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Interaction between hydrogen (H) and metals is central to many materials problems of

scientific and technological importance. H segregation or trapping at lattice defects plays a

crucial role in determining the properties of these materials. Through first-principles

simulations, we propose a unified mechanism involving charge transfer associated strain

destabilization to understand H segregation behavior at vacancies. We discover that H

prefers to occupy interstitials with high pre-existing charge densities and the availability of

such interstitials sets the limit on H trapping capacity at a vacancy. Once the maximum H

capacity is reached, the dominant charge donors switch from the nearest-neighbor (NN) to

the next-nearest-neighbor (NNN) metal atoms. Accompanying with this long-range charge

transfer, the sharply increased reorganization energy would occur, leading to the insta-

bility of the H-vacancy complex. The physical picture unveiled here appears universal

across the BCC series and is believed to be relevant to other metals/defects as well.

Copyright © 2014, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
Introduction

Interaction between H and lattice defects underlies diverse

materials phenomena [1e4], including H storage [3,5], H

embrittlement [6e8], metallic H membranes [9], nuclear

fusion reactors [10,11] and H-assisted superabundant vacancy

formation in metals [1,12,13], etc, to name a few. Crucial to all

these problems is trapping of H at the lattice defects, such as

vacancies, voids, dislocations, grain boundaries and cracks

[14e22]. In particular, H trapping at vacancies has attracted

great interest thanks to the facts that (1) vacancies are easier

to study than other defects but have profound influences on
(X.-Q. Chen).
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materials properties, (2) vacancies hold many surprises and

mysteries yet to be explored, and (3) the insight gained from

vacancies can be applied to other defects as well.

It have been theoretically found that, for BCC and FCC

metals, at most six H atoms can be trapped by amonovacancy

in general because H prefers to occupy the six octahedral (O)

interstitials surrounding the vacancy [1,16,17]. However, there

are exceptions that the maximum H capacity can go up to 10

for molybdenum (Mo) [16,17,23] and 12 for tungsten (W) [16]

and aluminum (Al) [14]. In addition, various interpretations

of the available experimental results have also been put for-

ward: (i) The competition between metal-H hybridization and

the Coulomb repulsion determines the position and number
ished by Elsevier Ltd. All rights reserved.
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of H atoms around the vacancy in BCC-Fe [24], (ii) In com-

parison with Fe, the greater H trapping capacity in Al is

attributed to a larger lattice constant and more delocalized

electronic states [14], and (iii) for W, it was suggested that the

vacancy provides an isosurface of optimal charge density that

facilities the formation of H bubbles [25]. Clearly, an important

question to ask is whether or not there exists a unified

mechanism of H trapping in metals?

In this paper, here we propose such a unified mechanism

based on quantum-mechanical density functional theory

(DFT) calculations. We have shown that the charge transfer

associated strain destabilization is responsible for H trapping

behavior around vacancies across the BCC series. By exam-

ining H trapping at monovacancies in these BCC metals

(including V, Nb and Ta as good candidates for H storage, Mo

and W as the most promising plasma facing materials of nu-

clear fusion reactors, and Fe and Cr as the most commonly

used elements in H-resistant structural steels), we have

discovered that H prefers to occupy the interstitial sites with
Fig. 1 e H in defect-free metals. (a) The solution enthalpies (alo

energy induced by H insertion and (c) the received charges of H

W and Fe). (c) Isosurface (with an isovalue of 0.42) of the electro

plane showing the highest charge densities at the T-sites in V.

metals (Cr, Fe, Nb, Mo, Ta and W), but are not shown here.
high pre-existing charge densities with or without a vacancy.

