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Vacancy and hydrogen concentrations in Al were determined by first-principles calculations and statistical-
mechanics modeling, as functions of temperature and hydrogen chemical potential �H. Formation energies of
Al vacancies, H interstitials, and H-Al vacancy complexes were obtained from first-principles calculations. The
statistical-mechanics model incorporated these energies and included configurational entropy contributions
through the grand canonical ensemble. We found that the hydrogen chemical potential under different chemical
environments plays an important role in determining the relative equilibrium defect concentrations in the Al-H
system. Estimates of the hydrogen chemical potential during hydrogen charging were obtained experimentally.
At comparable the calculated concentrations are consistent with these values, along with previously reported
measurements of hydrogen concentration.
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I. INTRODUCTION

Hydrogen, the lightest element in nature, has attracted a
lot of interest because of its chemical activity. In particular,
hydrogen in metals has been widely studied due to the po-
tential importance of metal hydride in hydrogen storage and
purification applications.1 It is well known that H can greatly
modify the properties of metal or alloy �e.g., H induced
embrittlement�2 but the mechanism and detailed interactions
between H and metals are still not well understood. Due to
its small size, light weight, and complex bonding properties,
it is experimentally difficult to determine the exact structure
of H-metal compounds and it is generally believed that H
behaves much like a liquid in solid metals, due to its high
mobility.3 Recently several theoretical works have been pub-
lished aiming to reveal the structural properties of Al-H
system.4–7

Previous experiments suggest that the structure and prop-
erties of Al-H systems are different under various H charging
conditions.8 Recently, it was shown that under strong H
charging conditions in chemical or electrochemical experi-
ments, large voids in Al can be formed.9,10 Hydrogen-
induced lattice contraction in Al has also been observed. In
contrast, lattice expansion normally occurs in other face-
centered-cubic �fcc� metals.11–13 Thus it will be interesting to
investigate defect properties in aluminum exposed to H un-
der weak to aggressive hydrogen charging conditions.

In the low-concentration limit, H exists as an impurity
defect in Al and interacts with native Al vacancy defects. A
number of theoretical studies have shed light on the position
of interstitial hydrogen atoms in Al as well as their
energetics.4,5 It is widely believed that H prefers tetrahedral
�Td� interstitial sites rather than octahedral �Oh� sites. In
monovacancies in Al, H also prefers Td sites as opposed to
the vacancy center.5 As stated above, hydrogen is very active
and behaves like a liquid in the Al lattice, and thus static
energy calculations alone cannot reveal the distribution of H
in Al. Previous thermodynamic studies of hydrogen-vacancy
interactions in aluminum relied on experimental values of

defect energies.6,7 Here we will combine first-principles
total-energy calculations with statistical-mechanics analysis
to investigate defect distributions in Al-H under thermal
equilibrium conditions. Furthermore, we have also measured
the hydrogen chemical potential in different alkaline solu-
tions for comparison with our numerical results.

II. STATISTICAL MECHANICS MODEL

We describe the equilibrium defect distribution in the
multicomponent system by a grand canonical ensemble,
where the chemical potentials of each component and num-
bers of various point defects are treated as variables. This
statistical-mechanics modeling approach had been success-
fully applied to determine the concentration of point defects
in binary NiAl and FeAl alloy systems.14

In this paper, we model the point defect concentrations in
the Al-H system by considering the grand canonical potential
J in a grand canonical ensemble,

J = U − TS + PV − �
i

Ni�i. �1�

Here Ni and �i are the particle number and chemical poten-
tial of component or defect i, U is the internal energy, T is
the temperature, S is the system entropy, P is the external
pressure, and V is the system volume. Here we keep the
system volume fixed, which is a reasonable approximation
for the low hydrogen concentration limit and the atmospheric
pressure condition. In the equilibrium state at given tempera-
ture, pressure and chemical potentials, the free energy J is
minimized with respect to the particle number,

�J

�Ni
= 0. �2�

By solving this equation, we obtain the particle number un-
der thermal equilibrium at the given conditions.

