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� For the first time, H2 dissociation

energy and reaction equations are

predicted.

� Potential catalysts are identified to

make metal hydrides meet targets

of DoE _2020.

� 4.6 wt% H2 released with <40 kJ/

mol energy when TiF4 & TiF3 are

added to Mg(BH4)2.

� Bond strength analysis explains

the catalytic activity of the tita-

nium fluorides.
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a b s t r a c t

In the never ending quest for clean energy, storing chemical energy in the form of

hydrogen molecules in solid state materials is a premier choice. The release of H2 from the

H-storage (absorbent) material is hindered by the on-set of reaction mechanism which

depends on the energy barrier. In a search for efficient onset (re)hydrogenation tempera-

ture, stimuli like catalysts have drawn more attention in the hydrogen fuel economy. It is

laborious to down-select the aspirant candidates by screening their material properties

and the thermochemical energy which are required for bond breaking. An understanding

on perceptible energies involved in breaking/creating bonds has been obtained using the

novel “Interface Reaction tool”. To enlighten the underpinning catalytic reaction mecha-

nism to the absorbent, the energetics of interactions between the catalyst and the solid

metal hydrides have been derived. For this test study, a leading catalyst TiFx (x ¼ 4,3, and 2)

has been added to the well-studied high gravimetric metal hydrides such as MgH2,

Mg(BH4)2, and Mg(AlH4)2. The reaction equation at ambient condition has been validated

using the total energies from Kohn-Sham density-functional-theory, and the outcome

emphasizes the importance of bonding analysis. Hence, we exemplified the bonding states

of all the TieF derivatives namely TiF4, TiF3 and TiF2 in an effort to elucidate the role of

fluorine for the onset of catalytic reaction. Our detailed analysis of reaction pathways

indicate the vitality of TiF4 as an additive before and after the H2 release. Our work pioneers

the study on often overlooked reaction possibilities at ambient condition. The calculated

reaction energy of less than 40 kJ/mol and 4.64 wt % of H2 release for TiF4 and TiF3
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underscores their catalytic activity and meet the system targets set by DoE for the year

2020. This work presents “significant disclosures” on the hydrogen decomposition mech-

anism and provides a platform for the feasibility study of a new material. This proposes an

innovative methodology for predicting the suitability of a new material for efficient pro-

duction of H2 fuel.

© 2019 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

Solid state hydrogen storage materials play a vital role in

hydrogen fuel economy. In order to achieve the potential

targets set by Department of Energy (DoE) for 2020 [1], research

communities are focusing on the fundamental understanding

of reaction thermodynamics instead of searching for a new

material. The goals set by DoE is reached in NaAlH4 with

maximum 5.6 wt% of H2 released in total through a two-step

desorption reaction. However, only 3.7 wt % of H2 was

released in the first step of reaction which is driven by a

pressure of 0.1 MPa at 30 �C [2].

Nuance of H2 production involves decomposition mecha-

nism, reaction kinetics, and optimum onset temperature

which highly rely on the additives to provoke the process [3].

In order to find out the most suitable candidate among the

existing materials, current research is focused on their low

temperature performance. Attempts aremade to bring out the

underlying basic science to improve the (de)hydrogenation

capacity [4]. It is imperative to find the reaction enthalpy of H2

release that controls the onset temperature of H2 release/up-

take in hydrogen storage materials [5].

The dehydriding process is provoked by the instability of

themetal hydrides resulting in interim productswhich should

be less reactive to satisfy the mobile energy requirements [6].

Upsetting the stability of parent H2 absorbantmaterial is a key

factor in this aspect [7e9]. Vajo et al. [10,11] have proposed

destabilization of LiH and MgH2 by Si system with an accom-

panying high gravimetric H2 release of 9%. However, the high

reaction enthalpy hampers the initiation of such a decompo-

sition reaction. For on-board applications [2] the reaction en-

ergy of � 20e30 (kJ mol�1 H2) along with the hydrogen storage

density ofmore than 6wt %H2 are desired. Therefore research

is driven to find a suitable material that satisfies the above

conditions as well as to understand their reaction energetics.

Moreover, knowledge on reaction possibilities by adding

different additive is needed. This has motivated us to pursue

in this direction.

Adding catalysts is a good contender. For example, the role

of MgH2 as a catalyst when added to LiBH4 [12,13], NbF5 added

to MgH2 [11], and other such materials [14,16e19], have been

investigated. In the case of MgH2, 7 mol % of the additive NbF5
and TiF3 yield fast dehydriding process, whereas for NaAlH4,

TiF3 is better compared to TiCl3 [20]. The transition metal

added metal hydrides [21] are found to instigate the decom-

position temperature to 40 �C. Moreover, fluorination was

shown [14,15] to have a stronger influence on the MgH2

decomposition process than chlorination as the former re-

duces the bond strength of the metal hydrides. Since the af-

finity of transition metal cations toward hydrogen is high
R, Elucidating reaction e
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[22,23]and Ti exists in its highest valence state of Ti4þ, TiF4
provokes the decomposition mechanism at reduced temper-

ature. Thus, transition metal based catalysts have started to

gain prominence.

