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Abstract

The effect of the substitution of Ti for the Zr (A) site and V for the Mn (B) site of ZrNi, ;Mn,; on the hydrogen absorbing-
desorbing properties and crystal structure was studied by measuring pressure-composition (PC) isotherms at 313 K and by
X-ray powder diffraction measurements. There exist three phases, the C14 and C15 Laves phases and the BCC solid solution
phase in twelve alloys studied (Zr,_,Ti,Ni, sMn,,_,V,, x=0, 0.1, 0.2, 0.5; y=0, 0.1, 0.2, 0.4, 0.7). The lattice parameter of the
alloys containing the C15 Laves phase decreased as Ti (A-site) content was increased; contrarily it increased as V (B-site)
content was increased. The PC isotherms of the alloys with the C15 Laves phase indicated that the equilibrium plateau
pressure increased with increasing Ti content, but decreased with increasing V content. The hysteresis observed in the PC
isotherm was reduced by substitution of Ti and V in the A and B sites, respectively.
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1. Introduction

Hydrogen absorbing alloys are expected to be a
promising material for secondary batteries [1]. The use
of LaNi,-related alloys with CaCus-type structure is
well known for practical electrodes of nickel-hydrogen
rechargeable batteries [2]. Recently, Zr-based AB,
Laves phase alloys (ZrMn, and ZrV,) have attracted
attention as second generation materials for electrodes
because of their larger hydrogen absorbing-desorbing
capacity in comparison with LaNi; [3]. AB, Laves phases
are categorized into three types: MgZn,-type structures
(so called C14 phase), MgCu,-type structures (C15
phase) and MgNi,-type structures (C36 phase) [4].
Appearance of a particular Laves phase is determined
by atomic size and electron—atom ratio [4]. It is important
to pay attention not only to the size factor but also
to the electronic factor in order to study the Laves
phase alloys. Practical Laves phase alloys for hydrogen
storage have the C14 or C15 phase. ZrMn, and ZrV,
are representatives of the C14 and C15 phases, re-
spectively [5,6].

Substitution is one of the most widely used methods
to control the physical properties of the hydrogen
absorbing alloys. It was particularly important to in-
vestigate the effect of substitution of the replacing
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elements on the hydrogen absorbing properties for
design of the alloy. There have been several studies
to clarify the effects of substitution for the Mn (B)
site of ZrMn,. Yonezu et al. [7] reported that the slope
of the plateau in the isotherm was decreased by sub-
stituting Co for the Mn (B) site of ZrMn,, and the
hysteresis decreased by substituting Al for the Mn (B)
site, Fujitani et al. [1] found a linear relationship between
the logarithm of the equilibrium plateau pressure (In
P,jatean) and the unit cell volume in ZrMn, M, M=V,
Fe, Co and Ni). One of the present authors studied
the crystal structure of ZrMn, M, (M=V, Fe, Co, Ni
and Al) and their deuterides using neutron diffraction
in order to determine the position of the M metals
and hydrogen [8]. The crystal structure of ZrMn, deu-
teride is reported to have two kinds of Mn sites [9].
All the replacing elements (V, Fe, Co, Ni and Al) were
found to randomly occupy the two Mn sites. On the
other hand, Pourarian et al. [10] studied the change
in the lattice parameters and the hydrogen equilibrium
pressure by replacing Zr (A) site of ZrMn, with Ti.
They found that as the amount of the replacing element
increased, the lattice parameter decreased and the
equilibrium pressure increased. However, there was no
structural report concerning the site occupancy of Ti
on Zr, , TiMn, alloys.
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So far, researchers have studied the effect of the
substitution on either the A or B site (so called mono-
substitution) of the AB, alloys. However, the mutual
effects of substitution of both A and B sites on the
properties of the hydrogen-absorbing alloy, for example
the equilibrium plateau pressure, hydrogen absorbing
capacity and hysteresis, were not studied.