Several kinds of point defects in the Al-H system are con-
sidered in this paper. First, vacancies generally exist in solids
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above zero temperature. Vacancies in pure aluminum have
been studied by a number of experiments and calculations. It
was suggested that at low concentrations, monovacancies are
preferred over divacancies.15 In this paper, we consider only
monovacancies as the prototype vacancy defects in the Al-H
system. At low concentrations, hydrogen can occupy several
possible positions, including two kinds of interstitial sites in
the fcc lattice—octahedral and tetrahedral sites. According to
previous theoretical studies, hydrogen prefers tetrahedral site
in Al �Refs. 4 and 5�; our calculations also confirmed this.
Thus we consider only tetrahedral sites in our statistical
model. Hydrogen can also enter monovacancy sites of Al to
form H-vacancy complexes. Previous theoretical calculations
suggested that in the H-vacancy complex, the H atom is lo-
cated off center close to one side of the vacancy cavity �in a
geometry that is very close to the tetrahedral interstitial site
in the fcc Al�.4,5 Therefore, we will also consider the tetra-
hedral interstitial site as the occupation site for H in a
H-vacancy complex.

Neglecting defect-defect interactions at low concentra-
tions, the total free energy of the system can be written as

J = U − TS − �AlNAl − �HNH, �3�

U = M�Al + Nv
Al�v

Al + Ni
H�i

H + Nv
H�v

H + Nv
H2�v

H2, �4�

NAl = M − Nv
Al − Nv

H − Nv
H2, �5�

NH = Ni
H + Nv

H + 2Nv
H2. �6�

In our model, the number of fcc lattice sites �M� is fixed
while the numbers of Al and H atoms are allowed to vary
according to the defect populations in the system. We have
two types of atoms—Al and H—and four types of defects—
monovacancies �Nv

Al�, interstitial hydrogen �Ni
H�, one

H-vacancy complex �Nv
H�, and two H-vacancy complexes

�Nv
H2�. At low concentrations, the internal energy of the sys-

tem can be determined from first-principles total-energy cal-
culations of the energies of the various isolated defects. The
calculation of configurational entropy assumes that atoms in
Al can occupy two types of sites, the fcc lattice site and the
tetrahedral interstitial site. In particular, Al atoms always oc-
cupy fcc sites and H tetrahedral sites. According to the lattice
geometry, there are M fcc sites, 2M tetrahedral interstitial
sites, and eight possible sites for hydrogen in a monova-
cancy. Then the configuration entropy for a given set of de-
fect concentrations is

S = kB ln
M!

Nv
Al ! Nv

H ! Nv
H2 ! �M − Nv

Al − Nv
H − Nv

H2�!
�2M − 8Nv

Al − 8Nv
H − 8Nv

H2�!
Ni

H ! �2M − 8Nv
Al − 8Nv

H − Ni
H − 8Nv

H2�!
8Nv

H
28Nv

H2
. �7�

In such a grand canonical ensemble, the defect energies are
defined as

�� = E� − E0, �8�

where E� is the total energy of the supercell with specific
defect type � and E0 is the total energy of the corresponding
perfect Al supercell without defects. The defect type � can
be a monovacancy, interstitial hydrogen or H-vacancy com-
plex. The defect formation energies can be calculated by

�E� = �� + nAl�Al + nH�H. �9�

Here nAl and nH are the corresponding atom number differ-
ences with respect to the perfect supercell.

III. RESULTS AND DISCUSSION

We performed first-principles total-energy calculations to
determine the formation energies of the various defects men-
tioned above. The calculations are based on the density-
functional theory �DFT� with the generalized gradient ap-
proximation of Perdew-Burke-Ernzerhof, implemented in the
VASP code.16,17 Only the valence electrons are treated explic-
itly and their interactions with ionic cores are described by
projector augmented wave pseudopotentials.18 The wave
functions are expanded in-plane waves with an energy cutoff
350 eV, which is chosen to be sufficiently high to obtain

converged cohesive energy for both Al and H. For bulk Al,
we use 24�24�24 Monkhorst-Pack grids k-point sampling
in the Brillouin zone.19 The calculated lattice constant and
cohesive energy are 4.04 Å and 3.74 eV, as compared to
experimental values 4.05 Å and 3.39 eV. For defect energy
calculations, we choose a cubic supercell containing 108 fcc
Al atoms and 8�8�8 k-point grids, which have been used
successfully in previous first-principles studies.4,5 In hydro-
gen molecule calculations, a 20�20�20 Å cubic supercell
was used to cancel image interactions. All the calculated val-
ues are listed in Table I.

