
waves that propagate from the lower atmo-

sphere and modified by the in situ heating

caused by the absorption of near-IR radiation

by CO
2
. These processes are of key impor-

tance for our understanding of the upper

atmosphere dynamics (and thus for future

aeroassistance manoeuver, for instance), but

they remain poorly understood: Numerical

simulations results are model-dependent

(25), and few observations are available.

Within this context, the NO emission process

identified here provides a powerful way to

constrain GCM model behavior above 60 km

in conjunction with spacecraft drag measure-

ments (26). In particular, the GCM (25)

predicts that, during the opposite season,

the Hadley circulation globally extends to

the polar regions because of the stronger

solar forcing near perihelion and a dustier

atmosphere. This circulation creates a down-

ward flow above the high northern latitudes

in the polar night, which is predicted to be

about several times stronger than that during

the southern winter. We should expect

accordingly a much more intense NO emis-

sion in July and August 2005.
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Prediction of Hydrogen Flux
Through Sulfur-Tolerant Binary

Alloy Membranes
Preeti Kamakoti,1,2 Bryan D. Morreale,1 Michael V. Ciocco,1

Bret H. Howard,1 Richard P. Killmeyer,1

Anthony V. Cugini,1 David S. Sholl2*

Metal membranes play a vital role in hydrogen purification. Defect-free
membranes can exhibit effectively infinite selectivity but must also provide
high fluxes, resistance to poisoning, long operational lifetimes, and low cost.
Alloying offers one route to improve on membranes based on pure metals
such as palladium. We show how ab initio calculations and coarse-grained
modeling can accurately predict hydrogen fluxes through binary alloy mem-
branes as functions of alloy composition, temperature, and pressure. Our
approach, which requires no experimental input apart from knowledge of bulk
crystal structures, is demonstrated for palladium-copper alloys, which show
nontrivial behavior due to the existence of face-centered cubic and body-
centered cubic crystal structures and have the potential to resist sulfur poison-
ing. The accuracy of our approach is examined by a comparison with extensive
experiments using thick foils at elevated temperatures. Our experiments also
demonstrate the ability of these membranes to resist poisoning by hydro-
gen sulfide.

The purification of hydrogen from gas mixtures is

a crucial process in both existing and envisioned

uses of hydrogen as a chemical feedstock and fuel

(1, 2). Membranes made from thin films of

metal such as Pd are a well-known technology

for achieving this purification. Metal mem-

branes are also used in membrane reactors that

boost reaction efficiency by selectively remov-
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ing or adding hydrogen (3). Any potential

metal membrane must simultaneously satisfy

multiple performance objectives, such as

delivering high hydrogen flux, showing long-

term operability over broad ranges of tem-

perature (T ) and pressure (P), and resistance

to poisoning and degradation by gas con-

taminants.

One route to improving on the perform-

ance of pure metal membranes is to use me-

tal alloys as membranes (4). Binary alloys of

Pd with many metals have been examined

(5–13). A small number of studies have ex-

amined ternary alloys (4), but the large

experimental investment required to screen

even a small number of membranes poses a

substantial barrier to studying such alloys in

any systematic manner. This situation could

be greatly aided if reliable theoretical methods

were available to identify alloy compositions

with promising properties or to disqualify

materials from further investigation. Here we

show that a combination of first-principles

density functional theory (DFT) calculations

and coarse-grained modeling can be used to

complement experimental studies by compar-

ing model predictions with extensive experi-

mental measurements of hydrogen permeation

through binary Pd-Cu alloys. These alloys

are particularly interesting because they may

resist poisoning by H
2
S (8, 10, 13–15).