The purpose of this work was to study the effect of
simultaneous substitution of Ti in the Zr (A) site and
of V in the Mn (B) site of ZrNi, ;Mn,, on hydrogen
absorbing-desorbing properties. We also investigated
the relationship between these properties and lattice
parameters. ZrMn, was the most suitable standard
material for the study concerning the effect of the
substitution. Some fundamental research was aiready
done [5,10,11]. From this investigation the hydride of
ZrMn, appeared very stable [10]. ZrMn, did not re-
versibly react with hydrogen around room temperature.
We needed the substitution of another element in order
to increase the equilibrium plateau pressure of ZrMn,.
It was known that by the substitution of Ni in the Mn
site [11] the hydrogen equilibrium plateau pressure
rose and the slope of the plateau reduced. Then, we
considered that ZrNi, ;Mn,, was one of the suitable
compositions for reversible reaction between hydrogen
and alloys at ambient temperature. Ti and V were
adopted as replacing elements on the A and B sites,
respectively, because they were the typical constituent
elements of the Laves phase, such as TiCr, [12] and
Zrv, {6].

2. Experimental

The Zr, ., TiNi, sMn,;_ .V, (x=0,0.1, 0.2, 0.5; y =0,
0.1 0.2, 04, 0.7) alloys were prepared by arc melting
from 99.9% pure metals in argon atmosphere. The
homogeneous samples were obtained by turning out
and re-melting the alloy four times. It was very important
for synthesis of homogeneous samples that the button
on the water-cooling plate in the arc melt furnace was
turned out as quickly as possible and re-melted before
it cooled. When we prepared the intermetallic com-
pounds that were usually brittle, they were very easily
broken during the cooling process.

X-ray powder diffraction data of all the alloys were
measured in a RIGAKU RAD-A diffractometer with
CuKa radiation. The structure parameters were refined
from the diffraction data with a Rietveld refinement
program RIETAN-92 [13].

The pressure-composition (PC) isotherms at 313 K
were measured by a conventional constant volume
apparatus [14]. Before PC isotherm measurements, all
the alloys were activated by evacuating at 473 K for
3 h and by introducing hydrogen up to 5 MPa at room
temperature for 3 h. This treatment was repeated three
times.

The argon-filled glove box was used to handle the
activated samples .

3. Result and discussion
3.1. Phase stability and lattice parameters

C14, C15 phase and a small amount of the BCC
phase [15] were found in the Zr, [ TiNi;;Mn,,, V,
(x=0, 0.1, 0.2, 0.5; y=0, 0.1, 0.2, 0.4, 0.7) alloys by X-
ray diffraction analysis. All the samples contained a
small amount of the minor BCC phase [15]. For X-
ray Rietveld analysis of all the alloys, we considered
the model with the following assumptions: (1) Ti goes
into the Zr (A) site. (2) V and Ni randomly occupy
the Mn (B) site as found in Zr(Mn,_M,), M=V,
Fe, Ni, Co and Al) [8]. (3) The BCC phase is a solid
solution of all the elements and contains a W-type
structure assigned to the Im3m space group. (4) Both
C14 and C15 phases in an alloy have the same com-
position. Fig. 1 shows the result of Rietveld refinement
for Zr, sTi, sNi; sMn, 5V, » containing three phases (C14
phase: R,=4.9%, R.=4.1%, C15 phase: R,=3.7%,
Rr=3.2%, BCC phase: R,=22%, R.=27%, S (R,
R.)=1.9). All the measured profiles of the prepared
samples fitted well to those derived from the model
adopted. The obtained R factors were in the range of
R, R-<10% andS(R../R. )<3.

