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Abstract

This work was focused on the studies of vanadium-based “low-temperature” bcc alloys as H storage materials. Both as cast and annealed at
1100◦C quaternary alloys V92.5−x−yZr7.5Ti7.5+x−yMy (M = Cr, Mn, Fe, Co, Ni;x = 0, 10;y = 0, 7.5) were studied. They were characterised
by XRD, PCT hydrogen absorption–desorption measurements (T = 30–120◦C) and thermal desorption spectroscopy studies of H desorption
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rom the saturated hydrides (T = −100 to 800◦C). The thermodynamics of the VH∼2 ↔ VH∼1 transition and hydrogen sorption capaci
1.55, . . . , 1.80 H/M) were found to be significantly influenced by the substituting M-element. The reversible hydrogen storage
T < 100◦C,P > 0.1 bar) reaches 50–60% of its overall value. Complete hydrogen desorption proceeds in vacuum atT < 300◦C. The majo
uture challenge of the work is in increasing of the easy-reversible part of the H storage capacity corresponding to transformatio∼2 ↔
H∼1 by reducing the content of H in the monohydride.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Vanadium dihydride (VH2) has the highest known volu-
etric hydrogen storage capacity (0.16 g/cm3 or 2.25 times
ore than the density of liquid hydrogen) and relatively high
ydrogen weight capacity (3.78 wt.%). About 50% of this
ydrogen is reversibly absorbed/desorbed at convenient con-
itions: at room temperature and pressures slightly higher

han 1 bar. Residual hydrogen can be removed in vacuum
t temperatures below 300◦C [1,2]. At the same time, the
H∼2 ↔ VH∼1 transition is characterised by an incline tem-
erature dependence of hydrogen equilibrium pressure, asso-
iated with unusually high values of entropy and enthalpy of
he formation of the dihydride[3]. In addition, this transition
as a strong inverse isotopic effect[4].

This unique combination of the properties of VH2 opens
road possibilities for the thermally managed hydrogen stor-
ge applications. At the same time, practical use of VH2 meets

∗ Corresponding author. Tel.: +47 63806453; fax: +47 63812905.
E-mail address: volodymyr.yartys@ife.no (V.A. Yartys).

a number of difficulties. They include slow formation kin
ics[5] and high sorption hysteresis[6]. Recently the growin
efforts are focused to resolve these problems. In partic
doping of the vanadium–titanium alloys by small additive
transition elements (Cr, Mn, Ni and Zr) improves hydro
sorption characteristics[5,7–10].

This work was aimed on studies of the pha
structural characteristics and hydrogen sorption p
erties of multi-component alloys having composit
V92.5−x−yZr7.5Tix+7.5−yMy, where M = Cr, Mn, Fe, Co, N
x = 0, 10 andy = 0, 7.5. The selected ratio of the com
nents was expected to provide the formation of the bcc
solutions based on vanadium, being outside of the two-p
region where the formation of intermetallic phases takes p
(Fig. 1).

2. Experimental

The alloys (∼3 g each) were prepared by argon arc m
ing. The starting materials had purity better than 99.9 w
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Fig. 1. Compositions of the studied alloys V92.5−x−yZr7.5Ti7.5+x−yMy

(M = Cr, Mn, Fe, Co, Ni;x = 0, 10;y = 0, 7.5). Isothermal section of the
phase diagram V–Ti–Zr atT = 1300◦C [11] is given.

To improve their homogeneity, the ingots were remelted
2–3 times. The samples were annealed atT = 1100◦C dur-
ing 50 h, with a subsequent quenching into the mixture of ice
and water.

Phase-structural characteristics of the samples (initial
annealed alloy; “dihydride” obtained by H sorption at room
temperature and∼20 bar pressure of H2; “monohydride”
obtained by H desorption from the “dihydride” atT = 100◦C
andP < 0.01 bar; and alloy after a completion of the desorp-
tion process obtained by heating of the hydride in vacuum to
∼ 800◦C) were studied using XRD (Siemens D5000 diffrac-
tometer, Cu Kα1 radiation, 2θ = 10–90◦). The calculated
X-ray patterns of the constituent phases were simulated using
Powder Cell software and analysed in comparison with the
reference structural data[12].

Hydrogen absorption/desorption characteristics were
measured in the Sieverts-type setup. Further details can be
found in [13]. Before the measurements, a bulk sample of
the alloy (0.8–1.5 g) was activated by heating in vacuum to
450◦C during 1 h followed by a saturation with hydrogen gas.
The activation was repeated until a complete reproducibility
of the hydrogen sorption capacity was achieved.

