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Abstract

The effects of substitutional Mo and Cr in -phase VH s and V,_ M H) 5¢,5 (M =Mo, Cr; x=0, 0.0625, 0.125) on the site
occupation and diffusion paths of hydrogen are investigated by quantum mechanical calculations based on density functional
theory. Fundamental processes of the interstitial-assisted mechanisms are systematically figured out, and specific values of
the site energies are obtained with zero-point energy (ZPE) corrections. Hydrogen atoms are found to occupy the octahedral
(O) interstitial sites in #-phase (V+M)H, 5 in the ground state. Upon increasing the hydrogen concentration H/(V + M)
higher than 0.5, the additional H atom prefers to reside at the tetrahedral (7) interstitial sites. The minimum energy paths of
hydrogen diffusion are analyzed by the Nudged Elastic Band method with ZPE corrections. The site occupation energy and
activation energy for each hydrogen diffusion path are found to be strongly influenced by the substitution of Mo or Cr into
vanadium hydride. The results presented in this work indicate that the additional H prefers to migrate directly from T site
to the nearest neighboring 7 site without crossing O site. The energy barriers in the order of 0.253-0.276 eV of hydrogen
migration in the V,_ M H,, s¢,5 hydrides obtained from ab initio simulations are in good agreement with the experimental
data by means of 'H NMR measurement.
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1 Introduction

It is considered that hydrogen is going to fuel the next gen-
eration vehicles. Hydrogen is the most abundant element
on earth and is regenerative and environmentally friendly.
Hydrogen fuel provided by green method is renewable [1-3].
Hydrogen burns cleanly in air, the only product is water. The
development of viable hydrogen storage system is becoming
increasingly important for promoting the hydrogen economy.
Various hydrogen storage materials, such as metal hydrides,
carbon-based materials, and complex metal hydrides have
been investigated [4]. The highest volumetric densities of
hydrogen are found in metal hydrides. Many metals and
alloys are capable of reversibly absorbing large amounts
of hydrogen. Metal hydrides compose of metal atoms that
constitute a host lattice and hydrogen atoms. The elements
of group V, such as vanadium, can combine with hydro-
gen in interstitials up to the hydrogen-to-metal atomic ratio
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H/M =2 to form a large variety of metal-hydrogen com-
plexes [5].
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Vanadium is a transition metal with the electronic con-
figuration [Ar]3d*4s®. The XRD measurements showed that
vanadium forms the hydrogen solid solution phase with a
BCC structure (a phase), the monohydride phase V,H with
a body-centered tetragonal (BCT) structure ($ phase), and
the dihydride phase VH, with a face-centered cubic (FCC)
structure (y phase) at ambient temperatures [6, 7].

VLH() + 3H, < 2VHL(7) ()

In the a phase and the f phase, only some hydrogen atoms
are absorbed and in y phase the hydride is fully formed.
Vanadium-based BCC alloys containing Mo, Cr, and other
transition metals have been known to improve hydrogen
storage properties [8—10]. Hydrogen dynamics in metal
and alloying powders [11-14] can be measured by nuclear
magnetic resonance (NMR) spectroscopy; however, the
mechanism of the hydrogen diffusion is not revealed. Mo
and Cr addition possibly affects not only diffusion but also
site occupation of hydrogen in the metal lattice because
it causes the lowered stability of the hydride phase [15].
The site occupation of hydrogen in the # phase has been
discussed by analyzing the temperature dependence of the
spin—lattice relaxation time.

