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Hydrogen  sorption  properties  of  a  large  variety  of  solid  solutions  on the  base  of  ZrCr2 and  TiFe2 inter-
metallic  compounds  are  studied  at pressures  up to 300  MPa.  Partial  substitution  of  Cr by  small  amounts  of
Me  =  Al,  Mn,  Mo,  Ni and  B  does  not  significantly  change  the H/M  ratio of hydrides  of the  Ti(Cr1−xMex)2−a

alloys  with  0  <  a <  0.2,  whereas  the  substitution  by Me  =  Si  results  in a steep  decrease  of  this ratio.  An
increase  in  the concentration  of  the  substituting  metal  inhibits  the transformation  of  the studied  hydrides
from  the  initial  Laves  phase  to  a CaF2-type  structure  with  increasing  hydrogen  pressure  at  a temperature

◦

ydride
igh pressure
iCr2-based alloys
rFe2-based alloys

of −50 C. In  the  case  of  the  ZrFe2 compound,  substituting  Zr by Dy  and  Y, and  also  substituting  Fe by  V,  Cr,
Mn,  Ni, Cu  and  Mo  decrease  the  equilibrium  absorption  and  desorption  pressures,  unlike  Ti  substitution
for  Zr  and  Co  substitution  for  Fe.  Substituting  Zr  by  Dy,  Y and  Ti, as well  as substituting  Fe  by  V,  Cr,  Ni  and
Cu  decrease  the  hysteresis  between  the  formation  and  decomposition  pressures  of  the  hydrides.  In the
case of Zr1−xTix(Fe1−yMey)2 multicomponent  alloys  with  Me  =  V and/or  Ni, the decomposition  pressure
varies  in  a  wide  range  of  0.5–250  MPa.  Some  of the  investigated  alloys  can  be  used  for  designing  metal

hydride  compressors.

. Introduction

TiCr2 is one of the most interesting IMC  among the Laves phases.
his compound can crystallise in each of the three AB2 Laves phase
tructures: C14, C15 and C36. The reaction of TiCr2 with hydrogen
t high pressure and low temperature yields hydride with a cubic
aF2-type structure. This hydride is a promising material for prac-
ical applications because of its high hydrogen storage capacity of
.6 wt.% [1–3].

Formation of a hydride in the ZrFe2–H2 system was first
eported in ref. [4].  Later, the PC-isotherms and the �H  (enthalpy)
nd �S  (entropy) values for the reaction of ZrFe2 with hydro-
en were determined in ref. [5]. At a temperature of 20 ◦C, this
eaction starts at 81 MPa  in the first absorption cycle. The equi-
ibrium absorption/desorption pressures for the activated sample
re 69.9/32.9 MPa. The hydrogen absorption capacity of ZrFe2 is
bout 1.7 wt.% and nearly all absorbed hydrogen can be desorbed
eversibly, which makes this material a good candidate for practical
pplications such as metal–hydride compressors.
Studies of non-stoichiometric ZrFex–H2 systems showed
hat their equilibrium hydrogen absorption/desorption pressures
ncrease, whereas the hydrogen storage capacity and desorption
nthalpy decrease with increasing iron content [6].
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The addition of substituting metals to intermetallic compounds
is a commonly used method of changing the thermodynamic
parameters of hydrides. An investigation of Zr1−xRxFe2–H2 systems
with R = Y, Dy and Gd showed that a noticeable solubility of the rare-
earth metal could only be achieved for Y and Dy [7].  Alloying ZrFe2
with Y and Dy decreased the equilibrium desorption pressure of
hydrogen by 25% and by 10%, respectively, without a considerable
loss of the hydrogen storage capacity. In addition to changing the
thermodynamics, the rare-earth metals also played a catalytic role
in the hydrogen absorption by ZrFe2. For example, the Zr1−xRxFe2
alloys began to react with hydrogen at a lower pressure than ZrFe2
and without an induction period.