The permeation of hydrogen through metal

membranes is a multistep process involving

dissociative chemisorption of molecular H
2
,

the diffusion of atomic H into and through

the bulk, and recombinative desorption of H
2

from the downstream surface (16). We mod-

eled situations where diffusion through the

bulk is the dominant resistance to mass trans-

port; that is, where surface reactions are not

rate-limiting. (Surface reactions could in

principle be included within our modeling

framework, but this is beyond the scope of

our current work.) Under this assumption, the

H concentration q
H

just inside the surface

of a membrane is in equilibrium with the

partial pressure of H
2

in the neighboring

gas phase P
H2

. For dilute H concentrations,

q
H
0 K

S
P

H2

1/2, where K
S

is the Sievert_s con-

stant. The flux of H
2

through a membrane

is determined by the concentration drop

across the membrane and the diffusivity

D of dissolved H. For dilute H concentrations,

the diffusivity is well described by the self-

diffusivity D
s

of isolated H atoms in the

metal (17). The overall throughput of a mem-

brane is typically characterized by the per-

meability, which in this case is simply k 0
1/2(K

S
D

S
) (18).

The aim of our modeling approach is to

characterize membrane permeability in a bi-

nary alloy membrane with composition A
x
B

100–x

as a function of temperature, pressure, and

alloy composition by predicting K
S

and D
S
.

We assume that the crystal structure and

the degree of local ordering within the al-

loy are known, but we do not use any other

information that would require experimen-

tal determination. We demonstrate our meth-

od for Pd
x
Cu

100–x
, where x denotes atomic %.

Pd
x
Cu

100–x
alloys occur in multiple crystal

structures (19). A disordered face-centered

cubic (fcc) phase occurs for a wide range of

alloy compositions, including the region with

x 9 47. For a range of compositions centered

at x 0 40 and T G 773 K, an ordered body-

centered cubic (bcc) phase exists.

To predict H solubility in Pd
x
Cu

100–x
al-

loys, we consider gaseous H
2

in equilibrium

with interstitial atomic H in the metal. Mo-

lecular H
2

is treated as an ideal gas, which is

an accurate approach for a wide range of

pressures at elevated temperatures. Intersti-

tial sites in the alloy are treated as indepen-

dent three-dimensional harmonic oscillators

with classical binding energy for atomic H E
b

and vibrational frequencies n
H

. The Sievert_s
constant is calculated by equating the chem-

ical potentials of the interstitial and gaseous

species (20, 21) giving

KS 0 expðb
�
j

DE

2
þ hnH2

4
j Eb j

3

2
hnH

�
Þ

1ffiffiffi
a

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 j expðjbhnH2

=2Þ
p

1

ð1 j ejbhnHÞ3
ð1Þ

where

a 0

�
2pmkT

h2

�3=2
4p2IðkTÞ2

h2
ð2Þ

Here, D
E
(n

H2
) is the classical dissociation en-

ergy (vibrational frequency) of gaseous H
2
,

I is the molecular moment of inertia, m is

the mass of H
2
, h is Planck_s constant, and

b 0 1/k
B

T (k
B

is the Boltzmann constant).

We calculated E
b

and n
H

for representa-

tive interstitial sites using plane wave DFT

for fcc Pd
x
Cu

100–x
(x 0 50, 75, and 100) and
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Fig. 1. (A) P-T diagram showing, for various alloys, the conditions predicted
to yield PdxCu100–xH2.5. Circles correspond to bcc alloys with x 0 43 (upper
curve) and 47 (lower curve). Squares show results for fcc alloys with x 0
47, 60, 70, 80, 90, and 100 in descending order. (B) Comparison of pre-
dicted and experimentally reported hydrogen solubilities in fcc PdxCu100–x

with PH2
0 1 atm for x 0 100 (squares), 80 (circles), and 60 (triangles).

Predictions are indicated by solid curves and solid symbols, whereas ex-
perimental data are shown with open symbols. Dashed curves are from the
partial molar enthalpy and partial molar excess entropy measured exper-
imentally at 555 K (31). The other experimental data are from (6, 32, 33).
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bcc Pd
x
Cu

100–x
(x 0 35, 43, 47, and 50). Our

DFT calculations used the PW91 GGA func-

tional and represented interstitial H at dilute

concentrations using a single H atom in compu-

tational cells containing 20 to 30 metal atoms

(22, 23). Frequencies were estimated via small

displacements of the H atom around local

minima (or transition states), neglecting cou-

pling of these modes with phonons in the

metal (24, 25). In all, we considered 58 distinct

octahedral sites and over 100 tetrahedral sites.