The availability of such interstitial sites determines the H

capacity around a vacancy. When the maximum H capacity is

reached, the dominant charge donors switch from the NN to

the NNN metal atoms. The long-range charge transfer asso-

ciates with a significant strain energy cost. The correlation

between the charge transfer and the onset of mechanical

“instability” appears universal across the BCC series, and ul-

timately determines the limit on H trapping around a mono-

vacancy in metals.
Theoretical methods

The DFT calculations have been performed by employing the

Vienna ab initio Simulation Package (VASP) [26e28] with the

projector augmented wave potential (PAW) method [29,30]

and the generalized gradient approximation (GGA) of Per-

deweBurkeeErnzerhof (PBE) [31] form was employed for
ng with available experimental data [1]) of H, (b) the strain

at T- or O-sites in seven BCC-type metals (V, Nb, Ta, Cr, Mo,

n localization function (ELF) and its contour plot on (001)

The similar results have been observed for other six BCC

http://dx.doi.org/10.1016/j.ijhydene.2014.05.032
http://dx.doi.org/10.1016/j.ijhydene.2014.05.032


i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 9 ( 2 0 1 4 ) 1 1 3 2 1e1 1 3 2 7 11323
electron exchange and correlation. An energy cutoff of 400 eV

was chosen for the plane-wave expansion of eigenfunctions.

All results were obtained with a 54-atom supercell. It needs to

be emphasized that for Ta, Mo and W a 128-atom supercell
Fig. 2 e H trapping at a monvacancy cross the BCC series. (a) So

available experimental data), (c) the differential strain energies,

the six NNN (hollow circles) metal atoms, and (e) the received c

panel (b) we also list the experimental trapping energies for V (¡0

Mo (¡1.03 eV and ¡0.80 eV) and W (¡1.43 eV) measured by the ion

measured by the superabundant vacancy formation/thermal des

(¡0.58 eV) measured by the positron annihilation spectroscopy [

with the simulation results.
was also used to check the convergence of the results. The

difference in the H trapping energies between the 128-atom

and 54-atom supercells is less than 0.03 eV, confirming that

our results are converged. The Brillouin-zone integrations
lution enthalpies H sol., (b) H trapping energies (along with

(d) the charge transfer from the eight NN (solid circles) and

harges on H as a function of the number of H. Note that, in

.11 eV and ¡0.23 eV), Fe (¡0.63 eV and ¡0.43 eV), Ta (¡0.42 eV),

implantation/channeling method, Cr (¡0.89 eV and ¡0.73 eV)

orption spectroscopy, and Nb (¡0.55 eV), Mo (¡1.4 eV) and Ta

1,2], the measured data are generally in a good agreement
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were performed by using a 4 � 4 � 4 k-mesh for 54 atoms and

3 � 3 � 3 k-mesh for 128 atoms according to the Monkhorst-

Pack scheme [32]. Spin polarized calculations were per-

formed for Cr and Fe although the magnetism only slightly

affects the properties of CreH system [17]. We did not include

the zero-point energy (ZPE) correction in the calculations for

the same reason as explained in Refs. [16,17,24,25].

To determine the strain energy of the vac-nH complexes,

we have removed H atoms and computed the total energies of

H-free vacancy with and without relaxing the metal atoms.

The strain energy is defined as the total energy difference

before and after the relaxation,

Estrainðvac� nHÞ ¼ Eunrelaxed
hollow � Erelaxed

hollow (1)

where EstrainðvacenHÞ; Eunrelaxed
hollow and Erelaxed

hollow denote the strain

energy that the bcc lattice around the vacancy sustains due to

the growth of the vac-nH cluster, the total static energy after

the removal of the nHatoms, and the fully relaxed energy after

the removal of the nH atoms, respectively. Mechanically,

during our calculations the strain energy [33] indeed refers to

the energy released during the relaxation of the bulk phase

with a vacancy after the removal of hydrogen clusters, and it

is expressed as a positive number because the relaxation ge-

ometry with a single vacancy before hydrogen trapping would

correspond to a lower energy with respect to this distorted

geometry induced by the insertion of hydrogen atoms.

Furthermore, we have defined the strain energy difference

imposed by introducing an extra hydrogen atom to the vac-nH

cluster, as follows,

DEstrain ¼ Estrainðvac� ðnþ 1ÞHÞ � Estrainðvac� nHÞ (2)
Fig. 3 e The change of charge density at the interstitials before

electron localization functions (ELFs) for the (200) plane and the a

V; panels (c,d): pure W; panels (e,g): six H atoms are trapped at t

vacancy leading to instability in V. The 3D ELF isosurface in V (w

of 0.41) in panel (c) evidence the vacancy-induced highest charg

cases. The large black, gray, red and green spheres denote the v

respectively (For interpretation of the references to color in this fi

article.).
where Estrain(vac-(n þ 1)H) and Estrain(vac-nH) are the

computed strain energies of the vac-(n þ 1)H) and vac-nH

clusters, respectively, in terms of the equation (1). The dif-

ferential strain energy represents the change in the strain

energy induced by an additional H atom incorporated to the

vac-nH cluster.