The hydrogen sorption properties of Zr1−xTixFe2−yAly–H2 sys-
tems (х = 0.2–0.8; y = 0.1–0.8) were described in our previous work
[8]. The results were in good agreement with data of ref. [9]
for the Zr(Fe1−xAlx)2–H2 systems. The hydrogen storage capac-
ity was  found to decrease with increasing content of aluminium
and iron. Increasing titanium content of the Zr1−xTixFe2−yAly alloys
resulted in the increase of the equilibrium absorption and desorp-
tion pressures, while both these pressures decreased in the case
of aluminium. The hysteresis factor ln(Pabs/Pdes) decreased with
increasing content of both Ti and Al metals.
2. Experimental

The initial alloys were arc-melted from pure metals in an argon atmosphere.
All samples were remelted 4 times to insure homogeneity. The phase composi-
tion and cell parameters of the initial alloys and their hydrides were examined by

dx.doi.org/10.1016/j.jallcom.2011.01.198
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:tim.zotov@gmail.com
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the Laves phase and its hydrogen storage capacity. The Mo  substi-
tution for Ti increased the equilibrium absorption and desorption
pressures. The Mo  substitution for Cr gave the opposite effect. The
formation of the second (high pressure) plateau was only detected
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Fig. 1. Desorption PC-isotherms of the TiCr2−a−xAlxx–H2 system at 20 and −50 ◦C.

owder X-ray analysis on a DRON-3 M diffractometer with graphite monochroma-
or at room temperature using Cu K� radiation. Profile refinement was performed
sing the RIETAN-2000 software [10]. The single-phase alloys were further stud-

ed as cast. The multiphase samples were annealed in evacuated quartz tubes at
00 ◦C for 240 h and quenched in cold water. Hydrogen interaction with the alloys
as  studied by the PCT-isotherm method in the pressure range of 0.01–300 MPa

t  temperatures from −50 to 40 ◦C using a high gaseous pressure device [11]. The
mount of the absorbed or desorbed hydrogen was  calculated using a modified van
er Waals equation [12]. Thermodynamic parameters of the desorption reactions
ere calculated by the van’t Hoff equation using the fugacity values corresponding

o  the experimental pressure values. A special procedure was  employed to prevent
ydrogen losses from the hydride phases during their X-ray investigation under
mbient conditions. Prior to the X-ray experiments, the samples were first cooled
o  the liquid nitrogen temperature under high hydrogen pressure and then exposed
o  air for 5–10 min. Results of the X-ray studies were later used for the adjustment
f  PCT-calculations so as to take into account the alterations of the sample density
uring the hydrogenation/dehydrogenation reactions.

. Results and discussion

.1. TiCr2-based alloys

We  prepared four TiCr2−a−xAlx alloys with different stoichiom-
try (Table 1). The hydrogen desorption isotherms of these alloys
re shown in Fig. 1. The alloys with x = 0.05 and 0.2 and a stoichio-
etric ratio of B/A = 1.8, as well as the stoichiometric alloy with

/A = 2 and a small concentration of Al (TiCr1.95Al0.05) underwent a
ransformation to a CaF2-type hydride at–50 ◦C. An increase of the
/A ratio to 1.9 at x = 0.2 prevented from this additional hydrogen
bsorption.

In the case of the TiCr2−a−xMnx alloys with different stoichio-
etric ratios, the transformation to the CaF2-type hydride phase

t high pressure and low temperature only occurred if x = 0.2 and
 = 0.2, and it was inhibited by increasing x and decreasing a values
Table 1). These results are in good agreement with data for the
toichiometric Ti–Cr–Mn alloys [3,13].

It can therefore be concluded that the partial substitution of Cr
y Al and Mn  does not significantly change the H/M ratio, whereas
he increase of the stoichiometric ratio and the concentration of the
ubstituting metal prevents from the transformation to the CaF2-
ype hydride (Table 1).

A study of the effect of B and Si additions to TiCr1.8 showed
hat both elements brought the alloy into multiphase states, with
15 being the main phase in the case of boron and C14 in the

ase of silicon. The unit cell volume decreased with the addition
f these p-elements. The hydrogen desorption pressure increased
ith the addition of B and decreased with Si (Fig. 2). The H/M

atios decreased in both cases; the decrease with adding Si being
teeper. Both boron and silicon hindered the transformation to the
1.41.210.80.60.40.20

H/M

Fig. 2. Desorption PC-isotherms of the TiCr1.8X0.05–H2 system at 20 and −50 ◦C.

