Cu PdAg Cu (3)

Figure 2 shows a plot of calculated vs experimental lattice
constants for the ternary membrane alloys. Experimental values
were determined by averaging the lattice constants derived
from the 111, 200, 220, 311, and 222 alloy diffraction peaks of
the top cutoff pieces. Theoretical values were calculated on the
basis of EDS analyses of the same cutoff pieces (Table 1)
employing eqs 1 and 3. Parameters of eq 1 were taken from a
previous study (aPd = 3.887 Å, (aAg − aPd) = 1.93 × 10−3 Å, xAg
in %),24 and aCu = 3.619 Å was determined from the diffraction
pattern of an electroless-plated Cu layer on an ECN support
tube after it had been also annealed for 60 h at 1073 K in N2.

Figure 1. Diffraction patterns of PdCuAg alloys after 60 h annealing
under N2 at 1073 K. The region above 2Θ = 80° is 3-fold magnified.
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For comparison, Figure 2 includes experimental lattice
constants from fcc PdCuAg alloys reported by Raub and
Wörwag, who prepared their samples using high-temperature
metallurgical methods.30 Those values practically fall on the line
that marks Vegard’s law, suggesting that the latter applies rather
well for PdCuAg alloys. The measured lattice constants of the
here prepared samples agree within 0.3% with predictions of eq
3 except for M4 which deviates by almost 0.6%. Lattice
constants reported for PdCuAg membranes fabricated by
sputtering20 and ELP17 and PdCuAg thin films prepared by
electrodeposition31 agree similarly well with Vegard’s law
(Figure 2). Deviations of that magnitude from Vegard’s law
have been also observed for electrodeposited PdCuAu thin
films32 and PdCu thin films prepared by laser deposition.33

Guay and co-workers attributed the differences in the as-
prepared alloys to lattice strain caused by growth-related

structural deformations31,33 and lattice deformations imposed
by the differing atom sizes.32 The metal atom radii34 of Ag
(1.445 Å) and Au (1.442 Å) are practically identical, so that Ag
and Au incorporation should lead to comparable deformations
of PdCu crystal lattices. However, the excellent agreement of
the metallurgically prepared alloys30 with Vegard’s law implies
that PdCuAg alloy lattices can be fully relaxed at high
temperatures. Thus, the here employed annealing treatment
at 1073 K may not have been sufficient for healing growth-
related lattice defects and deformations completely.
Inhomogeneity may have contributed to the deviations from

Vegard’s law in the present case too, although the consistently
larger experimental aPdCuAg values (Figure 2) suggest that the
aforementioned systematic effects played a more significant
role. Table 1 summarizes results of XRD analyses of the alloyed
PdAg precursor and PdCuAg membrane cutoff pieces. It can be
seen that overall agreement was excellent between top and
bottom XRD compositions. The PdAg precursor alloys agreed
within 0.2−1.5 atom %, while the maximum variance increased
only to 1.1−2.2 atom % after addition of Cu. Note also the
similarly good agreement between binary PdAg compositions
that were derived from EDS analyses of ternary alloys from top
cutoff pieces and XRD analyses of PdAg precursors from the
same membrane end (Table 1). This insinuates that the alloys
were rather homogeneous along the whole membrane length,
showing that such thin-layered multicomponent membranes
can be prepared with reasonable stoichiometric accuracy via
ELP. In the following we will refer to the average of top and
bottom end XRD analyses when discussing the variation of
permeation characteristics with composition.

3.2. Low-Temperature Alloying. Ideally the precursors
with separate Pd, Ag, and Cu layers have to be alloyed at less
than 823 K because composite membranes tend to develop
defects at higher temperatures due to the increasing difference
in the thermal expansion of ceramic substrate and ultrathin
metal layers. Figure 3 shows the evolution of H2 flux JH2, N2
leak rate JN2, and activation energy for H2 permeation, Eact,

