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The present work investigates both the diffusivity and permeability of hydrogen (H) in
palladium-silver (PdAg) and palladium-gold (PdAu) alloys over a 400-1200 K temperature range
for Pdgo_xMx, M=Ag or Au and X=0% —48% using density functional theory (DFT) and kinetic
Monte Carlo simulations (KMC). DFT has been employed to obtain octahedral (O)-, tetrahedral
(T)-, and transition state (TS)- site energetics as a function of local alloy composition for several
PdAg and PdAu alloys with compositions in supercells of X=14.18%, 25.93%, 37.07%, and 48.15%
with the nearest (NNs) and next nearest neighbors (NNNs) varied over the entire range of
compositions. The estimates were then used to obtain a model relating the O, T, and TS energies of
a given site with NNy, NNN,, and the lattice constant. The first passage approach combined with
KMC simulations was used for the H diffusion coefficient predictions. It was found that the
diffusion coefficient of H in PdAg alloy decreases with increasing Ag and increases with increasing
temperature, matching closely with the experimental results reported in the literature. The calculated
permeabilities of H in these novel binary alloys obtained from both diffusivity and solubility
predictions were found to have a maximum at ~20% Ag and ~12% Au, which agree well with
experimental predictions. Specifically, the permeability of H in PdAg alloy with ~20% Ag at 456 K
is three to four times that of pure Pd, while the PdAu alloy at 12% Au is four to five times that of

pure Pd at 456 K. © 2006 American Institute of Physics. [DOI: 10.1063/1.2387166]

I. INTRODUCTION

From an environmental standpoint, high purity hydrogen
appears to be an ideal fuel source. Contribution to both the
greenhouse effect and urban pollution can be reduced by
using cleaner energy based upon this renewable source. For
the last 150 years, the trend in energy use has been toward
reducing carbon consumption and increasing the use of hy-
drogen. The present and future applications of hydrogen in-
clude powering nonpolluting vehicles, heating homes and of-
fices, fueling aircrafts, ammonia manufacture, methanol
synthesis, fuel for space shuttles, and fuel cells that provide
heat and electricity and drinking water for astronauts. How-
ever, widespread use will require cheaper means of produc-
ing hydrogen, safer ways to store it, and new means to dis-
tribute hydrogen from the producer to the end user and
fueling stations.

One of the important ways of producing high purity hy-
drogen is through the catalytic reaction of steam with hydro-
carbons or coke and then separating the hydrogen from the
mixtures using palladium-based membranes. The cost of pro-
ducing hydrogen can be reduced by the fabrication of very
thin, high-permeability Pd-based membranes that are stable
at high temperature and pressures and for the long operation
times typically employed in petrochemical industries.

The operating lifetime of pure Pd membranes is low
since, during the absorption and desorption cycles of H while

UFax: 508-831-5853. Electronic mail: jwilcox@wpi.edu

0021-9606/2006/125(18)/184714/10/$23.00

125, 184714-1

operating below the critical temperature, the structure of Pd
undergoes expansions and contractions due to a <« 3 phase
transformations,1 leading to the formation of cracks from
embrittlement. Several experimental reports suggest that al-
loying Pd with other metals such as Ag, Au, or Cu helps by
reducing potential embrittlement, offering resistance to poi-
soning, and providing a longer operational lifetime, which
are important for reducing the cost of producing H. The
PdCu alloy has been found to be tolerant to sulfur
poisoning;z_4 however, it has significantly lower H perme-
ability as compared to pure Pd. The first experimental inves-
tigation suggesting the higher solubility of H in PdAg alloy
as compared to pure Pd was performed by Graham® in 1869.
In another pioneering effort, Glryaznov6 reported that the per-
meability of H in PdAg is higher than in pure Pd. Experi-
ments in the past have shown that, either at ~20% (Ref. 7)
or between 23% and 32%,* Ag in a PdAg alloy has signifi-
cantly higher permeability as compared to pure Pd. The ad-
dition of Ag reduces the critical temperature of «« (3 phase
transformations and also increases the solubility of H, while
simultaneously reducing its diffusion coefficient, causing an
increased H permeability. In addition, Gryaznov6 found that
alloying Pd with Au yields a H permeability 2.2 times that of
pure Pd at a 10% Au content. Amandusson et al.’ found that
PdAg alloy with 32% Ag at 623 K has six times higher per-
meability as compared to pure Pd. In addition, PdAg alloy
with compositions greater than 30% Ag does not have a«— 3
phase transformations occurring at low temperatures, which
is a major cause of defects in membranes. The addition of Cu
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causes the contraction of the Pd cell while the addition of
Ag or Au causes cell expansion. It has been hypothesized
that by providing an expanded lattice, i.e., PdAg or PdAu,
one can avoid the expansion/contractions, thereby
reducing the embrittlement of the membrane due to limiting
the a« B phase transformations.” However, this is a
debatable issue which will be discussed in this manuscript.
By changing the alloy composition, the solubility and diffu-
sion coefficient can be adjusted to obtain maximum
permeation.