CaF2-type hydride phase, as can be seen from Fig. 2 and Table 1.
The influence of the Cr substitution by Ni was investigated for

the TiCr1.75Ni0.1 and TiCr1.7Ni0.3 compounds (Fig. 3, Table 1). Traces
of the Ti2Ni phase were detected in both alloys even after the
annealing. The unit cell volume of the TiCr2 Laves phase and the
equilibrium absorption and desorption pressures decreased with
increasing Ni content. The H/M values changed insignificantly for
xNi = 0.1 and showed a marked decrease for xNi = 0.3 (Fig. 3). Increas-
ing Ni content prevents the formation of the CaF2-type hydride in
the TiCr2−x−aNix–H2 system. In the case of xNi = 0.1, all traces of the
C14 phase observed in the X-ray pattern of the initial alloy, com-
pletely disappeared after the hydride formation. An X-ray analysis
of the hydrogenated sample detected only reflexes corresponding
to the C15 and CaF2-type hydride phases. It is worth noting here
that the preparation of single-phase samples of the C15 cubic phase
of TiCr∼2 containing no traces of other Laves phases is a difficult
experimental problem [14,15].

The effect of a Mo  addition to TiCr2 was  studied in the cases of
the molybdenum substitution for Ti-atoms (Ti0.86Mo0.14Cr1.9) and
for Cr-atoms (TiCr1.9Mo0.1). The Ti0.86Mo0.14Cr1.9 alloy contained a
certain amount of a BCC phase even after the annealing (Table 1).
The Mo  addition was  found to decrease both the unit cell volume of
1.31.10.90.70.50.30.1

H/M

Fig. 3. Absorption and desorption PC-isotherms of the TiCr2−a−xNix–H2 system at
20 and −50 ◦C.
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Table 1
Structure and hydrogen sorption properties of TiCr2-based alloys.

Alloy Phase composition
VIMC (Å3)

H2

(wt.%)/H/M20 ◦ C/H2

(wt.%)/H/M−50 ◦ C
a

Pabs/des 20 ◦ C

(MPa)
ln(Pa/Pb) Pabs/des−50 ◦ C

b

(MPa)
Pdes 90◦C calc
(MPa)

�H (J/mol H2)/�S
(J/K mol  H2)c

TiCr1.9 [3] C14 168.23 2.0/1.0 2.5/1.3 –/5.4 – –/14.7 31.4 26.5/122 26/158
TiCr1.8 [3] C15 333.82 2.0/1.0 2.5/1.3 –/15.4 – –/19.3 56.7 21.3/116 22.6/147
TiCr1.75Al0.05 C14 168(5) 1.9/1.0 2.3/1.2 6.08/5.99 0.02 59.8/55.7 0.07 37.5 24/116
TiCr1.6Al0.2 C14 168(4) 2.1/1.0 2.4/1.2 1.52/1.42 0.07 –/131.7 29.9 33.4/90.8
TiCr1.7Al0.2 C14 169(3) 2.2/1.05 2.3/1.1 2.33/2.23 0.04 – 38.5 28.1/128.5
TiCr1.95Al0.05 C14 168(7) 2.1/1.0 2.4/1.2 10.64/2.94 1.29 –/48.1 30.7 22.8/112 24.8/167
TiCr1.6Mn0.2 C14 166.5(2) 1.9/0.95 2.4/1.2 6.28/6.08 0.03 20.3/– 43.9 28.0/129
TiCr1.7Mn0.3 C14 165(4) 2.05/1.05 2.4/1.2 6.59/3.95 0.51 – – –
TiCr0.95Mn0.95 C14 165(2) 2.0/1.05 2.2/1.15 15.91/8.82 0.59 – 43.0 22.8/114.9
TiCr1.8B0.05 C15 82% 333.618(9)