The charge deficit on the nearest-neighbor (NN) and the

next-nearest-neighbor (NNN) metal atoms around the va-

cancy can be estimated by the following equation,

QX
losing ¼

X�
QX

Vac�nHðTmÞ � QX
VacðTmÞ� (3)

where X denotes the NN or NNN atoms to the given mono-

vacancy, and QVac-nH and QVac refer to the charges of the NN or

NNN atoms after and before the trapping of H, respectively.

Here, Tm is the transition metal atom. To determine the

charges of each given atom, we have employed the Bader's
technique [34] which used zero flux surfaces to divide atoms,

according to the charge density. The charge enclosed within

the Bader volumes [34] composed by the zero flux surfaces of

the charge density is a good approximation to the total elec-

tronic charge of a given atom.
Results and discussion

H trapping in a perfect lattice

In defect-free BCC metals considered here, we reproduce

well the known fact that H prefers the tetrahedral intersti-

tial (T) to the octahedral interstitial (O), as evidenced in
and after H is introduced in V and W; the contours of the

tomic structure surrounding the vacancy. Panels (a,b): pure

he vacancy (vac-6H) in V; panels (f,h): seven H atoms at the

ith an isovalue of 0.55) in panel (b) and W (with an isovalue

e accumulations at the interstitial O or T-sites for the H-free

acancy, the NN, NNN metal atoms and the trapped H atoms,

gure legend, the reader is referred to the web version of this
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Fig. 1a. The solution enthalpies of H at the T-sites are in

excellent agreement with the experimentally measured

data in the low concentration limit of H [1], verifying the

reliability of our DFT calculations. To our surprise, the strain

energy induced by H occupying the O interstitial is much

higher than the T interstitial (c.f., Fig. 1b). Being smaller

than the interstitial volume, H is not expected to yield

substantial strain energy difference between the T and O

sites [11]. Thus, these results suggest that there is more to H

trapping than a simple consideration of size effect. Indeed,

an inspection of the charge density plot in Fig. 1d reveals a

surprising clue. The contours of the electron localization

function (ELF) [35] indicate that the T interstitials exhibit the

highest localized interstitial charge density with an ELF of

0.54, much larger than those at the O interstitials with an

ELF of 0.28. More interestingly, this observation appears

universally across BCC series examined here. Utilizing the

Bader's technique [34], we have found that H atoms trapped

at both interstitials attract charges from the host atoms in

nearly the same amount (see Fig. 1c). Because the pre-

existing interstitial charge density at the O interstitials is

much lower than that at the T interstitials, transferring the

same amount of charge to the H atoms at the O sites would

lead to the higher strain energy. Therefore, these results

render the O-sites less favorable. The fact that the most

favorable H trapping sites coincide with the highest pre-

existing interstitial charge density across the BCC series

suggests that the charge accumulation plays a crucial role in

H trapping in metals.
Hydrogen trapping at vacancies

When a vacancy, one of the most common defects, is

introduced in metals, the trapping behavior of H is quite

different from that in defect-free metals [1,14,16,17,24,25].