The results for each crystal structure were

used to determine simple expressions corre-

lating the local environment of an intersti-

tial site with the properties of H in that site.

For example, for bcc Pd
x
Cu

100–x
we find

that tetrahedral sites with local composition

Pd
2
Cu

2
(Pd

2
Cu

2
), Pd

2
Cu

2
(PdCu

3
), PdCu

3
,

and Cu
4

can be assigned binding energies of

E
b
0 0.03, 0.07, 0.16, and 0.22 eV over the

whole range of bcc alloy compositions. The

terms in parentheses indicate the composi-

tion of the next nearest neighbor shell. We

used a more complex expression involving

measures of the local and overall alloy

composition for the interstitial sites in the

fcc alloy (23). With E
b

defined in this way,

the net solubility of a specified alloy is found

by applying Eq. 1 to each site.

We report our solubility results by show-

ing in Fig. 1A the P-T combinations that are

predicted to have 2.5% of interstitial sites

filled. The solubility drops drastically as the

Pd content of the fcc alloy decreases. For bcc

alloys, extremely high pressures are required

to obtain even this dilute concentration. For

all P-T combinations below the curve for an

alloy of interest in Fig. 1A, our modeling

assumption that H is dilute within a mem-

brane is valid. Our predicted solubilities for

hydrogen in fcc Pd
x
Cu

100–x
(x 0 100, 80, and

60) are compared with experimental data in

Fig. 1B. The model predictions are not per-

fect, but the model does accurately capture

the variation in solubility with temperature

and, more importantly, with alloy composi-

tion. No experimental data are available for

comparision for the bcc alloy.

To predict H diffusivities in Pd
x
Cu

100–x

alloys, we first extended the DFT-based mod-

els described above for the binding energy of

interstitial H to a similar description of the

transition-state energies that define hops be-

tween adjacent sites. These energies, when

used in appropriate rate expressions, predict

the hopping rates between adjacent sites. We

then used kinetic Monte Carlo (KMC) simu-

lations to evaluate the diffusivities of isolated

H atoms in systems with large spatial extent.

For fcc alloys, quantum-corrected transition-

state theory (TST) is used to predict local rates,

and transition-state energies for hops between

octahedral and tetrahedral sites are predicted

using a DFT-based expression that accounts for

both the local and overall alloy composition

(23). The predicted diffusivities for several fcc

alloys are shown in Fig. 2. In the range of

temperatures relevant to membrane operation,

the net activation energy for H diffusion

increases, and the net diffusivity decreases as

the Cu content of fcc Pd
x
Cu

100–x
is increased.

To describe H diffusion in bcc Pd
x
Cu

100–x
,

we used DFT calculations for materials with

x 0 35, 43, 47, and 50 and characterized the

hopping energies between examples of all pos-

sible pairs of adjacent binding sites (charac-

terized as listed above). The classical energy

barriers ranged from 0.04 to 0.13 eV and can

be reasonably approximated as independent

of alloy composition for each type of local

hop. Because of the large zero point energies

in these materials, quantum-corrected TST for

hopping rates between two tetrahedral sites,

k
TYT

, at elevated temperatures can be sim-

plified to (26) k
TYT

0 (k
B
T/h)expE–bEqc^,

where Eqc 0 Eclassical þ (3/2)hnT – hnTS,

where Eclassical is the classical activation

barrier to hopping, and nT(nTS) is the average

vibrational frequency of H in the tetrahedral

site (transition state).