When TiFx (x ¼ 4, 3, 2) is added to MgH2, Mg(BH4)2, and

Mg(AlH4)2, it plays a dual role: (i) reduces the on-set temper-

ature and (ii) increases the kinetics of hydrogen loading/

unloading. Recent studies have heralded that the TiF4 added

metal hydrides help in the efficient (de)hydrogenation process

[24,25]. When TiF4 is added, the kinetics of MgeH2 and release

of hydrogen (desorption mechanism) take place at reduced

temperature [26]. Metal-hydrogen bond energy has been

decreased by the catalysts and accordingly the desorption

temperature of MgH2 is reduced. Besides, the prolonged cat-

alytic activity relies on covalent bonding which ensures the

binding force necessary for catalytic activity [27]. X-ray

photoelectron spectroscopy (XPS) analysis by Jain et al. [24],

elucidated the potential importance of Ti4þ valence state

compared to the lower valence states of titanium fluorides

and hydrides which shows better catalytic activity [28e30].

The XPS study [24] further showed that, the enhanced

hydrogen production is due to the formation of MgF2 com-

pound during the decomposition mechanism.

TiF4 takes precedence over other catalysts because of its

lower bond cleavage energy. This underscores the necessity of

higher valence states to kindle the reaction mechanism. The

influence of TiFx additive onto themagnesium hydrides for H2

release have been studied experimentally at different tem-

peratures and pressures [24]. Further the intermediate com-

pounds formed at the particular experimental condition have

been studied with the aid of XPS. However, the possible re-

action pathways and the reaction energy of TiF derivatives

with the host magnesium hydrides have not been studied yet.

Owing to the large number of candidates involved and the

possibility of various ratios of their compositions, experi-

mental studies alone can not provide reaction pathways. In

this perspective, theoretical approach could be helpful in

describing the nature of chemical reactions happening be-

tween the chemical entities and phase stability.

As a first step toward the direction of understanding re-

action possibilities, the intrinsic mechanical strain of the

fluoride species of titanium (TiFx; X ¼ 4,3,2). We have been

predicted from quantum mechanical density functional the-

ory (DFT) based studies [31]. This shows the additive TiF4 could

survive the pressure generated by themild ballmilling and the

kinetics of H2 release which involve reasonable application of

strain [32]. TiF4 has significantly softer mechanical properties

than the other TiF derivatives.

Though non-toxic TiF4 has been in vogue for H2 produc-

tion [33,34], dentistry [35e37], and in Ti powder producing
quations of TiFx (x ¼ 4,3,2) catalysts for hydrogen storage appli-
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industry [38], its fundamental properties are yet to be un-

derstood. Hence, DFT is leveraged for extracting atomic scale

understanding of the materials, and new strategies to

improve their properties are suggested. In addition, we have

applied the interface reaction concept in order to explore the

sustainable, intermediate reactions. In this work, we have

found out the transient species formed during the destabi-

lization of metal hydrides, and their favorable thermody-

namic reactions.

Here we focus on the possible decomposition products of

TiFx (x ¼ 4, 3, and 2) upon adding to magnesium hydrides

namely MgH2, Mg(BH4)2, and Mg(AlH4)2. Further, deep insight

into the chemical bond stability and interaction strength of

the TieF bonds are provided using Crystal Orbital Hamilto-

nian Population (COHP) analysis. The influence of F on the

properties of TiFx has been studied by extending the charge

density investigation to the lower valence states of titanium

fluoride.
Methods

Computational details

Quantum mechanics based DFT simulation is performed

using the quantum engine Vienna Ab-initio Simulation

Package (VASP) [39,40]. The projected-augmented-wave (PAW)

method with the Perdew, Burke, and Ernzerhof (PBE) param-

eterization has been employed to treat the exchange and

correlation functional [41]. The plane wave cut-off energy of

550 eV is used with 4 � 4 � 2 Gamma centered Automatic k-

point meshes. For TiF3 and TiF2, spin-polarization was

included in the calculation. The projected Crystal Orbital

Hamiltonian Population (pCOHP) has been derived using the

program “LOBSTER- Local-Orbital Basis Suite Towards

Electronic-structure Reconstruction” [42].

The decomposition reaction has been computed from the

“Interface Reactions” tool [43] which utilizes the phase dia-

gram based formulation proposed by Richards et al. [43] to

find the reaction pathway. Usually, the phase diagrams de-

pict the set of compounds which are involved in a reaction.