Specifically, there have been no ab initio based simula-
tions reported in the literature describing the permeability of
H in PdAg and PdAu. There have been several simulation-
based studies that provide qualitative explanation of higher
H solubility in PdAg alloy based on the adjacent Ag atoms,
but no quantitative estimates of solubility, permeability, or
diffusion coefficient predictions have ever been reported.
Similarly, to the authors’ knowledge, there are no simulation
studies discussing solubility, diffusion coefficient, and per-
meability of H in PdAu alloys. The density functional theory
(DFT) based simulation studies with PdAg alloy reported
in the literature fail to account for the random arrangement of
varying octahedral (O)-and tetrahedral (T)-site energies and
the effect of local alloy composition. Instead, these ap-
proaches use the approximation of representing the
PdAg alloy as a cluster of four atoms in an fcc arrangement
(providing four distinct alloying compositions, 0%, 25%,
50%, 75%, and 100% Ag in PdAg alloy) with or without
periodic boundary conditions. The system and approach used
by these researchers'*™'? do not provide the flexibility of es-
timating the binding energy as well as solubility of PdAg and
PdAu alloys with intermediate alloy compositions, hydrogen
concentrations, and operating conditions (temperature, pres-
sure) in order to find a suitable system composition and op-
erating conditions for higher permeability. We have also con-
sidered the effect of lattice expansion due to H on the
permeability which is completely ignored under the assump-
tion that they are negligible. Although there have been at-
tempts to estimate the absorption energy to use as a tool to
provide a qualitative trend in solubility, there have been no
attempts to predict the solubility, diffusion coefficient, or
permeability of PdAg or PdAu alloys by ab initio simula-
tions against experimental data. This study is expected to
lead experimentalists to the design efficient membranes at
the desired operating conditions. The main goals of the
present work involve the theoretical prediction of the solu-
bility, diffusion coefficient, and permeability of H in PdAg
and PdAu systems and comparing them with the experimen-
tal data available in the literature.

Il. THEORETICAL METHODOLOGY
A. O-, T-, and TS-site energetics

All the alloys were simulated as three dimensional infi-
nite periodic structures by defining a supercell with atoms on
an fcc lattice with periodic boundary conditions in all three
principal axes. The Vienna ab initio simulation package
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(VASP) was used for all the simulations.'>'* The electron

exchange correlation effects were described by a generalized
gradient approximation (GGA) using the Perdew-Wang 91
functional. A plane wave expansion with a cutoff of 199 eV
was used in all of the calculations for Pd, PdAg, and PdAu
alloys. The total energy calculations used the residual mini-
mization method for electronic relaxation, and the calcula-
tions were accelerated using the Methfessel-Paxton Fermi-
level smearing with a width of 0.2 eV. Geometry relaxation
calculations employed the conjugate-gradient (CG) algo-
rithm until the forces on the unconstrained atoms were less
than 0.03 eV/A. A Monkhorst-Pack mesh with a 4X4 X4 k
grid was used for all the simulations involving Pd, PdAg,
and PdAu alloys.

In the present work, we have estimated the binding en-
ergy of O and T sites using (1),

i
E,= Epaysn = Epay — 3En,» (1)

where x represents either O or T.

