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Understanding composition–property relationships
in Ti–Cr–V–Mo alloys for optimisation of
hydrogen storage in pressurised tanks†

Samantha K. Callear,*a Anibal J. Ramirez-Cuesta,ab Kazuya Kamazawa,cd

Shin-ichi Towata,*cg Tatsuo Noritake,c Stewart F. Parker,a Martin O. Jones,a

Jun Sugiyama,c Mamoru Ishikiriyamae and William I. F. Davidaf

The location of hydrogen within Ti–Cr–V–Mo alloys has been investigated during hydrogen absorption

and desorption using in situ neutron powder diffraction and inelastic neutron scattering. Neutron powder

diffraction identifies a low hydrogen equilibration pressure body-centred tetragonal phase that undergoes a

martensitic phase transition to a face-centred cubic phase at high hydrogen equilibration pressures. The

average location of the hydrogen in each phase has been identified from the neutron powder diffraction

data although inelastic neutron scattering combined with density functional theory calculations show that

the local structure is more complex than it appears from the average structure. Furthermore the origin of

the change in dissociation pressure and hydrogen trapping on cycling in Ti–Cr–V–Mo alloys is discussed.

Introduction

The necessity for alternative energy sources for vehicle applications
is a critical area of scientific and engineering development.1,2 In
the field of hydrogen storage for automotive applications, a large
part of the periodic table has been studied in the quest for high
gravimetric and volumetric hydrogen densities, and operating
conditions that are appropriate for fuel cell applications.3–8

Often these materials are powders which have an intrinsic
volumetric density limitation owing to the packing efficiencies
of the particles. In order to achieve higher hydrogen densities,

use of a metal hydride within a pressurised hydrogen tank
enables the full volume of the tank to be utilised.9–11 For
this application, the metal hydrides ideally should have high
hydrogen capacity and also high dissociation pressures. A high
dissociation pressure ensures hydrogen can be readily supplied
even at low temperatures, and also reduces the reaction heat
during hydrogen desorption, thus facilitating heat exchange
during hydrogen charging and discharging. Research into this
area has mainly focussed on the first row transition metals with
predominantly V or Ti based alloys. V is known for its high
hydrogen diffusion rate and has been studied extensively since
the 1970’s.12–21 Alloying with other transition metals has also been
investigated in order to tailor the properties of metal hydride for
maximising the hydrogen content, hydrogen diffusion rate or
hydrogen dissociation pressure (or plateau pressure). For instance,
the addition of Ti (which has a lower diffusion coefficient)
to V reduces the rate of hydrogen diffusion in the V–Ti alloy,
but increases the maximum hydrogen content compared to
pure V,22–24 although this is not maintained on cycling.11

Conversely, Cr has been found to reduce hydrogen uptake and
diffusion rate, but increase the hydrogen plateau pressure (or
dissociation pressure).25 Dissociation pressure is also increased
on the inclusion of a small atom% of Mo in TiCrV alloys.26

Furthermore the importance of thermal stability during hydrogen
absorption and desorption in determining the properties of the
alloy has also been highlighted.27

The two alloys that have been investigated in this study are
Ti25Cr50V20Mo5 (referred to as V20) (max 2.4 wt% H2, dissocia-
tion pressure = 11 bar) and Ti10Cr10V75Mo5 (referred to as V75)
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(max 2.0 wt% H2, dissociation pressure = 1.5 bar). The Ti–Cr–V–Mo
elemental combination has been shown to have considerable
potential as a hydrogen store for use in pressurised tanks,26 but
the composition of the alloys greatly influences their properties.
V20 has a higher maximum capacity and a higher dissociation
pressure, it also shows significant degradation in the hydrogen
capacity on cycling.28 V75 has a slightly lower maximum capacity,
a significantly lower dissociation pressure, but does not show
significant degradation in capacity on cycling (Fig. 1).

To examine the structure and dynamics of the hydrogen in
these alloys we have collected synchrotron X-ray diffraction
(XRD) and in situ neutron powder diffraction (NPD) data for
the V75 sample and inelastic neutron scattering (INS) data for
the V20 and V75 samples across a range of temperatures and
hydrogen equilibration pressures (Peq) on hydrogen absorption
and desorption. Protic hydrogen has been used owing to the
differences in site occupation observed between deuterium and
hydrogen.14 In situ NPD measurements enable the preferred
absorption site within the alloy to be determined as a function
of hydrogen equilibration pressure. In situ INS informs us
regarding the strengths of the interatomic interactions and
the dynamics of the hydrogen within the alloy, from which the
local geometry of the hydrogen absorption sites can be inferred.
Using the results from these complementary techniques the
origin of the degradation in hydrogen capacity and different
dissociation pressures for the alloys are discussed.