The nearest neighboring phases between the host com-

pound and the additive have been extracted from the phase

diagram. In this method, the ground state formation energy

has been extracted from experimental values available in

Kubaschewski [44] or NIST-JANAF thermochemical [45,46]

tables. If the experimental formation energy of a material is

not listed in the above mentioned tables, the theoretical

formation energy reported in the Materials Project database

is used instead. In the present study, the reaction pathways

are derived based on the phase diagram of quaternary

TieFeMgeH, multinary TieFeMgeBeH, and TieFeMgeAleH

systems under controlled conditions. For exploring all

possible reaction pathways, the ground state energies of the

initial and target materials are calculated by setting the ac-

curate DFT parameters. In addition, the formation energy of

all the interim compounds involved in various reactions are

also calculated. Thus finding the most feasible reaction

pathway is ensured.
Please cite this article as: Jebasty RM, Vidya R, Elucidating reaction e
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Results and discussion

Crystal structure

Titanium tetrafluoride takes orthorhombic symmetry [space

group no. 161 (Pnma)] with the columnar structure of poly-

meric fluorine bonds [47]. TiF4 has three different Ti4þ sites,

each site is bonded to six F atoms forming corner-sharing TiF6
octahedra which are tilted with angles ranging from 160 to

171�. There is a spread of TieF bond lengths ranging from 1.7

to 2.0 �A [31]. The structural findings show that the three

different Ti sites are bonded with twelve inequivalent F sites.

We have classified the F-site, as F-apical (Fa), F-single-bond

geometry (Fs), and F-linear bond geometry (Fl) based on its

bonding toward the Ti atom. The apical Fa ions are connected

to the single Ti4þ sites as do the Fs-sites. The remaining fluo-

rine in the Fl position make three linear bonds by sharing two

Ti4þ sites as shown in Fig. 1. TiF3 takes up trigonal rhombo-

hedral structure of space group R3c with octahedral coordi-

nation. TiF2 crystallizes in the cubic Fm3m space group. It

forms hexahedron with eight equivalent F atoms. The crystal

structures were described in detail in Ref. [31].

Chemical reaction of TiFx-added-magnesium hydrides

DFT as a source of ground state chemical potential, harnesses

fundamental understanding on the ground state properties of

materials. It allows one to find possible phases during the (de)

hydrogenation process from the ground state chemical po-

tential of the reactants involved. In an effort to improve the

theoretical understanding of dehydrogenation reaction, we

have delineated reaction equations and the intermediate

chemical species that are stable at 0K in Table 2. Earlier, for

devising these reaction equations, formation energies of re-

actants, catalysts, and the final products are calculated and

given in Table 1. Here, we are focusing on the reaction possi-

bilities for dehydrogenationmechanismwhen TiFx is added to

MgH2, Mg(BH4)2, and Mg(AlH4)2. Similar to previous studies

[48,49], the calculated weight percentage of H2 release using

the gravimetric density formula is also given.

For the first time, we are reporting the chemical reaction at

different molar ratios of TiFx catalyst with the target materials

MgH2, Mg(BH4)2, and Mg(AlH4)2. The calculated theoretical

gravimetric density of magnesium hydrides are 7.09%, 12.96%,

and 8.51% for MgH2, Mg(BH4)2, and Mg(AlH4)2, respectively.

The results are in good agreement with the DFT results

generated using the Materials Project database [50]. For the

sake of comparing our calculated reaction energies with other

published works, it is also given in the units of kJ/mol. The

experimental reaction energy concerns the thermodynamic

energy at reaction temperature whereas our theoretical

values correspond to that at zero kelvin. The positive sign

implies the capability of the material to store hydrogen, and

the negative sign corresponds to the release of hydrogen.

The reported chemical energy of the studied systems of our

interest clearly points out the energy necessary to initiate the

dehydrogenation process. For instance, when the additive TiFx
is added, five favorable dehydrogenation pathways have been
quations of TiFx (x ¼ 4,3,2) catalysts for hydrogen storage appli-
1016/j.ijhydene.2019.11.187
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Fig. 1 e Cyclic bonding representation of TiF4.
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observed for MgH2. When MgH2 is combined with TiF4, it

readily decomposes into interim products MgF2, TiH2 with

some release of hydrogen. This may be because ionic bonding

in MgH2[51] is broken and due to electronegativity difference

MgH2 immediately takes up fluorine atoms with the release of

hydrogen. Our calculated chemical reaction energetics, Eqns

(1)e(3) shows that TiF4 has better catalytic activity with

MgH2 and helps to form the active species, TiH2 and MgF2 (see

Eqn. (1)) in agreement with the XPS study(Ref [24]). As per Eqn.

(1) for a maximum release of 1.12 wt% of H2, the reaction en-

ergy of �124.3 kJ/mol is required, whereas for 0.73 wt % and
Table 1 e The formation energy of the compounds
involved in the reaction process.