Once the energetics of various defects have been deter-
mined, their equilibrium concentrations can be calculated
from the chemical potentials of Al and H. These chemical
potentials depend on variables such as temperature, pressure,
and/or chemical charging in an electrochemical cell. First,
we consider the equilibrium between Al and H2 gas. Assum-
ing that H2 gas can be regarded as ideal, its chemical-
potential evolution with temperature at one atmosphere pres-
sure can be written as

�H = −
7

4
kbT ln

T

7.55
− Ed, �10�

where Ed is the dissociation energy of an H2 molecule, 3.35
eV according to our DFT calculation. For Al, the chemical
potential is approximately independent of temperature. Thus,
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we use its calculated bulk chemical potential �3.74 eV�,
which is considered to be constant.

Figure 1 shows defect concentrations as a function of
temperature in the range of 200–950 K. All defect concen-
trations increase with temperature as expected. The most
abundant defects are monovacancies. With regard to
hydrogen-related defects, monovacancy complexes with two
hydrogen atoms �Cv

H2� are at very low concentration over the
whole temperature range. Thus, single-hydrogen defects pre-
dominate in this environment. Interstitial H atoms are ap-
proximately one order of magnitude more abundant than one
H-vacancy complexes, even though the H-vacancy complex
has a negative binding energy �Table I�. This is due to the
energy cost of vacancy formation in Al. The typical hydro-
gen concentration in experiments is around 10−6–10−8 at
room temperature at 1 atm and was suggested to be 10−6 at
930 K, the melting point of Al.23 In our calculations at
around 900 K, the total H concentration is 5�10−8. Thus the

orders of magnitude of the calculated monovacancy and
H-interstitial concentrations, and their temperature depen-
dences agree with these experimental values.

We are more interested in the properties of the Al-H sys-
tem under aggressive hydrogen charging condition. Recently,
we devised a technique to measure the hydrogen chemical
potential during chemical charging of Al in alkaline
solutions.28,29 With this measurement, our statistical model
can be used to determine the state of hydrogen in the metal.
A two-compartment electrochemical cell was assembled with
an annealed 25-�m-thick Al foil acting as a membrane sepa-
rating the two solutions. One side of the foil had been coated
with a 0.05-�m-thick Pd layer. The cell compartment on the
Pd side contained a reference buffer solution at pH 7.0 while
that on the Al side was filled with an aqueous NaOH solution
of specified pH 11, 12, 12.5, 13, or 13.5. Pd metal was cho-
sen because it is known to readily absorb hydrogen and the
hydrogen chemical potential �H in Pd is sensed electro-
chemically by the Pd open circuit potential,30

�H = − �E − EH2

0 � − 2.303
RT

F
pH +

1

2
�H2

0 , �11�

where �H2

0 is the chemical potential of ideal H2 gas at 1 atm,
pH refers to the solution in contact with the Pd, E is its open
circuit potential, EH2

0 is the standard electrode potential for
the hydrogen electrode, R is the universal gas constant, and F
is the Faraday constant. In the experiments, E was continu-
ously monitored after exposure of the Al side to the charging
solution. The two-compartment cell design has been used for
many years to study the permeation dynamics of hydrogen
through metals;31 our implementation among the first to fo-
cus on equilibrium measurements.32

When the pH on the Al side was 12.0 or greater, E de-
creased to a stable plateau at which �H was determined by
the equilibrium of Pd with its hydride. At pH 12.5 or greater,
E decreased further below the hydride plateau to another
stable value corresponding to �H− 1

2�H2

0 =0.5–0.6 eV. It is
possible that this �H value corresponds to a state of Pd at
high H chemical potential, such as a vacancy-ordered Pd
hydride found previously.11 In any case, we conclude that the
H chemical potential on the Al side during the charging ex-
periment is at least 0.5–0.6 eV.