Experimental
Sample synthesis

Pure titanium, vanadium, chromium and molybdenum were
used as the starting materials. Granular- or sponge-shape

metals were weighed with the stoichiometric ratio to the formula
of V75 and V20. The total amount of the mixture was about 50 g
for each sample. The mixture was then arc-melted in an argon
atmosphere eight times in order to improve homogeneity.
The obtained alloy ingot was heat-treated at 1473 K for 2 hours
in an argon atmosphere. Finally, the heat-treated ingot was
mechanically pulverized to coarse particles with the diameters
around 0.5–1.0 mm.

Pressure–composition (PC) isotherms

A 2 g sample of the alloy particles was placed into a stainless-
steel cell to measure the pressure–composition (PC) isotherms
of the alloys on a Sievert’s type apparatus (Suzuki Shokan Co.).
PC isotherm measurements were performed for hydrogen
pressures in the range 0.1 to 96 bar at 273 K for the V20 sample
and at 298 K for the V75 sample. For the 10 cycles samples, the
hydrogen absorption and desorption reactions were performed
for 10 cycles using the same apparatus.

Synchrotron X-ray powder diffraction (XRD)

Synchrotron XRD data were collected at beam-line BL19B2 in
SPring-8, Japan, using a large Debye–Scherrer camera with an
image plate detector.29 Treatment of the samples by an aqueous
solution of chromic acid30 was used to prevent the alloy particles
releasing hydrogen during XRD measurements. The treated
powder samples were inserted into a glass capillary (diameter:
0.2 mm). The powder X-ray diffraction data were measured at
room temperature (300 K) with an incident X-ray of wavelength
0.80 Å. The diffraction data were collected with a 0.011 step from
8.01 to 78.01 in 2y. The structural parameters were extracted from
the data using Rietveld refinement within TOPAS.31

Neutron powder diffraction (NPD)

In situ variable pressure neutron powder diffraction data were
collected on the General Materials Diffractometer (GEM) at the
ISIS Neutron Facility at Harwell Oxford (UK). The V75 sample
that had been cycled once ex situ (one hydrogen absorption and
desorption to 100 bar; referred to as the V75 1 cycle sample) was
loaded into a cylindrical aluminium alloy high pressure cell in
an argon glove box and then attached to a gas handling centre-
stick and pressure intensifier. Care was taken to change
the hydrogen gas pressure slowly during absorption and
desorption to maintain the sample temperature at ambient
temperature and to ensure sample equilibration. The sample
was left for 30 minutes after dosing for equilibration; data collec-
tions lasted B4 hours. The diffraction data were processed using
Mantid, and Rietveld refinements were performed using TOPAS.31

Inelastic neutron scattering (INS)

INS data were collected on the indirect geometry spectrometer
TOSCA32 at the ISIS Neutron Facility at Harwell Oxford (UK),
which has an energy range of �2.5–1000 meV and an energy
resolution of B1.25% of the energy transfer. The V75 sample
that had been cycled once and the V75 sample that had been
cycled ten times (referred to V75 1 cycle and V75 10 cycle samples
respectively), and the V20 sample that had been cycled once and

Fig. 1 Hydrogen pressure–composition isotherm for Ti25Cr50V20Mo5

(V20) at 273 K and Ti10Cr10V75Mo5 (V75) at 298 K for 1 cycle and 10 cycle
samples during hydrogen absorption (filled data points) and desorption
(empty data points). At 298 K and 273 K the V75 and V20 samples
respectively achieve their maximum H2 absorption at approximately
100 bar Peq. The higher dissociation pressure and reduced capacity on
cycling can be observed for V20.
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the V20 sample that had been cycled ten times (referred to as
the V20 1 cycle and V20 10 cycle samples respectively) were each
loaded separately into an aluminium alloy high pressure cell or
a stainless steel high pressure cell in an argon glove box, and
then attached to a gas handling centre-stick and gas panel. All
gas loadings were performed at 300 K. Data collections were
made across the temperature range 5–300 K facilitated by the
TOSCA cryostat, and lasted between 4 and 12 hours depending
on temperature and hydrogen content. Conversion from time-
of-flight to energy transfer was carried out using Mantid.