Table 1. Composition Analyses of PdCuAg Membrane Alloys

membrane PdAga PdCuAg

location analysis method aPdAg, Å Pd, % Ag, % aPdCuAg, Å Pd, % Ag, % Cu, %

M1 top EDS 78.0 22.0 71.9 20.3 7.8
top XRD 3.929 78.1 21.9 3.905 71.6 20.0 8.4
bottom 3.931 77.0 23.0 3.905 69.8 20.8 9.4

M2 top EDS 86.8 13.2 77.5 11.8 10.7
top XRD 3.919 83.7 16.3 3.888 74.3 14.5 11.1
bottom 3.916 85.2 14.8 3.888 76.5 13.3 10.2

M3 top EDS 94.9 5.1 81.9 4.4 13.7
top XRD 3.898 94.1 5.9 3.869 83.1 5.2 11.8
bottom 3.898 94.4 5.6 3.871 84.4 5.0 10.6

M4 top EDS 91.3 8.7 75.9 7.2 16.9
top XRD 3.908 88.9 11.1 3.878 78.7 9.8 11.5

M5 top EDS 80.1 19.9 75.4 18.7 5.9
top XRD 3.926 79.6 20.4 3.914 76.1 19.5 4.5
bottom 3.927 79.4 20.6 3.910 74.6 19.4 6.0

M6 top EDS 95.3 4.7 78.5 3.9 17.6
top XRD 3.897 95.0 5.0 3.856 79.7 4.2 16.1
bottom 3.897 94.7 5.3 3.860 80.5 4.5 15.0

M7 bottom EDS 88.8 11.2 80.2 10.1 9.7
top XRD 3.918 84.0 16.0
bottom 3.888 75.5 14.4 10.1

aPdAg binary EDS compositions derived from EDS analyses of ternary samples.

Figure 2. Comparison between experimental lattice constants of
PdCuAg alloys and those calculated according to Vegard’s law from
chemical analyses. The lattice constant of the membrane described in
ref 20 was extracted from Figure 2 of that publication.
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during alloying of membrane M1 at 773−823 K. The H2 flux
increased several times abruptly after growing steadily or
appearing to be stable for more than a week. This behavior was
typical for the here investigated membranes and eventually
prompted us to raise the temperature from 773 to 823 K in
order to expedite alloy formation. In fact, this process was
unexpectedly time consuming since JH2 stabilized much faster in
our experience during alloying of binary PdAg25 and PdCu26

membranes of similar thickness at those temperatures. In
general, Eact dropped as alloy formation progressed except for
temporary increases in connection with the sudden jumps of
JH2. The N2 leak rate remained steady during annealing at 773
K but started to grow after raising the temperature to 823 K.
The structural progress of alloy formation was investigated at

773 K in H2 using pieces of Pd/Ag/Cu trilayer M7. Figure 4
shows XRD patterns of the ca. 2−3 μm thick layer in differing
alloying states. Again, all XRD patterns indicated only fcc

crystalline phases. Relatively broad diffraction peaks can be seen
in the as-prepared sample pattern which corresponded to metal
crystallite sizes between 30 (Pd) and 50 nm (Ag) according to
Scherrer’s equation.35 Two sets of broad XRD reflections
evolved after 24 h annealing, which were located at lower (A
set) and higher angles (B set) than the initial Pd peaks. These
peaks were even broader than those of the pure metal deposits
likely due to gradually changing compositions in the early
alloying stages. The double peaks show that separate Ag-rich (A
set) and Cu-rich phases (B set) formed initially during alloying
of the trilayers. Obviously PdAg and AgCu alloys will form first
at the Pd−Ag and Ag−Cu interfaces because of the metal
plating sequence. However, neither Cu nor Ag can dissociate
H2, while the membranes exhibited appreciable H2 permeation
rates even after very short alloying times (Figure 3). Thus,
some Pd must have reached the membrane surface at that point
already and consequently included in the B phases. Only one
fcc pattern remained after 120 h, but the XRD peak widths
indicated that compositional homogeneity of the PdAgCu alloy
was still rather poor. For comparison, we annealed another
sample at 1073 K in N2 for 60 h in the same manner as the
cutoff pieces of other membranes. This treatment gives a single
fcc diffraction pattern with narrow peaks, indicating a rather
homogeneous alloy with an average crystallite size of ca. 80 nm.
The double phase evolution in the early alloying stages is a

