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Chapter 1

General Introduction

1.1. Hydrogen storage materials for fuel cell vehicles

Hydrogen fuel has been attracting great interest as a CO, emission-free energy source
because of environmental problems such as global warming and exhaustion of fossil fuels [1]. In
general, fuel cells produce electricity and water by electrochemically combining atmospheric
oxygen with hydrogen fuel. A major application of fuel cell technologies is fuel cell vehicles
(FCVs) being developed as new generation environmentally friendly vehicles [2]. 70 MPa
high-pressure hydrogen tanks are mounted on recent commercial FCVs as a hydrogen source to
achieve comparable mileage to gasoline automobiles [3]. There are still difficulties in producing,
handling and transporting high-pressure hydrogen gas, being obstacles for developing FCVs.
Storaging hydrogen within solid-state materials is regarded as one of the key alternatives to the use
of high-pressure hydrogen tanks, because most hydrogen storage materials absorb hydrogen gas at
lower hydrogen pressures [4].

Many researchers have investigated hydrogen storage materials for use in FCVs. Although
there are a wide variety in the types of hydrogen storage materials, they are mainly classified into
two categories by the mechanisms of hydrogen storage: physical and chemical storage [5,6].
Compressed hydrogen gas or carbon-based materials, such as carbon nanotubes, graphene and
fullerenes, are examples of constituents of the former group. In most cases, such materials show
little storage capacities, instead of fast kinetics or complete hydrogen absorption-desorption cyclic
reversibility. On the other hand, in the materials belong to the latter group, chemical bonds with

hydrogen atoms are formed, which result in relatively high storage capacities. Materials such as



metal hydrides [7], borohydrides, alanates, amide-imide systems, and ammonia-borane compounds
are examples of the materials in latter group and have been investigated for the next generation
FCVs [8]. Hydrogen storage materials for FCVs have to satisfy many requirements: at least 3
mass% hydrogen storage capacity under near-standard conditions, favorable initial kinetics, cyclic
stabilities of absorption and desorption, and economical production costs. Because of these severe

requirements, commercially applicable materials for FCVs have not been obtained yet.

1.2. Ti-V-based hydrogen storage alloys

Pure vanadium metal has an affinity for hydrogen and has a bcc structure, while the
dihydrides, VH,, a CaF,-type structure. Between these end members are some intermediate phases
[9], with at least two plateaus appearing in the pressure-composition-temperature (PCT) curve
[10,11]. Figure 1.1 shows the structure of metal V and VH,. V has been considered to be promising
hydrogen storage materials, because its storage capacity can reach up to 4 mass% and it shows good
cyclic stability [12,13]. In spite of these good properties, there are basically two obstacles in
application of V to FCVs. One problem appears in extremely low equilibrium hydrogen pressures,

Plfzq, of dehydrogenation from monohydride to metal [10,14]. Griffiths et al. reported the value of

the first plateau at 300 K was about 0.1 Pa. The other is the high cost of pure V which hinders the
practical use of V in FCVs. Because V is alloyed with various metals, hydrogenation of V-based
alloys has also been investigated. Among them, titanium-vanadium (Ti-V) based alloys have been
investigated to lower the production costs owing to inclusion of cheaper Ti ingredients and to
improve the storage capacities.

Ti and V form bcc solid solution alloys in a broad range of V content, which can absorb up

to 4 mass% H, via a two-step hydrogenation process, namely (1) from bcc alloys to monohydrides



and (2) from monohydrides to CaF,-type dihydrides [15-18]. For instance, Ti; oV, Mngy alloy,
whose structures have been investigated by experimental measurements by Nakamura et al., is
known to form disordered bece solid solution [19-26]. As hydrogenation proceeds, bce crystal lattice
of metal atoms expands along the ¢ axis, and changes into CaF,-type dihydride, Ti; oV;.;MngoHs, via
interstitial face-centered-tetragonal (fct) monohydride, Ti; ¢V 1MngoH;. Moreover, many types of
multi-element Ti-V-based alloys, such as Ti-V-Cr [27-29], Ti-V-Fe [30], and Ti-V-Cr-Al [31], have
bec structures and form hydrides.

Because properties such as P;Zq and hydrogenation temperature strongly depend on the

compositions and additional elements [16,17,27-29,32,33], it should be possible to identify

compositions with suitable ranges of P;g for practical applications. Although many experimental
studies have been devoted to elucidating the relation between pressure and composition, how P;g
depends on the compositions remains unclear. Theoretical evaluation of P;Zq of those hydrogen
storage alloys is of help in understanding and controlling the behavior of P:j.

In this study, we investigate properties of Ti-V-based compounds using first-principles
calculations which require well-defined structural models of the compounds in question. In majority
of Ti-V-based compounds, precise lattice symmetry and the atomic-level distribution of Ti and V
atoms on the metal sublattices remains experimentally unclear. One of the reasons for this is that Ti
and V are hard to be distinguished by X-ray diffraction spectroscopy, because, as neighboring
elements of the periodic table, their diffraction patterns are very similar. Even when neutron
diffraction is used, V positions are difficult to be determined because of the small coherent
scattering length. Furthermore, configurations of H atoms in monohydrides have been undetermined
in experiments. Recently, transmission electron microscopy (TEM) has enabled direct observation

of hydrogen atoms in metal hydrides [34], but this is limited to the case of fully hydrogenated



crystalline samples. Due to significant isotope effects in V-based hydrides, measurements involving
deuterium provide little information on H sites within a cell [13,35]. Figure 1.2 shows the typical
occupation sites of interstitial H atoms in bce and fcc host lattices. These sites are classified into
two categories by the number of coordinating metal atoms around H atoms: tetrahedral (T) and

octahedral (O) interstitial sites. We investigated P;g based on the structural search of possible T-

and O-site configurations of hydrogen atoms using first-principles calculations. This procedure will

be discussed in Chapter 3.
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Fig. 1.1. Crystal structures and H sites of (a) bcc vanadium and (b) CaF,-type (fluorite) VHo.
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Fig. 1.2. (a) Tetrahedral (T) and (b) octahedral (O) interstitial hydrogen sites in a conventional bcc

lattice of host metal atoms. O sites in (b) are classified as O, (green filled circles), and Oy and O,

(red filled circles). (¢) T and (d) O sites in a conventional fcc lattice.



1.3. Overview

This thesis contains five chapters, and the overview of each chapter is as follows.

In Chapter 2, the solution states of metal atoms in Ti,.,V,H,, stability of found ordered
ground-state structures, and an effect of metal configurations on the bonding strength of H atoms
are investigated using a combination of the cluster expansion method and first-principles
calculations. Formation energies of all possible configurations of metal atoms in CaF,-type
structures with up to sixteen metal atoms are calculated using the optimized set of clusters. Nine
ground-state structures are identified with different compositions, most of which are found to have
layered structures containing V bilayers. Analysis of the component clusters suggests that, while
pair clusters contribute to formation of the layered structures, the higher-body clusters contribute
more to stabilization of V bilayers than Ti bilayers. From calculations of short-range order
parameters for all configurations of composition x = 1/2, low-energy structures including the
layered structures have a phase-separation tendency on the atomic level. Order-disorder transition
temperatures of the ground-state structures are estimated from Monte Carlo simulations to be less
than about 460 K. The transition temperatures and comparison of lattice parameters with
experimental values indicate that disordered solutions are predominantly formed under typical
synthesis conditions. In addition, we examine the stability of H atoms in different coordination
environments, indicating that the long-range metal-atom ordering does not greatly affect the local
bonding between H and surrounding metal atoms.

In Chapter 3, P:f for hydrogenation reactions of the two plateau regions in the PCT
curves of the V-H system are estimated using first-principles calculations. We assumed reaction
V-VH, s for the lower plateau and VH-VH, for the higher plateau. In the intermediate phases, H
atoms can distribute over interstitial T and O sites in a bce lattice. To determine the ground-state

structures of VHy s and VH necessary to estimate Pezq, the energetical stabilities of a large number
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of configurations constructed from a becc unit cell were calculated without including vibrational
contributions. Phonon calculations were then carried out for the lowest-energy structures to quantify
the vibrational contributions to the energy. Treatment of vibrational energies was simplified by
establishing the linear relationship between hydrogen content and zero-point energy, which depends
only on the type of sites occupied by H atoms, i.e., T or O. When vibrational energies are included,

H atoms are found to occupy O sites in both compounds, whereas, when not included, H atoms are
distributed over T sites. Predicted P;zq reproduce the experimental behavior well. Our results
indicate that vibrational energies, especially zero-point energies, cannot be neglected when
establishing the stability of H atoms in metal lattices and estimating P:j. The method outlined is
based on an exhaustive configuration search and should be useful for the systematic investigation of
a wide variety of V-based alloys.

In Chapter 4, P]_?Zq in the Ti-V-Mn-based alloys are estimated by employing the
procedures introduced in Chapter 3. We mainly focus on Ti; oV Mngy hydrides, whose metal
sublattice and H sites are determined from experimental measurements. Since the difference of
zero-point energies between Ti; oV, MngoHe and VH, is small, contributions of vibrational effects
in the Ti-V-Mn-H system are assumed to be the same as those in the V-H system. The predicted
Plfg reproduce the tendencies observed in experiments. Moreover, we examined Pﬁj in the
Ga-doped Ti-V-Mn alloys in order to assess the doping effect of the non-transition metal. The
considerable changes of P;Zq by Ga-doping seems to be originated from the longer bond length
between Ga and H atoms than those between transition metal and hydrogen atoms.

Conclusions of this thesis are summarized in Chapter 5.
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Chapter 2
Theoretical Investigation of Solid Solution States of Ti_..VH,

with the Cluster Expansion Method

2.1. Introduction

Titanium-vanadium (Ti-V) based alloys, which are promising hydrogen storage materials,
can absorb at most 4 mass% H, via a two-step hydrogenation process, namely (1) from alloys to
monohydrides and (2) from monohydrides to dihydrides [1-5]. One obstacle to practical application
of Ti-V based compounds is the phenomenon known as “dead storage”, where a part of the stored
hydrogen cannot be released from the hydride. This happens even after a few hydrogen
absorption-desorption cycles, resulting in lower storage capacities than the theoretical value [6,7].
Based on investigations of V-4Cr-4Ti alloys, Ohnuki ef al. suggested that hydrogen can be trapped
by lattice defects, dislocations, vacancies, and voids [8]. Characterization of atomic-scale structures
such as extended defects, ordering of metal-atom configurations, and hydrogen sites in host
materials, particularly after degradation, is thus an important step in understanding the mechanisms
resulting in dead storage. Recently, transmission electron microscopy (TEM) has enabled direct
observation of hydrogen atoms in metal hydrides [9], but this is limited to the case of fully
hydrogenated crystalline samples. Because of the difficulty in determining H distributions of
nanometer scale, little is known about the hydrogenated states of even simple Ti-V binary
compounds.

In the Ti-V-H system, Ti,..V.H,, metal atoms form a bcc structure in the case of the

non-hydrogenated alloy (y = 0), while dihydrides (y = 2) have a CaF,-type (fluorite) structure in

11



which metal atoms and hydrogen atoms occupy fcc sites and interstitial tetrahedral sites,
respectively [2,10]. During hydrogenation, the bcc unit cell of the alloy anisotropically expands
along the ¢ axis with increasing hydrogen content. Although monohydrides Ti;.,V.H has been
observed to form during hydrogen absorption possibly with a bct metal sublattice, the distribution
of metal atoms and specific sites occupied by hydrogen have not been adequately determined
[2,11,12].

The distribution of Ti and V atoms on the metal sublattices of other compositions are also
not known on the atomic level, though it is possible that they affect trapping of hydrogen atoms.
One of the reasons for this is that Ti and V are hard to distinguish by X-ray diffraction spectroscopy
because, as neighboring elements of the periodic table, their diffraction patterns are very similar.
Even when neutron diffraction is used, V positions are difficult to determine because of the small
coherent scattering length. The previously obtained phase diagram of Ti-V binary alloys (y = 0)
shows the existence of a bce solid solution above 900 K and dissociation behavior to a Ti-rich hep
phase and V-rich bec phase at lower temperatures [10]. Some X-ray diffraction and nuclear
magnetic resonance (NMR) experiments have revealed nano-scale precipitation of a Ti-rich phase
of Ti-V alloys and hydrides in various composition [13—18]. Combining theoretical cluster model
analyses with measurements of diffusion constants, neutron diffraction, and NMR suggest local
clustering of Ti and V occurs in Ti-V alloys and hydrides [12,19-22].