Periodic density functional theory (DFT) calculations

The periodic density functional theory calculations were carried
out using a plane wave basis-set and pseudopotentials as
implemented in the CASTEP code.33,34 Two models were used.
The first was a vanadium-only model which used a 2 � 2 � 2
multiplication of the bct unit cell to generate a supercell of
the bct structure with each hydrogen site obtained from the
NPD data occupied fully (i.e. no partially occupied sites). The
appropriate number of hydrogen atoms were then removed
from the supercell to give the correct hydrogen stoichiometry.
The second model used a 4 � 4 � 4 supercell with full
occupancy by vanadium and hydrogen. In this case, vanadium
atoms were selected at random and changed to Ti, Cr, or Mo to
generate the stoichiometry of Ti13Cr13V96Mo5 (equivalent to a
Ti : Cr : V : Mo ratio of 10.2 : 10.2 : 75.6 : 3.9 respectively; owing to
the size of the unit cell it was not possible to generate the precisely
equivalent ratio Ti10Cr10V75Mo5). Sufficient hydrogen atoms were
then removed at random to generate Ti13Cr13V96Mo5H80. Random
numbers were generated using atmospheric noise by the site:
http://www.random.org.

Test calculations with spin polarised structures showed no
unpaired electrons, so all subsequent calculations assumed
spin-paired structures. The generalised gradient approximation
Perdew–Burke–Ernzerhof functional was used in conjunction
with optimised norm-conserving pseudopotentials with a plane-
wave cut-off energy of 770 eV. Phonon modes were calculated
using density-functional perturbation-theory.35 As a prerequisite

to any lattice dynamics calculation a full geometry optimization
of the internal atomic co-ordinates was performed. The output of
the phonon calculation includes atomic displacements of the
atoms in the mode. The visualisations of the modes were carried
out in Materials Studio (Accelrys)36 and the INS spectra were
generated with ACLIMAX.37

Results and discussion
Structural analysis

X-ray measurements were used to determine the structure of
the V75 metal lattice; owing to the high vanadium content and
the low coherent neutron scattering cross-section of vanadium,
the XRD data provide a more reliable assessment of the long
range structure of the metal lattice. The NPD data, on the other
hand, provide information about the long range ordering of the
hydrogen atoms within the metal lattice.

XRD data of the 1 cycle V75 samples after degassing to
1 � 10�6 bar show a body centred tetragonal (bct) phase with
a very small amount of the face centred cubic phase (fcc) also
present (Fig. 2a). The assignment of the major phase as bct in
space group I4/mmm was determined after also attempting
fitting in the body centred cubic space group Im%3m (commonly
assigned as the disordered a-phase for mono-metal hydrogen
solid solutions12). The bcc space group resulted in a worse fit
as it does not account for the asymmetrical peak shapes and
shoulders arising from the distortion of the unit cell. Indeed, at
intermediate hydrogen contents (e.g. VHx 0 o x o 1.1)
a tetragonally distorted phase has been observed for pure-V,
V–Cr and V–Mo alloys.25,26,38,39 The breadth of the peaks
observed in the X-ray data suggest that while I4/mmm is a
satisfactory assignment of the long range order of the phase,
the local structure might be different owing to the number of
elements present in the alloy. This is discussed further later.
The bct phase exhibits distortion with a c/a ratio of 1.027, which
is slightly larger than that observed for the V20 sample after
1 cycle28 (refined structural parameters for the X-ray data are
listed in the ESI,† Table S1). The conversion of the bct to the

Fig. 2 XRD data and fit for V75 (a) 1 cycle sample at 1 � 10�6 bar Peq, and (b) 1 cycle sample at 100 bar hydrogen Peq. At 1 � 10�6 bar Peq the sample
predominantly consists of the bct phase, while at 100 bar the sample is mainly the fcc phase. Data are shown in black, the calculated pattern from the
refined model in red, the difference in grey and tic marks for bct and fcc in blue and black respectively.

PCCP Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Ju

ne
 2

01
4.