It is known that in the f-phase vanadium hydrides,
hydrogen atoms occupy the octahedral sites between vana-
dium atoms along the z-axis. Hydrogen atoms in vanadium
hydrides are located at a specific octahedral site called
0,4, which is the center of an interstitial octahedron with a
fourfold axis toward z. In our present studies, the O, sites
are divided into two types of interstitial positions O,; and
0O, as in elongated and compressed octahedrons toward z,
respectively. H atoms in vanadium hydrides are preferen-
tially located at the O, sites. At condensed hydrogen con-
tent, on the other hand, H atoms are predicted to occupy
both the O, and O, sites randomly because the interstitial
octahedron volume is larger than the tetrahedron one. How-
ever, in the previous experimental study by means of NMR
[15, 16], the T-site occupation of hydrogen was observed.
Experimentally, this phenomenon is not well understood.
The influence of lattice uniaxial strain on the site occupancy
of hydrogen in vanadium, particularly on the preferred octa-
hedral occupancy of hydrogen in strained vanadium layers,
has been studied recently by the density functional theory
[17]. At different hydrogen concentrations, the switch from
T- to O-site occupancy or the reverse switch from O to T has
been found to be dependent on the uniaxial lattice expansion
quantified by the c¢/a ratio.

Although the electronic states of vanadium hydride have
been studied extensively [18—22], the hydrogen behaviors in
this metal hydride have not been well characterized. There-
fore, it is needed to investigate systematically the behavior
of hydrogen (particularly, the site occupation and diffusion
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of hydrogen) in metal hydrides and the different alloying
systems by computational methods. In this study, we inves-
tigate the migration of hydrogen in monohydride vanadium
hydride and alloys using the density functional theory (DFT)
method. The preferable site occupation at H content higher
than H/(V + M) =0.5 (the hydrogen-to-metal atomic ratio)
is precisely determined. The atomistic behavior of hydrogen
in f-phase V,_ M, H s¢,5 hydrides is investigated to explore
the influence of substitutional Mo and Cr on the site occupa-
tion and diffusion paths of hydrogen. The energy barriers
of hydrogen diffusion for the T and O sites are estimated
and compared to the previous 'H MNR measurement [15,
16]. The mechanism of hydrogen diffusion in the f-phase
vanadium hydrides with Cr and Mo addition is discussed.
Most importantly, energetic characteristics such as the site
occupation energy and activation energy for each diffusion
path, which have not been experimentally determined, are
evaluated from our current theoretical calculations.

1.1 Theoretical method and computational details

We performed density functional theory (DFT) [23, 24]
calculations within the generalized gradient approximation
(GGA) of the GGA-PBE form for electron exchange and
correlation, using the Vienna Ab initio Simulation Pack-
age (VASP) [25, 26]. Here we employed Blochl’s projector
augmented wave (PAW) method, as implemented by Kresse
and Joubert. The PAW method is an all-electron DFT tech-
nique (within the frozen-core approximation) with the com-
putational efficiency of pseudopotential techniques [27-29].
We tested k-point sampling and kinetic energy cutoff con-
vergence for all super cells with Monkhorst—Pack [30, 31]
k-point meshes to indicate that total energies for all cells
are converged. The converged plane wave cutoff energy of
450 eV was taken for all calculations. Structural relaxations
were performed using 8 X 8 X 8 gamma-centered k-point
grid. To find the ground state structure of #-VH, s (the
monohydride phase V,H), both the cell shape and atomic
positions in super cells are allowed to relax.