In order to examine the solution states of alloys and other crystalline systems theoretically,
density functional theory (DFT) calculations combined with the cluster expansion (CE) method
[23,24] have been widely used. This methodology provides a way to estimate energies for an
enormous number of configurations with the accuracy similar to DFT by performing only a
relatively small number of DFT calculations within error of few meV in an optimal case, and

thereby to identify new ordered structures and calculate phase diagrams [25-29]. The solution states
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of Ti-V binary alloys were studied by Chinnappan et al. [30] using the CE method to verify the
experimental phase diagram. They showed no preference for the formation of ordered structures but
the complete phase separation into hep-Ti and bee-V phases, consistent with experiments [10]. For
the Ti-H system, Xu et al. [31] investigated the phase stabilities of TiH, for 0 <y < 2 using the
CE method for various H-vacancy configurations. To the best of our knowledge, there are no
previous CE works on the solution states in the V-H system or hydrated Ti-V. A systematic study of
the Ti-V-H system, which should provide useful information for understanding the hydrogenation
properties, requires an identification of configurations of metal and H atoms.

In this study, we investigate solid solution states of Ti-V binary dihydrides, Ti,.,V.H,,
using first-principles calculations together with the CE method, which are ideal models of fully
hydrogenated state (y = 2) possibly different from experimental situation where y is slightly less
than 2 [5,32,33]. The slight reduction of H atoms is considered to have negligible effects on the
configuration of metal atoms when y~2. Compounds of all compositions, including the end
members, are assumed to form CaF,-type structures with H atoms on tetrahedral sites, so that it is
possible for ordered structures to form for each composition. Our results indicate that the ground
states of these dihydrides have layer-type ordered structures over the entire composition range. We
investigate various characteristics of these ordered structures, such as their lattice constants,
short-range order, and order-disorder transitions. Since the configuration of the metal atoms may
affect hydrogenation and dehydrogenation behavior, we also examine the effects of ordering on

bonding strength of H atoms within the dihydrides.
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2.2. Computational methodology

2.2.1. Cluster expansion (CE) method

In order to search ground-state structures of Ti,,V,H,, formation energies of possible
configurations of Ti and V atoms on an fcc sublattice need to be calculated. The number of possible
configurations in an arbitrary cell depends on the number of atoms within the cell. The total number
of independent configurations of binary alloys increases rapidly as the number of atomic sites
increases. For example, a total of 154,156 configurations are possible in our case for numbers of
sites from two to sixteen. DFT calculations of such an enormous number of configurations are
currently impractical.

The CE method is used to calculate the energy, E, in a configuration space based on

summation of interactions according to the following polynomial representation [23,24]:

E=V0+ZVL-GL~+ZVUGL~0]- +ZVl'jkO'i0'jO'k+'“ ) (1)
i i,j

ik
where o; is an Ising-like configurational variable for a particular lattice site 7, taking a value of +1
or -1 depending on the atom species, in this case, Ti or V. Polynomial coefficients such as V;jx
represent interaction energies between a given number of particles. Each term on the right hand side
of Eq. (1) forms a figure composed of a combination of # interacting atoms on lattice points
(vertices), called an n-body cluster (where n =0, 1, 2, ...). For example, pair clusters (n = 2) are
composed of atom pairs with arbitrary interatomic distances. Assigning each cluster type a cluster

index a, Eq. (1) can be rewritten as

E=2Va-cpa, )

where V, is called the effective cluster interaction (ECI) and «, is the correlation function of

cluster type a. ECIs of symmetrically equivalent clusters are the same for a given solid solution
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composition. If the number of symmetrically equivalent clusters of cluster type a is N, the

correlation function becomes

1
(pazN—a‘Z O'io'j LER (3)

By optimizing a set of clusters and ECI values to represent a series of trial DFT energy data in a
given configuration space, one can obtain energies for an enormous number of possible
configurations using Eq. (2) with an accuracy close to that of DFT calculations when suitably
optimized EICs are used.

The CLUPAN code [34] was used to search for all possible configurations of metal atoms
in CaF,-type Ti,.,V.H, structure models of a given periodic cell size. The primitive cell of the
CaF,-type structure contains one metal atom and two H atoms, and this was used as the basic cell
from which derivative (supercell) structures were constructed. We selected 64 clusters with up to
five-body interactions (6 pairs, 23 three-body, 16 four-body, and 17 five-body clusters) as candidate
components. The ground-state structures were searched for from 154,156 structures, each of which
contained between two and sixteen metal atoms in the unit cell. ECIs were determined by a
least-squares fitting using Eq. (2) to the energies of sample structures obtained from DFT. The suite
of clusters used to represent the total energies was optimized using a genetic algorithm (GA)
[35,36] and the leave-one-out cross-validation (CV) score [26,37,38]. Ground-state structures were
identified from the convex hull of formation energies calculated from CE energies plotted as a
function of composition.

In general, ECIs depend on the number of sample structures used in the DFT calculations
(Nprr) and the total number of clusters (Nejusers) Used to describe them. The CE error can be reduced
by carefully selecting structures for trial DFT calculations. In this study, ECIs were determined

using the following two steps, (i) initial optimization, and (ii) optimization combined with
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ground-state searching. In step (i), ECIs were optimized using DFT-calculated energies of sample
configurations selected from all possible configurations with relatively small unit cells. We selected
structures from 2,279 non-equivalent configurations containing up to ten metal atoms in
conjunction with the cluster analysis of structure populations (CASP) method [39]. According to
this method, configuration space is divided into smaller spaces by using characteristics of pair
correlation functions. The CASP method is of use in selection of structures for DFT calculations
efficiently and properly. An example of the investigation of MgO/ZnO applying the CASP method
was introduced in the article [27], and detailed information of the CASP method on the current
system is described in the Appendix A. The dependencies of CV scores on Nppr and Nejyseers WeTe
calculated, and the optimized ECIs were obtained as ones with converged CV scores. We called
these ECIs as “initial ECIs”, because they were used as the starting point of the following procedure.
In step (ii), CE energies of an extended set of 154,156 configurations were calculated using the
initial ECIs, and ground-state structures were identified. To improve the accuracy of ECIs further,
when new ground-state structures were identified, they were added to the DFT structure sets, and
then the cluster sets and ECIs updated. This step was repeated until the predicted ground-state

energies converged.

2.2.2. Computational details of DFT calculations

Electronic energy calculations were performed in the framework of DFT using the
projector augmented-wave (PAW) method [40,41] and the generalized gradient approximation
(GGA) [42,43] as implemented in the VASP code [44,45]. A cut-off energy for the plane-wave basis
set was 400 eV for all calculations. Brillouin-zone integration was carried out based on the

Monkhorst-Pack scheme [46] and k-point spacing was set at less than 0.15 A™'. In addition to atomic
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positions, both cell shape and volume were fully relaxed until the residual forces became less than

0.02 eVA™.
Formation energies of Ti-V dihydrides were calculated using the formula

AEf(x) = E(Ti;_xVyH; ) — (1 — x)E(TiHy) — xE(VH,), 4
where E(TiH,), E(VH;), and E(Ti;_,V,H,) are the calculated total energies of TiH,, VH,, and
Ti-V binary dihydrides, respectively. Contributions from phonon vibrations were not taken into
account. The calculated heat of formation of TiH, (x = 0) of -1.466 eV/f.u. is confirmed to be

comparable to experimental one of -1.279 eV/f.u. [47], and close to the previously reported value

[48].
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2.3. Results and discussion

2.3.1. Initial optimization of ECIs

In order to determine initial ECIs in step (i), we checked the convergence of CV scores as
a function of Nppr and N jers, the results are shown in Fig. 2.1. The dependence of the scores on
Npgr for the case of Nesters = 25 in Fig. 2.1(a) shows that the CV score converges within about 1.8
meV/f.u. for Nppr = 150. In addition to this analysis, we checked the convergence of CV scores
for each group of the divided spaces (CV-CASPs) according to the methodology described in the
Appendix A. Based on the CASP method, 2,279 independent configurations was divided into ten
groups, and initial ECIs are determined in the region Nprr = 280 from the convergence of values
of CV-CASPs. Figure 2.1(b) shows the dependence on N jsers for the case of Nprr = 280. Here, the
CV score decreases with increasing Nopseers, and converges for Nepsers = 25. Based on this analysis,

we used 280 configurations for DFT calculations and 25 clusters to determine the initial ECIs for

configuration spaces spanning relatively small cells.
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Fig. 2.1. Cross-validation (CV) scores as a function of (a) the number of DFT structures, Npgr,

when the number of clusters, Nejusters, 1S 25, and (b) Nejusters When Npgr = 280.
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2.3.2. Ground-state searching

The configuration space was expanded from 2,279 configurations in the previous step to
include 154,156 configurations with up to 16 metal atoms. Starting from the initial ECIs obtained
using Nppr = 280 and N users = 25 in the previous step, the sets of used clusters and configurations
were optimized again until the predicted ground states converged. As a result, the optimized ECIs
were constructed using Nppr = 354 and Njuseers = 46 (null, point, 6 pairs, 11 three-body, 14 four-body,
and 13 five-body clusters). The obtained formation energies are plotted in Fig. 2.2(a).

Nine stable ground states were identified for compositions x = 1/16, 1/8, 2/7, 1/3, 2/5, 6/13,
1/2, 2/3, and 7/9 in the Ti,.,V,H, system. Unit cells of the 9 ground states are shown in Fig. 2.2(b) as
supercells of the CaF,-type conventional cell, which are transformed from the original supercells of
the CaF,-type primitive cell. They exhibit characteristic layered structures in which each layer is
composed of a single component, i.e., Ti or V, only. In Fig. 2.2(b), the stacking direction is parallel
to the ¢ axis. These structures are labeled GS1, GS2,..., GS9 in ascending order of x. Details of the
ground-state structures are listed in Table 2.1, where “Supercell size” indicates the number of
CaF,-type conventional unit cells, and “Stacking sequence” indicates the stacking pattern of Ti and
V layers along the ¢ axis. For example, Til5-V1 means the repeating unit is composed of 15 Ti
layers and one V layer. In addition, the supercell of GS3 is described as [Ti5-V2] x 2, meaning it

contains a double stack of 5 Ti layers and a V bilayer.
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Fig. 2.2. (a) Formation energies of all symmetrically independent structures of Ti;_.V,H,, calculated
using the cluster expansion method, and (b) crystal structures of the ground states. Red filled
rhombuses in (a) show the nine ground state structures labeled GS1-GS9, and the two end members,

TiH, (x = 0) and VH, (x = 1).
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Table 2.1. Structural parameters of the predicted 9 ground states (GSs). “Supercell size” indicates
the size of the GS cell in terms of CaF,-type conventional cells. Most GSs except for GS9 consist of
Ti and V layers, where coordinates of V atoms are indicated by labels M1 = (0, 0, 2s5/2S5,), M2 =
(1/2,1/2, 25/28,), M3 = (0, 1/2, (2s+1)/2S,) and M4 = (1/2, 0, (2s+1)/2S,) for integer s. For GS9,
coordinates of Ti atoms in the conventional cell are given explicitly because Ti-V-mixed layers exist

between V bilayers.

Supercell size

Compound X Positions of V atoms Stacking sequence
AR Sy x S

GSl1 1/16 Ix1x8 M3, M4 with s =7 Til5-V1
GS2 1/8 1x1x8 M1, M2, M3, M4 with s =7 Ti14-V2

M1, M2 withs=3,6 .
GS3 2/7 1 x1x7 M3, M4 with s = 2. 6 [Ti5-V2]x2
GS4 1/3 I1x1x3 M1, M2, M3, M4 with s =2 Ti4-V2

M1, M2 withs =2, 4 .
GS5 2/5 Ix1x5 M3, M4 with s = 1.4 [Ti3-V2]x2

M1, M2 withs =2, 4,6, 8, 10, 12 . . .