C14 16% 167.01(6)
bcc 2% 28.75

2.1/1.05 2.2/1.1 22.3/18.8 0.17 – 41.0 15.6/94.8

TiCr1.8Si0.05 C14 166.26(3) 1.8/0.95 2.1/1.25 3.34/3.24 0.03 –/99.3 15.7 21.4/101 10.9/113
TiCr1.75Ni0.1 C15 75% 332.15(2)

C14 18% 165.92(8)
Ti2Ni 8% 1455.7(4)

2.1/1.1 2.4/1.25 14.19/10.13 0.34 60.8/42.6 0.36 39.5 20.5/107.8 25.5/167

TiCr1.7Ni0.3 C14 89%165.636(5)
Ti2Ni 5% 1453.3(3)
bcc(Cr)6%24.693(2)

1.9/1.0 2.1/1.05 6.59/4.86 0.30 – 25.3 21.7/106.7

Ti0.86Mo0.14Cr1.9 C15 86%330.73(3)
bcc 14% 25.16(2)

1.9/1.0 83.09/77.00 0.08 – 175.9 17.2/117

TiCr1.9Mo0.01 C14 166(5) 1.9/1.0 2.2/1.15 11.65/3.55 1.19 60.8/27.4 0.8 21.7 24.8/113

nd at h
(CaF2

eau in

i
s
C

3

t
c
Z
T
a
t
[

F
a

a Hydrogen absorption capacity at high pressure (1000–3000 atm) and at 20 ◦C/a
b The values of hydrogen absorption/desorption pressures of the second plateau 

c The second pares of enthalpy and entropy values correspond to the second plat

n the TiCr1.9Mo0.1–H2 system (Fig. 4). However, an X-ray analy-
is of the sample of Ti0.86Mo0.14Cr1.9 hydride showed traces of the
aF2-type phase.

.2. ZrFe2-based alloys

To investigate the effect of a Ti substitution for Zr, we studied
he Zr1−xTixFe2 alloys with x = 0.2 and 0.4 (Table 2). The Zr0.8Ti0.2Fe2
ompound had a C15 structure similar to that of ZrFe2, whereas
r0.6Ti0.4Fe2 was a mixture of 60% C14 and 40% C15 Laves phases.

he amount of these phases did not significantly change after the
nnealing, because the composition of the sample belonged to
he two-phase (C14 + C15) region of the Zr–Ti–Fe phase diagram
16]. The lattice parameters decreased with increasing titanium
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igh pressure (1000–3000 atm) and at −50 ◦C.
type hydride forming/decomposition).

 PC-isotherms (CaF2 type hydride decomposition reaction).

content (Table 2). The increase of the Ti content also resulted in
the drastic increase of the equilibrium absorption and desorption
pressures, while the hysteresis between these pressures decreased
and the hydrogen storage capacity decreased, too (Fig. 5, Table 2).
The maximum hydrogen capacity was achieved for the hydride
Zr0.6Ti0.4Fe2H2.9 loaded with hydrogen at a temperature as low as
−40 ◦C.

All ZrFe1.8Me0.2 alloys (Me  = V, Cr, Mo,  Mn,  Co, Ni, Cu) had C15
type structures except for the alloys with V (a mixture of C15 + C14)
and Mo  (C14). The unit cell volume of the C15 phase decreased in
the series V to Ni and increased for the Cu-substituted alloy. The
hydrogen content was  almost the same (∼1.75 wt.%) for all studied

systems. The dependence of the equilibrium absorption/desorption
pressures on the atomic number of the substituting metal is shown
in Fig. 6. The equilibrium pressures are maximal in the case of the
alloy with Co (Pabs/Pdes = 73.5/36.7 MPa). A similar increase of the
plateau pressures was found in the case of Co substituting for Fe in
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Fig. 5. Absorption and desorption PC-isotherms of the Zr1−xTixFe2–H2 system at
20 ◦C.
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Table  2
Structure and hydrogen sorption properties of ZrFe2-based alloys.