The computational models of f-VH, s were based on a
2 x2 X2 body-centered metal cell. The structure configura-
tions are composed of V(Hg, V,(Hy, V,sMoH;, V,5CrHg,
V,;Mo,Hg, V,,Cr,Hg, V,sMoH,, V,5CrH,, V,,Mo,H,, and
V,4Cr,Hy. The full optimization is performed in calculat-
ing the equilibrium lattice constants for the bulk crystal
and for the metal hydrides with the hydrogen atoms placed
at the specific interstitial locations. The zero-point energy
(ZPE) corrections (which are calculated from the harmonic
approximation of the potential energy change as a function
of atomic displacement of hydrogen atom) are also added
into the total energy in order to determine precisely the
energy barrier for hydrogen diffusion.
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The minimum energy paths (MEPs) of hydrogen dif-
fusion were analyzed by the Nudged Elastic Band (NEB)
method [32]. In NEB method, the constrained optimi-
zation is done by adding spring forces along the band
between images and by projecting out the component of
the force due to the potential perpendicular to the band.
All the discrete configurations between two interstitial
sites were optimized simultaneously along the hydrogen
diffusion path until the maximum residual forces acting on
the atoms reached below 0.001 eV/A. The initial images
of diffusing H atom are assumed to be on the lines con-
necting neighboring interstitial sites of the BCT structure
illustrated in Fig. 1. Diffusion path is considered as a set
of elementary diffusion processes (EDP). Barrier of hydro-
gen diffusion is estimated from the activation energy of
EDPs along the certain path. To characterize the nature
of the hydrogen transfer in the metal hydride, the atomic
charge of the hydrogen along the diffusion path is calcu-
lated using a Bader charge analysis [33-35].

Fig.1 Schematic diagram of the interstitial 7- and O-sites positions
in f-VH,) 5 with notation Wyckoff positions of T and O sites in BCT
structure. O -site hydrogen atoms are occupied in $-VH,, s and alloy-
ing hydrides. T sites and O sites are denoted by light blue and light
pink balls, respectively. Vanadium atoms are shown by red balls; sub-
stituted Mo/Cr atoms are displayed by large blue balls in the center of
unit cell. The arrows a, b, ¢ starting from T,, site show the diffusion
path directions of H atom which is assumed Fig. 4a—

2 Results and discussion
2.1 Lattice parameters

Firstly, the structures of p-VH,, 5 proposed by Noda [36] are
determined by full relaxation of tetragonal (space group 14,/
amd) and monoclinic (space group Cm) structures. Both
structures can be synthesized depending on the tensile stress
applied during crystal growth. In both the monoclinic and
tetragonal structures, H atoms are preferentially located at
the Oy, sites. The calculated results for the structure stability
show that the tetragonal structure is more stable by 0.02 eV
compared to monoclinic structure. Thus, hereafter the
tetragonal structure is adopted in our study. The optimized
super cell is described as parameters a =~ 2a,=5.747 A and
cx2cy=6.713 A, where a, and ¢ are unit cell dimensions
of the body-centered conventional cell. The calculated lattice
constants at 0 K differ by 4.23% from the experimental val-
ues at room temperature [37]. Calculated Wyckoff positions
of vanadium in three monohydrides are given in Table 1.
The displacements of vanadium atoms from z=0.25 to
z~0.27 are caused by H atoms at the O,,-site occupancy. In
other words, H atoms at O, site occupy the elongated large
octahedral interstices toward z. These structures are in good
agreement with the experimental observation.

The influence of Mo or Cr substitution on the volume,
lattice parameters a and ¢, and c/a ratio of V,_ M H,
(x=0.0625, 0.125) are shown in Fig. 2a—c. The volume is
expanded by addition of Mo, but that is compressed by addi-
tion of Cr. It is caused by the difference in atomic radii of V,
Mo, and Cr, which are 1.32, 1.36, and 1.25 A respectively.
The alloying Mo/V and Cr/V monohydrides also have BCT
structures as pure vanadium hydride VH) 5. Calculated and
experimental volumes show a similar variation as can be
seen in Fig. 2a. While the lattice parameter ¢ decreases for
both Mo and Cr cases, the lattice parameter a, on the other
hand, increases in the case of Mo but decreases in the Cr
case, as shown in Fig. 2b. As a result, the ¢/a ratio decreases

Table 1 Atomic parameters for metal atoms in three monohydrides
V,6Hsg, V;sMoHg, and V,sMoHg

Metal atoms Wyckoff index Coordinates

X y b4
Vin V,Hg 16h 0.0000 0.5001 0.2696
V/Mo in V sMoHg (aver-  16h 0.0000 0.5003 0.2682
aged)