Compound Formation Energy/atom Ref [50]

Present

Mg(BH2)4 �0.214 �0.335

Mg(AlH2)4 �0.013 �0.129

MgH2 �0.152 �0.276

MgF2 �3.482 �3.857

MgTiF6 �4.608 �3.821

TiF4 �3.211 �3.709

TiF3 �3.269 �3.689

TiF2 �2.682 �3.022

TiH2 �0.425 0.584

TiB2 �1.072 �1.058

TiB �0.863 �0.832

Ti3Al �0.3433 �0.276

Ti3B4 �0.270 �0.932

AlF3 �3.475 �3.891

AlH3 �0.066 �0.121

BF3 �2.731 �3.131

BH3 �0.033 �0.144

Please cite this article as: Jebasty RM, Vidya R, Elucidating reaction e
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0.50 wt % of H2 release �110.3 kJ/mol and �32.7 kJ/mol are

required (Eqns. (2) and (3)). This implies that TiF4 has signifi-

cant role in enabling the reaction process, since the lower

valence state additives (TiF3 and TiF2) do not help in the

release of H2 considerably.

When the TiFx are added to the high gravimetric Mg(BH4)2,

many reaction pathways are possible (see Eqns (6)e(15)).

Among the three additives studied, the maximum hydrogen

release of 5.44% is obtained for TiF2 added Mg(BH4)2 with re-

action energy of 80 kJ/mol. However, additional factors like

working temperature or pressure are needed for reducing the

reaction energy to 30 kJ/mol, in order to make it suitable for

on-board applications as per the DoE guidelines. It is notable

from the reaction Eqns. 13e15, that due to the endothermic

nature of the reaction, storingH2 inMg(BH4)2 ismore favorable

than its release.

Our calculations show that, TiF4 added Mg(BH4)2 has the

reaction energy of �5.67 to �143.1 kJ/mol. However, the cor-

responding energetics from experimental formation energy

shows a range of 30e48 kJ/mol [53] which meets the target set

by DoE for potential systems. Moreover, experimental studies

confirm the improved hydrogen release under 40e90 +C of

working temperature [24,25]. It is crucial to mention here that

0.333 M fraction of TiF4 gives rise to the significant H2 pro-

duction of 4.13 wt % from its gravimetric density of 12.96%. In

addition, the reversible storage can be facilitated by the

metastable by-product BH3 which further releases hydro-

gen(Eqns (6)e(9)). This can be a self-driven process since the

heat generated by the exothermic reaction may assist in the

cleavage of BeH bonds [52]. Therefore, the system Mg(BH4)2
added with TiF4 can release high gravimetric H2. TiF3 has the

same impact as that of TiF4 when added to Mg(BH4)2. Though

the reaction energy seems to be higher (�105.3 kJ/mol), the
quations of TiFx (x ¼ 4,3,2) catalysts for hydrogen storage appli-
.1016/j.ijhydene.2019.11.187
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Table 2 e The possible reaction pathways when TiFx is added to MgH2, Mg(BH4)2, and Mg(AlH4)2 and the energy released
during the reaction.

System Eqn. No. Reaction equation Erxn /atom Erxn /atom Erxn H2 production

(kJ/mol) (eV/atom) (eV/atom)

