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Wortk on this project examined two tepics related to using DFT-based models to sereen erystallne Pd-
based alloys te find materials with kigh permeabdity for hydrogen These two topics are each descnbed
below
11 Surface Resistances i Wirg-thin Membrones

The transport of hydrogen throvgh a metai membrane involves & series of distinct processes[1, 2)
H; must dissociate on the membrane surface, H atoms must move from the membrane surface into the
bulk of the membrane, intarstrhab diffusion most transport an H atorm across the mambrane, H atoms
must move onto the downstream surface of the membrane, and bnally recornbinatrve desorption must
take place to release H; For membranes that are suthiciently thick, transport across the bulk of the
matenal domanates the overall rate of permeation, so permeakbility can be described using gnly
Informaten about the btk material 0 thes sitwation, iImproving membrane fabncation techniques to
yield thinner membrares will increase the net flux of hydrogen through the membrane, a highly
desrable sityation Far sufficenthy thim membranes, on the other hand, surface processes dominate and
reducing membrane thickness leads to no further mergasen hydrogen flux Surface resistances of thes
kind can also be wnportant in membrane apphcations with other kinds of membranes[3-7] In planiing
efforts to fabricate high performance membranes, f would of course be useful to understand where the
transition berween these twa regimes occwrs In principle this issoe can be addressed expenmentally by
testing successively thunner films, but this procedure 15, at best, resource ntensive

The airm of aur work was to develop guantitative methods for estimating the roles of surface
processes in metal alloy membranes that were consistent with the DFT-based treatment described in
sectian 2 for H transport i the bulk of these membranes A general framework for deseribing surface
pracesses in metal membranes was gven by Ward and Dag[8] In that wark, the extensive surface
scrente iterature on Pd was used to provide kinetic parameters for each of the processes histed above
for H; 1o pass through a membrane From the resulting kinetic model, the importance of surface
processes for pure Pd membranss was estimated

The central diffrcutty in extending Ward and Dag's model 1o other mambrane matenals 15 that thus

model regures 2 large number of kinetie parameters that are unavailable for allays For example, the



Fcroscomc hopping rates of H atoms from the surface of an alloy into interstitial ©ites adjacent o the
surface must be estimated In our wark[9], we showed that DFT esleulations can be used to predict all of
the kinetic parameters that are needed, therefore allowing an assessment of surface effects to be made
without requinng an enormaus investment of expermental resources

To develop cur methods, we examined fee Pd-Cu alloys Becayse the {111) surface has the highest
density of surface atoms for for matenals, we assumed that the external surfaces of a membrane ara
dormnated by {111} surfaces The surface stoichiometry of alloy surfaces s frequentiy different to the
bulk material becausze of surface segregation[10-12] We used OFT caleulatrans of the bare surface for
varisus possible surface stoichiometnes to generate surface models that represented these effects
Because of the hugh temperature applications of interest to us and because Pdas an excellent catalyst for
Hz dissamanen, we assurned that the dissooation process was barnerless This assumgtion was
motivated by extensoce ab imtie stuches of Hy dissociation on pure Pd surfaces[13, 14] Under this
assumption, the kinencs of dissociative adsorption and recombinative desarption of Hy from the surface
can be expressed in terms of the energies of H atoms on the surface[8] We used extensive OFT
calculations to calculate these energies, which vary from site te site on the surface because of the alloy’s
mherent disorder A lattice model was derived from our DFT ealeulations ta dasenbe the ocoupancy of
surface adsorphon sites on the surface A careful companson between detaled MC amulabons of thas
madel and a numerically efficent but approximate approach for determining equilibriom states of the
model based on the Cuas-Chemical Approswnationf15] showed that the latter could be used to
accurately deseribe the surface DFT calculations were also used to estimate the net hopping rates of H
between interstibial sites below the £2 1) surface and surface sites

Using the kinetic paramaters derved from the caleuiations pust deseribed, we examine the
importance of surface processes as a function of operating parameters for 4 vanigty of Pd-Cu
membranes Gualtatmvely, oar results are simvlar to those of Ward and Dagin predicting that the single
surfate process that 15 most relevant to contralling a membrane’s performance 1s desorption of H; from
the downstream membrane surface Figure 1 shows an example of the kind of quanutative infermatuon
that rs accesstble from our model This figure shaws the predicted flux For several defferant membranes
based an the usual approach of neglecting surface processes (the sobd curves) and more detaled
calculations that include surface processes A membrane that s 10 pm thick shows essentially no effect
from surface processes at temperatures above 500 K A membrane that 13 1 pro thick, in contrast,

exhibits a strong decrease i flux due to surface processes at 500 K
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Figure 1: Hydrogen flux as a function of temperature for CugsPdys membranes of different
thicknesses, L. The solid line shows the diffusion limited flux for cach thickness. The feed and

permeate pressure are fixed w be 1 aim and O, respectively.