V/Cr in VsCrHy (aver- 16h 0.0000 0.5000 0.2502
aged)

Coordinates of metallic atoms in V,;sMoHg and VsCrHg are the aver-
aged values with assuming I4,/amd symmetry space group
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Fig.2 The influence of Mo or Cr substitution on the volume, lattice » (a) 260

parameters a and ¢, and c/a ratio of V,_M H,5 (x=0.0625, 0.125). I
a Optimized super cell volume of V,;_ M H,s (x=0.0625, 0.125) at
0 K (displayed by the solid lines) compared with the experimental 250 | Mo 1
data by 'H NMR!> 16 for V,_ M H,, ¢ (displayed by the dashed lines). [ exp. 300 K _—-=® )
b Optimized lattice parameters ¢ and a of V,_ Mo H;5 (x=0.0625, g~ — 0
0.125) at 0 K (displayed by the solid lines) compared with the experi- I )
mental data by 'H NMR!: !¢ for V,_ M H, 4, (displayed by the
dashed lines). The upper part is lattice constant ¢ and the lower part is
lattice constant a. ¢. The c/a ratio of V,_ Cr H, 5 (x=0.0625, 0.125)
at 0 K (displayed by the solid lines) compared with the experimental
data by "H NMR!> 16 for V,_ M H,, ¢ (displayed by the dashed lines)

240 | _ e ]

230 |- ]
[ cal. 0K Mo

Cell volume (A3)

with increasing Mo content, while this ratio does not change 220 [ Cr .
significantly in the case of Cr (see Fig. 2c). This behavior I
agrees well with the observation in our previous studies by I ]
"H NMR measurement. It was suggested that O, hydrogen 210 0 0.62 0,64 o.tl)s o.é)e 01_1 0_112
atom in the BCT structure is most stable at c/a~ 1.1. The Transition metal concentration x

present result implies that the addition of Mo and Cr changes

the interaction between hydrogen and metal atoms, changes b 7 : ; : : : :
the shapes of interstices, and hence leads to change the site I ¢
occupation of additional hydrogen into the monohydride 6.8 '_exp. 00K
phase. Therefore, the preferred site occupancy of hydrogen b--szzzzzzzzg----L. o Cr
is determined by the lattice expansion. 6.6 | cal. 0K Mo

2.2 Thessite occupancy

6.4

We examine the site occupancy of H atom at the possible
sites where H prefers to occupy at hydrogen concentration
higher than H/(V +M)=0.5. This investigation is essential
in order to confirm the results from 'H NMR measurement. »
Hence, we analyze the f-phase structures including one | ca. 0K o]
additional H atom to have similar H content in the metal S8 ¢ "o

hydrides. The site energy for the additional H atom, E,

I exp. 300 K R
Bo--=s=ezzzcfzzooooEC ]
6 B 1

Lattice constants a, ¢ (A)

site?

. 5.6 L 1 1 1 1 1 1
is evaluated by 0 002 004 006 008 01 012

1

Transition metal concentration x
Egie = EVlﬁ—nMnH9 - (Evlﬁ—nMnHS + 2 Hz)’ n=01

(©) 114
where V,_,M, Hg is composed of -phase V,,_,M,Hg with i
one H atom at any T or O site given in Fig. 1. The subscripts 1131
indicate the Wyckoff notation and different symmetry posi-
tions of interstitial sites, i.e., O,;, T5, T...

The formation energy of hydrogen molecule in gas phase 1114
Eyy, is calculated for a H, molecule in a cubic cell with

T
'

size of 15%15x 15 A3. It should be noted that % Eyy, is the s 11f

energy per one atom of H in the hydrogen molecule. The ~

dissociation energy of hydrogen molecule is calculated to be 1.09F

4.52 eV and in a good agreement with experimental data’ of 108 BN .