reflection of the nearly complete immiscibility of Ag and Cu in
the solid state. The phase diagram in Figure 5 shows that this

miscibility gap continues deep into the Pd−Ag−Cu system at
773 K,36,37 i.e., up to Pd contents of ca. 63%. The stoichiometry
of all here investigated ternary membranes falls into the Pd-rich
corner with continuous solid solutions. However, formation of
these alloys has to proceed along the two-phase region
boundaries at our annealing temperatures. Thus, two types of
ternary crystallites with very different composition grew in the
early alloying stage. This introduces a lateral element of
heterogeneity within the hydrogen-selective metal layer.
Such initial stoichiometric inhomogeneity has been pre-

viously observed during preparation of PdCu membranes from
separate metal layers due to a miscibility gap between
intermediately formed bcc and fcc phases (cf. Pd−Cu axis in

Figure 3. Evolution of (a) H2 flux, (b) N2 leak rate, and (c) activation
energy for H2 permeation during alloying of PdCuAg membrane M1
at 773 and 823 K.

Figure 4. Diffraction patterns of the trilayer precursor and PdCuAg
alloy M7 after different annealing treatments.

Figure 5. Isothermal section of the Pd−Ag−Cu phase diagram at 773
K after Kubashewski et al.37 The here studied PdCuAg alloy
membranes (triangles) are located in the homogeneous Pd-rich
corner of this system.
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Figure 5).38 Note also that transient bcc phases have been
observed when altogether 25 μm thick Pd/Ag/Cu trilayers with
small Ag but large Cu contents were alloyed at 773 K.18 The
compositional divergence will be more severe during formation
of PdCuAg than PdCu alloys because the Ag−Cu miscibility
gap is much wider than the bcc−fcc ones (Figure 5).
Presumably, this initial stoichiometric inhomogeneity con-
tributed to the overly long stabilization time of H2 permeation
rates during alloy formation at 773 K. The sudden jumps of JH2
and Eact probably signal the eventual dispersal of less permeable
Cu-rich phases (vide infra). Formation of transient phases with
excessively diverging stoichiometry can be largely avoided if a
sufficiently thick Pd layer is plated between Ag and Cu. In that
case PdAg and PdCu alloys will be formed initially along the
binary axes of the phase diagram in Figure 5. These can
coalesce at 773 K without causing transient lateral inhomoge-
neity if Pd exceeds 60% in both intermediate binary layers.
3.3. Permeation Characteristics. The alloy layers were

deemed to be practically homogeneous after JH2 and Eact had
become stable during annealing at 773−823 K. Thereafter H2
permeation rates were measured between 473 and 823 K and
corrected for leak flow contributions using N2 permeation data
and mass transport resistance of the support following
Burggraaf and co-workers39 (cf. Supporting Information for
detailed description including Figures S1−S3 and Tables S1
and S2). Figure 6 shows Arrhenius plots of the corrected H2
fluxes obtained at ΔPH2 = 100 kPa, which were normalized to
membrane thickness d according to

= = −J J d J E RTexp[ / ]d H2 d0 act (4)

The fluxes of all membranes exhibited linear temperature
dependencies in this presentation. Linear regression analysis
yielded the kinetic parameters of the corresponding permeation
laws, i.e., Eact and pre-exponential factor Jd0, which are
summarized in Table 2. This table includes also permeation

kinetic data of PdCuAg membranes available in the literature.
Ideal H2/N2 selectivity of the here investigated membranes
ranged between 47 and 678 at 673 K and ΔP = 100 kPa after
alloying was completed. Hydrogen permeation rates grew with
pressure exponent n between 0.61 and 0.65. Such small
deviations from square root pressure dependence for hydrogen
diffusion-limited permeation rates have been often observed40

including 1 mm thick Pd membranes41 and can be attributed to
nonideality of the hydrogen solutions at employed H2
pressures.41 Notwithstanding, we calculated permeability values
Pe for n = 0.5 at 673 K and ΔPH2 = 100 kPa which are included
in Table 2 for ease of comparison with the literature.
Table 2 and Figure S4 (Supporting Information) show that