& vseful Featere of pur agproach is that i can be used to rapidly understand the role of surfaca
processes under @ wide range of gperating conditions once the underlying kinetic parameters are
determined. Figure ¢ is one example of this kind of calculation. This figure indicates the deserption
resistance ratlo, 3 aseful guantity for concisely describing how large the contribution of desarption
processes is to the net transpart of Hy through a membrane[9]. When this ratio i< cloge te &, surface
processes can be reglected; whenit is close to L surface procacses dominate the membrane

performance. The fipure shows the behavigr of this ratio for membrames with thicknessas from 1.100

wm a5 a function of the operating temperature and H; feed pressure,
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Figure 2: The desorntion resistance ratwe as a funcuon of temperature (o Cua,Pds, membranes
of different tuchnesses Sohid symbols correspond 10 RaesR = 0 % and open sy mbols conespond
t0 RyesRie= 0 1 Cucles, squares, and tangles show the result for 100 wm, 10 um and 1 jm

membianes. respechisely
1 2 Cluster Erepanstons for Crystating Allay Membranes

In & discrdered crystalling alloy such as foe Pd-Cu alloys, a targe number of different intzrstitial sies
exist if these sites are charactenzed by the number and location of atgms of each metal speries around
the sire A key step in the approach we have used to describe the macroscopic properies of Hin
matenals of thas kind 15 to derve a latfice model for the site energles and transmion stale energies In
terms of the atoms defining each possble kind of site fram an ensemble of OFT cateulations for
individual sitas In our earher work, we used relatwely simple approaches for dereang these models For
example, the binding site of H atoms in octahedral sites in Pd Cu alloys was fitted usmg a inear relation
invobving the nurmber of Pd atoms i the nearest neighbor and next nearest neighbor shell arpund the
site{is, 17] Based on this kind of approach, we examined a senes of additwes to Pd-Co alleys to test
whether small amounts of a thuird metal might create a ternary alloy wikh a higher permeability than the

origmal Pd-Cu alloy[18]

A camplication that 1s more sermaus for ternary alloys than for binary alloys 15 that s difficult to
demonstrate that simple relations such as the ane menbioned above are sufficient to accurately deseribe
the full range of sites that cam exst in these matenals To address this 1ssue, we spent a considerables
amaount of ime developing a mere rigerous method based on Cluster Expansions [CE) CEs are a well

known statistical technigue that has been apphed to problems such as the prediction of binary alloy



phase diagrams[19-27] that had not, to the best of aur knowledge, been applied to deccrnbing interstitial
H inmetals The idea underlytng a CE 15 that the energy of a state of interast, for example, the ¢nergy of
H inan interstibial site, can be written as a foranally infimete expansion of ene-hody, twa-body, three-
body ete energies By truncating this expansion, the parameters of the resulting model can be fitted to
an appropriate data set In our case, this data sets a collecton of energres from DFT calculatiens
Because many possible truncations of the infinite expansion can be considered, It 15 mportant to be able
[ select the mast relevant one In our work, we used the Leave One Out (LOO) method, a simple
techrugue that determunes the “best” model among a collection of modelz with differing numbers of
parameters[2€]

As an example of the CE approach, we examined several simple binary alloys of the Form PdsgM,,
where M 15 a ransition metal Considering fourteen passible twa-, three-, and four-body interactions in
pur description of the octahedral sites defined = 16,000 possible truncated CEs The models faund by
testing each of these gxpansmans with the LOD method were found ta fit the underlyng OFT data seis
with much hetter precismen than the simpler correlations vsed 0 our earhigr work[22] Te derwve alatoee
model for the transition states for H hopping i these alloys, we exammed = 500 millon possible
truncated expangions defined in terms of the propertes of the octahedral and tetrahedral sites that
define the transimon state Mot surpnsingly, this approach yields results that are more statistically
relisble than our earher simple correlations The best lattwce models defired in this way typically cantamn
substantiglly fewer parameters than were cansidered in the pverall CE treatment This 1s a gaod
inchcation (although not a fgorous procf) that the set of Interachions that was considered 15 sufficient to
oeseribe the data set used in the model determmination

The procedure of examimng many mulions of passitile models may seund daunting, but it only
involves the numerical solutwn of a large number of inear least squares problems, so 1t can be
performed very efficiently The OFT calculatians that form the data set fram which the CE mode] can be
denved are far more bme consumsng than the numencal calculavgns required to assipn the best CE
tlorepver, once the best CE models for the interstinial sites and transition states are defined, the
statistical mechanics and Kinetic Mante Carlo aimulabions needed to describe H solublity and diffusion
are no more nwglved than they were when using simple eorrelations Because the OFT caleulations
remai the maost time cansuomng part of this agpreach, it 15 mportant to perform these calculations 1In
the most efficient possile way |n owr ongoing calculations with ternary alloys, we have developed

techrigues that allow us Ie ngorously find transibon states betwean interstitial sites using far less



computabional effort than a vradifional chan-of-states caloulation[29, 30] As descnibed 10 section 3 1,
thess methods wall play a key rele in our proposed wark on describing H diffusign in amorphous alloys
We are now using these CE-based methods to screen ternary crystalhing alloys based on addimg
a third metal to Pd-Cu allays As described in section 1, this CONTNUINE Work 15 accurning wathun a mut-
nstikution effort funded by the KNatenal Energy Technalogy Laberatary in winch the other parfners are
fabncating and testing thin film membranes based on ternary alloy compesitions suggested by our

caltulations
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