GS6 6/13 1x1x13 M3, M4 withs= 1. 3. 5. 8. 10, 12 [Ti3-V2-Ti2-V2-Ti2-V2]x2
GS7 1/2 Ix1x2 M1, M2, M3, M4 with s = 1 Ti2-V2

M1, M2 withs =1, 2 .
GS8 2/3 Ix1x3 M3, M4 with s = 0, 2 [Til-V2]x2

Ti: (0, 0, 0), (0, 1/2, 1/2),

GS9 7/9 3x1%3 (1/3,0,0), (173, 1/2, 1/2), [Til’-V2]x2

(1/2,1/2,0), (1/2, 0, 1/2),
(5/6, 172, 0), (5/6, 0, 1/2),
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All ground-state structures, except for GS1, contain bilayers of V. For example, the
dihydride with x = 1/2, Tig sV sH,, is most stable when it has a structure consisting of alternate Ti
bilayers and V bilayers. This is known as a Z2-type structure. We also checked the lowest energy
structures for all compositions considered, and found that most of these structures form similar
layered structures including V-bilayers. The GS1 structure (x = 1/16) contains only a V monolayer
due to the constraint imposed by the number of V atoms. Because the upper limit of the number of
metal atoms is 16 in the present CE analysis, it is impossible for the 16-metal-atom cell with x =
1/16 to contain a V bilayer. In order to examine the preference for V bilayers, we calculated the
DFT energy of the same composition using a 32-metal-atom cell composed of 30 Ti layers and a V
bilayer. Difference between the energies of the 32- and 16-metal-atom cell was found to be less than
1 meV/f.u., indicating that monolayers and bilayers are essentially equally stable for this
composition. For the purpose of better understanding of those long-range ordered structures, it
would be interesting to apply reciprocal-space CE methods suitable for the analysis of long-range
ordering. On the other hand, in the V-rich region of the composition space, while the GS8 structure
with x = 2/3 also contains V bilayers, the GS9 structure has mixed Ti-V layers sandwiched by V
bilayers, as shown in Fig. 2.2(a). These results indicate a preference for Ti;,V,H, to form structures

containing V bilayers over a wide range of composition, especially for Ti-rich compositions.

2.3.3. Analysis of ECIs

The characteristic layered structures evident in most of the 9 predicted ground-state
structures are considered to reflect the used ECI sets derived from DFT computations with Npgr =
354 and Ngjyeers = 46. Here, the maximum number of vertices in a cluster was five. Their cluster

indices can be described using the notation o = (m, n), where n specifies the cluster among
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clusters with the number of vertices, m; these are normally located in an order of increasing “size”
or decreasing “compactness”, which is the method used here. For example, (2,3) means a pair
cluster with atoms on third-nearest neighbor sites. The smaller 7 is, the closer the pair atoms are to
each other in the cluster. In the case of the cluster with no vertex (m = 0) or single vertex (m = 1), n
is 1 for binary alloys. For clusters with m > 3, the correspondence between index » and cluster
configuration are less clear, and 7 essentially serves as a label only.

Based on the CE energy expression in Eq. (2), clusters with relatively large absolute ECIs
are expected to play a greater role in the stabilization of the ground-state structures. Among the 46
clusters used in descending order, the top 10 clusters in absolute ECI values are (0,1), (1,1), (2,3),
(2,1), (3,4), (2,2), (2,5), (5,13), (4,3) and (2,4). The (0,1) and (1,1) clusters play a trivial role in
stabilizing a specific metal atom configuration for a fixed composition because the ECI of (0,1) is
the energy of a completely random distribution when x = 1/2, and the ECI of (1,1) depends only on
the composition. For simplicity, we ignore these two terms in the rest of the discussion. The
configurations and values of optimal ECIs of the selected clusters are shown in Fig. 2.3. In order to
explore the relationship between those clusters with higher absolute ECI values and formation of
layered structures with relatively low energies, we performed CE analyses using only the small

number of clusters as follows.
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(m, n) (2,3) (2,1) (3,4) (2,2)

Nim, n)

ECI (meV/f.u.)
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Nim, n)

ECI (meV/f.u.)

Fig. 2.3. Configurations of eight clusters with up to five-body interactions in descending order of
their absolute values of effective cluster interactions (ECIs). “(m, n)” indicates the m-body n-th
cluster, and “N,, ,” means the number of symmetrically equivalent (m, n) clusters in the system.

Optimal ECI values are indicated by the rows of “ECI”.

24



Figure 2.4(a) shows the formation energies of Til-V1, Ti2-V2 (GS7) and Ti4-V4 layered
structures of Tiy5VsH; calculated using the clusters shown on the horizontal axis. For example, the
label +(2,3) means that the CE energies are calculated using (0,1), (1,1) and (2,3) clusters. In the
figure, it is seen that the Ti2-V2 bilayer structures become stable compared to other Til-V1 and
Ti4-V4 structures and have energies close to the DFT values when both (2,3) and (2,1) clusters are
included. This demonstrates that pair clusters such as (2,3) and (2,1) enhance bilayer formation
because of the following two effects: (1) the (2,1) cluster with its negative ECI value induces
segregation of each metal species because the total energy decreases when the metal atoms of the
same element occupy nearest-neighbor sites. This segregation leads to formation of layered
structures; (2) the (2,3) cluster with its positive ECI value causes a decrease in energy when atoms
of different elements occupy third-nearest-neighbor sites (as seen in Fig. 2.3), leading to a
preference for bilayer formation.

Although the preference of bilayer formation can be explained by the pair interactions as
shown above, those interactions are insufficient to describe the asymmetric feature about x = 1/2 in
Fig. 2.2(a). For example, GS4 with x = 1/3 does not have symmetrical stacking structure with GSS,

as shown in Fig. 2.2(b). This is because the correlation function of a pair cluster, given by

1
oo = Y o
is symmetrical, i.e., the same whether o; =1 (Ti) and o; = -1 (V)or 0; = -1 (V)and 0; =1

(Ti), so that a convex hull is fully symmetric about x = 1/2. The symmetric dependence on chemical
composition is broken when odd-number-body clusters are added to ECI sets.

To elucidate the contribution of the three-body (3,4) cluster to the ground-state structures,
formation energies of Ti4-V2 and [Ti2-V1] x 2 structures with Ti-rich composition x = 1/3 are

plotted in Fig. 2.4(b). The former is ground-state GS4 of the full ECI set and the latter is the
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structure made by alternation of Ti and V in GS8 (x = 2/3). The result shows the tendency of the
GS4 structure to become stable compared to the [Ti2-V1] x 2 structure when the (3,4) cluster is
included, as similar to the results obtained from full CE analyses using 46 clusters. This

demonstrates the effects of higher-body clusters than three on the preference for V bilayer formation,

resulting in asymmetric shape of the convex hull.
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Fig. 2.4. Formation energies for layered structure models when (a) x = 1/2 and (b) x = 1/3, for

different cluster sets. Red dotted line indicates the DFT energies of the ground-state structure, i.e.,

GS7 for x = 1/2 and GS4 for x = 1/3, respectively.
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2.3.4. Short-range order

The short-range order (SRO) parameter, ogrg, is an index representing local ordering of
metal atoms, and we use it here to probe atomic-level clustering in the Ti,..V,H, system. For an
alloy A;..B;, osro is defined in terms of pair probabilities P, =1 —x and Pg = x [19]:

Ppp =Py + (1 — Pa)osgo , (6)
Pap = Pg — Pgosgo 7)

where P,, is the probability of finding an A atom on a nearest-neighbor lattice site with respect to

a site occupied by an A atom. These probabilities satisfy

Structures tend to phase separate when this parameter is positive, while A-B nearest-neighbor pairs
are preferred in structures with negative values. When the structure is disordered, ogrg 1is zero.
Brouwer ef al. suggested from measurements of the diffusion constant of dilute Ti-V bce hydrides
(y ~ 0) that ogrg is positive and in the range of 0.36 to 0.51 [19]. Ueda et al. extended this to the
study of Ti-V monohydrides (y = 1), and found that oggg = 0.43 £ 0.05, indicating the tendency
of metal atoms to phase separate [12].

In this study, we compared the SRO parameters of all possible configurations for x = 1/2,
i.e., a total of 14,756 independent structures containing up to sixteen metal atoms in the unit cell.
Figure 2.5 shows the relation between formation energy and oggrg. In this figure, we see that
structures with energies less than -10 meV are distributed over the region of oggg > 0. On the
other hand, structures with ogrg < 0 tend to have higher energy. The most stable structure
obtained from the ground-state search (GS7) has osgrg = 1/3. These results suggest that phase
separated structures on the atomic level, including layered structures, is energetically more

favorable than mixed structures for Ti-V dihydrides.
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2.3.5. Order-disorder transitions

In order to estimate the order-disorder transition temperature, 7, of the ordered
ground-state structures identified by CE analysis, canonical Monte Carlo (MC) simulations were
performed for the most stable structure of x = 1/2, i.e., GS7. A 16 x 16 x 16 supercell of the
CaF,-type primitive cell was used, and 2000 MC steps per metal atom were performed at
temperatures between100 and 1000 K to calculate the thermodynamic average after first performing
2000 equilibration steps per metal atom. Figure 2.6 shows the temperature dependences of pair
correlation functions of structures obtained by averaging in MC steps, which are calculated using
Eq. (5) for the first to the sixth-nearest-pair clusters. The correlation functions in the low
temperature region less than 300 K correspond to values of the ordered Ti2-V2 structure. The
absolute values of correlation functions decrease with increasing temperature and its slopes change
abruptly at around 460 K. They asymptotically approach zero in the higher temperature range.
These behavior indicate the transition from the ordered to disordered phase and T.~460 K. Since
the formation energies of the ground-state structures of other compositions are higher than that of
GS7 (x = 1/2), their T, should be lower than that of GS7, i.e., about 460 K. This indicates the
tendency of Ti,.,V,H, to form random solution in contrast to phase separation behavior observed in
the dehydrated case [30], suggesting that the fully hydrated states have a slight responsibility to
macroscopic precipitation of Ti-V hydrides.

Alloying temperatures of Ti-V compounds using typical methods such as arc-melting are
higher than 1300 K. Since the temperatures are significantly higher than the calculated
order-disorder transition temperatures, samples quenched from those elevated temperatures are
unlikely to form ordered structures. It is, however, possible that the predicted ground states will
appear if samples are cooled slowly or annealed at a temperature below 7, for a sufficiently long

time. Ordered structures may also form in the microscopic regions during hydrogen
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absorption-desorption. The latter could be identified experimentally by direct observation on the

atomic level using TEM or characterization of the short-range order parameter as described above.
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Fig. 2.6. Pair correlation functions of TiysV(sH; as a function of temperature, obtained by canonical

Monte Carlo simulations for the first to sixth nearest pairs.
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2.3.6. Comparison of lattice constants

Calculated lattice constants of ground-state structures expressed in terms of the CaF,-type
(pseudo-fluorite) conventional unit cell by dividing the ¢ parameter by the number of stacking
layers, S,, in Table 2.1, are compared with experimental values [2—4,17,49,50] in Fig. 2.7. The
lattice constants of disordered structures were examined by application of the CE method, where a
cell volume was expanded in terms of correlation functions as in Eq. (2). We firstly obtained ECIs
of volumes from the same set of structures and clusters as that used in the formation energy
calculations in Fig. 2.2, and then the volumes of disordered structures were calculated using the
ECIs and correlation functions of a disordered binary alloy, (1 — 2x)™. The calculated lattice
constants of disordered structures, obtained from the cubic root of the volume, are shown by the
black line in Fig. 2.7, and decrease linearly as V content increases in accordance with Vegard’s law.
In contrast, the ground-state structures of Ti-rich compositions exhibit strong tetragonality: the a
and c lattice constants are larger than and smaller than those of disordered models which are
consistent with values reported from experiments. Experimental studies reported non-tetragonal
structures and a similar linear decrease in lattice constants with increasing V content (denoted by
the dashed line in Fig. 2.7) to the calculations of disordered models. It thus appears likely that
disordered structures are formed rather than the ground-state structures when using conventional

synthesis techniques.
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2.3.7. Impact of ordering of metal atoms on hydrogen stability

It seems possible that ordered structures described in the previous sections may change
trapping forces to hydrogen atoms compared to disordered phases. In order to assess the effects of
the ordered structures on hydrogen storage behavior, we calculated the densities of states (DOSs)
and bonding energies of H atoms in dihydrides for the ground-state structures and a random
selection of disordered structures for x = 1/2.

