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bstract

Combined experimental and modeling studies on hydrogen interactions with PdCu ordered body-centered cubic (B2) alloys have set the stage
or membrane alloy development for advanced water gas shift membrane reactors that separate pure hydrogen from coal gasifier exhaust or syngas.
irst principles potential energy surface and ground state minimization calculations were used to profile the surface site selectivity of H2 and
2S adsorption on the lowest energy PdCu B2 (1 1 0) surface. Finite temperature surface energy calculations for varying H2 and H2S coverages
ere used to estimate the potential for blocking of H2 adsorption by H2S physisorption under coal gasification partial pressure and temperature

onditions. Experimental measurements of hydrogen solubility in the Pd0.44Cu0.56 B2 alloy were made with a Sievert’s type apparatus. This data
as assessed, along with existing experimental data and first principles predicted finite temperature data for hypothetical end-member phases, to
evelop a thermodynamic description of the ternary Pd–Cu–H system encompassing the PdCu B2 phase. First principles ground state and lattice

ynamics simulations were used to predict favorable pathways for thermally activated hydrogen diffusion within the B2 lattice. The newly derived
olubility and diffusivity parameters were evaluated within a mass transfer model to predict the ideal bulk permeability in the absence of other
ass transfer contributions.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Advanced water gas shift membrane reactors (AWGSMR)
se hydrogen-selective membranes to increase the conver-
ion of coal or natural gas-derived syngas to H2 by the
eterogeneously catalyzed water gas shift (WGS) reaction,
O + H2O�CO2 + H2 (�Hreaction = −41 kJ/mol). The exother-
ic WGS reaction is kinetically controlled at low temperatures

nd thermodynamic equilibrium-controlled at high tempera-
ures. The use of a membrane to continuously remove the H2

roduct increases the conversion rate at high temperatures, shift-
ng the reaction towards completion. The AWGSMR path to low
ost H2 production eliminates the need for multi-stage WGS
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eactors with intermediate cooling, carbon oxide cleanup units,
nd pressure swing adsorption units, resulting in a single stage,
impler process with less catalyst and lower reactor volume, in
ddition to providing high purity H2.

This technology requires a thin noble metal alloy membrane
o selectively permeate H with low mass transfer resistance in the
resence of competitive WGS co-reactants and contaminants,
specially hydrogen sulfide, H2S, and related sulfur-species. The
evelopment of crack-free, high H-selectivity membranes that
re stable to thermal and pressure cycling and resistant to the
oisoning of surface H2 adsorption and dissociation sites, is an
ctive area of research. It has been shown that below 350 ◦C,
he Pd0.47Cu0.53 ordered body-centered cubic (B2) alloy has a

igh H permeability and a reported tolerance to H2S [1]. How-
ver, implementation of this membrane alloy presents some
hallenges. The Pd–Cu binary phase diagram in Fig. 1 shows
hat while this composition occurs within the single B2 phase

mailto:opalkasm@utrc.utc.com
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ig. 1. Pd–Cu phase diagram developed by thermodynamic modeling, with
ashed line showing placement of the high permeability Pd0.47Cu0.53 composi-
ion.

egion with a maximum at 40 at.% Pd and 596 ◦C, it is per-
lously close to the B2 + fcc phase boundary on the low Cu side.
his single phase composition may not be stable upon ther-
al cycling to higher temperatures, such as up to 450 ◦C, that
ay be required for operation of a WGS membrane reactor. It

s also anticipated that the selective adsorption of co-reactants
uch as carbon monoxide or sulfur-species could possibly induce
referential surface segregation of Cu, thereby shifting the com-
osition outside of the single B2 phase region [2]. The formation
f the fcc phase with a different molar volume could compro-
ise the integrity and H-selectivity of the membrane. Moreover,

he fcc phase that surrounds the B2 single phase region has a
ignificantly lower H permeability compared to the B2 phase.