Present Present Ref. [50] wt. %

TiF4eMgH2 1 0.667 MgH2 þ 0.333 TiF4/ �124.3 �1.293 �1.348 1.12

0.333 TiH2 þ 0.667 MgF2 þ 0.333 H2

2 0.333 MgH2 þ 0.667 TiF4/ �110.3 �1.148 �1.179 0.73

0.667 TiF3 þ 0.333 MgF2 þ 0.333 H2

3 0.25 MgH2 þ 0.75 TiF4/ �32.7 �0.340 �0.049 0.50

0.25 MgTiF6 þ 0.5 TiF3 þ 0.25 H2

TiF3eMgH2 4 0.600 MgH2 þ 0.4 TiF3/ �82.7 �0.860 �0.907 0.69

0.4 TiH2 þ 0.6 MgF2 þ 0.2 H2

TiF2eMgH2 5 0.5 MgH2 þ 0.5 TiF2/ �51.6 �0.537 �0.572 0.0

0.5 TiH2 þ 0.5 MgF2
6 0.667 Mg(BH4)2 þ 0.333 TiF4/ �143.1 �1.489 �1.562 4.16

0.667 BH3 þ 0.333 TiB2 þ 1.667 H2 þ 0.667 MgF2
TiF4eMg(BH4)2 7 0.4 Mg(BH4)2 þ 0.6 TiF4/ �5.67 �0.059 �0.562 2.05

0.4 BH3 þ 0.4 MgTiF6 þ 0.2 TiB2 þ H2

TiF4eMg(BH4)2 8 0.25 Mg(BH4)2 þ 0.75 TiF4/ �32.8 �0.341 �0.063 0.47

0.5 BH3 þ 0.5 TiF3 þ0.25 MgTiF6 þ 0.25 H2

9 0.1 Mg(BH4)2 þ 0.9 TiF4/ �68.4 �0.711 �0.588 0.85

0.8 TiF3 þ 0.1 MgTiF6 þ 0.2 BF3 þ 0.4 H2

10 0.6 Mg(BH4)2 þ 0.4 TiF3/ �105.3 �1.095 �1.118 4.64

0.4 BH3 þ 0.4 TiB2 þ 1.8 H2 þ 0.6 MgF2
TiF3eMg(BH4)2 11 0.333 Mg(BH4)2 þ 0.667 TiF3/ �34.6 �0.360 �0.947 2.95

0.333 MgTiF6 þ 0.333 TiB2 þ 1.333 H2

12 0.5 Mg(BH4)2 þ 0.5 TiF2/ �79.7 �0.829 �0.779 5.44

0.5 TiB2 þ 2 H2 þ 0.5 MgF2
13 0.071 Mg(BH4)2 þ 0.929 TiF2/ 18.6 0.195 0.209 0.0

0.286 TiH2 þ 0.571 TiF3 þ 0.071 TiB2 þ 0.071 MgF2
TiF2eMg(BH4)2 14 0.065 Mg(BH4)2 þ 0.935 TiF3/ 26.73 0.278 0.273 0.0

0.032 Ti3B4 þ 0.258 TiH2 þ 0.581 TiF2 þ 0.065 MgF2
15 0.059 Mg(BH4)2 þ 0.941 TiF2/ 19.90 0.207 0.231 0.0

0.118 TiB þ 0.235 TiH2 þ 0.588 TiF3 þ 0.059 MgF2
16 0.667 Mg(AlH4)2 þ 0.333 TiF4/ �141.73 �1.474 �1.607 0.67

0.333 TiH2 þ 0.667 MgF2 þ 0.333 H2 þ 1.333 AlH3

17 0.333 Mg(AlH4)2 þ 0.667 TiF4/ �155.3 �1.615 �1.752 1.19

0.667 TiH2 þ 0.333 MgF2 þ 0.667 H2 þ 0.667 AlF3
TiF4eMg(AlH4)2 18 0.111 Mg(AlH4)2 þ 0.889 TiF4/ �118.3 �1.208 �1.259 0.75

0.889 TiF3 þ 0.111 MgF2 þ0.444 H2 þ 0.222 AlF3
19 0.1 Mg(AlH4)2 þ 0.9 TiF4/ �84.5 �0.879 �0.761 0.66

0.8 TiF3 þ 0.1 MgTiF6 þ 0.2 AlF3 þ 0.4 H2

20 0.6 Mg(AlH4)2 þ 0.4 TiF3/ �98.4 �1.023 �1.14 0.43

0.4 TiH2 þ 0.6 MgF2 þ 0.2 H2 þ 1.2 AlH3

TiF3eMg(AlH4)2 21 0.273 Mg(AlH4)2 þ 0.727 TiF3/ �74.3 �0.773 �0.881 1.72

0.727 TiH2 þ 0.273 MgF2 þ 0.364 H2 þ 0.545 AlF3
22 0.5 Mg(AlH4)2 þ 0.5 TiF2/ 35.9 0.373 0.391 0.0

0.5 TiH2 þ 0.2 MgF2 þ AlH3

TiF2eMg(AlH4)2 23 0.2 Mg(AlH4)2 þ 0.8 TiF2/ �33.9 �0.353 �0.351 0.0

0.8 TiH2 þ 0.2 MgF2 þ 0.4 AlF3
24 0.034 Mg(AlH4)2 þ 0.966 TiF2/ 34.7 0.361 0.402 0.0

0.621 TiF3 þ 0.069 Ti3Al þ 0.138 TiH2 þ 0.034 MgF2

i n t e r n a t i o n a l j o u r n a l o f h y d r o g en en e r g y x x x ( x x x x ) x x x 5
experimental reaction energy calculated for the products in

their standard states is �29.4 kJ/mol corresponding to the

4.64% of H2 release [53].

Finally, the TiFx added Mg(AlH4)2 undergoes the dehydro-

genation process when adding TiF4 and TiF3. In turn, TiF2 fa-

cilitates hydrogenation similar to the previous case. Further,

theoretical hydrogen release of < 2% is observed in the first

reaction step when adding all the TiF variants. However, the

interim product reversibly stores hydrogen as solid TiH2.
Please cite this article as: Jebasty RM, Vidya R, Elucidating reaction e
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If we look into the reaction equations from the perspective

of DoE system targets, it is clear fromTable 1, that the reaction

energy is higher for chemical entities MgH2 and Mg(AlH4)2
when TiFx catalyst is added. In the case of Mg(BH4)2, the

minimumenergy required for the reaction to occur is�5.67 kJ/

mol for the additive TiF4. However it requires 0.6 mol % of TiF4
for releasing only 2.05 wt % of H2. For the same system, still

higher H2 release (4.16%) is observed with 0.33 M fraction of

the TiF4 catalyst along with the experimental reaction energy
quations of TiFx (x ¼ 4,3,2) catalysts for hydrogen storage appli-
1016/j.ijhydene.2019.11.187
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of �40 kJ/mol. This is a very promising sign for the mobile

energy applications.