H2 permeability improves in general with increasing Ag and
decreasing Cu content of membranes as predicted by DFT
calculations.16 Membranes M2 and M4 with nearly even Ag and
Cu amounts appear to be outliers since those calculations do
not indicate a deviation from this general trend for such alloys.
The relatively low permeability of M2 could be rooted in a
flawed thickness value of the ternary alloy layer. There the
thickness of the detached alloy layer amounted to ca. 50% of
the initial estimate based on the weight gain of the support after
metal deposition. For the other membranes the thickness of the
detached layer ranged between 78% and 85% of this initial
estimate. This suggests that the M2 alloy layer was
uncharacteristically thin for unknown reasons at the membrane
end from which the tabulated PdCuAg thickness was
determined. Thus, M2 alloy thickness could have been 50−
60% larger in the central membrane section which was used for
permeation experiments. The cause is less clear for the
apparently rather high M4 permeability. Of course, M4
PdCuAg layer thickness could be overestimated, but this
membrane was also by far the shortest one due to several
additional Pd and Ag plating steps with subsequent
intermediary analyses of cutoff pieces. M4 further exhibited
the largest discrepancy between EDS and XRD analyses (Table
1). Thus, membrane M4 characterization involves the largest
experimental uncertainties of this study.
The H2 permeabilities of PdCuAg membranes fall between

those of supported PdCu and PdAg membranes prepared
analogously in our laboratory. For example, a 5.5 μm thick
supported Pd70Cu30 membrane had a permeability of 3.5 ×
10−9 mol m−1 s−1 Pa−0.5 at 673 K, and one with a ca. 3 μm thick
Pd75Ag25 layer yielded 1.6 × 10−8 mol m−1 s−1 Pa−0.5, while
similarly thick Pd membranes exhibited values around 1.0 ×
10−8 mol m−1 s−1 Pa−0.5.26,42 Evidently, addition of a small Ag
portion enhances the permeability of Cu-rich alloys only
marginally with regard to that of Pd70Cu30 ones, which are the
current standard for sulfur-tolerant Pd alloy membranes. This is
consistent with aforementioned DFT calculations.16 On the
other hand, replacement of a little Ag with Cu leads to ca. 50%
permeability reduction in the optimum composition range of
PdAg membranes around Pd75Ag25. While H2 permeability of
PdCuAg membranes with less than 10% Cu is still twice as high
as that of Pd70Cu30 membranes and even approaches that of
pure Pd ones, such small Cu contents do not prevent sulfide
formation and deterioration of membrane performance in H2S-
contaminated hydrogen streams effectively.20

Table 2 and Figures S5 and S6 (Supporting Information)
further show that both Eact and Jd0 increase in tendency with
decreasing Ag and increasing Cu content of the ternary alloy.
Recently, correlation of those permeation kinetic parameters
has been reported for PdAg membranes.42 Compensation

Figure 6. Temperature dependence of H2 permeation rates of
membranes (a) M1 and M2 and (b) M3−M6 after fluxes had become
stable during annealing at 773 and 823 K.
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between pre-exponential factor and activation energy is often
observed for related thermally activated processes as a reflection
of compensation between enthalpy and entropy of activation.43

In catalysis it is known as the isokinetic relationship and in
condensed matter physics as the Meyer−Neldel rule.43 The
logarithmic pre-exponential factor ln Aj varies linearly with
activation energy Ej according to

α β= +A Eln j j (5)

if such compensation occurs within a family of processes43,44

where the index j denotes the individual processes. Equation 5
implies that Arrhenius plots of the related processes intersect at
a single point which is defined by the intercept α = ln kc and
slope β = 1/RTc. If that is exactly fulfilled the characteristic
temperature Tc will be called isokinetic temperature because all
processes exhibit the same kinetic rate kc at that temper-
ature.43,44

