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Objectives

We seek to develop accurate theoretical methods 
based on quantum chemistry calculations to predict 
the solubility and diffusivity of interstitial H in ternary 
Pd-based alloys.  Using these methods, multiple ternary 
alloys will be examined with the objective of predicting 
alloy compositions that will yield high permeability 
metal membranes for hydrogen purification.

Technical Barriers

Significant amounts of experimental work on 
fabrication of thin membranes using metal alloys has 
shown that these membranes can be used reliably 
to produce high purity H2.  Using alloy films allows 
flexibility in terms of creating membranes that are robust 
in the presence of feed gas impurities and reducing 
the cost of membrane materials.  Unfortunately, 
direct experimental screening of the large number of 
alloy materials that can be considered is challenging, 
especially for alloys with more than two components.  
Our work provides an avenue for guiding experiments in 
this area that could significantly advance the application 
of alloy membranes.

Abstract and Future Directions

Metal membranes are one of the most promising 
technologies for the large-scale production of high purity 
H2.  Considerable experimental work has taken place 
focusing on the fabrication of thin film membranes made 
from both pure metals such as Pd and metal alloys.  The 
use of metal alloys has considerable advantages over 
pure metals, since alloys can reduce the negative effects 
of hydrogen embrittlement and membrane degradation 
due to contaminants such as S.  An important 
unresolved challenge in this area is to identify alloy 

compositions that have particularly useful properties 
within the very large composition space of all alloys that 
might be considered. 

We have previously demonstrated a theoretical 
approach to predicting the permeability of H2 through 
binary Pd-based metal alloys that uses a combination of 
detailed quantum chemistry calculations and a rigorous 
coarse-graining strategy to connect these calculations 
with macroscopic observables.  By comparing the 
predictions from this approach with extensive 
experimental results for Pd-Cu alloys, we have shown 
that out approach can give quantitatively accurate 
information [1].  Crucially, this theoretical approach 
can be used without input from experimental membrane 
data.  That is, the approach is truly predictive.

We are currently extending our theoretical 
approach to screen ternary Pd-based alloys for use as H2 
purification membranes.  The focus of our calculations 
is to predict the permeability of H2 through defect-
free membranes in the absence of contaminants in 
the feed stream to the membranes.  We recognize that 
other factors such as the response of a membrane to 
contaminants are crucial in the long-term viability of 
a membrane technology, but achieving high pure gas 
permeability is a necessary prerequisite for considering 
a material’s performance relative to these other factors. 
In other words, the pure gas permeability is a useful 
screening parameter.

We have already presented preliminary results 
from our calculations with ternary Pd-based alloys 
[2].  The most critical step in our modeling of these 
materials is to fit a lattice-based model of the energy 
of interstitial H in the octahedral sites(O), tetrahedral 
(T), and transition states separating O and T sites from 
Density Functional Theory (DFT) calculations for 
these energies in a representative sample of these sites 
in the substitutionally disordered alloy.  This task is 
more challenging in ternary alloys than in binary alloys 
because of the greater diversity of distinct sites that can 
exist (as characterized, for example, by the number of Pd 
or non-Pd atoms in the shells defining the binding sites).  
Our previous work on binary alloys used relatively 
simple lattice models, but our preliminary results for 
ternary alloys motivated us to seek a more statistically 
reliable means of creating these models.

To create reliable lattice models for interstitial H  
in ternary alloys, we have developed an approach based 
on the concept of a cluster expansion (CE).  A cluster  
expansion expresses a lattice model in terms of a 
formally infinite expansion of interaction terms involving 
one particle, two particle, three particle, four particle 
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energies and so on.  Once a CE is truncated to create 
a model with a finite number of parameters, these 
parameters can be determined from a data set of DFT 
results via a standard least-squares fit. A procedure 
is then required to compare large numbers of distinct 
models with differing numbers of fitting parameters 
to select the model that gives the most parsimonious 
description of the underlying data.  In our calculations, 
we have used the “Leave One Out” approach to make 
this model selection.

To initially explore the application of this CE-
based method for describing interstitial H in metal 
alloys, we focused on three relatively simple binary Pd 
alloys, Pd96M with M = Ag, Cu, or Rh.  For these dilute 
binary alloys, DFT calculations can be performed for 
almost the full range of site types that can exist, so the 
accuracy of the CE-based models can be tested in a 
detailed way.  We have developed CE-based models for 
O sites, T sites, and the transition sites that control local 
diffusion of H between O and T sites in these alloys.  In 
all cases we have demonstrated that we can determine 
well converged lattice models but that these lattice 
models need to include multi-body interactions that 
were neglected in our previous work.  We have used our 
lattice models to characterize H solubility, diffusion, and 
permeability in these alloys. 

We are now extending our CE-based approach to 
ternary Pd-based alloys.  We have compiled an extensive 
DFT data set for the site energies and transition state 
energies of H in Pd70Cu26M4 for M = Rh and Ag.  
These two data sets are being used as test cases for 
implementing CE-based model fitting for these ternary 
materials.  We emphasize that once a lattice model for 
any material of this type is available, predicting the 
macroscopic permeance of H2 through the material 
is straightforward.  As soon as we have demonstrated 
the reliable derivation of our CE-based models we 
will extend our DFT calculations to a range of other 
ternary alloys, focusing initially on varying the Pd-Cu 
composition and the identity of the minority species 
M.  It would be premature to collect DFT data on large 
numbers of materials prior to the completion of our 
work on Pd70Cu26M4 for M = Rh and Ag because one of 
the key aspects of this work is to establish how to define 
what minimal set of DFT calculations can be used to 
achieve a reliable description of materials of this type.

We have also been using DFT-based calculations 
to address a separate issue that is of importance in the 
experimental fabrication of metal membranes, namely, 
the impact of surface processes in the overall permeation 
of H2.  It is well known that for sufficiently thick 
membranes that diffusion of interstitial H through the 
bulk material is the single rate-limiting process.  When 
this is true, maximizing net H2 permeability is achieved 
by reducing the thickness of the membrane.  This 
simple observation has been the driving force behind 
much of the experimental work on metal membranes 
in recent years.  It is also well known, however, that 
for sufficiently thin membranes processes associated 
with the surface of membranes such as recombinative 
desorption of H2 from the downstream surface, must 
contribute to the overall permeation of H2.  A detailed 
model for these processes was introduced by Ward and 
Dao for pure Pd films[3], but this model relied on the 
availability of extensive surface science data for the 
interactions of H with Pd surfaces.  Because this data 
is not available for metal alloys, there is currently no 
reliably means to estimate when surface resistances will 
begin to dominate the performance of alloy membranes 
as membrane film thicknesses are decreased.  We have 
shown that DFT calculations can be used to calculate 
all of the information needed to extend Ward and 
Dao’s model to metal alloys, using Pd75Cu25 as an 
example.  The results of these calculations provide useful 
information about the physical regimes in which it is 
worthwhile to reduce membrane thicknesses beyond the 
range of 5-10 µm that can be routinely achieved with 
current methods. 
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