For comparison, the calculated defect concentrations in
the system at 300 K are shown in Fig. 2. The predicted
concentrations of all defects increase exponentially with
chemical potential. At low charging conditions, H intersti-
tials predominate. However, the concentration of the two
H-vacancy complexes increases more rapidly with �H than
those of other defects. The two H complexes become more
abundant than the one H complex at around −2.985 eV and
its concentration exceeds that of interstitial H beyond
−2.765 eV. When the H chemical potential is increased 0.56
eV above the ideal-gas reference, from −3.35 to −2.79 eV,
the total H concentration is found to be around 1000 appm.
Under such charging conditions, the calculated numbers of H
interstitials and two H-vacancy complexes are comparable.
Previous experiments have found that the hydrogen concen-
tration reaches 1000 appm under cathodic charging, chemical

TABLE I. Formation energies of defects, binding energy of de-
fect complexes, and chemical potentials of Al and H. The binding
energy is defined as energy difference between the complex and the
sum of the corresponding single defects. Values from prior calcula-
tions and experimental measurements are listed for comparison.

Present work
�eV�

Prior work
�eV�

Experiment
�eV�

Vacancy 0.60 0.54a 0.67b

Td intersitial H 0.74 0.69c 0.60–0.71d

One H vacancy �formation� 1.00 0.90c

One H vacancy �binding� −0.34 −0.33c −0.52e

Two H vacancy �formation� 1.38

Two H vacancy �binding� −0.70 −0.70f

�Al −3.74 −3.39g

�H −3.35 −3.36f −2.26h

aReferences 4, 5, and 20.
bReference 21.
cReference 5.
dReferences 22–25.
eReference 2.
fReference 4.
gReference 26.
hReference 27.
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FIG. 1. �Color online� Concentrations of defects vs H2 gas tem-
perature at 1 atm. The purple diamond points are experimental data.
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charging, or plasma charging.8,33 Thus, measurements of
both �H and the hydrogen concentration under aggressive H
charging conditions appear to be consistent with the present
simulation results.

IV. SUMMARY

We combined first-principles calculations with a statistical
model to study the properties of defects in the Al-H system

under different thermal and chemical conditions. In thermal
equilibrium with H2 gas, defect concentrations increase with
temperature. Among hydrogen-related defects, interstitial H
dominates over H-vacancy complexes. The concentrations
given by first-principles calculation are consistent with pre-
vious experiments. Under stronger chemical charging condi-
tions, concentrations of H defect complexes increase very
rapidly as the hydrogen chemical potential increases. At high
chemical potential, two H-vacancy complexes become more
abundant than one H complex. Experiments have suggested
that under certain chemical charging conditions, the AlH3
hydride phase is eventually formed.34 In our model, we have
only studied defect types in the low-concentration limit.
However, the model can be further extended to include more
complicated defect complexes so that the conditions for hy-
dride and void formation can be simulated.

ACKNOWLEDGMENTS

Ames Laboratory is operated for the U.S. Department of
Energy by Iowa State University under Contract No.
DEAC02-07CH11358. Support for this research was pro-
vided by the National Science Foundation �Grant No. DMR-
0605957�.

1 P. Dantzer, Top. Appl. Phys. 73, 279 �1997�.
2 S. M. Myers, M. I. Baskes, H. K. Birnbaum, J. W. Corbett, G. G.

DeLeo, S. K. Estreicher, E. E. Haller, P. Jena, N. M. Johnson,
R. Kirchheim, S. J. Pearton, and M. J. Stavola, Rev. Mod. Phys.
64, 559 �1992�.