 D
ow

nl
oa

de
d 

on
 6

/2
4/

20
26

 1
:4

2:
17

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c4cp01666a


16566 | Phys. Chem. Chem. Phys., 2014, 16, 16563--16572 This journal is© the Owner Societies 2014

fcc phase follows a Bains transformation (martensite–austenite
phase transformation). This transformation relates the fcc
phase to the bct phase as a significantly more distorted bct
cell where the c/a ratio is 1.247 (ESI,† Fig. S1). The distortion of
the bct phase yields two interstitial distorted tetrahedral sites
with slightly different environments (Fig. 3a): the 4d site has
D2d point group symmetry, with equal nearest neighbour M–H
distances and 2 sets of M–H–M angles, while the 8j site has C2v

point group symmetry with 2 sets of nearest neighbour M–H
distances and M–H–M angles. Two octahedral sites also exist;
both have D2h point group symmetry with regular M–H–M bond
angles but the equatorial nearest neighbour M–H bond lengths
are longer than the axial M–H bond lengths. This is more
pronounced for the 4c site than the 2b. Kamazawa et al.28

highlight that the nearest neighbour tetrahedral and octahedral
sites cannot co-exist in the bct phase, owing to spatial con-
straints, and therefore can be grouped together to form disc sites
after determining the site occupancies from Rietveld refinement.
The disc sites occur around the 2b octahedral site, also known as
the Oz site, which has been found to be the primary location of
the hydrogen atoms in the bct b-phase of V2H, and is the cause
of the anisotropic cell expansion from the bcc a-phase.14,25 The
channel sites (4c and 4d) occur along the faces of the cell,
running parallel to the c-axis. In the fcc phase, the interstitial
sites are the conventional larger octahedral, O, (4b) and smaller
tetrahedral, T, (8c) sites (Fig. 3b).

In order to investigate the location of the hydrogen atoms in
the alloy, in situ variable hydrogen gas pressure neutron powder
diffraction data (NPD) were collected on the GEM diffracto-
meter at ISIS (UK) (Fig. 4). Using the metal lattice structures
known from the XRD data, the hydrogen occupancies of the
interstitial sites, the phase fractions and change in lattice
parameters on hydrogen absorption and desorption were

determined from the NPD data using Rietveld refinement
(Table 1). The degassed sample shows a small amount of hydrogen
in the octahedral Oz (2b) site of the bct phase, in keeping with
the location of hydrogen in the bct phase of V2H. A very small
amount of hydrogen is also observed in the channel tetrahedral
site (4d), although there is a large error associated with this value
indicating its poor reliability and potentially low significance.
Hydrogen occupation of both the tetrahedral and octahedral
sites has, however, also been observed in a bct V0.9Mo0.1H0.68

alloy where the authors attribute the change in site occupation
to the addition of the larger Mo metal atoms thus reducing the
size of the Oz site.26 The degassed sample also contains a low
proportion of the fcc phase, which contains some residual

Fig. 3 (a) bct phase tetrahedral and octahedral sites: tetrahedral site 4d in solid blue, tetrahedral site 8j in blue line, octahedral site 2b (Oz) in solid green,
octahedral site 4c in green line. Note the complete coordination spheres for the sites are not shown. For clarity, only M–H co-ordination is shown for
sites 4d and 2b which were found to be occupied by hydrogen. (b) fcc phase tetrahedral, T, (blue) and octahedral, O, (green) interstitial hydrogen atom
sites with co-ordination to metal atoms (purple) shown.

Fig. 4 NPD data collected on GEM, ISIS, at variable hydrogen gas
pressures at 300 K (absorption up to 120 bar, followed by desorption to
2 bar). Data were collected in a high pressure aluminium alloy cell which
produces the large peaks present in all plots; these were included in the
background during Rietveld refinement.
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hydrogen in the tetrahedral site. This is in keeping with
hydrogen being located on the T site in the fcc phase of VH2,
TiH2, CrH2 and Ti1�xVxH2 alloys.40–43

At low hydrogen gas pressures (1� 10�6 bar o Peq r 10 bar),
a significant increase in the occupancy of the octahedral Oz site
is observed together with a small increase in the distortion of the
bct phase. This increase in the length of the c-axis and decrease
in the a- and b-axes result in the M–H distances becoming more
evenly matched for the Oz octahedral site as the longitudinal
distance increases while the opposite occurs for the 4c octa-
hedral site. More significantly, on increasing Peq the occupancy
of the fcc T site increases and the phase fraction of the fcc phase
increases. The hydrogen content of the sample therefore exists
predominantly in the T sites of the fcc phase. At higher hydrogen
gas pressures (Peq 4 10 bar), the bct phase converts completely
to the fcc phase and the fcc T site is completely occupied.
On filling of the fcc interstitial sites, the fcc lattice parameter is
seen to increase.