Alloy Phase composition,
VIMC (Å3)

�V/V, % H2 (wt.%)/H/Ma Pabs/des 20 ◦C

(MPa)
ln(Pa/Pd) Pdes90 ◦C, calc

(MPa)
�H (kJ/mol
H2)/�S
(J/K mol H2)

ZrFe2 [5] C15 352.46 24.3 1.7/1.18 69.9/32.9 0.75 112.1 21.3/121
Zr0.9Y0.1Fe2 [7] C15 353.2(5) – 1.7/1.13 39.5/25.9 0.42 98.6 21.5/121
Zr0.8Ti0.2Fe2 C15 348.02 24.2 1.8/1.16 117.5/76.5 0.43 200.7 20.7/129
Zr0.6Ti0.4Fe2 C15 41% 342.05(3) 22.8 1.54/0.87 168.2/115.5 0.38 283.0 20.6/135

C14  58% 165.67(5) 23.8
ZrFe1.8V0.2 C15 68% 354.59(3) 24.8 1.8/1.2 1.57/1.22 0.26 7.90 23.6/102.5

C14  32% 178.83(7) 24.8
ZrFe1.8Cr0.2 C15 353.94(2) 23.9 1.75/1.21 7.90/5.47 0.37 26.9 22.3/109
ZrFe1.8Mo0.2 C14 179.22(3) 23.6 1.6/1.18 6.38/1.93 1.20 13.5 25.9/112.5
ZrFe1.8Mn0.2 C15 353.74(2) 28.0 1.8/1.21 29.5/14.29 0.72 60.3 21.8/115.8
ZrFe1.8Co0.2 C15 352.763(4) 22.7 1.7/1.18 73.5/36.7 0.69 101.3 16.8/108.1
ZrFe1.8Ni0.2 C15 351.03(2) 24.2 1.7/1.18 46.1/25.33 0.60 92.2 21.5/119.7
ZrFe1.8Cu0.2 C15 352.03(1) 25.0 1.65/1.12 32.8/21.99 0.40 74.0 19.6/112
Zr0.3Ti0.7Fe1.4V0.6 C14 170.35(1) 18.0 2.1/1.18 0.51/0.42 0.20 4.0 31.1/116
Zr0.2Ti0.8Fe1.6V0.4 C14 165.088(1) 20.6 1.8/0.99 17.23/16.52 0.04 60.3 19.7/109.9
Zr0.1Ti0.9Fe1.7V0.3 C14 161.47(2) 22.2 1.8/0.98 139.8/129.7 0.08 249.5 13.5/112.9
Zr Ti Fe Ni C15 331.44(3) 24.6 1.64/1.02 161.1/147.9 0.09 290.8 16.5/124

Z
Z

i
w
F
T
C
a
d
c
i
s
t
l
s
e
v
f

0.6 0.4 1.2 0.8

Zr0.8Ti0.2FeNi0.8V0.2 C15 343.69(1) 25.0 1.9/1.23 

Zr0.1Ti0.9Fe1.5Ni0.3V0.2 C14 160.042(9) 20.4 1.8/0.99 

a Hydrogen absorption capacity at high pressure (1000–3000 atm) at 20 ◦C.

rFe2 [17]. The hysteresis factor ln(Pabs/Pdes) is the highest for pure
rFe2.

The decrease of the equilibrium hydrogen pressure due to alloy-
ng ZrFe2 with Ni looks rather surprising. In fact, alloying ZrFe2

ith V, Cr, Mn,  Fe and Co decreases its unit cell volume (Table 2,
ig. 6), while the absorption and desorption pressures increase.
he unit cell volume of ZrFe1.8Ni0.2 is the lowest in this series.
orrespondingly, the equilibrium pressures for the Ni-substituted
lloy should be higher than that for the Co-substituted alloy. This
ecrease can be accounted for by the nature of the Ni–H chemi-
al bonding, because the formation enthalpy of the binary hydrides
ncreases in the series of 3d-metals from vanadium to cobalt and
lightly decreases for Ni [18]. It should be mentioned, however,
hat our results contradict data of ref. [19] to say that the equi-
ibrium absorption pressure of hydrogen in the Zr(Fe1−xNix)2–H2