The method of simulating H diffusion in Pd-based alloys
is more complex than that of pure Pd. The first step is to
simulate an accurate structure of a given Pd alloy with regard
to the relative arrangement of Pd and Ag (or Au) atoms in the
lattice and the type of crystal lattice from which these atoms
are distributed. The information of the crystal lattice can be
obtained from the phase diagrams available in the
literature.'” In the present work, the PdAAg and PdAu systems
were modeled as completely miscible fcc crystal structures.
The phase diagram of PdAg (Ref. 15) is a continuous mis-
cible PdAg structure over the entire composition and tem-
perature range considered. The PdAu system15 is a miscible
fce structure except for a narrow range of composition and
temperature. Specifically, between 13%—-30% and 70%—-80%
of Pd in PdAu alloy (in 873—1073 K) and 43%-55% Pd (in
293-363 K) in PdAu alloy may have a cubic or other un-
known structure (not fcc). However, due to the uncertainty in
knowing the details of the structure at these different
composition/temperature conditions, a uniform approach in-
volving strictly fcc structures had to be considered in the
present work. In the present work, for the simulation of solu-
bility, a structure with 6234 atoms has been used. Through a
comparison to larger-volume simulations it was verified that
this number of atoms was sufficient to yield results not af-
fected by finite-size effects. A supercell with 27 atoms was
used to estimate the dependence of binding energy on the
nearest neighbors, next nearest neighbors, and lattice con-
stant. Supercells with a larger number of atoms were also
considered, yielding a minimal change in energetic predic-
tions, so that, to optimize computational cost and efficiency,
the 27-atom system was chosen for the simulations. For each
alloy composition, the position of Pd and Ag atoms was
changed such that several combinations of nearest neighbors
(NNs) (minimum of 0, maximum of 6) and next nearest
neighbors (NNNs) (minimum of 0, maximum of 8) referring
to the number of Ag (or Au) atoms were assumed. Alloy
compositions of Pdqy_,Ag, with x=14.81, 25.93, 37.04, and
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48.51, Pd;po_Au, with x=14.81, 25.93, and 37.04, and
Pd;p9_Cu, with x=25.93 and 48.51 were considered. A non-
linear equation was used to obtain a predicted binding energy
with NN, NNN, and lattice constant as independent vari-
ables.

The solubility was estimated using =K SP]]{/E where, 6 is
the solubility, K is Sievert’s constant, and Py, is the H pres-

sure in the gas phase. Sievert’s constant was estimated using
Eq (2) 16,17

Dg hVHz
Kg=exp| B —7+ ) -Eo——

1
X —=+/1 —exp(- Bhvy [2) ————, 2
oV - exp= B, 2) 2)
where
2mamkT \** 472 1(kT)?
a={=—5 2 (3)

and B=1/kgT, kg is Boltzmann’s constant, D is the classical
dissociation energy, E is the binding energy, 4 is Planck’s
constant, [ is the molecular moment of inertia, vy and vy, are
vibrational frequencies of H in the Pd and gaseous states,
respectively, m is the mass of the H molecule.

B. Activation energy and diffusion coefficient

The permeation of hydrogen in PdAg and PdAu alloys is
described by a hopping mechanism that occurs between the
adjacent interstitial sites, with each hop having an activation
energy that can be used in conjunction with transition state
theory (TST) to determine a rate constant for that particular
hop. The rate constant for each hop depends upon the type of
hop, i.e., T-O or O-T, and the energy of the individual sites,
i.e., Eg, Er and Epgr. The energy of the individual binding
energies at the O site (Eg) and T site (Ey) were estimated as
described earlier. For E1g, the Lanczos algorithm has been
applied.l&19 In this method, the configuration is pushed along
a random direction with a given step size until a negative
eigenvalue appears. The procedure is repeated until the low-
est eigenvalue passes a threshold, at which the configuration
is moved to a saddle point by moving along the eigenvector
corresponding to this value. If the lowest eigenvalue changes
sign, the iterative procedure is stopped and a new event be-
gins. The Lanczos algorithm works by iteratively projecting
a vector upon the Hamiltonian. A Monkhorst-Pack mesh with
a4X4X4 k grid was used for all the simulations. The tran-
sition state energy (Erg) obtained was then studied using a
model that was then incorporated into a KMC algorithm. It
was assumed that the activation energy required for each hop
was dependent upon the local alloy composition with atoms
in the NN and NNN shell (the atoms surrounding the adja-
cent O site) as well as the lattice constant. The zero-point
energies (ZPE) in the present work were estimated for sev-
eral individual O, T, and TS sites by estimating the normal
mode vibrational frequencies, which were estimated from the
second derivative matrix, i.e., the Hessian, using a small dis-
placement of 0.15 A.
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The kinetic rate constant for the individual hops (O-T or
T-O) can be estimated using Eq. (4),202

k,_,(NN,NNN,a)
L ILvy exp(_ E,(NN,NNN,a) - £,,(E,) + s;,)
Hi2=1 Vrs.i kgT ’