On decreasing hydrogen pressure, the hysteresis observed in
the PC isotherms is also observed in the bct and fcc phase
fractions and the hydrogen site occupancies (Fig. 5). Hydrogen
desorption appears to follow the process of hydrogen absorption

in reverse. The fcc phase mainly converts back to the bct phase,
which again shows the hydrogen to predominantly occupy the Oz

site, but the conversion is not complete. On degassing the
sample, a small amount of hydrogen is retained in the material
which is mainly located in the bct phase Oz site. This is less than
is observed in the V20 sample where at least twice as much
hydrogen is retained after cycling.28 The fcc T site also contains
some residual hydrogen, but owing to the small fcc phase
fraction in the sample, this does not contribute significantly to
the overall residual hydrogen content. The resulting hydrogen
wt% during absorption and desorption agrees well with that
obtained from the PC isotherms at each hydrogen pressure.

The absorption and desorption of hydrogen in V75 shows
some similarities to the absorption and desorption of hydrogen
in V20 – in the fcc phase, the hydrogen occupies the T site, and
at low hydrogen pressures and low hydrogen content, both the
bct and fcc phases are observed simultaneously. However,
complete conversion to the fcc phase is observed in the V75

data which is not observed in the V20 sample.28 This frustrated
precipitation of the high hydrogen content phase is caused
by hydrogen trapping from lattice defects and impurities
(including atom substitution as is observed in alloys, lattice
inhomogeneity and hydrogen occupying interstitials) and has
been noted in a number of systems including Nb0.8Mo0.2Hx

44

and a-LaNi5.45,46 The effects of hydrogen trapping are also
expressed in the maximum capacity and absorption pressures
of the alloys; the V20 sample shows a higher hydrogen uptake
(i.e. hydrogen solubility) than the V75 sample and requires higher
pressures for hydrogen absorption.

Dynamics of hydrogen in the alloys – inelastic neutron
scattering studies

Inelastic neutron scattering data were collected for both the V75

and V20 samples at variable temperature and pressure, in order
to investigate the dynamics of the hydrogen atoms on loading,
and also the effect of temperature on their motion. As is often
the case for hydrogen in metal systems, the INS spectra show
only a small difference on heating from base temperature
to 200 K, but on heating above 300 K the peaks became
much smaller and broader, and only the large peaks at higher
hydrogen Peq can be clearly distinguished (ESI,† Fig. S2). This
lack of spectral degradation from 4 to 200 K is partly due to the

Table 1 Change in hydrogen content, location of the hydrogen, phase fraction and fcc lattice parameter obtained from in situ neutron powder
diffraction measurements. The bct 8j and 4c and the fcc 4b sites were found to be unoccupied and are therefore not included

H2 Peq/bar
PC
wt% H2

NPD
wt% H2

bct phase
(wt%)

bct 2b occ
H/M (atm)

bct 4d occ
H/M (atm)

bct c/a
ratio

fcc phase
(wt%)

fcc T occ
H/M (atm) fcc a axis (Å)

1 � 10�6 0.14 84(4) 0.11(6) 0.02(3) 1.017 16(4) 0.17(3) 4.2429(81)
6 0.70 0.71 75(5) 0.62(8) 0.06(7) 1.021 25(5) 0.79(2) 4.2427(67)
10 1.48 1.21 20(2) 0.72(6) 0.06(6) 1.019 80(2) 1.39(2) 4.2476(5)
50 1.92 1.78 0.0 100.0 1.89(4) 4.2480(5)
120 1.96 1.89 0.0 100.0 2.00(4) 4.2485(5)
80 1.96 1.89 0.0 100.0 2.00(4) 4.2474(5)
50 1.96 1.89 0.0 100.0 2.00(4) 4.2472(5)
10 1.91 1.89 0.0 100.0 2.00(4) 4.2452(4)
2 1.50 1.25 14(2) 0.70(8) 0.12(8) 1.022 86(2) 1.39(1) 4.2452(4)
1 � 10�6 0.15 84(4) 0.12(7) 0.02(3) 1.021 16(4) 0.18(3) 4.2407(74)

Fig. 5 Atomic hydrogen wt% in the sample contributed by the bct and fcc
phases on absorption and desorption at variable hydrogen pressures (i.e.
takes into account the hydrogen occupancy per metal atom, and the
phase fraction in the sample). The lines are shown as a guide to the eye.
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total mean square vibration of the hydrogen atom being
dominated by the optic modes, but also suggests the hydrogen
motion is localised within the metal structure. The breadth of
the peaks at low temperatures suggests that the geometry of the
oscillators is not well defined indicating that the local structure
is not well defined and there are varying degrees of geometrical
distortion of the sites.