Partial DOSs of each element of ordered structure GS7 and a disordered model
constructed using the special quasirandom structure (SQS) [51] are compared in Fig. 2.8. Here we
used the 2 x 2 x 2 SQS supercell in the unit of a CaF,-type conventional cell. As seen in the figure,
peaks at around -6 eV correspond to hybridization between metal and hydrogen atoms, with only a
slight difference in the shapes of the peaks between ordered and disordered structures. Since shapes
of other peaks are also similar, it is suggested that metal-hydrogen binding states in ordered and
disordered configuration of metal atoms are analogous.

In addition to the partial DOS analysis above, bonding energies of a H atom in a crystal
structure, AE, for both ordered and disordered models were calculated by taking the energy

difference between TiisVi¢Hes and Tii6Vi6Hes cells,
. . 1
AE = E(Ti;j6Vi6Hes) — E(TigeVigHea) + EE(HZ) ) )

where E(H,) is the energy of an H, molecule. H atoms in dihydrides occupy interstitial tetrahedral
sites, so there are four coordinating metal atoms around an H atom, namely, five possible tetrahedral
environments: four Ti atoms, three Ti and one V atoms, two Ti and two V atoms, one Ti and three V
atoms, and four V atoms, which are represented as 4Ti, 3Ti+1V, 2Ti+2V, 1Ti+3V, and 4V,
respectively. Since ordered GS7 has the layered structure containing Ti and V bilayers, three types

of tetrahedrons, 4Ti, 2Ti+2V, and 4V, are possible around an H atom. For the disordered case, we
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examined two types of SQS model, having different coordination environments around H; three
types of tetrahedrons in SQS model 1 and all five types in SQS model 2.

Figure 2.9 shows the relation between AE and the coordination environments around an
extracted H atom. Differences in AE between H atom sites for a type of coordination environment
are less than about 30 meV as independent of the degree of ordering. It is, therefore, considered that
the stability of H atoms is not much affected by the long-range ordering of metal atoms but the local
coordinating environments around the H atoms. We also find in the figure that the bonding energy
decreases as the V content of the tetrahedron increases. Since lower bonding energy of an H atom
means that stronger bonding is created around the atom, our results indicate that H atoms within the
4V nearest tetrahedra have stronger bonding than those within the 4 Ti tetrahedra. This is consistent
with the experimental trend derived from diffusion model analyses based on NMR data [11].

Bonding energy defined in Eq. (9) is based on the assumption that both dihydride and
Tii6V16Hes (or hydride Tiy sV sH, with y = 1.96875) have a CaF,-type structure. Liang et al.
reported heats of formation of the CaF,-type TiH, using first-principles calculations [52], and the
value of bonding energy between Tis;Hes and Tis,He; calculated from their results is 0.855 eV. The
values of bonding energies at 4Ti in Fig. 2.9 are distributed over a range from 0.704 to 0.737 eV,
which are in the same order of magnitude compared with previously reported value. Because
bonding energy decreases as the V content increases, it seems plausible that bonding energies at 4Ti
which are affected by the further-coordinated V atoms are lower than those of the Ti-H system.

In summary, our results show that in this system there is not much difference whether the
alloy is ordered or disordered, in other words, formation of ordered structures instead of disordered
structures does not alter the hydrogenation thermodynamics significantly for Ti-V hydrides with the

H/M ratio close to 2.
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structures of Tig 5V sH,. Energies are measured from the Fermi level.
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2.4. Conclusions

Solid solution states of Ti-V dihydrides have been investigated using first-principles
calculations and the cluster expansion method in order to clarify effects on hydrogen storage
capacities. It is found that the dihydrides form stable solution with 9 ground-state structures
identified from 154,156 candidate structures using 46 clusters with up to five atoms interactions.
Most of the ground states have layered structures containing V bilayers, which are not known
experimentally. Analysis of the effect of clusters on ground-state stability suggests that, while pair
clusters contribute to the preference for layered structure formation, the higher-body clusters
stabilize V bilayers over Ti bilayers. Those layered structures are found to have phase-separation
tendency from analysis of short-range order parameters. It seems that disordered solutions will be
formed under typical synthesis conditions from order-disorder transition temperatures of ordered
ground-state structures, which are estimated from MC simulations to be less than 460 K, and
comparison of lattice parameters with experimental values. The examination of the bonding
energies of H atoms indicates that the bonding strength of hydrogen in Ti-V dihydrides is not
greatly affected by the metal-atom ordering. Our results give an indication that trapping of stored

hydrogen atoms hardly occur in grain interior of the dihydrides.
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Appendix A: Cross-validation (CV) scores from cluster analysis of the

structure populations (CASP)

In Sec. 2.3.1, we described the optimization procedure for deriving electronic effective
cluster interactions (ECIs) based on least-square fitting to density functional theory (DFT) energies.
Structures for DFT calculations were selected from all possible configurations with relatively small
unit cells, which are 2,279 independent configurations containing up to 10 metal atoms in this study.
CV scores measuring the difference between energies in the cluster expansion (CE) and DFT
calculations were used as a measure of accuracy. If structures for DFT calculations are selected
randomly from all possible configurations, they are possibly biased in terms of configurational
characteristics. CV scores, however, are averaged indices of accuracy, so that they are not suitable
to judge the bias in the selection of structures. In order to avoid biased selection, Seko et al.
developed the cluster analysis of structure populations (CASP) method [39]. According to this
method, configuration space is divided into smaller spaces by using characteristics of pair
correlation functions, and the same number of DFT structures is extracted from each group. The
CASP method is of use in selection of structures for DFT calculations efficiently and properly.

We used the CASP method with 2,279 CaF,-type structures containing up to 10 metal
atoms. Correlation functions of 12 independent clusters, namely the null cluster, point cluster, and
10 pair clusters were used for grouping. The structure population was divided into 10 groups
containing 393, 547, 262, 425, 65, 105, 195, 231, 28, and 28 structures. Next, the convergence of
the CV scores with the number of DFT structures (Npgr) and clusters (Nejusters) Was examined. The
same number of structures was chosen randomly from each group. Figure A1 shows the dependence

of CV scores for individual groups (CV-CASPs) on Nppr when Njysers 1S 25. While the total CV
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score almost converges when Nppr = 150 and N pygers = 25 (to within 1.8 meV/cation), CV-CASPs
for each group do not converge. For example, the differences of values of CV-CASPs at Nppr = 100
and 150 are more than 0.5 meV/f.u. in the case of Group 2, 4, 6 and 9. In order to improve
convergence of CV-CASPs, more structures had to be added to the list of DFT calculations. In this
study, we calculated CV-CASPs for Nppr < 280 (the maximal value), and determined to use 280
structures to construct ECIs. Figure A2 shows the dependence of CV scores on Njysiers for Nppr =
280. The CV scores decrease as the number of clusters increases, and converge when Njysters = 25.

We thus concluded that at least 280 DFT structures and 25 clusters are required to determine the

initial ECISs in this step.
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Fig. Al. Dependence of CV-CASPs on the number of input DFT structures, Npgr, for (a) groups 1-5

and (b) groups 6-10 when 25 clusters are used. Total CV scores are also shown.
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Appendix B: A cluster expansion study of solid solution states of Ti,_.V,

B.1. Introduction

Unlike the dihydrides, structures of the end members of Ti-V binary alloys are different:
Ti shows an hep crystal structure, while V has a bec lattice. The previously obtained phase diagram
of Ti-V binary alloys shows the existence of a bee solid solution above 900 K except in the Ti-rich
region, and these alloys show dissociation behavior to a Ti-rich hep phase and a V-rich bee phase at
lower temperatures [10]. There is, however, no experimental information on the phase diagram of
Ti-V binary system below 500 K.

Theoretically, the solution states of Ti-V binary alloys have been studied by Chinnappan et
al. [30] using the CE method to verify the experimental phase diagram via the CALPHAD method.
They conclude that Ti-V binary alloys show the phase-separation tendency in the low temperature
region. In this study, they selected ten clusters for the hcp system and six clusters for the bee system
from pair and three-body clusters to construct ECls, and ground states were searched by comparing
formation energies of about hundreds of possible configurations. In order to examine the effects of
taking on higher-body clusters and much more configurations of metal atoms, we performed the CE

analysis on Ti;.,V, binary alloys based on the methods applied for Ti;_.V.H..

B.2. Methods

The solid solution states of Ti-V binary alloys were investigated using first-principles
calculations together with the CE method based on the procedure applied to Ti-V dihydrides. Since

structures of end members in the Ti-V system are different, the CE analysis was implemented for
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two different systems, i.e. hcp-based or bee-based cells. The ground-state structures were searched
from 90,860 structures in hcp-based system and 154,156 bee-based structures, each of which
contained between two and sixteen metal atoms in the unit cell. In the case of the hep system, we
selected 107 clusters with up to five-body interactions (10 pairs, 33 three-body, 31 four-body, and
31 five-body clusters) as candidate components, while 97 clusters (6 pairs, 25 three-body, 27
four-body, and 37 five-body clusters) were selected for the bee system. The CASP method was also
applied to construct initial ECIs, and 948 hcp and 2,279 bce non-equivalent configurations
containing up to ten metal atoms were selected respectively. After the first optimizations of EClISs,
CE energies of extended sets of configurations were calculated using the initial ECIs, and
ground-state structures were identified. DFT calculations were performed using the same
computational conditions mentioned in Sec. 2.2.2. Formation energies of Ti-V alloys were obtained

using the calculated total energies of hep-Ti, bee-V, and Ti-V binary alloys.

B.3. Results

First, we compared lattice constants of the end structures in the system, hcp-Ti and bece-V,
calculated with geometry optimizations with experimental data. We obtained a = 2.935 and ¢ =
4.653 for hep-Ti, while a =2.950 and ¢ = 4.681 are known from X-ray diffraction measurements
[53]. For bee-V, values of parameter a obtained from DFT computations and X-ray measurements
were 2.991 and 3.030 [54], respectively. The calculated lattice constants are within a range of 1.2 %
from experimentally observed values, and are regarded to succeed in reproduce the experimental
tendencies.

We determined initial ECIs of the hcp system with 144 configurations for DFT

calculations and 30 clusters, and those of the bce system with 369 configurations and 25 clusters.
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Starting from the initial ECIs of each system, the configurational spaces were expanded to include
90,860 hcp-based configurations and 154,156 bec-based configurations, respectively. The optimal
ECIs of the hep system were constructed using Nppr = 398 and Nejysters = 75, and using Nppr = 511
and Npseers = S0 for the bee system.

The obtained formation energies are plotted in Fig. B1 with overlaying plots of hcp-based
(denoted by blue circles) and bee-based configurations (denoted by black triangles). Contrary to the
case of Ti-V dihydrides (Fig. 2.2.), all possible configurations have positive formation energies so
that Ti-V alloys are suggested to exhibit phase separation behavior to hcp Ti-rich phase and bcc
V-rich phase at 0 K. This tendency matches with what Chinnappan et a/. have claimed in Ref. [30].
No preference of forming Ti and V stacking layers is observed in the Ti-V alloy system, which is
contrasting to the Ti-V dihydrides exhibiting preference for layered structures containing V bilayers.
This difference is seemed to be affected by the existence of interstitial H atoms, but further
investigations are required to evaluate the relation between metal-atom ordering and H atoms within

a hydride.
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Chapter 3
Equilibrium hydrogen pressures in the V-H system from

first-principles calculations

3.1. Introduction

Vanadium-based alloys are considered to be promising hydrogen storage materials
because their storage capacities can reach up to 4 mass% and they show good cyclic stability [1-3].
Equilibrium hydrogen pressures, Pezq, of these alloys strongly depend on the compositions [4—10].
Because V can be alloyed with various transition metals, it should be possible to identify
compounds with suitable ranges of P;g for practical applications. Although many experimental
studies have been devoted to elucidating the relation between pressure and composition in many
cases, how P:Zq depends on the composition remains unclear. Theoretical evaluation of P;fg of

these hydrogen storage alloys represents a powerful tool for understanding and controlling the

behavior of ng.