The powdered sample (m ∼ 0.4 g) was reloaded into the
setup for the measurements of the PCT characteristics. These
studies have been done in the pressure range 0.001–25 bar
at temperatures from 30 to 120◦C. After measuring an
absorption–desorption isotherm cycle, the sample was evac-
uated during 2 h atT = 500◦C before the following series
of the measurements at different temperature. The data were
fitted using a recently developed PCT model[14].

The thermal desorption spectra of the hydrogen-saturated
alloys were measured in the temperature range from−100 to
800◦C at a heating rate of 5◦/min.

3. Results and discussion

3.1. Phase-structural characteristics

The annealed and as-cast samples have similar phase-
structural characteristics containing�-phase solid solution
as the main component. However, in addition small amounts
of �-Zr are observed in the as-cast alloys which are con-
verted on hydrogenation to�-ZrHx. �-Zr disappears after the
annealing.

Summary of the results of the phase-structural charac-
terisation of the annealed alloys and their corresponding
hydrides is given inTable 1. Unit cell parameters of the main
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Table 1
Crystallographic data of the annealed alloys and their hydrides

Designationa Sample Unit cell dimensions (Å) es

Mon

a =
a =
a =
a =
a =
a =
a =

ter use
Alloy

(Ti) V75Ti17.5Zr7.5 3.040(1)
(V) V92.5Zr7.5 3.022(1)
(Cr) V75Ti10Zr7.5Cr7.5 3.0349(7)
(Mn) V75Ti10Zr7.5Mn7.5 3.033(1)
(Fe) V75Ti10Zr7.5Fe7.5 3.0283(9)
(Co) V75Ti10Zr7.5Co7.5 3.0357(5)
(Ni) V75Ti10Zr7.5Ni7.5 3.0248(4)

a The designations of the alloys presented in the first column are la
b Structure type Fe3W3C, space groupFd3̄m.
c Structure type MgCu2, space groupFd3̄m.
d Structure type MgZn2, space groupP63/mmc.
onstituent, bcc solid solution, determined from X-ray s
es of starting alloys, agree, within experimental error, w
he data for the samples which underwent a hydrogena
ecomposition cycle.

All studied alloys contain, as a major constituent,
-based bcc phase (a = 3.03Å for pure V). The hydrogena

ion proceeds in two steps. The tetragonal “monohydr
2H1+x (space groupI41/amd; a = 6.001–6.035̊A, c =
.59–6.87Å) is formed first. Further absorption of hydrog
esults in a formation of the fcc “dihydride” (space gro
m3̄m, a = 4.27Å for VH2).

XRD patterns showed a formation of well-crystall
amples both for starting alloys and for dihydrides. H
ver, only for the V92.5Zr7.5 sample a well-defined XR
attern of the “monohydride” was observed. On the c

Secondary phas

ohydride Dihydride

6.16(1)c = 6.65(1) 4.295(1) �b

6.067(3)c = 6.739(6) 4.2712(9) �, ZrO2

6.1932(3)c = 6.564(1) 4.2830(4) �, ZrO2

6.07(2)c = 6.74(3) 4.286(3) �, C15c

6.100(6)c = 6.76(1) 4.263(1) C14d, �

6.082(6)c = 6.73(1) 4.263(2) C14d, �

6.234(1)c = 6.580(9) 4.255(1) �

d in the paper. Their compositions are shown in the second column.
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Fig. 2. Relative volume increase per metal atom during the transforma-
tions alloy–“monohydride” (1), “monohydride”–“dihydride” (2) and alloy–
“dihydride” (3).

trary, the XRD of titanium-contained “monohydrides” were
characterised by an increased background and broadened
peaks. Apparently, this is caused by high internal stresses
in the impact and ductile samples during a transforma-
tion of the alloys or “dihydride” phases into tetragonal
“monohydrides”.

XRD study showed that the formation of the “monohy-
drides” is accompanied by a volume expansion of 11.3–
15.5%. Further hydrogen absorption leads to a more pro-
nounced volume increase, 20.5–26.8% compared to the
“monohydride”, which in total gives 38.5–41.2% compared
to the initial alloys (Fig. 2). The observed values are rather
similar for all studied samples and agree well with the refer-
ence data: 7.1–12.5 and 24.5–30.7% for “mono-“ and “dihy-
drides”, respectively;∼40% in total[12]. Behaviour of the
Ni-substituted alloy is very different—it undergoes rather

Fig. 3. Correlation between unit cell parameters of the bcc alloys (a) and fcc
“dihydrides” (b) and the atomic radii of the substituting elements, M. Lines
are drawn just to guide an eye.

significant expansion (15.5%) during the first step, which
markedly reduces volume effect (20.5%) on the step 2. How-
ever, the total value (39.2%) is very similar to the other studied
alloys.