In the case of 0.4 mol % TiF3 added to Mg(BH4)2, the

experimental reaction energy of �29.8 kJ/mol has been

observed for 4.64 wt % of H2 release (given in supplementary

file, Fig. 1). Moreover, the hydrogen remains in the system as

hydrides when adding TiF3 which may be released in the

subsequent reaction steps. It is interesting to note that when

0.5 mol % of TiF2 is added to the Mg(BH4)2 system, it induces

greater H2 production of 5.44 wt % with the experimental re-

action energy of �94.9 kJ/mol, compared to TiF4 and TiF3. This

implies that the reaction may take place only with the aid of

any additional variables like temperature or pressure. How-

ever, the mixing ratio of the additive should be small so that

the gravimetric density of H2 storage capacity is not affected.

Accordingly we could infer that TiF4 and TiF3 are better cata-

lysts based on the reaction equations.

Optimistic view of the results show that, the degradation

products formed in the case of additive TiF4 is same as that

observed in the experimental XRD peaks [54]. Further, there is

no peak corresponding to the TiH2 compound because of

negligible quantity upon reaction with MgH2. Similar sign of

lessmol % of TiH2 is confirmed by our reaction equations. This

gives an insight into the dissociation reaction of hydrogen

release. It is obvious from Eqns. (5 and 22e24) that H2molecule

is not releasedwhen TiF2 reacts withMgH2 andMg(AlH4)2. The

above results suggest that small molar fraction of TiF4 is

enough to trigger the dehydrogenation process. Regardless of

the reaction formation energy value, all equations are feasible

except reactionwith TiF2 which has positive energy indicating

H2 storage instead of its release. The maximum extraction of

H2 fromMg(BH4)2 is achieved for 0.333mol % of TiF4, 0.4 mol %

of TiF3 and 0.5 mol % of TiF2. However, the discussion on in-

termediate phases which are stable at certain experimental

conditions are out of scope of this work.

Density of States and chemical bonding

In a bid to look into the bonding nature of the material, the

total and atom projected Density of States (DOS) of TiF4 are

given in Fig. 2. TiF4 has a fundamental band-gap of 3.9 eV

between valence band maximum (VBM) and conduction band

minimum (CBM) which implies its transparent nature, in

excellent agreement with the previous theoretical report, but

less than the experimental value [55]. The degenerate states of

Ti and F atoms in the entire energy range in valence band

indicate the significant covalent interaction. Further, the DOS

from �1 to 0 eV contains the states from Fa, Fl, and Fs atoms.

The VBM is mainly contributed by the p orbital of Fs and some

Fl sites, which readily involve in optical transition. Remark-

ably, the Fermi level(EF) is influenced by the F-2p states while

the conduction band is formed by the states from Ti cation.

The apical fluorine atoms build a linear TieFeTieFeTi

bond throughout the structurewith tilted:FeTieF angle ofz

171+ far from that of perfect octahedra. This results in ener-

getically degenerate states of Ti-d orbitals and Fa-p orbitals in

the�4 to�4.5 eV energy range. The states spreading from�3.5

to�3 eV aremade up of highly degenerate Ti�3d and 2p states

from Fl atom. This in turn results in strong interaction be-
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tween these two ions, leading to intense bonding states in the

COHP plot as discussed in the next section.

As the partial filling of d orbital in TiF3 and TiF2 leads to the

spin polarization, we have performed spin-polarized calcula-

tions which show that the total magnetic moment is 0.97 mB,

and 1.83 mB per formula unit for TiF3 and TiF2, respectively. The

spin-polarized DOS plot of TiF3 (Fig. 2b) shows metallic char-

acter with finite Ti-d electrons at the Fermi level (EF). TiF2 has

small band gap value of 0.4 eV with unique co-existence of

ferromagnetic and insulating behaviour. It may be noted that

the band gap value is usually underestimated by DFT. Further

studies are needed to explore the possibility of using TiF2 in

dilute magnetic semiconductor applications. Noticeably, the

occupancy of the orbital states in TiF2 is distinct from TiF4 and

TiF3. Here, both the VBM and CBM are occupied by Ti-d states.

This strong d electron presence in both VBM and CBM could be

the reason for the contra-catalytic response of TiF2 compared

to the other two compounds studied here.

COHP analysis
To project the PAW functional onto localized orbital, we have

used the bond analytical tool “LOBSTER” [56,57] which is

explained in detail elsewhere [58]. In order to quantify the

bonding strength, we have calculated the pCOHP for the TiF

variants. The integrated COHP value can be considered as a

measure of the bond strength. It euphemistically addresses

bond energy which corresponds to the bond stability. Higher

the ICOHP value more is the stability and vice versa [59]. For a

covalent bond, the -ICOHP is maximum when all the bonding

orbitals are occupied by electrons. Smaller relative value of

-ICOHP indicates more ionic nature of the bond. The energy

integral up to EF denoted by integrated pCOHP value and the

corresponding bond-lengths of the interacting atoms are

given in Table 3.