4.48 eV. The H sites given in Fig. 1 should split into several T .

asymmetric sites by Mo/Cr substitution. In fact, they show 107[ ]

small splitting of energy level for the same type of H site : © Mo

because the substitutions of Mo/Cr distort the interstitial 1.06 L : : ' ' : :
0 0.02 004 006 008 0.1 0.12

sites and change the equilibrium position of additional H
atom. In order to see the influence of Mo/Cr substitution,
we add a H atom into a few asymmetric positions for each

Transition metal concentration x
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interstitial in the vicinity of the substituted metal atom and
calculated the site energy.

The calculated site energies for pure and substituted cases
are acquired and summarized in Table 2. For some O-site
positions, the Ey; values of H-site energy are not available
due to the shift of additional H atoms from these O-site posi-
tions to the nearest neighbor T site. The site energy with
ZPE correction is presented in the parentheses; the incor-
poration of ZPE corrections has a significant effect on the
site energy. The ZPE corrections depend on the specific
hydrogen site; the equivalent ZPE of 1/2 hv is on the order
of 0.001-0.002 eV when changing the additional hydrogen
position. These corrections do not alter the tendency with
regards to the most stable site occupation. The result shows
that the 7 sites near the occupied O, site (1a and 1) and the
unoccupied O sites (C1, C2, and D) are comparatively unsta-
ble. On the other hand, T sites far from the Oy, sites (2a,
2b) are more stable. The result indicates that H atoms partly
occupy T sites at higher H-content region H> 0.5(V +M).

The number of H atoms at 7 site in pure and substituted
structures is estimated by changing the initial position of
the additional H atom. It is found that some of the hydrogen
atoms at O, site and O, site are switched to the neigh-
boring T sites (1a or 1b) by the lattice deformation due to
the additional H atom. This caused by two possible driving
forces: substitution of transition metals Mo/Cr and addition
of excess H atom into -V,H. This effect is significant in the
substitutional Mo case and less significant in the substitu-
tional Cr one. This finding is consistent with our studies by
means of the 'H NMR observation on V,_ M H ¢ [15, 16]
and by classical molecular dynamics simulation [38].

When hydrogen atoms are introduced into vanadium
to form f-phase vanadium hydrides, hydrogen atoms
reside in certain octahedral positions. At the higher H
content, additional H atom caused the effect of distorted
metal lattice in the BCT fp-phase hydrides. The repulsive
interactions at short metal-metal and hydrogen—hydrogen
distances result in the shift of the hydrogen-site occupa-
tion. Upon increasing the hydrogen concentration higher
than H/(V + M) =0.5, the calculated site energy of 7-sites
hydrogen becomes lower than the O-sites hydrogen. Thus,
T sites become more preferable than O sites for additional
hydrogen atom. This finding shows interesting behavior
of hydrogen, not like the prediction that hydrogen will
occupy the O, and O, sites randomly in metal hydrides.

The charge transfer between H and other atoms can
be described by Bader charge analysis, and the charge
acquired by hydrogen in each configuration is shown in
Table 2 and in the Supplementary Material. As can be
seen, additional hydrogen gains electrons independent of
its occupancy at the T sites or the O sites. The strength of
the site energy is related to the hydrogen charge where the
stability of the site is increased when hydrogen gains more
charge, indicating that strong interactions exist between
the hydrogen and its surrounding atoms. In addition, the
numbers of site occupation is enhanced by substituting
Mo/Cr into vanadium hydrides as given in Table 2. These
results confirm the site occupancy in the tetrahedral inter-
stitials as observed in 'H NMR experiment.