. . . e .
Two main theoretical approaches are commonly used to estimate PHg , Viz.,

semi-empirical approaches such as those based on the CALPHAD method, and first-principles
approaches. With the CALPHAD method, thermodynamic calculations are performed based on
experimental and first-principles thermodynamic data, (the latter substituting for otherwise
unavailable experimental thermodynamic data), to generate pressure-composition-temperature
(PCT) curves. With respect to V-based alloys, Ukita et al. reported a CALPHAD-type analysis of

the V-H system [11], and Kim ef al. expanded this work to V-M-H (M = Al, Co, Fe, Ni) systems
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[12]. On the other hand, there are few reports of first-principles approaches being used to study
V-based hydrides, although they have been applied to the study of metal alanates and borohydrides
[13,14], and PuH, where 2 < x <3 [15]. First-principles calculations require well-defined
structural models of the compound in question before and after hydrogenation. If the crystal
structure or lattice positions of metal and H atoms in such compounds are not known, it is very

difficult to use first-principles calculations to estimate P;g. In this study, we focus on the V-H

system, which is the simplest of the V-based hydrides and has a long history of experimental
measurements.

Pure vanadium metal has a bee structure, while the dihydrides, VH,, a CaF,-type structure.
Between these two end members are some intermediate phases as depicted in Fig. 3.1 [16], with at
least two plateaus appearing in the PCT curve [4,5]. In the intermediate phases, H atoms typically
occupy interstitial tetrahedral (T) and octahedral (O) sites in a bcc lattice as illustrated in Fig. 3.2

[17]. The lower P;fg plateau corresponds to V-VHg s, where VHs is divanadium hydride (DVH).

From X-ray diffraction data, the crystal structure of VHy s is thought to be monoclinic similar to that
of bet [18]. From neutron diffraction experiments, it is known that H atoms in monoclinic VHg s
occupy half the O, sites, labelled O,;, in an ordered arrangement as depicted in Fig. 3.3 [19-21]
(using the VESTA code[22]).

Further hydrogenation of vanadium hydrides to form VH,, corresponding to the higher

Pﬁf plateau, is not well characterized because the boundaries between intermediate phases are

difficult to define. In analogy with many other V-based alloys, e.g., Ti-V and Ti-V-Mn, in which
monohydrides (metal/hydrogen ratio close to 1) are known to form, the higher-plateau region of the
PCT curve for the V-H system is likely VH-VH,, as assumed previously [9,23]. Although the
structure of VH has not been determined directly by experiment, vanadium hydrides with

compositions near to VH are known to form a bet lattice with c/a~1.13 [24]. With regard to H
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positions in VH, while a neutron diffraction study of the V-H phases by Asano ef al. suggested that
hydrogen in VH occupies O, sites [20], a neutron diffraction study by Kajitani et al. found that
signals from H atoms indicate they are not only distributed over O, sites but also over surrounding T
sites [25]. Recently, Miwa ef al. claimed, based on results of molecular dynamics simulations with
machine-learning-derived potentials, that H atoms in VH sit on T sites for long periods of time,
occasionally hopping between the T sites via intermediate O,-site positions [26], resulting in a
spread of H signals as observed by neutron diffraction. However, as suggested by Yagi et al. [27],
there remains the possibility that the large vibrational amplitude of H atoms on O sites induces the
broadened signal. In other words, there is still some uncertainty regarding the positions of H atoms
in intermediate vanadium hydride phases.

In this study, we estimate the equilibrium hydrogen pressures, Peg, of two reactions,

namely (I)vanadium metal to VHy s and (II)VH to VH,, based on a structural search of all possible
T- and O-site configurations of hydrogen atoms using first-principles calculations. This is done by
first exploring the energetical landscape using a relatively large number of unique atom
configurations without including vibrational contributions. Next, the ground-state energies of the
low-energy configurations found in the first step are calculated by including vibrational free

. . e .
energies, from which PHZq are derived.
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3.2. Calculation method

All possible symmetrically independent configurations of hydrogen atoms over interstitial
T and O sites in VHy s and VH are constructed using a 1 X 2 x 2 supercell of the bece conventional
unit cell (using the CLUPAN code [28]). This amounts to 2,111 T-site and 262 O-site configurations
for VHg s, and 12,754 O-site configurations for VH. T-site configurations in VH were constructed
using a 1 x 1 x 2 bec supercell, producing 293 configurations. As a rule of thumb, hydrogen atoms
in transition-metal hydrides are separated by at least 2.1 A, which is known as Switendick criterion
[29,30]. Taking the criterion into account, configurations with H atoms separated by more than 2.0
A were excluded from the candidates. This reduced the number of configurations to be evaluated by
first-principles calculations to 321 T-site and 109 O-site configurations for VHg s, and 10 T-site and
89 O-site configurations for VH. Structural relaxations were performed for these remaining initial
structures. During relaxation, H atoms were able to move to different sites from their initial site,
redistributing over both T and O sites.

Electronic energy calculations were performed in the framework of density functional
theory (DFT) using the projector augmented-wave (PAW) method [31,32] and the generalized
gradient approximation (GGA) [33,34] as implemented in the VASP code [35,36]. A cut-off energy
for the plane-wave basis set of 400 eV was used for all calculations. Brillouin-zone integration was
carried out based on the Monkhorst-Pack scheme [37] and k-point spacing was set at less than 0.15
A" In addition to atomic positions, both cell shape and volume were fully relaxed until the residual
forces became less than 0.02 eVA™.

To take effects from lattice vibrations including zero-point vibrational contribution into
consideration, we performed phonon calculations based on finite-difference method as implemented
by the Phonopy code [38,39]. In the phonon calculations, supercells of the unit cell of target

compounds with lattice constants longer than 9 A were constructed. Vibrational free energies were
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evaluated from calculated phonon. In this step, equilibrium structures were optimized until the
residual forces became less than 0.0002 eVA™. Atomic displacement of 0.01 A was used to
construct the dynamical matrix.

We considered the following hydrogenation reactions of the V-H system:
V+1/4H, © VH, (1)
VH + 1/2H, © VH,. 2
Equilibrium hydrogen pressures of these reactions were derived from Gibbs free energies of the

constituent phases. The Gibbs free energy of hydrogen gas under equilibrium conditions,

Gh, (T, P:;l), is expressed as

eq
P,

Gy, (T, PI_‘qu) = Gg,(T) + kgTln Tk (3)
2

where Pf, indicates the standard hydrogen pressure and Gy, (T) is the Gibbs free energy at Pg,.

Using enthalpies (H) and entropy (), G}‘_’Iz (T) can be rewritten in the form

GR,(T) = H{,(0K) + AH, (T) — TS§, (1), @

where the quantities at finite temperatures are extracted from the NIST-JANAF database [40] and
the enthalpy at 0 K is obtained by DFT calculations of H, molecules with ZPE. For the reaction

a+xH, © o, P]_Efj is obtained from the following relation,

po = l(Ga’ —Go) — (Hl?lz (0K) + AHI?IZ (M- TSI(')IZ ) )
H, X

G, and G, indicate Gibbs free energies of vanadium compounds after and before hydrogenation

reaction, respectively. Each of the free energies consists of contributions from static ground-state

energy and vibrational free energy.
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3.3. Results and discussion

3.3.1. Configurations of VH 5 without vibrational contributions

We calculated electronic energies of all VHgs (DVH) structures generated. The
distribution of energies relative to the lowest energy, AEpyy, is shown in Fig. 3.3(a). This plot
includes data for 366 of the 430 configurations; we note that it is possible that the energy of the
same structure is included more than once because different initial configurations can relax to the
same optimized structure during structural relaxation. The structures are labelled DVH-1, DVH-2,
DVH-3...., in ascending order of AEpyy. As seen in Fig. 3.3(a), although a few structures have
AEpyy values less than 10 meV/f.u., the majority are distributed over a range of values from 32 to
52 meV/fu. Hydrogen sites and structural parameters of the 8 most stable structures, DVH-1 to
DVH-8, are summarized in Table 3.1, together with experimental data [18]. In the table, lattice
parameters ao and ¢, for the bct-like conventional cell are listed (see Fig. 3.3(b)). H-atom
configuration in DVH-1 and DVH-2 are depicted in Fig. 3.3(b) and (c), respectively.

The sites occupied by H atoms listed in Table 3.1 show that H atoms in the lowest-energy
structures occupy T sites in all cases except for DVH-6, in which H atoms order on half of all O,
sites, labelled O,; and shown in Fig. 3.3(b) and (c) as grey spheres. In the case of DVH-2, DVH-3,
DVH-4, and DVH-7, H atoms occupy T, sites, which are T sites next to O, sites in the same xy
plane, as illustrated in Fig. 3.3(c) for the case of DVH-2. In DVH-1, however, H atoms occupy T,
sites, which are ordered T, sites uniformly displaced in the same direction from neighboring O,
sites, as illustrated in Fig. 3.3(b). The distribution of H atoms on T sites is similar to that of H in
TipsV20CrsoMos hydrides determined from neutron diffraction by Kamazawa et al. [41], but in the
case of VHy s, similar experiments indicate a broad distribution of H atoms over O, sites.

All structures in Table 3.1 except for DVH-6 were deemed to have pseudo-bcc crystal
lattices. Here “pseudo-bce” means a bee-like cell with co/aq ratio in the range 1.00 £ 0.05. In these
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structures, H atoms only occupy T sites. DVH-6 has a monoclinic crystal lattice with a monoclinic
angle of oy = 90.19, close to a bct crystal structure. The ratio of the lattice constants co/ay of
DVH-6 is about 1.13, which is very different from the pseudo-bcc structures in Table 3.1. This
difference in lattice constants and symmetry is considered to originate from H atoms occupying O,
site in DVH-6, where the H atoms locate on the middle of the V atoms aligned in the c-axis
direction, extending the lattice constant along the ¢ axis.

According to experiment, the structure of VHys has a bct-like monoclinic lattice with a
monoclinic angle of a, = 90.25 with H atoms occupying O, sites [18]. The ratio of the lattice
constants cy/ay is about 1.10, and no bece-like crystal structure has been detected in X-ray diffraction
patterns of vanadium hydrides. These experimental results are in good agreement with model
DVH-6 in Table 3.1. Although the electronic energy of DVH-6 without ZPE is higher than DVH-1
by 12.8 meV/f.u., DVH-6 becomes more stable when vibrational effects are included, as described

in Sec. 3.3.3.
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Fig. 3.3. (a) Histogram of electronic energies of configurations of VH, s measured from the lowest
energy, AEpyy. (b) Positions of H atoms in the most stable structure (DVH-1) and (c) in the second

most stable structure (DVH-2), where H atoms on O, sites are also shown as small grey spheres.
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TABLE 3.1. H sites, lattice type of V atoms, lattice constants, and electronic energies for the 8 stable
configurations of VHg s (DVH). The bottom row contains experimental values. A crystal lattice is
considered “pseudo-bcc” when the ratio of the lattice constants is in the range 1.00 + 0.05. DVH-6
and the experimentally observed structure have monoclinic cells with monoclinic angles of

g =90.19 and 90.25, respectively. H site labels T,, T,;, and O,; correspond to particular (or

ordered) configurations of interstitial H atoms in Fig. 3.3.

. . o Q AE‘DVH
Configuration H sites Structure ay (A) co (A) colag
(meV/fu.)
DVH-1 T, pseudo-bcc 3.092 3.065 0.99 -
DVH-2 T, pseudo-bec 3.077 3.084 1.00 0.7
DVH-3 T, pseudo-bee 3.086 3.073 1.00 2.8
DVH-4 T, pseudo-bee 3.088 3.070 0.99 8.6
DVH-5 T pseudo-bcc 3.085 3.067 0.99 11.8
.. 2.947
DVH-6 O, monoclinic 3.328 1.13 12.8
2.934
3.058
DVH-7 T, pseudo-bec 3.102 1.01 13.0
3.082
3.048
DVH-8 T pseudo-bec 3.147 1.03 13.3
3.046
exp. -
O, monoclinic 3.001 3.309 1.10 -
(Ref. [18])
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3.3.2. Configurations of VH without vibrational contributions

Calculated energies of 70 of the 99 VH configurations with energies below 200 meV/f.u.
relative to the lowest energy, AEyy, are plotted in Fig. 3.4(a). Results for duplicate structures may
be included for the reasons given in the previous section. As with VHgs, the 9 lowest-energy
structures are labelled VH-1 to VH-9 in ascending order of AEyy. Compared with Fig. 3.3(a), the
distribution of energies for VH configurations is wider. There are a small number of structures with
AEyy < 50 meV/f.u. Hydrogen sites and structural parameters of the 9 lowest-energy structures
are summarized in Table 3.1I. Atomic configurations including H sites in models VH-1 and VH-2
are depicted in Fig. 3.4(b) and (c), respectively.