(4)

where v; are the normal mode frequencies for the energy
minimum at the O or T site and V; are the normal mode
frequencies for the transition state, &,, is the zero-point en-
ergy of hydrogen at the energy minimum and s:p is the zero-
point energy at the transition state, E, is the activation energy
barrier (Erg—Ey) or (Eqs—Eq) for O-T or T-O hops, respec-
tively, x-y represents either O-T or T-O hop, kg is Boltz-
mann’s constant, « is the lattice constant of the alloy, and T is
the temperature of the system. The bracketed items (NN,
NNN, and a) represent the independent variables which are
used to model activation energy, binding energy, and the rate
constant.

The PdAg or PdAu structure used to estimate the diffu-
sion coefficient was simulated using 6234 Pd and Ag (or Pd
and Au) atoms randomly distributed on an fcc lattice assem-
bly, after which approximately 231 hydrogen atoms were
placed on randomly selected O sites. An O site was selected
as the starting position for the diffusion process since the
experimental results as well as the molecular dynamics simu-
lations of hydrogen in the Pd lattice indicated that the hydro-
gen atoms spend a significant time at the O site as compared
to the T site. A random number generator with the input seed
obtained from the millionth fraction of current time (sec-
onds) was used for the kinetic Monte Carlo (KMC) simula-
tions. Each T to O hop (T-TS-O) was accepted with a prob-
ability of 1, since the hydrogen bound to the O site
represented a lower energy state than that bound to the T site.
Each O-T hop was accepted with a probability of 2kqr/kro
or higher. This methodology was reported by Kamakoti and
Sholl* and was used in this work as well. For each cell, the
number of T sites was double that of O sites and was ac-
counted for in the probability of hops from O-T sites. Re-
gardless of the outcome of each attempted hop, the time was
incremented by 1/(4Nkrp), where N is the total number of
hydrogen atoms. The classical method of estimating the dif-
fusion coefficient involves the measurement of the distance
between each atom (at time 7=¢,) from its starting position
(r=0) and then averaging the distances of several atoms at a
given time. This method, however, is limited due to errors
associated with the edge effects caused by the lattice bound-
ary. For instance, an atom near the edge will take additional
time to cover the same distance that an atom from the center
would take, leading to an overall decrease in the diffusion
coefficient. One option for avoiding such an error is to re-
move the H atoms that reach the edge of the simulation cell.
This limitation can be avoided by modifying the algorithm
according to (a) a new technique called first passage and (b)
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FIG. 1. (Color) TS-site energy of PdAg alloys: (a) 14.8%, (b) 25.9%, (c) 37.0%, and (d) 48.2%. Corresponding activation energies E1g—Eq for O-T hop are
shown in (e), (f), (g), and (h), respectively.

by releasing the hydrogen atoms in a central spherical space. counted and used for the estimation of the diffusion coeffi-
In the first passage method, the time required to cross a cer- cient. The diffusion coefficient was estimated using the Ein-
tain distance from the initial position for the first time is stein equation as in (5),
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FIG. 2. (Color) TS-site energy of PdAu alloys: (a)
14.8%, (b) 25.9%, and (c) 37.0%. Corresponding acti-
vation energies Epg—Eq for O-T hop are shown in (d),
(e), and (f), respectively.
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1 N lll. RESULTS AND DISCUSSION
—1i R 2
D=lim 6Ntz (R(5) = RAO)) | (5) A, Lattice constant of Pd—H system

t—00
The lattice constant of pure Pd obtained by DFT was
found to be 3.96 A, larger than the experimental value of
3.89 A (Ref. 22) by 1.7% and close to the simulated value of

where R,(z) is the position of an atom at time 7 and N is the  3.95 A reported by Kamakoti et al.*™* In the past, the major-
number of H atoms used. ity of simulations have ignored the expansion of the Pd lat-

Downloaded 28 Nov 2006 to 130.215.95.164. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