Figure 7 shows a plot of ln Jd0 vs Eact from the PdCuAg
membranes listed in Table 2. Obviously these permeation
kinetic parameters exhibit compensation too. Linear fitting
yields α = −13.45 ± 0.25 and β = (1.45 ± 0.14) × 10−4 mol J−1

corresponding with Tc = 828 K and kc = 1. 44 × 10−6 mol m−1

s−1. However, it is not clear whether eq 5 is exactly obeyed

because of the data scatter. The scatter of kinetic parameters
from the here prepared membranes is mainly due to
aforementioned uncertainties about alloy layer thickness and
composition, but varying support characteristics may have
contributed there too. Those variations are difficult to avoid
during preparation of alloy layers on porous substrates via
sequential ELP, especially if very thin membranes are prepared
as in the present study. In contrast, thickness and initial metal
distribution are rather even in the free-standing alloy films
studied at SINTEF because they were prepared by simulta-
neous sputtering of the metals onto polished single-crystal
silicon wafers.19,20 Therefore, such membranes are better suited
for examining how well eq 5 is obeyed by the hydrogen
permeation kinetics of PdCuAg alloys. Intriguingly, linear
regression analysis of the three SINTEF membranes’ kinetic
parameters shows practically exact agreement with eq 5 as
indicated by minimal errors of α = −13.56 ± 0.08 and β = (1.57
± 0.03) × 10−4 mol J−1. Hence, the hydrogen permeation
kinetics of Pd-rich ternary alloys with Cu and Ag might
practically fulfill the isokinetic relationship, that is, such ternary
membranes exhibit the same permeation rate at Tc = 773 K if
normalized to thickness, i.e., kc = 1.3 × 10−6 mol m−1 s−1.
Note that Tc is close to the temperatures at which we alloyed

the Pd/Cu/Ag precursor layers. The parallel increase of JH2 and
Eact (temporary) during alloy formation (Figure 3) could be
due to that fact. Figure S7 (Supporting Information)
demonstrates that in a PdCuAg mixed phase system Ag-rich
phases with low Eact will exhibit higher permeability below the
isokinetic temperature while Cu-rich phases with higher Eact will
have higher permeability above that temperature. Around the
isokinetic temperature actual H2 permeation rates and
energetics will depend on the shifting balance between initial
Ag and Cu-rich phases and PdCuAg alloys that fall in the here
investigated range. When the latter become dominant Eact will
probably temporarily increase because the Cu content of those
not yet fully homogenized PdCuAg alloys is higher than that of
the initial Ag-rich alloys (cf. Figures S5 and S6, Supporting
Information), while JH2 will grow because the fraction of less
permeable Cu-rich alloys decreases in parallel.
Using hydrogen diffusion in amorphous silicon as an example

Jackson showed that multiple-trapping-dominated transport
quantities exhibit a Meyer−Neldel relation.45 The characteristic
parameters are related to the energy distribution of trapping
sites and microscopic transport properties then.45 Hydrogen

Table 2. Characteristics of PdCuAg Membranes

compositiona

membrane Ag % Cu %
alloying time,

day
d,
μm

A,
cm2

Pe × 108, b mol m−1

s−1 Pa−0.5
Jd0 × 105, mol

m−1 s−1
Eact,

kJ mol−1
n

value
H2/N2

selectivityc origin

M1 20.4 8.9 49 4.4 18.1 0.80 0. 52 8.8 0.63 47 this work
M5 19.4 5.2 90 3.8 11.9 0.85 1.10 12.6 0.61 678 this work
M2 13.9 10.7 64 2.5 18.1 0.50 0.42 10.2 0.63 221 this work
M4 9.8 11.5 42 4.6 6.2 1.23 1.53 12.5 0.63 269 this work
M3 5.1 11.2 48 3.5 34.2 0.62 2.74 19.8 0.65 663 this work
M6 4.3 15.6 36 3.3 26.4 0.40 2.73 22.0 238 this work
P1 10.9 3.6 2.2 0.78 0.76d 11.3d ∼10 000 ref 20
P2 6 20 2.1 0.44 36.3e 36.1 >10 000 ref 19
P3 1 20 1.9 0.50 9.05e 27.6 >10 000 ref 19
T1 7 25 25 0.36d 10.3f 30.0 >10000g ref 17
T2 not detailed 27 0.28d 2.89f 24.5 ∼300g ref 17

aAverage of top and bottom end XRD analyses for membranes M1−M6. bAt 673 K. cAt 673 K and ΔP = 100 kPa. dDerived from Table 2 of ref 20.
eDerived from Pe and Eact at ΔP = 100 kPa. fEstimated from Figure 8 of ref 17. gAt 723 K.