As in the case of DVH, H atoms occupy T sites in all cases except for VH-8, in which H
occupies O, sites. In VH-1, H atoms occupy T, sites, with half of these sites displaced in one
direction within the xy plane from O, sites, and the other half displaced in the opposite direction, as
depicted in Fig. 3.4(b). In VH-2, depicted in Fig. 3.4(c), all H atoms occupy T, sites displaced from
O, sites in the same direction, labelled T,,.

All structures in Table 3.1 except for VH-7 and VH-8 have a pseudo-bcc crystal lattice in
which H atoms only occupy T sites. VH-8 has a bct lattice with H atoms on O, sites, and an
electronic energy higher than that of VH-1 by 53.4 meV/f.u. As in the case of DVH-6, VH-8
becomes more stable than VH-1 when vibrational effects are included. Although no direct
observation of the structure of VH has been reported, VH g is known to have a tetragonal structure
with cp/ay~1.13 [24]. The only bct model in Table 3.1, VH-8, has a lattice constant ratio of
co/ao~1.30, which is not close to the experimental value. A similar cy/a, ratio was known for VH
from static DFT calculations [26]. The lack of agreement between theoretical and experimental
results may be related to the difficulty of precise determination of H sites in monohydrides from

neutron diffraction measurements.
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Fig. 3.4. (a) Histogram of electronic energies of configurations of VH measured from the lowest
energy, AEyy. (b), (c) Positions of H atoms in the most stable structure (VH-1) and second most

stable structure (VH-2), respectively. H atoms on O, sites are also shown as grey spheres.
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TABLE 3.11. H sites, lattice type of V atoms, lattice constants, and electronic energies for 9 stable
configurations of VH. VH-7 has a monoclinic-like cell with a monoclinic angle of yy = 86.0. H

site labels T,, T,,, and O, correspond to particular (or ordered) configurations of H atoms in Fig.

3.4.
. . g g AEvy
Configuration H sites Structure ay (A) co (A) colagy
(meV/fu.)
VH-1 T, pseudo-bee 3.164 3.143 0.99 -
VH-2 T, pseudo-bcc 3.173 3.154 0.99 2.6
VH-3 T, pseudo-bee 3.156 3.160 1.00 3.8
VH-4 T, pseudo-bec 3.149 3.165 1.01 11.6
VH-5 T, pseudo-bee 3.159 3.149 1.00 18.5
VH-6 T, pseudo-bee 3.156 3.175 1.01 20.4
VH-7 (T) monoclinic (3.314) (2.792) (0.84) 42.8
VH-8 O, bet 2.867 3.719 1.30 534
3.143 1.02
VH-9 T pseudo-bcc 3.208 62.2
3.129 1.03
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3.3.3. Ground states with vibrational contributions

In order to examine the effect of vibrational contributions on stabilities of different
configurations, we calculated zero-point energies, Ezpg, for V, VHgs, VH and VH, using
first-principles phonon calculation methods. The structure models used for calculations were V,
DVH-1, DVH-2, DVH-6, VH-1, VH-2, VH-8, and VH,. In VH,, all H atoms occupy all T sites in a
fce lattice. The plot of Ezpg as a function of hydrogen/vanadium ratio in Fig. 3.5 shows that Ezpg
increases linearly as the amount of hydrogen increases, indicating that contributions of ZPE from H
atoms are not negligible. Ezpg of V and VH, are 33 meV/f.u. and 527 meV/f.u., respectively. The
ZPE of hydrogen gas was estimated to be 270 meV by calculating the energy of an H, molecule in
vacuum. These values are in good agreement with previous calculations [42]. The differences in
Ezpp between VH-1 and VH-2, and DVH-1 and DVH-2 are less than 2 meV/f.u. This indicates that
the vibrational contributions from H atoms on T, sites are similar regardless of the exact positions
of the H atoms. The stability sequence of T-site configurations in Tables 3.1 and 3.1I is thus unlikely
to be affected much by including lattice vibrations. On the other hand, the difference in Ezpg
between T-site and O-site structures is large. Values of Ezpg of T-site structures are higher than those
of O-site structures by 40 meV/f.u. for VHgs and 70 meV/f.u. for VH. This indicates that Ezpg
values strongly depend on the coordination environment of H atoms. This trend is consistent with

experimentally-derived magnitudes of ZPE contributions of T- and O-site hydrogen [43].
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Fig. 3.5. Calculated zero-point energies, Ezpg, for different configurations of H atoms as a function

of H/V ratio.
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Figure 3.6 shows plots of total free energies, AFi,;, obtained from the summation of
electronic and vibrational free energies, as a function of temperature for VH, s and VH. The zero of
the energy axis was set at the lowest electronic energy for each composition. The plots show that
O_-site structures DVH-6 and VH-8 are the most stable over the temperature range 0 - 1000 K in
contrast to when vibrational contributions are not included in which case T,-site structures are most
stable. For the other low-energy structures in Tables 3.1 and 3.II, vibrational contributions were
assumed to be the same as those for DVH-1 and VH-2, respectively. According to the
first-principles calculations of the V-H system by Kim e al, a T-site configuration is more
favorable than an O-site configuration even after including ZPE [23]. Moreover, the models used in
their calculations were small and only a limited number of configurations could be searched. Based
on results for our larger supercell and wider configuration search, we find that DVH-6 with H on
O, sites is more stable than O-site models with a smaller cell. These observations highlight the
importance of searching configurations over a relatively wide phase space and including effects of
lattice vibrations when assessing the relative stabilities of atomic configurations of V-based

hydrides.
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Fig. 3.6. Total free energies, AFy, of (a) VHgsand (b) VH as a function of temperature. Energies

are taken relative to the lowest electronic energy of DVH-1 and VH-1 in (a) and (b), respectively.
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3.3.4. Equilibrium hydrogen pressures in the V-H system

In Fig. 3.7, calculated P];‘;q values for the two hydrogenation reactions of the V-H system
(Eq. (1) and (2)) are plotted as a function of inverse temperature. Lines indicate calculated P:g
values while the open symbols show the experimentally measured plateau pressures [4,5]. The
lower and higher equilibrium pressures are shown as blue and red lines, respectively. The most

stable structure of VHg 5, DVH-6, was used to calculate the lower P:g. To calculate the higher Plfg,
both the lowest energy O- and T-site structures were used. The theoretical estimates of Pszq

reproduce the experimental values for the lower plateau particularly well.

Calculated P;g values for the hydrogenation reaction Eq. (2) using the VH-8 structure

with H on O, sites are larger than the experimental values by an order of magnitude. The reason for
this difference may be the assumption that the higher P;S corresponds to the reaction from VH to
VHo,. In Ref. [5], the reaction corresponding to the plateau region was assumed to be the conversion
of VHy g5 to VH,. In addition, some of the H atoms in VH were suggested to be on T sites, while in

VH-8, H atoms only occupy O, sites. To evaluate the effect of different site occupancies on Peg,

values for model VH-1, in which H atom occupies T, sites, reaching to form VH, were calculated.

The results in Fig. 3.7 show that the values of P]_?j are reduced by an order of magnitude compared

with VH-8. The good agreement between the results of VH-1 model, which is higher in energy than
VH-8, and experimental values suggests that H atoms in VH, (0.9 <x < 1) occupy a mixture of O
and T sites, at elevated temperatures.

The procedure described in this paper can be extended to the study of equilibrium
hydrogen pressures in more complex systems such as V-based alloys like Ti-V and Ti-V-Mn. One of
the difficulties of this method, however, is that it is not easy to model disordered solid solutions

with the small model sizes typically used in first-principles calculations. Since vibrational
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contributions have a non-negligible impact on the calculated partial pressures, it is also important to
use some approximations to simplify the handling of vibrational contributions. This methodology is

expected to facilitate systematic and reliable investigation of P;j values for a wide range of

V-based alloys.
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Fig. 3.7. Temperature dependence of equilibrium hydrogen pressures, P;g, for V-VH,s and

VH-VH, reactions, corresponding to the lower and higher pressures, respectively. Lines indicate

calculated values and open symbols indicate experimental values.
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3.4. Conclusions

Equilibrium hydrogen pressures, Pﬁg, in the V-H system were estimated using

first-principles calculations by first searching for low-energy structures among candidate
configurations of intermediate hydrides VHys and VH excluding vibrational contributions. The
lowest-energy configurations were found to have H atoms distributed over T, sites for both H
contents. When vibrational contributions were included, the ground-state configurations were
bet-like structures with hydrogen atoms on O, sites. Zero-point energy, ZPE, has a particularly

strong effect on the ground-state configuration. Theoretical ng values calculated using these

models reproduce experimental values well, although the results for high H contents suggest a
mixture of O and T sites are occupied. Our results demonstrate how equilibrium hydrogen pressures
of V-based compounds can be estimated from DFT calculations by combining configurational
searches with inclusion of lattice vibrations, which should provide useful insights into how to

optimize the hydrogenation behavior of V-based compounds.
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Chapter 4
Equilibrium hydrogen pressures in the Ti-V-Mn systems from

first-principles calculations

4.1. Introduction

Fuel cell vehicles (FCVs) are being developed as new generation environmentally friendly
vehicles, where fuel cells produce electricity by electrochemically combining hydrogen fuel with
atmospheric oxygen. As a hydrogen source, 70 MPa high-pressure hydrogen tanks are mounted on
recent commercial FCVs. There are still difficulties in handling and transporting high-pressure
hydrogen gas, being the obstacles of the wide use of FCVs. Many researchers have investigated
hydrogen storage alloys for use in FCVs [1,2], because these hydrides occupy far less volumes than
compressed hydrogen gas, and most hydrogen storage materials absorb hydrogen gas at lower
hydrogen pressures. Hydrogen storage materials for FCVs have to satisfy many requirements: at
least 3 mass% hydrogen storage capacity under near-standard conditions, favorable initial kinetics,
cyclic stabilities of absorption and desorption, and economical production costs.

Vanadium has been considered to be one of the promising materials, because its storage
capacity reaches at most 4 mass% with fine cyclic stability [3—5]. In spite of these good properties,
there are basically two obstacles in application of V to FCVs. One problem appears in extremely

low equilibrium hydrogen pressures, P];"j, of dehydrogenation from monohydride to metal [6,7].

Griffiths et al. reported the value of the first-plateau at 300 K was about 0.1 Pa. The other is the
high cost of pure V which hinders the practical use of V in FCVs. Because V is alloyed with various

metals, hydrogenation of V-based alloys has also been investigated. Among them, Ti and V form bcc
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solid solution alloys in a broad range of V content [8]. Properties such as P;Zq and hydrogenation

temperature are known to strongly depend on compositions and additional elements [9-16], and
Ti-V-Mn-based alloys are regarded as ones of the promising alloys to apply FCV technologies. In
this study, we mainly focus on Ti; ¢V, ;Mng, alloy, whose structures and hydrogenation properties
have been investigated in detail [17-24].

From experimental studies by Nakamura et al., Ti; (V| Mngo alloy is known to form
disordered bcc solid solution and to show clear two plateau regions in the pressure-composition
(PC) isotherm. As hydrogenation proceeds, bce crystal lattice of metal atoms expands along the
c-axis, and changes into CaF,-type (fluorite) dihydride, Ti;(V;;MngoHs, via interstitial
face-centered-tetragonal (fct) monohydride, Ti; oV MngoH;. Structures of each compound are
depicted in Fig. 4.1 as fcc- or fet-type cells. From the different point of view, the structures are also
regarded as deformed-bet-type cells depicted in Fig. 4.1(a) by green lines. The characteristic point
of this material is that H sites in the monohydride have been determined by neutron diffraction
measurements as shown in Fig. 4.1(b). H atoms in the monohydride occupy interstitial octahedral
(O) sites of fct crystal lattice, which equal to O, sites of the corresponding bet lattice. H atoms in the
dihydrides occupy interstitial tetrahedral (T) sites. Therefore, the monohydride and the dihydride
have NaCl-type and CaF,-type structures, respectively. Storage capacities of Ti; oV Mngo alloy
reach more than 2 mass%, and efforts to develop capacities and to optimize plateau pressures have
been performed. Despite of many experimental efforts, how properties change depending on
compositions is still unclear. Theoretical evaluations are of help in understanding and controlling
the hydrogenation behavior of Ti-V-Mn-based compounds.