Table 2 The calculated H-site

Vi6Ho V,sMoH, V,5sCrHy

energy Ey (V) and Bader

charge Qy (e) of additional Ey (eV) Oye) Ey(eV) Oue) Ey(eV) Oy (e)

H atom in the pure and Mo-

or Cr-substituted vanadium T-site position (Wyckoff)

monohydride la (16h) —0.0034 (-0.0028) —0.82 —0.0055(—-0.0042) -0.92 —0.0042(-0.0038) —0.87
16 (16/) —0.0028 (-=0.0021) —-0.80 —0.0037 (—0.0032) —0.88 —0.0079 (—0.0068) —0.96
2 (4b) —0.0043 (-0.0031) —-0.87 —0.0064 (—0.0055) —0.94 —0.0097 (-0.0088) —0.98
2a (16h) —0.0512 (-0.0488) —1.03 —0.0425(-0.0412) -0.87 -0.0318(-0.0315) —1.00
d(l6g)  —0.0082(-0.0075) -0.97 -0.0173(-0.0158) —1.00 —0.0039 (-0.0036) —0.83
2b (16f) —0.0507 (—0.0482) —1.03 —0.0424 (—0.0409) -1.01 -0.0208 (-0.0189) —1.01
c (8e) —-0.0182(-0.0163) —1.01 -—0.0422(-0.0411) —-1.01 —0.0256(-0.0244) —-1.01
1 (4a) —0.0081 (-0.0068) —0.97 -0.0194(-0.0182) -1.03 -0.0178(-0.0159) —-1.00

O-site position (Wyckoff)

Z1 (8d)  (Shifted to T) —0.0089 (-0.0072) —-0.84 —0.0081 (-0.0074) —-0.83
C2 (8¢)  (Shiftedto 7) —0.0042 (-0.0031) -0.82 —0.0023 (-0.0019) -0.82
C1 (8¢)  (Shiftedto 7) —0.0036 (-0.0028) —-0.81 —0.0017 (-0.0015) —-0.78
D (8e) (Shifted to T) (Shifted to T) (Shifted to 7)

For some O-site positions, the Ey; values of H-site energy and the Bader charge Oy are not available due to
the switch of additional H atoms from O to T site. The site energy with ZPE correction is presented in the

parentheses
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2.3 The hydrogen diffusion path and energy barrier

Hydrogen diffusion is an important step in kinetics of hydro-
genation and dehydrogenation in hydrogen storage materi-
als. After additional H atom resides in the interstitial site,
the next issue is where this additional H atom will diffuse
in the metal lattice. In order to explain the effect of Mo/Cr
substitution on hydrogen diffusion and its activation energy,
the NEB calculation is carried out for some possible diffu-
sion paths of hydrogen atom in V,_ M H, 55,5 (x=0, 0.0625)
systems. We assume three different diffusion paths starting
from 2a where the site energy is lowest in all systems as
shown in Table 2. These paths trace the sites around a pure
or substituted metallic atom as (a) 2a—Z2—-2a-2—C2—c, (b)
2a—c—C1-1, and (c) 2a—2b—d-2b. Directions of these paths
are indicated by arrows in Fig. 1. The migration coordinates
with hydrogen displacement along the diffusion paths are
illustrated in Fig. 3. Only the 1 x 1x 1 BCT part in tetragonal
super cell (2x2x2 BCT) is shown in Fig. 3 for simplic-
ity. The atomic charge of the hydrogen along the diffusion
path is calculated using a Bader charge analysis. The Bader
charge Oy (e) of the transferred H species in the NEB cal-
culations is presented in the Supplementary Material. The
calculated potential energy surfaces along three possible
pathways are shown in Fig. 4a—c. It is noted that GGA func-
tionals are largely affected by self-interaction error, so that
the barriers could be underestimated.