This study investigated surface reactions, H diffusion, and
embrane performance in the PdCu ordered B2 alloy [3–9],

o develop a comprehensive description of H permeation in
d(1−x)Cux B2 alloys formed over the intermediate Pd–Cu com-
osition range. This description will serve to benchmark the
ehavior of the PdCu B2 alloys and to set the stage for devel-
ping new alloys with improved thermal and chemical stability
nd uncompromised H permeability performance. Mechanisms
or H2 adsorption, dissociation, and solubilization on the PdCu
1 1 0) surface will be proposed from first principles (FP) sim-
lations. This understanding will be used to predict the surface
ontributions to H absorption under temperatures and pres-
ures, including >1 ppm partial pressure of H2S relevant to
WGSMR operation on syngas. A thermodynamic description
f the Pd–Cu–H system is presented that is based on the newly
eveloped descriptions of the Pd–Cu, Pd–H and Cu–H binary
ystems, available ternary experimental data from the litera-
ure, new experimental measurements of H solubility in the B2
hase, and FP predicted stabilities of related B2 compounds.

his description enabled the calculation of phase stability and H
olubility within this phase region over a wide range of temper-
tures and pressures. FP lattice dynamics were used to simulate
nd parameterize dilute H thermally activated interstitial dif-
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u
v
s
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usion within the PdCu B2 lattice. The modeled H solubility
nd diffusivity parameters were used to predict the ideal bulk H
ermeability.

. Methodology

The periodic atomic structures of known and hypothetical
ulk phases in the Pd–Cu–H system were predicted with the
ensity functional theory Vienna ab initio simulation package
VASP) code [10,11] full minimizations using hard Pd pv 4p6

d10, hard Cu pv 3p6 3d10 4s1, and the regular H 1s1 projector
ugmented wave potentials [12] with the generalized gradient
W91 exchange-correlation corrections [13], 0.3 Å−1 or finer
pacing of the k-point meshes, and spin polarization. The low
nergy (1 1 0) surface of the stoichiometric PdCu composition
as selected to represent surface reactions on the ordered B2
hases. All calculations were made with a planewave cutoff
f 410 eV and Methfessel Paxton smearing using a broaden-
ng of 0.5 eV. The criteria for convergence of the atomic forces
n the bulk and slab relaxations were 0.005 eV/Å. The thermo-
ynamic properties of selected relaxed phases were predicted
ith direct method lattice dynamics using the Materials Design
edeA Phonon module [14,15] using the harmonic approxima-

ion with 0.002 Å one-sided displacements of symmetry unique
toms. Thermodynamic property predictions were determined
rom the integration of the vibrational density of states over the
ntire Brillouin zone. The lattice dynamics of dilute interstitial
nd transition state H interactions were simulated in a 2 × 2 × 2
dCu B2 supercell allowing only initial minimization of atomic
ositions.

The adsorptive interactions of H2, H and H2S were simu-
ated on one side of a 32 atom 4 layer periodic PdCu B2 (1 1 0)
lab separated by 10 Å vacuum, using a 3 × 3 × 1 Monkhorst-
ack k-point mesh without spin polarization. Potential energy
urfaces (PES) were determined from 0.25 H2S and H2 mono-
ayer (ML) single point calculations made with the adsorbates at
rogressively spaced distances above selected PdCu (1 1 0) rep-
esentative surface sites. Ionic relaxations were made to evaluate
he 0.25–1.0 ML H2 and H2S adsorption configurations, fixing
nly the bottom atomic layer. These results were used to esti-
ate the surface energies of PdCu (1 1 0) surfaces with varying

overages of adsorbed H2 and H2S at AWGSMR reactor temper-
tures and partial pressures, based on the method of Arrouvel et
l. [16], which approximates temperature and pressure contribu-
ions with the chemical potential of the adsorbate gas phase and
oes not describe the vibrational or configurational contributions
f the adsorbate-condensed phases.