The INS data for the V75 1 and 10 cycle samples are shown
in Fig. 6. At 1 � 10�6 bar hydrogen Peq, a peak centred at
approximately 20 meV is observed which can be attributed to
the acoustic zone boundary modes of the metal atoms47 in the
bct lattice (owing to the higher bct phase fraction from the NPD
data). The optical H vibrations from the residual hydrogen in
the metal lattice can be observed as a small broad peak centred
on 51 meV and also the edge of a broader peak at 111 meV
which is then followed by a broad, featureless background,
even at 35 K. The peak at 51 meV is consistent with in-plane
modes of H occupying the O site in b-V2H (55 meV)47 and
b-Ti1�yVyHx (44 meV).48 The higher energy band at 110 meV is
also observed in b-Ti1�yVyHx (111 meV) and is attributed to
hydrogen occupying a T site.49 Ikeda and Watanabe50 note a
peak at 220 meV for b-VH0.33 which they assign to perpendicular
plane modes of the O site, however the diffuse nature of the
background at E 4 110 meV makes this difficult to determine in
the V75 data.

On increasing hydrogen Peq, the peak originating from the
acoustic modes of the metal atoms changes shape slightly,
becoming sharper and more distinct with a section at 10 meV
and another at 21 meV. This correlates well with the onset of
the phase transition from bct to fcc observed in the NPD data. It
is likely that these can be assigned as the transverse and
longitudinal acoustic zone-boundary modes, respectively, as
similar peaks are observed in the monohydrides g-PdH and
g-CrH.51 On increasing hydrogen Peq the peak observed at
51 meV remains at the same energy transfer but decreases in
height until it is no longer observed. The peak at 111 meV increases
in height initially and then also decreases. Furthermore a large

peak increases in height at 148 meV and the overall background
level of the data decreases. In keeping with the NPD data, the
large peak centred on 148 meV can be attributed to transverse
optical modes from hydrogen located on the T site of the fcc
phase. Therefore at intermediate hydrogen Peq, the co-existence
of peaks can be attributed to the co-existence of the bct and fcc
phases, as is observed in the NPD data.

In both the 1 cycle and 10 cycle data the large peak centred
at 148 meV peak appears to be split into two peaks (139 and
157 meV). The splitting increases with hydrogen Peq and also
results in an asymmetrical shape. A similar effect has been
observed in a number of d-block hydrides including TiH,52

d-TiH,53 NbHx,54 VH,13 TaH0.1,50 and Ti0.1V0.9H1 alloy48 where it
is attributed to distortion of the tetrahedral sites. Specifically in
NbHx the distorted T site has D2d point group symmetry rather
than the regular tetrahedral Td, thus yielding an A mode at
108 meV and an E mode at 164 meV. However, the splitting
may also be due to dispersion effects. Hauer et al. observe a
2 : 1 asymmetrical peak shape which the authors attribute to
the coexistence of non-equivalent hydrogen sites rather than
hydrogen–hydrogen coupling after investigation using isotopic
dilution.54 The effect of coupling was assessed for the V75

samples by removal of some hydrogen and addition of deuterium
(Fig. S3, ESI†). Addition of deuterium to the V75 samples after
partially desorbing the hydrogen (Peq H2 desorption B2 bar, Peq

D2 absorption B7 bar) causes a narrowing of the peaks, resulting
in a much better defined peak at 110 meV. In the all-hydrogen
material the inequivalent protons arising from a range of
distorted site geometries will result in a large number of modes.
Many of these will occur at very similar transition energies with
considerable coupling between the modes, resulting in broad
peaks. The effect of isotopic dilution is to shift many of the
modes and also to remove the mechanical coupling (by virtue of
the difference in mass) between oscillators. The isolated proton
then behaves as a mass defect and the transition energy is that of
an isolated oscillator, with an ideal width of the instrumental
resolution at that energy transfer. As there is no pronounced