Interestingly, for the initial alloys and, also for their cor-
responding dihydrides the parameters of the cubic unit cells
systematically increase following a trend in changes of the
metallic radii of the elements (seeFig. 3).

3.2. Hydrogen sorption properties

Table 2summarises hydrogen sorption capacities and acti-
vation behaviour of the studied alloys. An overview of the

Table 2
Hydrogen sorption capacities and activation behaviour

Alloy H sorption capacity Time of 80% hydrogenation at the
first H absorption cycle (min)

(T = 30◦C, P = 25 bar) (T < 100◦C, P > 0.1 bar)

H/M cm3/g H/M cm3/g

(Ti) 1.76 367.4 0.90 189.3 2.5
(V) 1.65 343.1 0.81 168.2 75

.09 224.7 2.0

.95 197.4 5.5
0.76 156.5 12.0
0.75 155.1 8.5
.88
(Cr) 1.79 370.3 1
(Mn) 1.70 353.2 0
(Fe) 1.59 328.9
(Co) 1.56 322.7
(Ni) 1.56 321.9 0
 181.1 16.5
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Table 3
PCT properties of the upper plateau segment (H∼2 ↔ H∼1)

Parameter Alloy

(Ti) (V) (Cr) (Mn) (Fe) (Co) (Ni)

Maximum total H capacity (Cmax), H/M 1.97a 1.98 2.02 1.91 1.88 1.77 1.83
1.99 2.03 2.03 1.85 1.80 1.82

Fraction of the segment in the total capacity 0.47 0.55 0.56 0.53 0.46 0.42 0.48
0.42 0.52 0.54 0.44 0.41 0.49

H concentration at the plateau midpoint (C0), H/M 1.30 1.16 1.22 1.20 1.22 1.15 1.13
1.33 1.24 1.28 1.22 1.19 1.17 1.10

Apparent standard entropy of the transition atC0 (�S0)
(J/mol H2/K)

−164.63 −146.99 −140.03 −155.64 −153.58 −154.16 −162.89

−145.11 −153.04 −132.28 −142.67 −127.05 −154.44 −168.17
Apparent standard enthalpy of the transition atC0 (�H0)

(kJ/mol H2)
−52.98 −40.32 −42.23 −48.10 −43.91 −44.41 −46.04

−53.36 −44.83 −43.32 −48.45 −40.14 −49.36 −51.35
�(ln P)/�(H/M) at C0 andT = 60◦C 3.23 1.11 0.98 3.10 3.08 3.05 2.09

1.14 0.39 0.31 0.89 1.31 1.50 0.84
PAbsorption/PDesorptionatC0 andT = 60◦C 12.02 2.46 3.76 5.40 6.25 5.78 3.61

a Top—sorption and bottom—desorption.

PCT properties of the hydrides formed by the annealed alloys
(derived from the fitting parameters for the upper segments
of the PCT curves) is given inTable 3.

Doping by titanium significantly improves the activation
properties of the vanadium–zirconium alloy V92.5Zr7.5:

(a) Rate of the initial absorption dramatically increases (see
Table 2);

(b) Complete reversibility of H desorption is reached in just
one cycle compared to the four cycles for V92.5Zr7.5;

(c) Both absorption and desorption by the activated alloys
become very fast (90% hydrogenation is reached in just
1–4 min compared to 7–8 min for V92.5Zr7.5).

An introduction of titanium also increases the total H sorp-
tion capacity (except for M = Fe, Co, Ni) and the reversible H
sorption capacity (except for M = Fe, Co). The behaviour of
the Ni-doped alloy is of special interest: its reversible capac-
ity increases despite a decrease in the total capacity takes
place. Such an increase correlates with the observed unusual
volume expansion behaviour during the formation of mono-
hydride (Fig. 2). The most pronounced increase both for the
total and for the reversible H sorption capacity was observed
for M = Cr.

A modification of the alloys with Ti and transition metals
(Cr, Mn, Fe, Co, Ni) increases both hysteresis and plateau
s ease
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d
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i
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g
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b ari-
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in V–Zr–Ti–M, to modify hydrogen equilibrium pressure by
two orders of magnitude (Fig. 4).

Comparison of the PCT behaviour of the as-cast and
annealed alloys showed that, as expected, annealing mainly
results in flattening of the plateau area of the desorption
isotherms.