Here, we first define an H-vacancy complex as vac-nH in

which n denotes the number of segregated H atoms at the

monovacancy. As illustrated in Fig. 2a and b, we reproduce

well the previous findings [17,16] for seven BCC metals. A

maximum of six H atoms can be trapped at a monovacancy

in V, Nb, Ta, Cr and Fe (group I), whereas up to 12H atoms

can be accommodated at a monovacancy in Mo and W

(group II).
Charge transfer associated strain destabilization

To elucidate H trapping behavior at vacancies, we choose V

with more localized 3d electronic states and W with less

localized 5d states as examples to analyze the charge distri-

bution. In Fig. 3, we display the ELF contours on (200) plane for

V andW. For V, we find that the highest charge density occurs

at O and T-sites around the vacancy, similar to the defect-free

case. In particular, the six O sites surrounding the vacancy

now have approximately the same (high) charge density as

the T sites. The same result is also found for other group I

metals (Nb, Ta, Cr and Fe). In contrast, for group II metals (Mo

and W), the highest charge density takes place at twelve

equivalent tube-like regions connecting the NN T-sites as

shown in Fig. 3c,d.
Similar to the defect-free case, H is also found to occupy

the interstitials with the highest charge densities. For V, up to

six H atoms can be accommodated around a vacancy and they

occupy six O-sites with the highest pre-existing charge den-

sity as shown in Fig. 3e,f. When the seventh H atom is intro-

duced, all atoms have to reorganize themselves. This

reorganization proceeds in such a way that additional in-

terstitials with high charge densities, such as the nearby T-

sites, become available to H occupation. Since the T-sites are

inequivalent from the O-sites, the occupation of these T sites

would introduce distortion to the lattice. Indeed as shown in

Fig. 2c, there is a jump of the strain energy at n¼ 7. In fact, this

sudden increase in the strain energy is observed for all group I

metals. Moreover, this charge transfer associated strain

destabilization is also found for Mo and W of the group II. As

shown in Fig. 2aed, the similar jump in the strain energy is

evident for n ¼ 13. In this case, H occupation at additional

interstitials beyond the twelve cylinder-like sites leads to

lattice distortion and increases the strain energy. This obser-

vation underlies the fact that up to twelve H atoms can be

trapped at a vacancy in the group II metals.

As displayed in Fig. 2e, the total charges that the vac-nH

complexes received aremonotonously increased as a function

of n. Apparently, the transferred charges have to mainly

originate from the metallic atoms surrounding the vacancy,

including eight NN atoms and six NNN atoms. Whereas the

transferred charges from the NNN atoms increase monoto-

nously as n across the BCC series, the charge transfer from the

NN atoms initially increase, but after a kink (as marked by

arrows in Fig. 2d) at n ¼ 6, it starts to decrease for the group I

metals, V, Cr and Fe. Although not as obvious as in V, Cr and

Fe, the similar trend can be also found at n¼ 6 for Ta and Nb in

the group I. Interestingly, the kink appears at n ¼ 6, corre-

sponding to the maximal H capacity stably trapped for the

group I metals. Hence the declining charge transfer from the

NN atoms gives rise to the instability of the vacancy-nH

complex. In contrast, such kinks are not observed for the

group II metals.

For the type-I group, the charge transfer to H is relatively

more difficult due to more localized nature of the electron

states. In this case, the charge transfer from the NNN atoms

becomes increasingly important as the H-vacancy cluster

grows. For some instances, with the increasing charge trans-

fer from the NNN atoms, the charge contribution from the NN

atoms starts to decrease, leading to the kink as observed at

n ¼ 6. However, this long-range charge transfer from the NNN

atoms yields higher reorganization energy. Therefore, the

kink in the charge transfer also coincides with the sharp in-

crease of the strain energy and the onset of the instability. For

the group II, the charge transfer not only stems from the NN

atoms but also the NNN atoms thanks to themore delocalized

nature of electronic states. As a result, there is an obvious

transition from the NN atoms to the NNN atoms as in the

group I, and no apparent kinks in the charge transfer for the

group II.

Finally, we note that H also prefers to occupy the in-

terstitials with high pre-existing charge density in other types

of lattice defects, such as grain boundaries [36], dislocations

[36,37], and cracks [38]. In addition, in some metal hydrides

the pre-existing interstitial charges are necessary for
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hydrogen occupation [39]. In fact, we have also revisited the

case of FCC Al and the similar charge transfer associated

strain destabilization is also observed. This universal behavior

of H occupation at defects accentuates the importance of the

proposed mechanism in understanding H segregation in

metals.
Conclusion

We find that H prefers to occupy interstitials with high pre-

existing charge densities. The charge transfer associated

strain destabilization is responsible for the maximum H

storage in BCC and possibly other metals. The insights gained

from the study could provide guidance in the design of H

storage or H-resistant materials. Strain engineering, defect

engineering and alloying could be effective means to modify

the charge density distribution at the defects, thereby

changing the H concentration in the material.
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