Not only the diffusion barrier of the hydride changes but
also the diffusion distance is increased or decreased due to
volume expansion or contraction of the unit cell. After NEB
calculation, the vibrational analysis is performed to confirm
the imaginary frequency mode of the transition state con-
figuration. The activation energies for hydrogen diffusion
with the ZPE corrections, E;, are summarized in Table 3.
The contribution of ZPE to the activation energy is consid-
ered for each elementary process of hydrogen diffusion. As
seen in Fig. 4a, the activation energy of the hydrogen dif-
fusion between two T sites (T,,) via O, site is determined
as 0.227 eV; the activation energy changes to 0.230 eV and
0.139 eV corresponding to substituted Mo and Cr cases,
respectively. Higher activation energies of hydrogen diffu-
sion between T, and T, via O, site are observed as 0.452 eV,
0.658 eV, 0.399 eV for pure, substituted Mo and Cr cases,
respectively. Similarly, significantly high barriers are found
when hydrogen diffuses from 7, to T via O, on the path-
way (b) where the activation energies were evaluated as
0.837 eV, 0.997 eV, and 0.706 eV, respectively as shown in
Fig. 4b. However, the activation energy for hydrogen diffu-
sion between two 7 sites (T, and 7,,) without crossing O site
is relatively small as 0.192 eV, and this value is not strongly
affected by Mo/Cr substitution. These results indicate that
the activation energy of hydrogen diffusion toward +z via O
sites (2a) increases by Mo and decreases by Cr substitution.

@ Springer
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Fig.3 Modeling of the migration coordinates with hydrogen dis-
placement along three diffusion paths. These paths trace the sites
around the pure or substituted metallic atom as a 2a—-Z2-2a-2-C2—-
¢, b 2a—c-C1-1, and ¢ 2a-2b-d-2b. Only the 1x1x1 BCT part in
tetragonal super cell (2x2x2 BCT) is shown for simplicity

Figure 4c shows the profile of activation energy on the
pathway (c); in this case, hydrogen diffuses between 7 sites
without crossing any O site. The activation energy for direct
T-site—T-site diffusion (7,,-T,) in pure vanadium hydride
was determined to be 0.264 eV; this value varies to 0.253 eV
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Fig.4 Potential surfaces of hydrogen diffusion paths starting from
the most stable configuration of 7, -site H position according to three
pathways are shown in Fig. 1. a T,, to a neighboring 7,, to T, and 7.
b T,, to a neighboring 7, to T. ¢ T,, to T, to T, and neighboring T,

for the case of Mo substitution and to 0.276 eV for the case
of Cr substitution as listed in Table 3. The activation energy
for hydrogen diffusion from T,, to T,, is relatively small.
The barrier of hydrogen diffusion on the pathway (c) is

Table 3 The calculated activation energies ¢, (eV) of elementary dif-
fusion processes (7 site—O site—T site and T site-T site) along the dif-
fusion paths in Fig. 4a—c

Elementary dif- VieHy Vi sMoHy V,sCrH,
fusion processes
(EDP)
Exp. [15,16] Unknown 0.266  0.240 0.289
Calculated  ¢—Cl-1 0.837  0.997 0.706
activation 3 9 0452 0.658 0.399
CNCTEY VIR 947224 0227 0230 0.139
O sites
Calculated  2b-d 0.264 0.253 0.276
activation 2475 0.044  0.097 0.045
:ﬁzggy viaT 5,0 0286  0.228 0.276
2a—c 0.192  0.186 0.176

The ZPE corrections are included. The experimental data taken from
Ref. [15, 16] are presented for comparison purposes

lowest among three proposed diffusion paths. In general, the
activation energy of hydrogen diffusion between two near-
est neighboring 7T sites was found to be lower than those via
the O sites. Mo/Cr substitution strongly affects the energy
barriers of the hydrogen diffusion via the O sites. Cr sub-
stitution can reduce the barrier, whereas Mo substitution
can increase the barrier. Such effects cannot be recognized
for the diffusion processes between two nearest neighbor-
ing T sites without crossing any O site. In detail, the results
for three different diffusion pathways in Fig. 4a—c showed
that both substitutional Mo and Cr into vanadium hydride
slightly decreased the activation energies of hydrogen dif-
fusion between 7T,,~T,, and T,,~T,. The activation energies
of hydrogen migration between second-neighbor sites (via
O sites) in vanadium hydride are high; the barriers vary on
the order of 0.452-0.837 eV. Substitutional Mo or Cr atom
changes the mobility of hydrogen to be higher or lower acti-
vation energy as 0.997 eV and 0.399 eV, respectively, if the
hydrogen diffuses crossing unoccupied O sites.