Predicted H diffusion coefficients for bcc

Pd
x
Cu

100–x
are shown in Fig. 2. Consistent

with experiments (27), the diffusivity is signif-

icantly larger than in fcc Pd
x
Cu

100–x
alloys

and is relatively insensitive to alloy composi-

tion. This behavior is consistent with the gen-

eral observation that H diffusion is more rapid

in bcc metals than in fcc metals (28). The net

activation barrier for diffusion in the bcc alloys

is È0.12 eV. This corresponds to the energy

barrier required to achieve long-range diffu-

sion in the ordered alloy, bcc Pd
50

Cu
50

. Lo-

cal hops with lower barriers also exist in this

material, but these cannot lead to long-range

diffusion, a point we addressed incorrectly in

earlier work (22). Our prediction is in good

agreement with experimental measurements

in bcc Pd
47

Cu
53

at 298 G T G 623 K, which

gave an overall activation energy of 0.11 eV

(27). Our predictions do not agree with lower-

temperature experiments that yielded an acti-

vation energy of 0.04 eV (26). H diffusion in

bcc metals is known to yield different acti-

vation energies at low and high temperatures

0.0008 0.0012 0.0016 0.0020 0.002410
-10

10
-9

10
-8

10
-7

1/T (K-1)

D
s 

(m
2 /

s)

x=47, 43, 40, 35 (bcc)

x = 100 (fcc)

x = 70 (fcc)

x = 47 (fcc)

Fig. 2. Predicted diffusion coefficients for inter-
stitial H in fcc PdxCu100–x (squares), with x 0
100, 70, and 47 in descending order; and bcc
PdxCu100–x (circles), with x 0 47, 43, 40, and 35
in descending order.
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Fig. 3. Predicted and measured H2 permeabilities through PdxCu100–x membranes with x 0 100
(squares), x 0 70 (circles), and x 0 47 (triangles), all in atomic %. The membrane thickness for each
set of experiments is indicated in the legend. Theoretical predictions are shown with solid symbols
and solid curves. Dashed curves indicate the experimental measurements with a 100-mm
membrane (11, 18). All curves are to guide the eye only. The vertical dashed lines indicate the
region where the fcc-bcc transition occurs for Pd47Cu53 (10). Theoretical predictions for this alloy
are only shown in the single-phase regions. The theoretical curve indicated in the phase-transition
region simply connects the theoretical predictions in the two separate phases.
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because of the appearance of quantum effects

at low temperatures (26). We are primarily in-

terested in describing membranes at tempera-

tures well above room temperature. The model

described above is well suited to this regime.

Our DFT-based models of H solubility

and diffusion allow us to predict the macro-

scopic flux of H
2

through alloy membranes.

A limited knowledge of the alloy phase dia-

gram was the only experimental information

used in deriving these models. The predicted

permeabilities for several representative alloys

are shown in Fig. 3.

To examine the validity of our predictions,

we performed extensive experiments with al-

loy foils of thickness 100 and 1000 mm with

623 G T G 1173 K and H
2

pressures ranging

from 1 to 26 atm (Fig. 3). Transmembrane

fluxes were measured using a steady-state

flow system with a pressure drop of 1.36 atm

(11, 18). The crystal structure and elemental

composition of the foils were verified by x-ray

diffraction and inductively coupled plasma

analysis, respectively. We observed some

variations in permeability as the H
2

pressure

and membrane thickness were varied, which

may stem from resistances to H transport other

than bulk diffusion in the membrane (18, 29).

The overall consistency of the data in Fig. 3,

however, supports the notion that a description

based only on bulk diffusion and solubility is

useful for comparing relative permeabilities

of different alloys.

Figure 3 compares our model predictions

with our experiments for Pd
x
Cu

100–x
foils. For

pure Pd, the prediction lies within the scatter

of the experiments, although the prediction

underestimates the true increase in perme-

ability with increasing T. For fcc Pd
70

Cu
30

,

the model predicts the growth rate of perme-

ability with T accurately, although the numeri-

cal value is underestimated at all temperatures.

Pd
47

Cu
53

provides a stringent test of our mod-

el, because we observed experimentally (19)

that this material is in a bcc form for T G 725 K

and an fcc form for T 9 875 K. In between

these two temperature ranges, a material of

mixed crystal structure exists. Our experi-

ments and model predictions both show a

dramatic decrease in membrane permeability

as T is raised through this phase transition. In

both phases, our model accurately predicts

the temperature dependence of the perme-

ability while underestimating the absolute

values.