Thermodynamic descriptions were recently developed for
he Pd–Cu, Pd–H, and Cu–H binary, and the Pd–Cu–H ternary
ystems [17]. A literature review was made to identify rele-
ant experimental phase equilibrium and thermochemical data.
ydrogen solubility measurements were made on a Pd0.44Cu0.56
2 alloy using a Sievert’s apparatus over the 100–350 ◦C temper-

ture range [17]. The thermodynamic properties were analyzed
sing thermodynamic models for the Gibbs energy of the indi-
idual phases. The model parameters were optimized using
elected experimental and theoretical data. Discrepancies among
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xperimental data of various types and sources were detected
uring the optimization, and the weighting of selected exper-
mental data was adjusted accordingly. The thermodynamic
escription thus obtained was self-consistent, enabling phase
iagram modeling for a wide range of compositions, tempera-
ures, and pressures.

. Results and discussion

It is clear from the literature that H2S and S contami-
ant species significantly poison the H permeability of PdCu
embranes [2,7,9]. In order to understand these competitive
echanisms, PES calculations and ground state minimizations
ere made to profile the interactions of H2, H, and H2S with rep-

esentative PdCu (1 1 0) surface sites. In the most stable relaxed
round state adsorption configuration, one H2 molecule on a
× 4 PdCu (1 1 0) slab [0.25 monolayer (ML)] adsorbs 1.9 Å
bove a surface Pd atom with the molecular axis parallel to the
urface, binding with a −28.64 kJ/mol per H2 modest favorable
nergy. There is negligible change in energy with rotation of the
2 horizontal alignment. In the full H2 monolayer the adsorption

nergy decreases to −21.4 kJ/mol per H2 and the H2 molecules
rient towards the nearest neighbor subsurface Pd atoms. A
eaction pathway was established for H2 dissociation leading to
dsorption of the two H atoms on adjacent four-fold hollow sur-
ace sites centered above subsurface Cu atoms, displaced 0.6 Å
rom the hollow center in the [1 0 0] direction. In the optimum
.25 ML H configuration, the Pd–H distance is 0.8 Å and the
inding energy is −50.0 kJ/mol per H atom. In the most favor-
ble relaxed 0.25 ML H2S configuration, the S atom adsorbs
.4 Å above a surface Pd atom with the molecular plane tilted
6◦ away from the surface plane with a strong binding energy of
70.9 kJ/mol, in good agreement with previous work [3]. In the

.0 ML adsorbed H2S configuration, the H2S molecules rotate
lternately in opposite directions to minimize repulsion and
acilitate hydrogen-bonding with a significantly reduced bind-
ng energy. Repulsive interactions at high ML fractions could
acilitate H2S dissociative adsorption, leading to sulfur surface
oisoning shown to be very favorable by atomic simulations
4]. The adsorption of H2 and H2S on adjacent surface Pd atoms
as a combined reduced binding energy of −77.2 kJ/mol, most
ikely due to the poisoning interactions of the adsorbed H2S.
inite temperature surface energy predictions were made for coal
asification feed H2 and H2S partial pressures of 2 × 10−2 and
× 10−6 bar, respectively. The predictions showed that at these
artial pressures, H2 physisorption of up to 0.5 ML coverage
ould be favorable at the 673 K reactor operating temperature
ithout the interference of H2S site blocking. Hydrogen sulfide

s predicted to only remain physisorbed in a 0.25 ML coverage
p to 430 K. These predictions do not take the contributions from
rreversible H2S dissociative adsorption into account.