The activation energy of hydrogen diffusion between
two T sites (T,, and T,) without crossing O site is 0.286 eV.
On the other hand, this value does not change significantly
by Mo/Cr substitution. Therefore, the energy barrier of
hydrogen diffusion along this pathway (a) via O site is quite
high as 0.452, and Cr substitution can reduce the barrier to
0.399 eV. As aresult, the energy barrier between neighbor-
ing T sites from our calculations suggests that the hydro-
gen diffusion for 7 sites is dominant. The calculated energy
barrier of 0.264 eV in VH 54,5 is very close to those in
VH,) s and VH,) 5,, which were experimentally estimated at
0.267 eV and 0.280 eV. The activation energy depends on
the hydrogen content in the f-phase vanadium hydride.

Finally, we find that the hydrogen diffusion between the
first neighboring T sites is dominant for pure, substituted
Mo and Cr vanadium hydrides. The present results suggest
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that the activation energy of these hydrides would be esti-
mated by hydrogen migration directly from T site to the
nearest neighboring 7 site without crossing O-site vacancy.
In addition, the impurities of Mo and Cr into the S-phase
vanadium hydride can affect the diffusion barrier via the
O-site transition state. The migration barriers are sensitive
to the O-site occupancy. The energy barrier in the order of
0.706-0.997 eV is sufficiently high, resulting in a small dif-
fusion coefficient at low temperatures. Therefore, in order to
enhance the diffusion of H along pathways via O sites, the
high-temperature condition should be addressed.

3 Conclusions

Understanding of the formation of vanadium hydrides and
alloying hydrides is important in designing the potential
hydrogen storage materials. We investigated the atomistic
behavior of hydrogen and the effects of Mo or Cr substitu-
tion in f-phase vanadium monohydride by using first prin-
ciples density functional methods. Substitution of Mo and
Cr changes the detailed shapes of interstices and changes
the site occupation of hydrogen in the monohydrides phase.
Fundamental processes of the interstitial-assisted mecha-
nisms are systematically figured out, and specific values of
the site energies are obtained with zero-point energy (ZPE)
corrections. Calculated lattice parameters of V;_ M H, 545
hydrides follow the same order as the 'H NMR measure-
ments. The ground state for monohydride phase of VH) 5 is
expected to be a BCT structure with hydrogen atoms at O,
sites. Upon increasing the hydrogen concentration, the pref-
erable site of additional hydrogen is the 7 site, the preferred
site is determined by the structural effect. Substitutional Cr
and Mo enhanced the hydrogen occupations in O sites. The
atomic charge of H atom acquires from the interactions with
the metal lattice is calculated using Barder charge analysis.
The Barder charge of hydrogen at the 7 sites is more than
that at the O sites; this could be an indication of the domi-
nance of the T-site occupation at high hydrogen concentra-
tion. The calculated energy barrier for hydrogen migration
is reported to be low as 0.264 eV for the 7-site hydrogen
diffusion in vanadium hydrides. This value is in very good
agreement with our experimental measurement of 0.266 eV.
The results reflect that the additional H prefers to migrate
directly from T site to the nearest neighboring 7 site with-
out crossing O site in both pure metal and alloy hydrides.
Whereas the energy barrier in the order of 0.706-0.997 eV
is sufficiently high for hydrogen diffusion via the O sites in
these hydrides. Hence, in order to enhance the diffusion of H
along pathways via O sites, the high-temperature condition
should be addressed. The effects of the higher concentration
of Cr/Mo substitution on hydrogen diffusion required further

@ Springer

investigation to understand the enhancement of hydrogen
diffusion by substitutional metals.
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