Achieving reasonable hydrogen flux is

just one of the multiple objectives that must

be satisfied by a practical metal membrane;

resistance to chemical poisoning and long-

term stability are also crucial. Several

previous reports have hinted that PdCu alloys

might have favorable behaviors in this regard

(8, 10, 13–15), so we performed a series of

experiments to probe the resistance of our

membranes to poisoning by H
2
S, a ubiquitous

contaminant in many applications. Experi-

ments were performed in a steady-state flow

mode, where the feed gas contained 1000

parts per million (ppm) H
2
S to complement

our previous transient batch experiments (10).

In the transient experiments, pure H
2

or 1000

ppm H
2
S/balance H

2
was charged on the feed

side of a membrane to pressures up to 5 atm,

and the transient pressure as H
2

permeated

through the membrane was monitored (10).

The key results of our H
2
S tolerance exper-

iments are summarized in Fig. 4. The batch

and steady-state experiments yielded con-

sistent results. Essentially no inhibition of H
2

flux was observed for Pd
70

Cu
30

membranes

(Fig. 4A). We exposed one Pd
70

Cu
30

mem-

brane to the flowing 1000 ppm H
2
S stream

for 9175 hours at temperatures ranging from

623 to 1173 K without performance degrada-

tion. For Pd
47

Cu
53

, poisoning of the membrane

by H
2
S was slight at temperatures where the

alloy is an fcc material but stronger at tem-

peratures where the alloy is bcc (Fig. 4B). At

T È 600 K for a H
2

feed containing 1000 ppm

H
2
S, the permeability of the fcc Pd

70
Cu

30

membrane was more than an order of mag-

nitude larger than that of the bcc Pd
47

Cu
53

membrane.

The picture that emerges from our mod-

eling and experimental studies of these alloy

membranes is entirely consistent. By assuming

that diffusion is the rate-limiting step in per-

meation, our theoretical approach can predic-

tively describe the flux of hydrogen through

membranes as a function of alloy composi-

tion and temperature. Other elementary steps

such as hopping from surface to subsurface

sites may play a role in the performance of

the ultrathin films that are desirable in prac-

tical applications (8, 29, 30). Extending our

first-principles approach to examine these ef-

fects will provide useful insights into iden-

tifying physical regimes where they might

become important. Similarly, identification and

detailed modeling of the surface chemistry

responsible for the sulfur resistance exhib-

ited by PdCu membranes will likely open the

door to the discovery of other alloys with

favorable properties as H
2

membranes.
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Micropylar Pollen Tube Guidance
by Egg Apparatus 1 of Maize
Mihaela L. Márton,1 Simone Cordts,1 Jean Broadhvest,2

Thomas Dresselhaus1*

Pollen tube guidance precedes the double fertilization of flowering plants.
Here, we report the identification of a small maize protein of 94 amino acids
involved in short-range signaling required for pollen tube attraction by the
female gametophyte. ZmEA1 is exclusively expressed in the egg apparatus,
consisting of the egg cell and two synergids. Chimeric ZmEA1 fused to green
fluorescent protein (ZmEA1:GFP) was first visible within the filiform
apparatus and later was localized to nucellar cell walls below the micropylar
opening of the ovule. Transgenic down-regulation of the ZmEA1 gene led to
ovule sterility caused by loss of close-range pollen tube guidance to the
micropyle.

In contrast to most animal and many lower

plant species, sperm cells of flowering plants

are nonmotile and are transported from the

stigma to the female gametophyte (embryo

sac) via pollen tube growth to allow double

fertilization (1). Genetic and physiological

studies have shown the involvement of both

female sporophytic and gametophytic tissues

in pollen tube guidance of different plant

species (2). Molecules involved in sporo-

phytic guidance have been identified as g-

aminobutyric acid (GABA), arabinogalactans,

and small secreted proteins (3–6), but little is

known about the molecules produced by the

female gametophyte required for pollen tube

guidance. The synergids have been identified

as the source of producing a short-range

pollen tube attractant or attractants in Torenia

fournieri, but the molecular nature of the

attractant(s) is still unknown (7).