184714-6 Sonwane, Wilcox, and Ma J. Chem. Phys. 125, 184714 (2006)
15
o 148%Ag 20
259% A
g & 370%Ag 2 15| ° 8%
B 10} © B = | T
] a 4
3 |@ ; 2 10| (o)
£ * 2 ~
205 ® 05
s H \
© g
K % 00
© o0 -
o 2 i
k: § 0.5
-0.5 -1.0
-05 .0.0 ) 0.5. 1.0 15 -10 05 00 05 10 15 20
DFT O site classical binding energy (eV) DFT T-site classical binding energy (eV)
FIG. 3. Model and DFT based energy of O, T, and TS
25 o 148% Ag sites for PdAg alloy.
o 259%Ag
A 37.0%Ag
20 e 482%Ag
T 5| ©
8
£ 1.0 29
w Be
e
— o/  AO
z 05 oA .
2 o
= Aues, 2
0.0
0.5
05 00 05 10 15 20 25

DFT TS energy (eV)

tice due to the addition of H by suggesting that it is negli-
gible. Later, while discussing the binding energy and
solubility predictions, it will be shown that even for a dilute
concentration of H, i.e., 3.7% H in Pd alloys, the predicted
binding energies are higher by 3.56% and eventually the
solubility is underpredicted by about 11.8%.

B. O-, T-, and TS-site energy

The energetics of O, T, and TS sites (Eq, Et, and Erg)
have been estimated as a function of local alloy composition.

An H atom was placed at one O or T site with the number of
nearest neighbors (NNy) and next nearest neighbors (NNNy)
variable. For an O site, 0=<NNy=<6, 0=<NNNy=8, and for
a T site, 0<NNt=<4 and 0<NNNp= 12, which represent
the possible values of alloying atom (Ag or Au), with the
remainder of the nearest and next nearest atoms Pd.

The transition state energies of PdAg and PdAu alloys
are shown in two-dimensional (2D) contour plots in Figs. 1
and 2, respectively. The binding energies, Eq and Et, were
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calculated in a similar manner, with the details presented in
an earlier mamuscript.23 The purpose of obtaining these TS
plots is to show that the TS energy for an alloy is not con-
stant, but rather, depends upon the local alloy composition.
The NN and NNN(, for transition state energy plots repre-
sent the nearest neighbors and next nearest neighbors for the
adjacent O site, respectively. The transition state energy can
then be combined with the O-site binding energy to gain an
understanding of the variation in activation energy (for an
O-T hop) as a function of local alloy composition. A plot of
activation energy (E, o=E1s—Ep) for an O-T hop is plotted
as a function of NN and NNN, for each of the four alloys
studied for PdAg as shown in Figs. 1(e)-1(h), as well as for
PdAu alloys as shown in Fig. 2(d)-2(f). The activation en-
ergy E, o fluctuates, and no overall trend can be found for its
dependence upon NN and NNN,. For a 14.8% Ag alloy, the
maximum Epq—Eq value was found to be 1.14 eV (NN
=4, NNNy=0), with a minimum of 0.019 eV (NNy=2,
NNNg=2). For the 25.9% Ag, corresponding values were
0.938 eV (NNy=4, NNNp=2) and 0.0.19 eV (NNy=2,
NNNg=5). The 37.0% Ag yielded values of 0.79 eV (NN
=4, NNNy=0) and 0.055 eV (NNy=0, NNN,=4). For
48.2% Ag the maximum and minimum were 1.07 eV (NN,
=4, NNNy=4) and 0.03 eV (NNy=2, NNN,=8), respec-
tively. It can be observed that the maximum E, o in most
cases occurs at the higher NN sites and the lower NNNg
sites while the minimum E, o occurs at the lower NN, sites
and the higher NNN sites.

For the purpose of gaining several O-, T-, and TS-site
energies, a model was developed for representing the classi-
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10 12 14 168 18 20 22

FIG. 5. [(a) and (b)] Diffusion coeffi-
cient and (c) solubility of PdAg alloy
as a function of temperature and alloy
composition.

1000/T

cal energies in a form that could be used to estimate the
binding energy of any alloy in the 0%-50% Ag range of
which individual O, T, and TS sites could be identified by
means of local alloy composition (NN and NNN) and the
lattice constant. The Eq, Et, and Erg energy data for all four
PdAg and three PdAu alloys were combined to fit a nonlin-
ear equation given by (6)

Eo=ay + asnn + aznnnn + a4do + asianiNNN

2 2 2
+ aglinnGp + aNNNG + dglign t dolignn Tt A10dg,

(6)

where q is the lattice constant, nyy and nyyy are the nearest
and next nearest neighboring alloying atoms (Ag or Au),
respectively, and a;—a,q are fitting parameter constants for
PdAg and PdAu. While using the equation, it should be
noted that the NN and NNN for T and O sites, are unique.
For instance, the O site and TS site have 0<NN=6 and 0
<NNN =28, while the T site has 0=<NN=4 and 0<NNN
<12.