The calculated fcc and B2 phase equilibria from the newly
stablished thermodynamic description of the Pd–Cu system

17] is shown in Fig. 1. The Pd–Cu solid phase boundaries do
ot vary appreciably with pressure and the phase descriptions
re pressure independent. The FP finite temperature predictive
apability was validated by showing acceptable agreement

a
i
e
t

ig. 2. Calculated H solubility in the PdCu B2 phase at 673 K (400 ◦C) over a
ange of pressures, up to 43.8 bar (WGS reactor operating conditions).

etween the FP predicted and thermodynamically modeled
ibbs free energies of formation, �Gform(T), for the Pd0.5Cu0.5

nd Pd0.4Cu0.6 B2 compositions, the differences being well
ithin 5 kJ/mol up to 1000 K. The Pd–Cu–H thermodynamic
escription was collectively developed from newly obtained
d0.44Cu0.56 B2 H solubility data, established experimental
ata for H2 desorption isotherms, para-equilibrium miscibility
ap boundaries, and partial H enthalpies for Pd–Cu–H fcc
lloys with up to 30 at.% Cu, and from FP predictions of the
hermodynamic stability of the B2 alloys [17]. The thermody-
amic modeling enabled the prediction of H solubility in the
2 phase over a wide range of temperatures and pressures, for
xample, as shown in Fig. 2 for several different pressures up
o 43.8 bar H2 pressure at the 673 K (400 ◦C) temperature for
WGSMR operation. Absorbed H slightly shifts both B2 phase
oundaries towards lower Cu concentrations, where the shifts
ncrease with H2 pressure. The H solubility is at a maximum on
he low Cu side of the B2 phase, exhibiting a maximum ratio
f 0.033 H/metal (3.2 at.%) at the Pd0.48Cu0.52 composition
t the 43.8 bar and 673 K operating conditions. Thus, the high
ermeability Pd0.47Cu0.53 composition was predicted to be
table in the B2 form and to have near optimum H solubility
or AWGSMR operation.

To benchmark our atomic modeling capability for FP H
iffusivity predictions, the interstitial solubility and move-
ent of atomic H was simulated within a 2 × 2 × 2 supercell

f an ordered Pd0.50Cu0.50 B2 composition (model stoi-
hiometry = Pd8Cu8H). The PdCu stoichiometry was used to
pproximate the high permeability Pd0.47Cu0.53 ordered B2
omposition with a reasonable level of computational resources.
his model H concentration (H/M = 0.0625) is well above the
olubility limits determined from our thermodynamic modeling,

˚ 3
nd would undergo a 3 A unit cell volume expansion dur-
ng ground state full minimization, which correlates well with
stablished experimental relationships [18]. In order to realis-
ically represent a more dilute concentration regime, the PdCu
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attice was fixed and only ionic relaxation was allowed during
he interstitial H substitution simulations. At the ground state,
he tetrahedral site bounded by two Pd and two Cu atoms was
ound to be slightly more energetically favorable (−2.52 kJ/mol)
han the octahedral site bounded by four Pd and two Cu atoms.
attice dynamic calculations were made with the direct method

ncluding the phonon interactions of all the lattice ions with the
atom in the interstitial and transition states, and to confirm

he identity of the transition state. The Pd4Cu2 octahedral site
ith H exhibited two nearly equivalent imaginary frequencies

typical of a saddlepoint, and was not considered to be part of
he stable H migration pathway. The lowest activation barrier,

Hact, for the multiple diffusion pathways examined within the
rozen atomic lattice was found to be from diffusion between
etrahedral sites through a Pd2Cu triangular face. This diffusion
athway was reported in an earlier study allowing full bulk min-
mization of H solubilized in the PdCu lattice [5], however, it
as refuted in a later study with the same co-authors [6]. The

ero point energy (ZPE) corrections for H in the tetrahedral
ite and in the transition state were determined from the real H
ibrational frequencies predicted at the gamma point. The ZPE-
orrected activation barrier [�Hact + �ZPEH], was 6.96 kJ/mol,
ompared to ∼2 kJ/mol activation barrier reported for compa-
able fully minimized structures [5]. Following the approach of
iang and Carter [19], the quantum-corrected diffusion equation:

=
[
nα2κBT

6h

]
exp

[−�Hact + �ZPEH

κBT

]
(1)

here n is the geometrical jump factor, α the tetrahedral-to-
etrahedral jump length of 1.5 Å, κB the Boltzmann’s constant,
nd h is the Planck’s constant, was used to determine a preex-
onential factor, D0, of 2.1 × 10−7 m2/s and a diffusivity, D, of
.3 × 10−8 m2/s at 673 K (400 ◦C). Fig. 3 shows that there is
easonable agreement between the FP predicted H diffusivity in

d0.5Cu0.5 and that measured in the Pd0.47Cu0.53 B2 by Piper
20] and Völkl and Alefeld [21]. The latter data set was also
ncluded the measured Pd0.47Cu0.53 face-centered cubic alloy
iffusivity for comparison.

ig. 3. Comparison of predicted H diffusivities coefficients to literature exper-
mental data from Piper [20] and Völkl and Alefeld [21].
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The prediction of the ideal H permeability, Q (in units of
ol s−1 m−1 Pa−0.5), the product of solubility and diffusiv-

ty for a given alloy, enables the quantitative evaluation of
urface contributions in experimental permeability data. In a
ne-dimensional membrane mass transfer model, the H flux,
H2 , is given by

H2 =
(

Q

�

)
(p0.5

1 − p0.5
2 ) =

(
D

�

)
(C1 − C2) (2)

here � is the membrane thickness, p1 and p2 are the H2 partial
ressures above the membrane surface, C1 and C2 are the surface
oluble H concentrations in mol/m3, and where the subscripts
and 2 refer to the retentate and permeate sides of the mem-

rane [22]. The surface H concentration, C, is proportional to the
/metal ratio, n, by κ, a conversion factor (in units of mol H/m3)

orresponding to the lattice volume when n = 1, where n is
roportional to the square root of pressure, p0.5, by Sievert’s
onstant, Ks. Using these relationships, JH2 can be expressed as

H2 = (DκKs)(�)−1(p0.5
1 − p0.5

2 ) (3)

he solubility can therefore be determined from the product
κKs]. The kappa conversion factor, κ, for the lattice volume
hen n = 1, was estimated from the Pd0.47Cu0.53 lattice and the

stablished H partial molar volume increase relationship for Pd
lloys [18], to be 1.0 × 105 mol H/m3. Hydrogen solubility in
d0.47Cu0.53 was calculated from the Pd–Cu–H thermodynamic
ssessment modeling [17], where the Sievert’s coefficient, Ks,
s determined from the inverse slope of the square root of H2
ressure versus the solubilized H/(Pd + Cu) metal ratio. The
alculated solubility plot for Pd0.47Cu0.53 at 673 K is shown
n Fig. 2, where Ks was determined to be 1.25 × 10−5 Pa−0.5.
sing the FP calculated diffusivity, the estimated κ conversion

actor, and the Ks Sievert’s coefficient from the thermodynamic
ssessment, the theoretical H bulk permeability, Q, was esti-
ated to be 7.9 × 10−8 mol s−1 m−1 Pa−0.5 in Pd0.47Cu0.53 at

73 K. Most experimental Pd0.47Cu0.53 membrane results are
eported in terms of permeance for membranes of varying thick-
ess and configuration, making direct comparison difficult. Our
redicted permeability is more than an order magnitude larger
han the permeabilities predicted and measured by Kamakoti et
l. [6], however, it is consistent with the report that H perme-
bility of the Pd0.47Cu0.53 B2 phase is 1.1 times larger than Pd
t 623 K [23]. We plan to conduct experiments to validate our
odeling, using an experimental configuration and mass trans-

er model that eliminates other mass transfer contributions to the
etermination of bulk permeability.

. Conclusion

Atomic–thermodynamic modeling, experimental H solu-
ility measurements, and thermodynamic assessments were
sed to investigate H adsorption, solubility, and diffusion in

dCu ordered B2 alloys. Without taking irreversible dissocia-

ive H2S adsorption into account, preliminary surface energy
redictions show that H2 adsorption is not significantly poi-
oned by H2S physisorption under AWGSMR temperatures,
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