The purpose of this study is to investigate the effects of composition on Pﬁg in

Ti-V-Mn-based systems, mainly focusing on Ti; (V. 1Mngy alloy, using first-principles calculations.

Here we employed the procedure introduced in Chapter 3, with additional techniques to treat
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disordered solid solutions. Because the structure of the monohydride is determined, low-energy
structures were no need to be searched in the system. Note that in this chapter, composition of
alloys are indicated in the style containing more than one formula unit for descriptive convenience,
such as Ti; ¢V Mngy of three f.u.. Energy in the unit of eV/fu. is obtained by dividing calculated

energy by the number of metal atoms in the computational cell, as same as the other chapter.

Fig. 4.1. Crystal structures and H sites of (a) Ti; V1.1 Mngo alloy, (b) Ti;oVi1MngoHs, and (c)

Ti; 0V 1.1MngoHs, depicted as fct-type cells.
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4.2. Computational methodology

4.2.1. Estimation of equilibrium hydrogen pressures

Equilibrium hydrogen pressures of hydrogenation reactions of Ti-V-Mn-based alloys were
estimated thermochemically using Gibbs free energies under equilibrium conditions. The
formulation employed here was basically the procedures introduced in Chapter 3, Sec. 3.2. We
considered the following two hydrogenation reactions of the Ti; ¢V, ;Mngo-H system:

1/3(TiyoV1.1Mngo) +1/2H; & 1/3(Tiy V1.1 MngoHs), (1)
1/3(Tiy0V11MngoH3) +1/2H; & 1/3(Tiy V1.1 MngoHe). 2)

P;Zq is obtained from the relation,

Hp
)

= 2(Go — Go) — (H8, (0 K) + AHE, () — TS5, (D)), 3)

where Pf, indicates the standard hydrogen pressure. G, and G, indicate Gibbs free energies of

Ti-V-Mn-based compounds after and before hydrogenation reaction, respectively. Enthalpies (H)

and entropy (S) at Pﬁz are introduced to express contributions of hydrogen gas. These free energies

are decomposed into contributions from electronic energy and vibrational free energy. The third
term in Eq. (3) indicates the suite of thermodynamic quantities of hydrogen gas, and these values
were extracted from NIST-JANAF database [25]. Since zero-point energy (ZPE) of hydrogen gas is
not included in these values, the value of ZPE was estimated by DFT calculations of H, molecules.
Electronic energy calculations were performed in the framework of DFT using the
projector augmented-wave (PAW) method [26,27] and the generalized gradient approximation
(GGA) [28,29] as implemented in the VASP code [30,31]. In order to take into the effects of
magnetism of Mn, spin-polarized calculations were implemented. A cut-off energy for the
plane-wave basis set was 400 eV for all calculations. Brillouin-zone integration was carried out
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based on the Monkhorst-Pack scheme [32] and k-point spacing was set at less than 0.15 A™. In
addition to atomic positions, both cell shape and volume were fully relaxed until the residual forces
became less than 0.02 eVA™.

To include vibrational free energies including zero-point energies (ZPE), we performed
phonon calculations based on the finite-difference method as implemented in the Phonopy code [33].
In the phonon calculations, supercells of the unit cell of target compounds with lattice constants
longer than 9 A were constructed. Vibrational free energies were evaluated from calculated phonon.
In this step, equilibrium structures were optimized until the residual forces became less than 0.0002

eVA™. Atomic displacement of 0.01 A was used to construct the dynamical matrix.

4.2.2. Special quasirandom structure (SQS)

In order to model disordered configuration of metal atoms in Ti-V-Mn-based alloys and
hydrides, special quasirandom structure (SQS) models developed by Zunger et al. [34,35] are
introduced. The SQSs are specially designed periodic cells, which are small enough to implement
DFT calculations, to imitate the average pair correlation functions of completely random models.
The correlation function of a cluster a, which indicates a figure composed of a combination of

interacting atoms on lattice points, is defined as

1
0=, ), 0 )

where N, means the number of symmetrically equivalent clusters of cluster type a. o; is an
Ising-like configurational variable for a particular lattice site i. In the case of a binary alloy, o;
customary takes a value of +1 or -1 depending on the atom species, +1, 0, or -1 in the case of a
ternary alloy, +2, +1, -1, or -2 in the case of a quaternary alloy. The average pair correlation

functions of a completely random model, T2, can be expressed in analytical forms. For a ternary
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alloy A-B-C with compositions x,, xg, and x¢, I1? is expressed as

m

M?[n,m] = \E(XA - xc) f%(l — 3xp) 6]

where n and m take a value of 1 or 2. Contrary to the binary system, plural correlation functions
exist for one cluster in multicomponent system. As indicated in Eq. (5), four types of average pair
correlation functions for a pair cluster can be obtained in a ternary system with combinations of
values of n and m. SQS models are constructed to reproduce values of pair correlation functions to
those of a completely random model as possible. Formulations of 1% of binary and quaternary
systems are available in Appendix C.

In this study, the CLUPAN code [36] was used to generate SQS models. Since the SQS
model with exact composition of Ti; ¢V 1Mngy requires more than hundreds of metal atoms in a cell,
it is not practical to handle such a big model in the DFT scheme. Therefore, we constructed SQS
models with metal atoms less than 108, whose compositions were close but not exactly the same
with the compositions of target materials. Pair correlation functions for up to the fourth pairs of the
fcc sublattice were taken into account to reproduce values of IT2. At least three SQS models were
produced for one target composition in order to compare effects from metal-atom configurations.
Examples of computational models of Ti; ¢V.1Mngo-H system constructed by the SQS technique are
depicted in Fig. 4.2. Each model contains 48 metal atoms and is represented as the 2 x 2 x 3

supercell in the unit of an fct conventional cell.
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Fig. 4.2. Computational SQS models containing 48 metal atoms of (a) Ti; V.1 Mny, alloy, (b)

Ti oV1.1MngoHs, and (c) Tiy0Vi.1MngoHs.
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4.3. Results and discussion

4.3.1. Comparison of lattice constants

Calculated lattice constants obtained with geometry optimizations of SQS models of
Ti;oVi1Mnge alloys and hydrides expressed in terms of the fcc-type conventional unit cell are
compared with experimental values [20] as listed in Table 4.1. In order to decrease an error caused
from differences in configurations of metal atoms, at least three SQS models were generated for
each compound, and calculated values were averaged over these SQS models. As shown in the table,
calculated lattice constants and a crystal shape of the alloy are in good agreement with experimental
data. Although the values of hydrogen/metal ratios in a compound denoted as “H/M” are not the
same, the calculated lattice constant takes a close value with experimental data in dihydrides. In the
case of the monohydride, the difference of H/M values is smaller than that of dihydrides. The ratio
of lattice constants, however, is 0.96 for calculated models, while measurements claim that it is
about 0.92. A c/a ratio of a hydride with H/M of about 1 is suggested to be affected by H sites in
V-based alloys [37]. Although H atoms in Ti; ¢V, ;MngoH; are claimed to occupy O sites in a fcc
lattice from neutron diffraction measurements, there still remains a possibility of H atoms partially
locate not only O sites but also surrounding T sites as suggested in V or Ti-V-Cr-Mo systems
[38,39]. T-site occupation of H atoms results in decrease of a c¢/a ratio. We compared electronic
energies of Ti; oV 1MngoH; with O-site and T-site occupation of H atoms, revealed that T-site
occupation models have higher energies than O-site occupation models by more than 50 meV/f.u..
Therefore, in order to examine this effect, further experimental investigations on H sites in
Ti; oV 1.1MngoH; are required.

SQS models reproduce the lattice constants of disordered Ti;oV;;Mngy alloys and
hydrides within the error of three percent from experimental values. We, therefore, employ the SQS

methodology to deal with Ti; oV, Mnge-based compounds in the following discussions.
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Table 4.1. Structural parameters of Tij oV, Mngy alloy and hydrides. “H/M” indicates the

hydrogen/metal ratio in a compound. Lattice constants are expressed in terms of the fcc-type

conventional unit cell.

Compound H/M a (R) c(A) cla
4.254 2.985 0.70 Calc.
Alloy
0 4.297 3.039 0.71 Ref. [20]
4.020 3.863 0.96 Calc.
Monohydride
0.90 4.143 3.793 0.92 Ref. [20]
2 4.247 1.00 Calc.
Dihydride -
1.73 4.356 1.00 Ref. [20]
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4.3.2. Estimation of ZPE in the Ti-V-Mn-H system
As described in Chapter 3, contributions of lattice vibrations play an important role in

quantitative evaluation of P;;Zq. Ezpe were estimated using first-principles phonon calculations in the

V-H system in Chapter 3, Sec. 3.3.3. On the other hand, it is more intensive tasks to calculate Ezpg
in the Ti-V-Mn-H system, because distributions of metal atoms on the sublattices are claimed to be
disordered, so that SQS models are employed to represent models of Ti-V-Mn compounds. So, in
order to practically evaluate contributions of lattice vibrations in the Ti-V-Mn-H system, we
introduced approximations as follows.

We calculated Ezpg of Tiy oV, MngoHg using the 2 x 2 x 3 SQS supercell in the unit of a
CaF,-type conventional cell and ground-state metal Mn with the space group I43m. Figure 4.3
shows Ezpg as a function of hydrogen/metal ratio for Mn, Ti-V-Mn-H, and V-H systems. Ezpg of
metal Mn and metal V are 41 meV/f.u. and 33 meV/fu., respectively. From the previous DFT study
on the Ti-H and the V-H systems, Ezpg of hep-Ti is given by the value of about 30 meV/f.u. [40].
Because differences in these values are relatively small, we consider Ezpg of metals can be
represented by that of metal V. Ezpg of Tiy ¢V 1MngoHg is 496 meV/f.u., which is lower than that of
VH, by 20 meV/fu.. This value is not large compared to the absolute values of Ezpe. From these
results, we consider the hydrogen/metal ratio has much effect on Ezpg than which type of metal
atoms locates on the metal sublattices, i.e., Ti, V, or Mn. As discussed in Chapter 3, Ezpg increases
linearly as the ratio of hydrogen increases in the V-H system. Therefore, we use values of
contributions of lattice vibrations of metal V and VH, instead of those of Ti; ,V, Mny, alloy and

Ti; 0V 1.1MngoHs.

84



0.6

A V-H ( T site) .
0.5 ' @ V-H (O site) V-H (T sites) .-~
— < Mn
0.4 B . -
é U TiggViaMngHg 7
3 03¢ A .
o " —V-H (O sites)
N 0.2 ) 2 ]
™ x
01 r - o 4
O ﬁ(;’ ] ] ]
0 0.5 1 1.5
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4.3.3. Equilibrium hydrogen pressures in the Ti; (V11 Mngo system

In Fig. 4.4, Calculated P;Zq of the two hydrogenation reactions of the Ti; ¢V, Mnge-H
system were depicted as a function of inverse of temperature. Filled symbols indicate calculated
PSS values while open symbols show experimentally observed plateau pressures [20]. The lower
(first) and the higher (second) plateau pressures are indicated by blue and red plots, respectively.
Two open plots depicted at the same temperatures indicate P;;l of absorption process (higher one)
and desorption process (lower one). In general, the plateau pressures of desorption process are

regarded to be better indicator than those of absorption process, because changes in volumes are

little during desorption. In this system, however, desorption plateaus are tend to be sloped and

vague, so we used P;g of both process as references. In comparison with experimental data,
theoretically estimated P;g reproduces the experimental values with difference by about an order
of magnitude in both plateaus. Therefore, we conclude that the calculated Pg? reproduce the

tendencies of those obtained from experiments, in spite of approximations employed to evaluate
contributions of lattice vibrations.