As discussed earlier, estimates of DFT-based O-, T-, and
TS-site energies have been obtained from a single supercell
for different alloy compositions to obtain a model O-site
binding energy for a larger alloy. A comparison of model and
classical O-, T-, and TS-site binding energies of PdAg and
PdAu alloys are shown in Figs. 3(a)-3(c) and 4(a)-4(c), re-
spectively.
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FIG. 6. [(a) and (b)] Diffusion coefficient and (c) solubility of PdAu alloy as a function of temperature and alloy composition.

C. Diffusion coefficient and permeability

The estimates of the diffusion coefficient D have been
obtained in the present work for PdAg and PdAu alloys and
are shown in Figs. 5 and 6, respectively. Estimates of D
plotted in Fig. 5(a) show that for a given temperature, D
decreases with increasing Ag content. Regardless of the al-
loying species, i.e., Ag or Au, D increases at approximately
5% Ag or Au content and proceeds to dip thereafter. It is not
expected that this diffusion behavior occurs experimentally
but is believed to be a limitation in the model at low concen-
trations of Ag and Au alloy content. For pure Pd, D at 456 K
was found to be 1.146 X 10~ m?/s. More specifically, when
the concentration is 5% Ag, D drops to 6.439 X107 m?/s
and is followed by an increase of 8.178 X 10~ m?/s at 10%
Ag. The diffusion coefficient decreases gradually with in-
creasing Ag content and at 45% Ag, D is 4.34X 107! m?/s.
A similar trend was observed at higher temperatures such as
590 and 691 K with the only difference being the drop in
diffusion coefficient occurring at less than or equal to 5%
Ag. At 1095 K, the diffusion coefficient remains almost con-
stant over the Ag concentration of 0%—-20% and decreases
gradually thereafter. The comparison of our results with the
experimental23 data shows a close match at high temperature
and a small error where the simulations underpredict the ex-
periments at low temperatures. This could be due in part to

the fact that the simulations involve a perfect lattice model,
where as in reality, the lattice will experience grain boundary
migration, which promotes hydrogen to diffusion through the
lattice.

The diffusion coefficient of H in a PdAu alloy is shown
in Fig. 6(a) and 6(b). Similar to PdAg alloys, the diffusion
coefficient decreases with increasing Au content at a given
temperature. Here too, a sudden decrease in the diffusion
coefficient is observed at 5% Au with an increase at an Au
composition of 10% and a gradual decrease at greater con-
centrations. At 456 K, D for 5% Au is 4.97 X 10710 m?/s,
while for 10%, D is 7.133 X 1071° m2/s. The diffusion coef-
ficient for 40% Au is 5.055% 10~!! m?/s. The diffusion co-
efficient of H in PdAg is higher than that in PdAu alloy.

A comparison of the solubilities of H in PdAg alloy at
456, 590, 691, and 1095 K for a broad range of alloy com-
position, i.e., from 0%-50% Ag is shown in Fig. 5(c). Our
model overpredicts the solubility of H in a PdAg alloy at
456 K in the 20%—-40% Ag range. However, for higher tem-
peratures, i.e., 590, 691, or 1095 K, the predicted solubilities
match closely with experimental data.** The predicted solu-
bilities of H in PdAu alloys at 456, 590, 691, and 1095 K is
shown in Fig. 6(c). It can be seen from Figs. 5(c) and 6(c)
that the solubility of H in PdAg and PdAu alloys at a given
temperature increases with increasing alloying metal concen-
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tration (Ag or Au) and reaches a maximum and decreases
thereafter. For example, the solubility of H in a PdAg alloy at
456 K and 30% Ag is about ten times higher than that of
pure Pd. Similarly, the solubility at 590 K is six times higher
than that of pure Pd. For other temperatures, i.e., 691 and
1095 K, the solubilities of H in the same alloy is five and
three times higher than that of pure Pd, respectively. The
maximum solubility was always found to occur around 30%
Ag in PdAg alloys. The solubility of PdAu alloys shown in
Fig. 6(c) also exhibits a similar trend, except that the solu-
bility for the given temperature and composition is higher
than the PdAg system and with the maximum solubility oc-
curring at approximately 20% Au content. The solubility of
H at 456 K in PdAu with 20% Au is about 12 times higher
than that of pure Pd. Comparing this with the corresponding
PdAg system with solubility ten times higher than that of
pure Pd, the maximum solubilities for PdAu at 590, 691, and
1095 K are seven, five, and three times higher than that of
pure Pd, respectively.