The TDS spectra of the hydrogenated samples contain two
desorption peaks. The first one appears at low temperatures
and corresponds to hydrogen desorption from the “dihydride”
(VH∼2 → VH∼1). The peak position shifts from−14 ◦C
for the least stable hydride on the basis of V92.5Zr7.5, to
+10◦C for the most stable one formed by V75Ti17.5Zr7.5
(Fig. 5a). The observed stability agrees well with correspond-
ing PCT data (Table 3). The second rather broad desorption
peak (VH∼1 → V) has its maximum atT ∼ 200◦C (Fig. 5b).

As it can be seen fromFig. 5b, all titanium-containing
samples are characterised by a more broad (compared to
V92.5Zr7.5) peak of gas evolution, especially for M = Fe,
Co, Mn. Introduction of Ti and M reduces the starting tem-
perature for the decomposition of “monohydride” decreas-
ing the thermal stability. In all cases desorption finishes at
T ∼ 300◦C.

4. Applications
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lope. However, for M = Cr, Ni these parameters decr
pproaching the characteristics for the low-alloyed v
ium.

The PCT data show an essential influence of the subs
ng elements on the thermodynamics of the VH∼2 ↔ VH∼1
ransition. AtT = 60◦C the equilibrium pressure of hydr
en desorption is around 10 bar for the V92.5Zr7.5–H2 system
nd close to 0.1 bar for V75Ti17.5Zr7.5–H2. The correspond

ng values for the quaternary alloys have intermediate va
etween these limits. This allows, by applying small v
tions of the amount of the additives of the M-compon
Reversible hydrogen sorption capacities of the stu
amples are between 155 and 225 cm3/g (Table 2). They
xceed corresponding values for the AB5 intermetallides an
re similar to those for the AB2 H storage alloys[15]. The
ossibility to efficiently control the working pressures of
ydrides, by small variations of their chemical composi
Table 3, Fig. 4), makes them promising for the applicatio
n compact, safe and technologically flexible hydrogen s
ge units and as efficient reversible hydrogen getters fo
acuum plasma technologies[16].
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Fig. 4. (a) Hydrogen desorption isotherms atT = 60◦C: experimental
points and calculated curves; (b) Van’t Hoff plots for hydrogen desorption
derived from PCT fitting parameters (Table 3).

Especially promising application of the studied V-based
alloys is hydrogen thermal sorption compression. From
the PCT derived thermodynamic parameters, the use of
V92.5Zr7.5 and V75Ti10Zr7.5Ni7.5 will allow a compression
of hydrogen from 20 bar (T = 10◦C) to 150–200 bar (T =
150◦C) with reversible H capacity exceeding 150 cm3/g.

Finally, a very efficient separation of hydrogen iso-
topes can be achieved on the basis of the bcc vanadium
alloys. Indeed, as it can be seen fromFig. 6, the alloy
V75Ti10Zr7.5Ni7.5 shows a strong inverse isotopic effect: at
T = 60◦C in the plateau region the pressure ratioPH/PD

Fig. 5. Hydrogen thermal desorption spectra corresponding to the transitions
VH∼2 → VH1 (a) and VH∼1 → V (b).

is close to 2.5. It is higher than isotopic effect recently
reported[17] for the RECo5 alloys (PD/PH = 2). A com-
parison with the performance of undoped vanadium ([4];
PH/PD ∼3 at T = 40◦C) reveals two principal advantages
of the materials studied in the present work. Firstly, we have
not observed a significant difference between absorption–
desorption dynamics both for H2 and D2, whereas the reaction
of D2 with pure vanadium is much slower compared to hydro-
gen. Secondly, for the V75Ti10Zr7.5Ni7.5 alloy the transition
VH∼2 ↔ VH∼1 takes place at the same concentrations both
for hydride and deuteride, and maximum sorption capacities
are close in both cases. On the contrary, the�-deuteride on the
basis of pure vanadium has much lower reversible sorption
capacity than corresponding�-dihydride[4].

In conclusion, present study shows that vanadium alloys
V92.5−x−yZr7.5Ti7.5+x−yMy (M = Cr, Mn, Fe, Co, Ni;x = 0,

F on for
V

ig. 6. Isotherms of hydrogen and deuterium absorption and desorpti

75Ti10Zr7.5Ni7.5 atT = 60◦C.
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10; y = 0, 7.5) have significant potential for the thermally
managed hydrogen storage applications. Possibilities to sig-
nificantly influence the thermodynamics of the VH∼2 ↔
VH∼1 transition and hydrogen sorption capacity by the sub-
stituting M-element are the most valuable features of these
systems. Further improvements of the H storage properties
can be achieved by reducing the H content in the�-hydride
thus increasing the efficient H capacity of the system.
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