Figure 7. Correlation of the activation energy and pre-exponential
factor for H2 permeation of PdCuAg membranes. The solid line is a
linear fit of the whole data set. The dashed line is a linear fit of the
parameters derived for free-standing PdCuAg films from refs19 and 20.
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permeation through Pd-type membranes falls into this category
as transport proceeds between interstitial binding sites for
hydrogen in metal lattices.16 Atomic diffusion in the bulk metal
is the permeation rate-determining step except for very thin or
contaminated membranes where surface processes can be
important.46 Surface processes typically impact H2 permeation
rates at lower temperatures, leading to a marked change in the
temperature dependence46 and a substantial increase of the
low-temperature activation energy, in agreement with our
experience.38,47,48 This is obviously not the case for the here
studied PdCuAg membranes (Figure 6). Thus, the permeation
kinetic compensation evident in Figure 7 should originate from
the energetics of hydrogen transport in the bulk alloy.
Permeation rates in metal layers are determined by the

product of hydrogen solubility and diffusivity.2,42 Therefore,
two thermally activated processes factor into the observed
kinetic compensation. Unfortunately, neither H diffusion
energetics nor H dissolution energetics are known for PdCuAg
alloys. They have been studied for PdAg alloys as a function of
alloy stoichiometry, on the other hand, and it was shown that
characteristic temperatures are rather similar for compensation
in the hydrogen permeation kinetics (Tc = 1223 K), dissolution
thermodynamics (Tc = 1150−1238 K), and diffusion kinetics
(Tc = 1496 K).42 Hence, both H dissolution and diffusion can
be expected to contribute to the hydrogen permeation kinetic
compensation in PdCuAg membranes too.
Hydrogen solubility is determined by the binding energies in

interstitial metal lattice sites, while hydrogen diffusivity is
governed by activation energies i.e., the difference between
binding energies and transition state energies.16 DFT
calculations indicate that H binding energies in PdCuAg alloys
decrease approximately linearly with increasing lattice constant
(i.e., alloy composition) for different types of interstitial lattice
sites.16 However, they become less favorable with increasing
number of Ag atoms in the nearest neighbor shell of interstitial
sites, while the effect of Cu neighbors is less significant.16 The
transition state energies vary in an analogous albeit weaker
manner with lattice constant.16 Again, activation barriers for H
diffusion are much larger in the immediate vicinity of Ag atoms,
while Cu neighbors have a negligible effect.16 Consequently,
activation barriers for H diffusion in PdCuAg alloys tend to
increase moderately with increasing Ag and decreasing Cu
content,16 while enthalpies for H dissolution will exhibit a
stronger trend in the opposite direction. Since activation
energies for hydrogen permeation result from the sum of those
two energy terms2,42 it is clear that they should display a similar
tendency as the hydrogen binding energies as a function of
lattice constant (or alloy composition).
Figure 8 shows that this is indeed the case as the Eact values

decrease with increasing lattice constants. Accordingly, the H2
permeation energetics and thus permeation itself are dominated
by H solution thermodynamics in the investigated PdCuAg
membrane range in agreement with conclusions of the DFT
study.16 It needs to be emphasized that Figure 8 depicts only an
overall trend. It does not imply that the activation energy for H2
permeation is strictly determined by the alloy lattice constant.
For example, from eq 2 follows that alloys with a Ag/Cu ratio ≈
1.4 (e.g., Pd88Cu5Ag7, Pd76Cu10Ag14, Pd64Cu15Ag21) have
isometric metal lattices with practically the same lattice
constant as Pd. Obviously, the distribution among types of
interstitial binding sites and transition states must differ
between these alloys. The net enthalpy for H dissolution will
vary accordingly and the net activation energy for H diffusion as