Fig. 6 INS spectra for (a) V75 1 cycle at 5–60 K – at 11 bar, some excess hydrogen was not removed from the pipe to the sample which then crystallised
next to the sample on cooling; (b) V75 10 cycles at 35 K; absorption at 46 bar Peq and then desorption to 11 and 2 bar Peq.
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shift in peak position, this corroborates the presence of distorted
T sites causing the peak splitting, rather than dispersion. The
observation of peaks at 120, 140, 157 and 167 meV (of which the
first and the last are a shoulder and tail) at high hydrogen
equilibration pressures in these data corroborates the complete
conversion of the bct phase to fcc but suggests that the local
structure is more complicated than the average structure from
the NPD data. The tail at B160 meV towards higher energies is
also observed in a number of d-block monohydrides including
MoH and CrH monohydrides where the main peak is attributed
to transverse optical modes, while the tail is ‘‘assumed to arise
from longitudinal optical modes which show significant disper-
sion due to long range repulsive H–H interaction’’.55

This was investigated further using DFT calculations within
CASTEP. A simple model of the V75 bct phase at 6 bar during
absorption using a 2 � 2 � 2 expansion of the unit cell from the
NPD data and assuming that all the metal atoms are vanadium
generates an INS spectrum that is a poor fit to the INS data,
particularly at larger energy transfers (Fig. 7). At very low energy
transfers the motion of the metal atoms in the calculated INS
spectrum is consistent with the observed band for the 1 and
10 cycle samples across the hydrogen loadings. This simple
model for the bct phase shows a broad band centred at 50 meV
(also observed in the INS data at low hydrogen Peq) which is due
to the translational motion along the ab plane of the H situated
on ideal geometry Oz sites, thus corroborating the assignment
from the literature. However, this model does not account for
the second broad feature centred at 110 meV.

A more complex model involving a 4 � 4 � 4 supercell with
randomly generated element distribution of the correct atomic
ratio shows this broad band is due to the motion of H atoms on
disordered sites that are of distorted octahedral and tetrahedral
geometry. Distorted tetrahedral coordination is observed for
M–H bond distances of 1.7–2.0 Å, although if much larger M–H

distances are included (2.6–2.8 Å) the sites can be considered as
distorted octahedra. The NPD data, which provides information
about the average structure obtained from elastic interactions
of the neutrons with the nuclei across a long range ordered
arrangement of atoms in a structure, shows (by Rietveld refine-
ment) the average position of the hydrogen to be on the Oz site.
INS combined with DFT, however, provides information about
the motion of the atoms from which their local structure can be
inferred. The DFT calculations from the 4 � 4 � 4 supercell
indicate that hydrogen is mainly disordered within the ab plane
across the Oz site, thus giving rise to a band at 110 meV and
suggesting that the distorted tetrahedral site 8j is occupied. The
presence of hydrogen in the tetrahedral site is supported by a
study by Asano et al.26 who note that the addition of Mo promotes
hydrogen occupancy of the distorted tetrahedral site rather than
the Oz site as the Mo reduces the size of the Oz site. Calculation of
the average positions of the hydrogen atoms from the 4 � 4 � 4
supercell, however, shows that they are closest to the Oz site which
is in keeping with the average position from the NPD data.
Combination of the two models produces the best representation
of the data, suggesting clustering of the metal atoms with
different local environments in different areas of the alloy. Indeed,
evidence of clustering has been observed in vanadium rich V–Ti
alloys24,56 and Ti–Cr–Mo alloys,57 while Cr and Mo have been
reported to be evenly distributed in Cr/Mo–V alloys.25,26

On comparison of the INS spectra for the V20 1 cycle and V75

1 cycle samples at hydrogen Peq of 1 � 10�6 bar a small shift to
higher energies is observed in the peak positions of the metal
atom motions from 22 meV in V75 to 24 meV in V20 (Fig. 8) In
addition, the peak due to the hydrogen in the Oz site in the bct
phase observed at 51 meV in V75 is observed at 59 meV in V20.
The shift in the peak positions to higher energies indicates
stronger M–H interactions in the V20 sample. As these data are

Fig. 7 Offset experimental INS data for V75 1 cycle 1� 10�6 bar (black) and
3 bar (red) H2 Peq, and DFT calculated INS spectra for 2 � 2 � 2 V-only cell
with hydrogen and metal atoms on special positions (dark blue) and 4 �
4 � 4 Ti10Cr10V75Mo5 supercell with hydrogen and metal atom positions
disordered (green). A combination of the 2 models is shown in light blue
and is the best representation of the experimental data.