We report the identification of ZmEA1

(Zea mays EGG APPARATUS1) from an

unfertilized maize egg cell cDNA library (8)

and its role for short-range pollen tube

attraction by the female gametophyte.

ZmEA1 is produced by the cells of the egg

apparatus and represents a highly hydropho-

bic small protein of 94 amino acids with a

predicted transmembrane domain (Fig. 1A).

Tissue and single-cell reverse transcription

polymerase chain reaction (RT-PCR) analy-

ses showed that ZmEA1 is exclusively

expressed in the maize egg apparatus (Fig.

1, B and C) before fertilization. Lower RNA

levels were detected in zygotes after in vitro

fertilization and at an even lower level in

two-celled proembryos. Expression of

ZmEA1 was no longer detectable at later

embryo stages, which suggests a rapid down-

regulation of the gene after fertilization. In

situ hybridization of the maize ovary (Fig.

2B) and of female gametophyte isolated cells

confirmed the restricted expression in the

egg apparatus, which lacked detectable

signals in the central cell, antipodals, and

nucellar and integumental cells. Out of 988

ESTs generated from the originating cDNA

library, 32 ZmEA1 cDNA clones were iden-

tified, which suggests a high level of ex-

pression in mature egg cells. Further studies

showed that ZmEA1 is an intronless single

gene in maize but may represent a member of

a relatively heterologous gene family based

on weak genomic Southern hybridization

signals. Homologous sequences are also pre-

sent as single genes in barley, pearl millet,

and Tripsacum dactyloides. Interestingly, two

closely physically linked (4-kb) homologs

appear to be present in rice EOryza sativa EA-

like 1 (OsEAL1), BAC83883.1, and OsEAL2,

BAC83885.1 (Fig. 1A)^, as shown by genomic

Southern and database analyses. No obvious

homologs were identified in Arabidopsis

thaliana or other dicotyledonous plant species,

which suggests a possible Gramineae specific

conservation of EA1-like genes.

The ZmEA1 promoter (ZmEA1p) was

isolated as 1570 base pairs of genomic

sequence 5¶ of the AUG initiation codon

and used for transgenic analyses of promoter

and protein functions in the deeply embedded

female gametophyte of maize (Fig. 2A). The

promoter was fused to the b-glucuronidase

(Gus) reporter gene. GUS activity in three of

four independent functional ZmEA1p::GUS

transgenic lines was exclusively detected in

the egg apparatus of unpollinated mature

ovules, confirming the egg apparatus specific-

ity of the ZmEA1p transcriptional regulation

(Fig. 2D). Unfertilized ovules from a trans-

genic maize line expressing GUS under

control of a rice actin promoter (OsACTp::

GUS) were used to show that staining in all

cells of the female gametophyte could be

detected (Fig. 2E). A ZmEA1:GFP C-terminal

fusion protein regulated by the ZmEA1p was

secreted from the egg apparatus to the

micropylar region of the nucellus of four

independent transgenic lines in a manner

dependent on floral developmental stage. After

silk emergence, the ZmEA1:GFP first accu-

mulated in the filiform apparatus (egg appa-

ratus cell walls) (Fig. 3, A and B). After silk

elongation (910 cm), GFP signal was ex-

tended to a restricted area of the nucellus of

unfertilized ovules (Fig. 3, C to F). The

increase of GFP signal was well correlated

with maturation of the egg apparatus during

the female receptive period (9). Confocal

laser scanning microscopy (CLSM) observa-

tions confirmed the presence of cell wall–

localized GFP signals spreading from the

egg apparatus toward the surface of the nu-

cellus at the micropylar opening of the ovule

(Fig. 3, E and F). This suggests possible pro-

teolysis of the conserved C-terminal region

from the predicted ZmEA1 transmembrane

domain to allow secretion and transport of
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