ystems increases from 0.4 MPa  at x = 0.2–0.8 MPa  at x = 0.8. How-
ver, results obtained in ref. [19] do not agree well with the high
alue of 70 MPa  of the hydrogen absorption pressure established
or the parent ZrFe2–H2 system [4,5,17]. We  think this contradic-
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–/256.4 0.08−20C 408.8 12.08/119.5

tion needs further clarification since it is rather unlikely that the
substitution of Fe by 0.2 atoms of Ni leads to the strong reduc-
tion in pressure from 70 to 0.4 MPa, whereas the further increase
of the nickel concentration leads to a slight rise of the hydrogen
absorption pressure from 0.4 to 0.8 MPa.

The influence of substituting metals on the hydrogen sorption
properties of ZrFe2 can be summarised as follows. The increase of
the equilibrium absorption and desorption pressures occurs in the
case of the Ti substitution for Zr and Co substitution for Fe. The
opposite effect is observed for the Zr substitution by Dy and Y and
Fe substitution by V, Cr, Mn,  Ni, Cu. A partial replacement of Zr by
Dy, Y, Ti and Fe by V, Cr, Ni, Cu leads to the decrease of the hysteresis
factor.

A study of the Zr1−xTix(Fe1−yMe)2 alloys with Me  = V, Ni showed
that the hydrogen absorption and desorption pressures of relevant

hydrides vary on a broad scale (Fig. 7, Table 2). The highest des-
orption pressure of 256 MPa  at 20 ◦C and the lowest desorption
enthalpy of 12 kJ/mol H2 among all systems studied in this work
was observed for the Zr0.1Ti0.9Fe1.5Ni0.3V0.2–H2 system. The com-
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f  the. (Zr–Ti)(Fe–Me)2–H2 system at 20 ◦C.

lete saturation of the corresponding hydride is possible only at a
emperature below −20 ◦C and a pressure of 300 MPa. The desorp-
ion pressure at 90 ◦C was calculated using the van’t-Hoff equation
Table 2).

The obtained results provide the possibility to forecast the
ydrogen equilibrium absorption and desorption pressures for
ore complicated systems, such as (Zr1−xM′

x)(Fe1−yM′′
y)2 (M′ = Ti,

, Dy; M′′ = V, Cr, Mn,  Co, Ni, Cu, Mo), based on Vegard’s law. The
ccuracy of these predictions strongly depends on the homogeneity
nd phase composition of the initial alloys, whose thermodynamic
arameters were chosen as database entries.

The hydrides synthesised in this study are rather perspective for
ractical applications such as metal–hydride compressors. Using
he data from Tables 1 and 2, it is possible to select pairs of alloys,
hich can provide a 4-stage compression of hydrogen from 0.5 to

00 MPa  utilising cold and waste hot water as the heat-transfer
gents.

. Conclusions

Hydrogen sorption properties of Ti1−aCr2−bMec (Me = Al, Mn,
o,  Ni, B, Si) alloys were studied in the present work. The sub-

titution of Cr by small amounts of Al, Mn,  Mo,  Ni and B did not

ignificantly change the hydrogen absorption capacity in contrast
o the Si-substitution. Increasing concentration of the substitut-
ng metal and the stoichiometry ratio prevents from the formation
f higher hydrides with the CaF2-type structures. Stabilization of
he CaF2-type hydrides can be achieved by introducing “hydride-

[
[
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forming” metals like V (in this case, the initial alloy will have a BCC
structure instead of the Laves phase [20]).

The addition of other elements gives the opportunity to
vary the thermodynamics of ZrFe2 hydride. The multicompo-
nent (Zr1−xM′

x)(Fe1−yM′′
y)2 (M′ = Ti, Y, Dy; M′′ = V, Cr, Mn,  Co,

Ni, Cu, Mo)  alloys are characterised by a wide range of the
absorption and desorption pressures (0.5–250 MPa) and desorp-
tion enthalpies (12–31 kJ/mol H2), and low hysteresis factors
ln(Pabs/Pdes) = 0.04–0.2. These results provide a good perspective
for practical application of the studied hydrides in metal–hydride
compressors.
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