As an extension to this estimation, we also calculated Pﬁg of the hydrogenation reactions
of other Ti-V-Mn-H systems: TigsV,Mn;-H, Ti;¢VioMn;-H, and Ti;;V;1Mngg-H. From the
experimental report, structures of these monohydrides are known to be the fct lattice with O-sites
occupation of H atoms [19]. SQS models were generated for each compound, and contributions of
lattice vibrations were included by using those of V and VH for alloys and monohydrides, and

Ti; 0V1.1MnyoHe for dihydrides. The calculated Pﬁg of those compounds will be discussed in the

next section.
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Fig. 4.4. Temperature dependence of equilibrium hydrogen pressures, Pezq, for M-MH and

MH-MH, reactions of the Ti; ¢V 1Mngo-H system, compared with experimental values.
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4.3.4. Equilibrium hydrogen pressures in the Ga-doped Tii©Vi.1Mngo systems

compared with the Ti-V-Mn systems

For the purpose of decreasing production cost of V-based alloys, adding Al to Ti-V-based
alloys has been attracting interest. The effects of Al-substitution on crystal structures and
hydrogenation were investigated for materials such as metal V [37], Ti-V [41], and Ti-V-Cr alloys
[42,43], and revealed that Al-doping has strong effects on properties of Ti-V-based alloys. Asano et

al. suggests that Al-substitution in metal V increases Pﬁf, destabilizes hydrides, and changes the

lattice of VHy 5 from bct to bec structure by shifting H atoms around Al from O, sites to T sites [37].

In general, increasing lattice constants of Ti-V-based alloys leads a decrease of P;g. In the case of

Al-substitution, however, the opposite results were observed [41-43]. Yoo et al. proposed this
originates from the difference of types of bonding between metal atoms and H atoms [42]: transition
metals in Ti-V- based alloys usually make metallic bonds with H atoms, while an Al atom tends to
bind covalently with H atoms.

In order to evaluate the effect of doping of other metal element to Ti; (V1 Mngy, we
focused on Ga-doping Ti; (Vi1 Mngo in this study, since Ga is the same family element of Al
Because there are three candidate elements for substitution in Ti; oV, Mnge, SQS models containing
48 metal atoms were generated for three compounds, namely Tig oV, 1Mng9Gayg 1, Ti; oV1.0MngeGag
and Ti; oV 1MngysGay ;. Although these alloys and compounds have not synthesized in experiments
yet, we assumed the structures were the same as those of Ti; oV 1Mnyy, because dopant Ga was

small in amount. The structures of generated SQS models are shown in Fig. 4.5. P;zq of the two
hydrogenation reaction were calculated for each Ga-substitutional system, and the second Plfzq at

350 K are shown in Fig. 4.6. as a function of volumes of dihydrides. These values of Ti-V-Mn
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systems and VH, are also depicted in the figure for comparison.

Fig. 4.5. Computational SQS models containing 48 metal atoms of (a) TigyV.1Mng9Gay; alloy, (b)

Tio_ngiano'gGaO‘lH% and (C) Ti0V9V1.1MIl0,9Ga()‘1H6.
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Fig. 4.6. Dependence of the second equilibrium hydrogen pressures, Pezq, at 350 K on volumes of

dihydrides for V-H, Ti-V-Mn, and Ti-V-Mn-Ga systems.
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In general, interstitial hydrogen storage alloys including Ti-V-based systems show linear

. e . .
relations between PHZCl and volumes of compounds, when H sites and structures are close in these

compounds [3]. As seen in Fig. 4.6, the linear relations are observed in each set of Ti-V-Mn
compounds denoted by red filled plots and Ti-V-Mn-Ga compounds denoted by open plots. The plot
of VH, locates away from those two linear lines. This seems to originate from the different
hydrogenation reaction of V, whose higher plateau reaction has still not clearly determined and
lower plateau reaction is expressed as M-MH, s, not M-MH as in Ti-V-Mn systems. On the other
hand, although we constructed Ti-V-Mn-Ga models having the same structures with
Ti10V11Mnge-H models and apparent structural changes did not observed before/after structural
optimization process, the calculated second plateau pressures are higher than Ti-V-Mn-H systems
by about four orders of magnitude. In spite of the amount of Ga in the compounds, P:j changed
drastically by doping.

To investigate this discrepancy, we analyzed local structures in a cell of Ti; ¢V 1MngoHg
and Ga-doped Ti-V-Mn dihydrides. We focused on the coordination of H atoms around metal atoms,
and depicted the coordination numbers of H atoms around each metal atoms as a function of
metal-hydrogen distance in Figure 4.7. Though the lower figure shows only the case of
Ti1 oV 1.1MngsGag 1 Hg, other Ga-doped systems show the same tendency. As seen in the figure, the
first-nearest-neighbor distances of transition metals and hydrogen are not affected by the
Ga-substitution. Among these elements, Mn makes the shortest bonding with H, then V and Ti in
order. These bond lengths, however, are smaller compared with the first-nearest-neighbor distance
of Ga and H, whose value is about 2.0 A. The second-nearest-neighbor distances of each element
are about 3.4 A, and the difference of metal-hydrogen distances in transition metals and Ga is
smaller than that of the first-nearest-neighbor. Therefore, it is suggested that the bonding state of Ga
with hydrogen is different from those of transition metals, as supposed in the case of Al-doping.
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Because the amount of Ga element is small in the compounds, most H atoms locate on T sites with
almost the same distance from transition metal atoms, while H atoms around Ga are pushed away
from the center of T sites. This introduces the local distortion around Ga atoms, and the Ga-doped
Ti-V-Mn dihydrides are thought to be destabilized. As a result of these phenomena, P:;] of
Ti-V-Mn-Ga systems are suggested to increase apparently compared with Ti; oV ;Mng,

In summary, we calculated P;zq of yet-synthesized Ga-doped Ti-V-Mn systems based on
the assumption that the structures are the same with those of Ti; oV ;Mnge-H system. Calculated

P;f show drastic increases compared with Ti-V-Mn-H systems. These changes are thought to be

caused by the different bonding mechanism with H atoms of Ga and transition metals.
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4.4. Conclusions

Based on the procedures introduced in Chapter 3, we evaluated Pﬁf of Ti-V-Mn-H
systems using first-principles calculations, mainly focusing on Ti; (V| Mngo alloy. We used the
crystal structures of hydrides obtained from experiments to generate computational models.
Vibrational contributions were calculated for Ti;oViiMnooHs. Ezpr of TijoViiMnge and
Ti; oV 1.1MngoH; were represented by those of metal V and VH, based on the assumption that Ezpg of
Ti-V-Mn-H systems increase linearly, and the difference of Ezpr values between V-H and
Ti-V-Mn-H systems are small enough. Predicted P;g from theoretical calculations reproduce the
tendencies of those obtained from experiments in the semi-quantitative way. As an extension, we

calculated Pﬁf of yet-synthesized Ga-doped Ti-V-Mn systems based on the assumption that the
structures are the same with those of Ti; oV, ;Mnge-H system. Calculated P;g show drastic

increases compared with Ti-V-Mn-H systems. These changes are thought to be caused by the

different bonding mechanism with H atoms of Ga and transition metals.
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Appendix C: Formulations of average pair correlation functions of

disordered binary and disordered quaternary systems

The average pair correlation function of completely random models, T2, can be expressed
in analytical forms. For a ternary alloy A-B-C with compositions x, xg, and xc, 112 is expressed
as Eq. (5) in Sec. 4.2.2. In this appendix, I1? of binary and quaternary systems are shown as a
reference.

According to the formulation in Ref. [44], when the number of elements included in the

system is k, 112 can be expressed in the form

M%[n,m] =10} -1}, (6)
where n and m take values of 1,2, ...,k — 1. For example, there are four types of M2 fora pair
cluster in a ternary system (k= 3): 1%[1,1], [12[1,2], T1?[2,1], and 112[2,2]. TI} indicates the
average point correlation function of a completely random model with index #n. Because n takes
integer values up to k — 1, there are k — 1 types of point correlation functions, e.g., one type in
binary systems (k = 2), two types in ternary systems (k = 3), and three types in quaternary systems
(k=4). TI} can be expressed by means of Chebyshev polynomials. We would not discuss details of
mathematical derivation of IT} here, but show the formulae of these correlation functions for
reference. In the binary system A, , By, there is only one type of point correlation function

expressed as

I} = xs — xp. @)

Therefore, I1? can be written as
I%[1,1] = (x4 — xp)>. 3
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In the case of the quaternary system A-B-C-D with compositions x,, xg, Xc and Xxp, there are

three types of 1%, namely

i = \E(4XA+3XB+XC—2), )

M} = —2x, —2x.+1, (10)

3

i = ‘_1(%(4;@4 +3x,+x, —2)+ \E(lm +9x, +Txc —8)]. (11)

As a result, totally nine types of II1? are constructed from the combinations of Eq. (9) - (11).
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Chapter 5

General Conclusion

In this study, we implemented first-principles calculations to investigate properties of
Ti-V-based hydrogen storage materials.

In Chapter 2, solid solution states of Ti-V dihydrides have been investigated using
first-principles calculations and the cluster expansion method in order to clarify effects on hydrogen
storage capacities. It is found that the dihydrides form stable solution with 9 ground-state structures
identified from 154,156 candidate structures using 46 clusters with up to five atoms interactions.
Most of the ground states have layered structures containing V bilayers, which are not known
experimentally. Analysis of the effect of clusters on ground-state stability suggests that, while pair
clusters contribute to the preference for layered structure formation, the higher-body clusters
stabilize V bilayers over Ti bilayers. Those layered structures are found to have phase-separation
tendency from analysis of short-range order parameters. It seems that disordered solutions will be
formed under typical synthesis conditions from order-disorder transition temperatures of ordered
ground-state structures, which are estimated from MC simulations to be less than 460 K, and
comparison of lattice parameters with experimental values. The examination of the bonding
energies of H atoms indicates that the bonding strength of hydrogen in Ti-V dihydrides is not
greatly affected by the metal-atom ordering. Our results give an indication that trapping of stored
hydrogen atoms hardly occur in grain interior of the dihydrides.

In Chapter 3, Equilibrium hydrogen pressures, Pe;], in the V-H system were estimated

using first-principles calculations by first searching for low-energy structures among candidate

configurations of intermediate hydrides VHys and VH excluding vibrational contributions. The
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lowest-energy configurations were found to have H atoms distributed over T, sites for both H
contents. When vibrational contributions were included, the ground-state configurations were
bet-like structures with hydrogen atoms on O, sites. Zero-point energy, ZPE, has a particularly

strong effect on the ground-state configuration. Theoretical P[_fg values calculated using these

models reproduce experimental values well, although the results for high H contents suggest a
mixture of O and T sites are occupied. Our results demonstrate how equilibrium hydrogen pressures
of V-based compounds can be estimated from DFT calculations by combining configurational
searches with inclusion of lattice vibrations, which should provide useful insights into how to
optimize the hydrogenation behavior of V-based compounds.

In Chapter 4, P:f in the Ti-V-Mn-based alloys were estimated as an extension of
procedures introduced in Chapter 3. In this study, we mainly focused on Ti; ¢V ;Mng, hydrides,
whose metal sublattice and H sites are determined from experimental measurements. Because the
difference of zero-point energies between Ti; (V| 1MngoHs and VH, is small, contributions of
vibrational effects on the Ti-V-Mn-H system are considered to be the same as those of the V-H
system. Predicted P;g reproduce the tendencies of experiments. Moreover, we examined P;f‘ in
the Ga-doped Ti-V-Mn alloys in order to evaluate the effects of doping non-transition metals. The
values of P;f? changes considerably by Ga-doping, which seems to be originated from the longer
distance of Ga-H bonding compared to transition-metal-hydrogen bonding.

This study reveals that first-principles calculations are of help in the estimation of P;zq or
structural determination of Ti-V-based alloys and hydrides. The methodologies employed in this
study, however, are not limited to this kind of compounds. It would contribute to the investigations
on searching adequate compositions of hydrogen storage materials for practical applications.

Moreover, the atomic-scale structures such as H sites or local distributions of metal atoms, which
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are difficult to measure by experimental methods, are estimated by means of first-principles
calculations. We believe that this study helps to illuminate the essential properties of Ti-V-based
compounds, and to develop the practical hydrogen storage materials utilized in the hydrogen

economy.
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