The diffusion coefficient and solubility estimates were
then combined to obtain the H permeabilities as shown in
Fig. 7. The absolute values of permeability as a function of
% Ag for various temperatures is shown in Fig. 7(a), while
the ratio of PdAg alloy permeability to that of pure Pd at
various temperatures is shown in Fig. 7(b). Similar plots for
PdAu are shown in Fig. 7(c) and 7(d). It can be seen that the
permeability of H increases with increasing Ag content until
it reaches ~20% at which point it decreases. The H perme-

i n PdAu alley

ability in pure Pd at 456 K is 4.713 X 107°, while in 20% Ag
it is 1.46 X 1078, which implies that the permeability in PdAg
is three times greater than pure Pd at this temperature and
composition. Going from pure Pd to 5% Ag, there is no
significant increase in permeability at low temperatures for
PdAg alloy. However, with an increase in temperature, the
ratio R of PdAg to Pd at 20% Ag decreases. At higher tem-
peratures, i.e., 1095 K, the permeability is significantly high
at 8.6879 X 1078, but the ratio of its permeability to that of
pure Pd is just 2.45. After about 38% Ag content, the perme-
ability of PdAg alloy at all temperatures is lower than the
pure Pd at the same temperature.

The permeability of PdAu as a function of alloy compo-
sition at various temperatures shows minimal variance. At
low temperatures, in going from pure Pd to 5% Au, the per-
meability increases at low temperatures, i.e., 456 K, but al-
most remains constant at high temperatures, i.e., 1095 K.
The permeability of H in 5% Au at 456 K is 6.3437 X 107 as
compared to 4.7131X10™° for pure Pd. The values at
1095 K are 3.5448 X 1078 (pure Pd) and 3.6533 X 107® (5%
Au). The permeability of H in PdAu increases with increas-
ing Au content until it reaches ~12% Au concentration and
decreases thereafter. The permeability of H at 456 K in 12%
Au content is about 4.8 times that of pure Pd. This ratio is
higher than the PdAg alloy for which we found it to be 3.1
times greater at 20% Ag content. At concentrations between
25% and 30% Au, the permeability is lower than that of pure
Pd.
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The permeability predictions for PdAg are compared to
experimental data in Fig. 7(b). The theoretical predictions are
accurate in terms of predicting the alloy composition that
yields the maximum hydrogen permeability but is not as ac-
curate in matching directly the experimental permeability.
This could be caused from the cumulative error associated
with the solubility and diffusivity predictions. Although ex-
amination of each of these parameters separately yields mini-
mal deviation from experiment for the theoretical predic-
tions, when combined to obtain the permeability, the
deviation from experiment is compounded.

The present work reveals that a simulation method can
be used to design a highly permeable membrane for efficient
H separation. The concentration of alloying atom and the
temperature can be adjusted to maximize H permeability.

IV. CONCLUSIONS

In the present work, diffusion coefficients have been es-
timated for H transport through PdAg and PdAu alloys over
a broad range of temperatures and compositions. The esti-
mates of diffusion coefficients were then combined with
solubility predictions to estimate the permeability of H
through PdAg and PdAu alloys. Rate constants were esti-
mated for individual hops throughout the lattice, and corre-
sponding activation energies were used in kinetic Monte
Carlo simulations by applying the first passage method to the
diffusion coefficient estimate. It was found that the H diffu-
sion coefficient in PdAg alloy decreases with either decreas-
ing temperature or increasing Ag content, matching closely
with the experimental results reported in the literature. Simi-
lar results were obtained for the PdAu alloys. The H perme-
ability in PdAg and PdAu alloys was found to increase with
increasing Ag (and Au) showing a maximum at ~20% Ag
(and ~12% Au for PdAu alloy). The permeability of H in

J. Chem. Phys. 125, 184714 (2006)

20% Ag PdAg alloy at 456 K is three to four times higher
than pure Pd, while 12% Au PdAu alloy yields a permeabil-
ity 1.8 times greater than pure Pd.
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