well. It is likely that those changes are also reflected in the
balance of those energies to some degree. The variations in the
permeation kinetics of such membranes certainly merit further
investigation.
Quantitative structural and permeation kinetic correlations in

multicomponent alloy membranes have both practically and
scientifically enormous value. From a mechanistic perspective
permeation kinetic compensation implies that hydrogen
transport is governed by the same rate-determining, thermally
activated process step in the series of membranes under
consideration. Here it means that H diffusion in the bulk
remains the predominant transport step in Pd-rich PdCuAg
membranes down to a layer thickness of 2 μm. Conversely, the
compensation effect provides a basis for consistency checks of
performance data from membranes with differing makeup.
Interestingly, the permeation kinetic parameters of free-
standing PdCuAg membranes19,20 and ones supported on
porous stainless steel17 and ceramic substrates are rather
consistent (Figure 7). This corroborates that support transport
resistance has a minor influence on overall hydrogen
permeation rates under the investigated conditions, which
were similar in all three studies.
Yet, the greatest benefit of systematic relationships lies in

their predictive power. Correlations between the hydrogen
permeability and associated activation energy on one hand and
the lattice parameter on the other have been recently explored
for Pd alloys in general,19 demonstrating the great interest in
such interdependencies. In this respect the structure−function
relationship depicted in Figure 8 is very intriguing because the
lattice constant of an unknown PdCuAg alloy can be accurately
derived according to Vegard’s law (eq 2). Thus, Eact can be
estimated a priori within a reasonably narrow range for such a
membrane and by extension via eq 5 its permeability at a given
temperature. Both lattice constants and activation energies for
hydrogen permeation can be measured independently and with
high accuracy. Therefore, such structure−function relationships
can be established with good reliability through investigation of
a few well-chosen alloy compositions if they existed for other
multicomponent Pd alloy membranes.

4. CONCLUSIONS
A structure−function relationship has been derived for
hydrogen-selective PdCuAg membranes with at least 70% Pd

Figure 8. Correlation between the activation energy for hydrogen
permeation and the experimental lattice constant of PdCuAg
membranes.
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on the basis of systematic correlations determined from
structural and permeation kinetic analyses.
First, it has been demonstrated that the structure of PdCuAg

alloys can be well described by Vegard’s law. The slight lattice
expansion in the here prepared membranes can be ascribed to
insufficient curing of growth-related lattice defects and
distortions at the employed alloy formation temperatures.
Second, detailed analysis of the hydrogen permeation

kinetics has revealed compensation between activation energy
and corresponding pre-exponential factor of the H2 permeation
laws obtained for membranes with differing alloy stoichiometry.
This analysis encompassed literature data of PdCuAg
membranes17,19,20 demonstrating the consistency of the
available permeation data of alloys within the whole
composition range. The compensation effect indicates that
atomic H diffusion in the bulk PdCuAg alloys remains the
permeation rate-determining step down to 2 μm membrane
thickness.
Third, the activation energy for H2 permeation declines with

increasing PdCuAg lattice constant, in general. This is in
agreement with trends for H binding energies in interstitial
lattice sites and transition states of PdCuAg alloys observed in
DFT calculations.16 In combination the three correlations
enable an a priori assessment of the hydrogen permeation
characteristics of PdCuAg alloys and thus facilitate rational
design of such membranes.
However, alloy formation from separately deposited Pd, Ag,

and Cu layers proved to be time consuming due to a wide
miscibility gap in the PdCuAg phase diagram at practically
feasible operation temperatures of thin-layered Pd alloy/
alumina composite structures (<823 K). This gap results
from the almost complete immiscibility of Cu and Ag at low
temperatures. The gap and associated inhomogeneity may be
largely circumvented by plating Pd layers between Ag and Cu
layers, thus forming fully miscible Pd-rich PdAg and PdCu
alloys initially.
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