Fig. 2c shows that the bonding and anti-bonding states are

contributed by negative and positive pCOHP, respectively. The

unique bonding arrangement of TiF4 has been analyzed in

detail in Ref. [31]. In this context, bonding interaction pattern

is same for all the three Ti4þ sites towards their Fl, Fs and Fa
neighbors. In order to have more clarity, we have shown the

pCOHP plot for the Ti1 site interaction. The COHP curve is

dominated by filled states in TiF4, which in turn leads to co-

valent bonding. The anti-bonding states are observed in the

higher energy region. In addition, the ICOHP values indicate

the anisotropic nature of bonding and thus confirm our pre-

vious report [31]. For instance, a strong interaction is observed

between Ti and Fs sites in the energy range �2 to �1 eV,

thereby forming stable bonding states due to the overlapping

populationwhichmakes it stronger [59]. Hence the interaction

of Fs atoms is active in the aforementioned energy range. This

yields strong bonding energy of �6.0 eV to the Ti-Fs
hybridization.

Further, the bonding states around �3.5 to �3 eV arise due

to the influence of Fl sites. This implies a very strong orbital

mixing of Ti-d with F-p orbitals. However, Ti and Fl orbitals

have weakermixing in the 0 to�0.5 eV energy range, implying

significant ionic character in their bonding. Also, it is notice-

able fromDOS (Fig. 2a) that the EF solely has strong p character

of F atom. Hence there is no orbital overlapping of Ti and F
quations of TiFx (x ¼ 4,3,2) catalysts for hydrogen storage appli-
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Fig. 2 e (a) Density of States of TiF4 (b) DOS of TiF2 and TiF3 (c) Bond strength of TiF4, TiF3 and TiF2 from COHP analysis (d)

Charge density of TiF3 and TiF2.
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atoms at EF. Due to orthogonality condition of COHP, over-

lapping of F-p orbital with band function leading to

nonbonding states at the EF. However, low energetic bonding

states are visible in the lower valence region and hence results

in weak interaction of Ti with Fa atom.

TiF3 consists of unfilled states called anti-bonding states

depleting into the EF, thus establishing a quasi-meta stable

state. For both TiF3 and TiF2, a few anti-bonding states cross at

EF reflecting the ionic character of bond. The ionic radius in-

creases upon moving towards lower oxidation states from

Ti4þ to Ti2þ (0.74e1.0 �A), thus making it easier to remove an

electron since it is less bound to the nucleus. It is clearly re-

flected in bond strength of the TiF derivatives. The bond

strength value (-ICOHP) follows a decreasing trend as TiF4 >
TiF3 > TiF2. Hence the higher valence states can prolong the

catalytic activity.

In TiF4, due to the strong covalent character inside the ring

and ionic nature surrounding the ring of octahedral F� anion

[31], the catalytic efficiency might be enhanced. The bonding
Table 3 e Calculated bond strength of TiF derivatives.

Compound Interaction Bond distance(�A) ICOHP

TiF4 Ti-Fl 2.001 �2.972

Ti-Fs 1.775 �5.990

Ti-Fa 1.936 �3.282

TiF3 TieF 1.970 �3.336

TiF2 TieF 2.221 �1.729

Please cite this article as: Jebasty RM, Vidya R, Elucidating reaction e
cations, International Journal of Hydrogen Energy, https://doi.org/10.
feature also confirms that the inner fluorine (Fl) counterparts

have less bonding energy compared to the fluorine lying

outside (Fs) in the triangular cage. This results in short and

long TieF bonds. This strongly implies that the combination of

metal-halogen bonds (Ti-Fl) may readily be involved in inter-

action with external chemical reaction because of its higher

electron density inside the cage. In turn forms strong TieH

bonds, in the place of TieF bonds with the ease to attract

hydrogen since the halogen and hydrogen bonds imitate one

another. Further, Fig. 2d shows the charge density plot of TiF3
and TiF2. TiF3 shows ionic naturewith less covalency, whereas

the fluorine in TiF2 has spherical charge distribution implying

ionic bonding. The charge density distribution is well aligned

with the above discussed ICOHP values. The low electron

density between the Ti and F atoms for both systems results in

less affinity with the host metal hydrides. This bonding

feature may be the reason for the insignificant catalytic ac-

tivity of TiF3 and TiF2.

Optical properties

Based on the above discussions, even though TiF4 and TiF3
have favorable properties we extended our optical property

analysis on TiF4, because TiF3 is metallic. The dielectric

function describes the response of a given material to an

external electric field, in particular the imaginary compo-

nent describes the energy losses which occur in a medium

due to electronic transitions and is therefore related to
quations of TiFx (x ¼ 4,3,2) catalysts for hydrogen storage appli-
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Fig. 3 e (a) Absorption Coefficient (b) Real ε1(u) and imaginary ε2(u) part of dielectric constant, and (c) Extinction coefficient,

Refractive Index.
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absorption [60]. Orthorhombic symmetry produces three

non-zero dielectric components for the applied electric

field namely ε2(u). Fig. 3 shows the absorption coefficient

derived from the imaginary part of the dielectric function.

Herein, Fig. 3a holds absorption spectra, showing the

possible transition which is reasonable to discuss, and

Fig. 3b, c, representing dielectric functions and the refrac-

tive index. The electronic property shows insulating nature

matching with the studied metal hydrides MgH2, Mg(BH2)2,

Mg(AlH2)2 promoting the positive response compared to

the other catalysts.