Fig. 8 Comparison of V75 and V20 1 cycle degassed samples at 60 K and
5 K respectively (at these temperatures the difference in the spectra owing
to temperature is negligible). Peaks observed at 22 and 51 meV in V75 are
observed at 24 and 59 meV in V20. The small but sharp peak at 12.7 meV
observed in V20 is barely seen in the V75 spectrum at low hydrogen Peq but
increases in size with increasing hydrogen Peq (Fig. 6). From DFT calcula-
tions of the 4 � 4 � 4 supercell, this peak originates from the anti-phase
motion of the hydrogen and metal atoms along the b axis.
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from the degassed samples, the M–H interactions observed are
predominantly from the trapped H found in the bct phase. The
shift to higher energies is therefore in keeping with the observa-
tion of hydrogen trapping during cycling of the V20 sample. This
shift is even more significant as V20 contains more atoms to the
right hand side of the periodic table (45 : 55 left : right) than V75

(85 : 15 left : right) and therefore would be predicted to have
weaker M–H interactions; atoms to the right hand side of the
periodic table are more efficient at screening the core charge of
the metal atom from the hydrogen atoms, thus yielding a less
steep hydrogen potential well and a weaker interaction.55

On increasing hydrogen Peq for the V20 1 and 10 cycle
samples, peaks are observed similar to those in the V75 samples
(Fig. 9). Although less well-defined, the peak at 59 meV arising
from the hydrogen motion in the bct phase is observed to
initially increase at low hydrogen Peq (1 � 10�6 bar o Peq r
10 bar) and then decrease as the strong peaks from the
hydrogen in the T site of the fcc phase increase. In the V20

samples, the fcc phase peaks are broader (the full-width half
maximum of the 150 meV peak is B50 meV for the V20 samples
compared to B35 meV for the V75 samples), and the peak
shape is much less defined. This, coupled with the broader,
ill-defined peaks observed for the bct phase, indicates that the
V20 sample contains a greater range of hydrogen site energies
(and therefore a wider range of distorted site geometries) than
is observed in the V75 sample. Furthermore the slight shift
in the position of the fcc T site peaks to lower energies (V75 =
149 meV, V20 = 144 meV), indicates weaker M–H interactions in
the fcc phase of the V20 samples which contribute to a higher
dissociation pressure, as is observed in the V20 samples.

Conclusions

NPD has been used to determine that the bulk of the hydrogen
stored in V75 at high hydrogen Peq is in the T sites of the

fcc phase. At lower hydrogen Peq the fcc phase converts (rever-
sibly) to the bct phase in which the hydrogen atoms, on
average, mainly occupy the distorted octahedral Oz site. On
degassing the sample, a small amount of hydrogen was found
to remain in the Oz site of the bct phase. This is in keeping with
the PC isotherm data and suggests that the residual hydrogen
that remains in the sample, thus reducing capacity on cycling,
is trapped in the Oz site of the bct phase. The breadth of the
peaks in the XRD and NPD data indicate a more complex
structure than is described by the average structure from the
Rietveld refinement and this is corroborated by the INS data.
From the INS data and the DFT calculations, the local structure
has been found to be more complex, suggesting clustering of
the metal atoms with some areas of the sample following a
more ordered structure than others. Disorder of the metal
atoms and the hydrogen atoms illustrated in one of the DFT
models indicates the T sites around the Oz sites can also be
occupied (although not simultaneously with the Oz sites owing
to spatial constraints) thus giving rise to the higher energy
bands seen in the INS data at low hydrogen Peq. Averaging of
this disordered structure yields the hydrogen atoms placed
closest to the Oz site, thus corroborating the NPD data.

The INS data also shows that the M–H interactions are
stronger in the V20 sample than in V75, thus resulting in
increased hydrogen trapping on cycling as is observed in the
V20 sample. Hydrogen trapping in the V20 sample also results in
the frustrated precipitation of the fcc phase on increasing
hydrogen pressure in V20, while the V75 sample completely
converts to the fcc phase, and has little residual H on cycling.
These results show that in order to improve the properties of
Ti–Cr–V–Mo alloys for hydrogen storage in a hydrogen tank, an
optimum alloy component ratio will be required whereby the
combination of strong M–H interactions and the number of
lattice defects (or amount of disorder) induce an increase in the
dissociation pressure, but not so much as to dramatically
reduce the hydrogen capacity on cycling.

Fig. 9 INS spectra for (a) V20 1 cycle at 5–200 K – the rise at low energy transfers for the 56 bar hydrogen Peq is due to the higher collection
temperature; (b) V20 10 cycles at 140–300 K – the 1� 10�6 bar hydrogen Peq dataset shows less intensity owing to the higher collection temperature (see
Fig. S2, ESI†).
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