3 H. Wipf, Top. Appl. Phys. 73, 51 �1997�.
4 G. Lu and E. Kaxiras, Phys. Rev. Lett. 94, 155501 �2005�.
5 C. Wolverton, V. Ozolins, and M. Asta, Phys. Rev. B 69, 144109

�2004�.
6 J. Mao and R. B. McLellan, J. Phys. Chem. Solids 63, 2029

�2002�.
7 J. Mao and R. B. McLellan, J. Phys. Chem. Solids 64, 527

�2003�.
8 C. Buckley and H. K. Birnbaum, J. Alloys Compd. 330–332,

649 �2002�.
9 K. R. Hebert, H. Q. Wu, T. Gessmann, and T. K. G. Lynn, J.

Electrochem. Soc. 148, B92 �2001�.
10 C. E. Buckley, H. K. Birnbaum, J. S. Lin, S. Spooner, D. Bell-

mannn, P. Staron, T. J. Udovic, and E. Hollar, J. Appl. Crystal-
logr. 34, 119 �2001�.

11 Y. Fukai and N. Okuma, Phys. Rev. Lett. 73, 1640 �1994�.
12 Y. Fukai, Y. Shizuku, and Y. Kurokawa, J. Alloys Compd. 329,

195 �2001�.
13 Y. Fukai, J. Alloys Compd. 356-357, 263 �2003�.
14 C. L. Fu, Y. Y. Ye, M. H. Yoo, and K. M. Ho, Phys. Rev. B 48,

6712 �1993�.
15 T. Uesugi, M. Kohyama, and K. Higashi, Phys. Rev. B 68,

184103 �2003�.
16 G. Kresse and J. Furthmuller, Phys. Rev. B 54, 11169 �1996�.
17 J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett. 77,

3865 �1996�.
18 G. Kresse and D. Joubert, Phys. Rev. B 59, 1758 �1999�.
19 H. J. Monkhorst and J. D. Pack, Phys. Rev. B 13, 5188 �1976�.
20 K. Carling, G. Wahnström, T. R. Mattsson, A. E. Mattsson,

N. Sandberg, and G. Grimvall, Phys. Rev. Lett. 85, 3862 �2000�.
21 P. Ehrhart, Atomic Defects in Metal, Landolt-Bornstein, New Se-

ries, Group III, Vol. 25 �Springer-Verlag, Berlin, 1991�.
22 W. Eichenauer, K. Hattenbach, and A. Pebler, Z. Metallkd. 52,

682 �1961�.
23 W. Eichenauer, Z. Metallkd. 59, 613 �1968�.
24 H. Sugimoto and Y. Fukai, Acta Metall. Mater. 40, 2327 �1992�.
25 M. Ichimura, H. Katsuta, Y. Sasajima, and M. Imabayashi, J.

Phys. Chem. Solids 49, 1259 �1988�.
26 C. Kittel, Introduction to Solid State Physics, 6th ed. �Wiley,

New York, 1986�.
27 R. C. Weast and S. M. Selby, Handbook of Chemistry and Phys-

ics, 55th ed. �Chemical Rubber, Cleveland, OH, 1974�.
28 S. Adhikari, Ph. D thesis, Iowa State University, 2008.
29 S. Adhikari, J. Ai, K. R. Hebert, K. M. Ho and C. Z. Wang

�unpublished�.
30 F. A. Lewis, The Palladium Hydrogen System �Academic, Lon-

don, 1967�.
31 M. Devanathan and Z. Stachurski, Proc. R. Soc. London, Ser. A

270, 90 �1962�.
32 N. Boes and H. Züchner, J. Less-Common Met. 49, 223 �1976�.
33 H. K. Birnbaum, C. Buckley, F. Zeides, E. Sirois, P. Rozenak,

S. Spooner, and J. S. Lin, J. Alloys Compd. 253–254, 260
�1997�.

34 S. Adhikari, J. Lee, and K. R. Hebert, J. Electrochem. Soc. 155,
C16 �2008�.

-3.4 -3.3 -3.2 -3.1 -3.0 -2.9 -2.8 -2.7
µ

H
(eV)

10
-24

10
-16

10
-8

10
0

C
on

ce
nt

ra
tio

n

C
v

H2

C
i

H

C
v

H

FIG. 2. �Color online� Defect concentrations under different
charging conditions vs hydrogen chemical potential. Cv
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