The absorption spectra, dielectric function, extinction co-

efficient and refractive index of TieF derivatives have been

calculated for light polarization parallel and perpendicular to

the principle crystallographic axis. TiF4 has a high dielectric

strength and a relatively wide band gap. We observed the

maximum absorption peak at 7.4 eV and 10.0 eV for light

parallel to the a and c axis, respectively. For the plane parallel

to the b axis themaximumabsorption at 10.8 eV is followed by

the broad absorption peak in the 6.5e8.0 eV energy range.

Imaginary part of the dielectric function has a singularity at

zero frequency in TiF3 and thus have optically metallic prop-

erty(not shown). TiF4 shows two prominent peaks at about 5

and 7.5 eV for E k a, cwhile in E k b the second peak is shifted to

the right by 1 eV.

Further the electronic structure confirms the optical tran-

sition from F-2p states to Ti-3d states which form the TieF

optical channel. The valence band maximum is contributed
Please cite this article as: Jebasty RM, Vidya R, Elucidating reaction e
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by the orbitals of the Fs sites (F4 and F8 ions) and theminimum

of conduction band consists of Ti3-dxy, Ti3-dzx orbitals,

thereby electronic excitations involve transition to the Ti3-dxy
state.

The real part of the dielectric function of TiF4 is plotted in

Fig. 3b. Value of static dielectric constant (value of dielectric

function at zero energy) in case of E k a and c is 2.5 while for E k
b is 2.0. Also the refractive index along a and b axis is 1.75

whereas for the b-axis is 1.6 and the corresponding relative

dielectric constant (from the relation ε ¼ n2) is 3.06 and 2.56,

respectively. The absorption decreases and thus the corre-

sponding refractive index, shows direct proportion. The

refractive index n for Fluoroapatite, Chloroapatite and Bro-

moapatite are 1.17, 1.19 and 1.21, respectively [61]. In a way,

the refractive index of TiF4 suggests that, it is close to that of

toothmineral Hydroxyapatite (1.65). Hence TiF4 can be used as

a dental filling material since it has the desired aesthetics. It

may be recalled that we have shown in Ref. [31] that the TiF4
has the required mechanical stability too.
Conclusions and outlook

Using the chemical energy obtained from the DFT calculation,

the ability of the “Interface reaction” tool in elucidating the

desorption mechanism of hydrogen storage materials for the

conventional magnesium hydrides are studied for the bench

marking calculations. We systematically investigated the
quations of TiFx (x ¼ 4,3,2) catalysts for hydrogen storage appli-
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effect of titanium fluoride compounds on the de/hydrogena-

tion reaction of prominent metal hydrides. Present study is

focusing on the reaction energy and chemical bonding of TiFx
(x ¼ 4, 3, 2) when added to MgH2, Mg(BH4)2, and Mg(AlH4)2. The

difference in energy between the bond-breaking and bond-

forming processes determines whether a chemical reaction

is exothermic or endothermic. Surprisingly, the catalyst TiF4
and TiF3 induce the reaction at energy of less than 40 kJ/mol

along with 4.64 wt % of H2 release, which meets the system

targets set by DoE for the year 2020. Herein, TiFx involves in

the reaction process and stabilizes the intermediate com-

pounds also. So, we have provided basic understanding in this

aspect. The overall reaction equations show that the process

of H2 release is easier, when the additive contains higher

oxidation state of Ti. The charge density analysis shows that

TiF4 has significant iono-covalent bonds providing asymmet-

rical electron cloud in the TieF lattice. This plays an important

role in reducing the reaction energy barrier resulting in the

enhanced catalytic response.

The bonding analysis and complex dielectric function are

explored for TiF4 to explain its fascinating role as a catalyst.

The range of ICOHP values for various TieF bonds emphasizes

the iono-covalent character of bonds in TiF4. The high bonding

strength derived from ICOHP values indicate dominant cova-

lent characteristic of the bonds between Ti and F atomswhich

can lead to the sustainable catalytic activity of TiF4. The origin

of its high hardness value has been explained with the aid of

COHP plot. The wide band-gap and refractive index value

similar to that of hydroxy-apatite provide a hint for its

aesthetic appearance when used as a dental-filling material.

We have already shown that TiF4 has the required hardness

values for applications in dentistry. The unique bonding ar-

rangements which construct polyhedral cages in TiF4 are

shown to cause exotic properties. Our results will hopefully

motivate further studies in the respective systems.

Using the interface reaction tool, a great deal of informa-

tion has been extracted. As mentioned earlier, owing to large

number of candidates, it is essential to elicit the advanced

materialswhich are suitable formobile energy application. So,

the tool can be effectively utilized to identify suitable

hydrogen storage material, by shortlisting the aspirants based

on the reaction energy as well as the H2 release. Further the

chemical hydrides which are the intermediate products of the

reactions can also be examined for their ability to release H2.
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