The phase abundance was estimated using structure
parameters obtained from Rietveld analysis. The phase
abundance by weight (w,) of each phase was related
to the scale factor by the following equation [15, 16]:

W, = (Si'Di'sz)
l E(Sj'Dj'ij)

i
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Fig. 1. Observed, calculated and difference X-ray diffraction patterns
for Zr,sTigsNij3MngsVy,. Upper and lower tick marks are Bragg
reflections for the Ci4 and C15 phases.
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where S;, D, and V, were the scale factor, theoretical
density and volume of the ith phase respectively.
Zr,sTiy sNi; sMng sV, , was a mixture of the C14 phase
(54 wt.%), C15 phase (34 wt.%) and BCC phase (12
wt.%). The abundance of the BCC phase was found
to be less than 12 wt.% in the alloys in which C14
Laves phase was predominant (ZrysTigsNi; sV, 6
wt.%, ZrysTipsNi; sMng Vo 6 wt.%, ZrysTiysNi; 5-
Mng sV, 12 wt.%, ZrygTip,Ni; sMngsVea: 7 wt.%).
The abundance of the BCC phase in alloys that were
predominantly C15 Laves phase was not calculated
because of the existence of a small amount of unknown
phase whose small peaks appear at 38.0 and 39.3° (26).
However, it was estimated by comparison of the dif-
fraction patterns that the abundance of the BCC phase
was less than 5%. Table 1 lists the phase analysis,
phase abundance and lattice parameters of all the
alloys.

ZrMn, was the prototype of the C14 Laves phase,
but the ZrNi, intermetallic phase did not exist in the
Zr-Ni binary system [17]. The phase analysis revealed
that ZrNi, ;Mn, , had the C15 phase. By the substitution
of Ni in the Mn site, the crystal structure changed
from MgZn,-type to MgCu,-type structure. Interestingly
the substitution allowed us to synthesize a different
kind of Laves phase alloy. The major phase of the
ZrNi, sMn, ,,V, alloys (y=0, 0.1, 0.2, 0.4) and the
Zr,_TiNi, ;Mn,, alloys (x=0, 0.1, 0.2) was the C15
phase. These alloys did not contain the C14 phase.
The C14 Laves phase appeared at y=04 in the
ZrygTiy,Ni; sMng 5V, alloys (y=0, 0.2, 0.4). In the
case of Zr, [ TiNi, ;Mn,,V,,, they were the pure C15
phase at x=0, the mixture of C14 and C15 phases at
x=0.2. Then the C15 phase disappeared atx=0.5. From
the above result, the C14 phase was not formed by
the mono-substitution on ZrNi, ;Mn,; containing the

Table 1
The results of X-ray diffraction measurements

C15 phase. It was necessary to perform simultaneous
substitution for the formation of the C14 phase.

Fig. 2 shows the result of lattice parameters of the
Zr,  TiNi; sMn,, alloys (x=0, 0.1, 0.2) and
Z1Ni, 3Mn, ., V, alloys (y=0, 0.1, 0.2, 0.4). The lattice
parameters of the Zr, ,Ti.Ni, ;Mny, alloys linearly de-
creased with increasing Ti content. In the case of the
Z1Ni, sMn, ,,V, alloys, it linearly increased with in-
creasing V content. The change of the lattice parameter
by the substitution of Ti ( 0.0017 (1) nm/0.1 mol of
Ti) was about twice as much as that by substitution
of V (0.0009 (1) nm/0.1 mol of V). Therefore simul-
taneous substitution can more minutely control the
lattice parameters compared with mono-substitution.
For example, the ZrygTi ,Ni;sMnycV,, and
Z105Tio-Ni; sMng sV, alloys were prepared by the sub-
stitution of 0.1 mol of Ti on the Zr site and of 0.1
and 02 mol of V on the Mn site of the
ZryoTig4Ni; sMn, ;. Their lattice parameters were
smaller than that of the Zr,oTi,,Ni, sMn, ,, and larger
than that of the Zr,gTi,,Ni; sMn,, which was substi-
tuted by 0.1 mol of Ti on Zr site of the
Zro9Tig 1 Ni; sMng 5.

From the above results, the change of the lattice
parameters was attributed to the difference between
the atomic radius of the host elements (r,.,) and that
of the substituting elements (r,.). When r, . is larger
than r,. (rn.>r..: Zr=0.161 nm [18], Ti=0.147 nm
[18]), the lattice parameter decreased. Conversely, when
7. Was larger than r, . (r,. <r..: Mn=0.112 nm [18],
V=0.137 nm [18]), the lattice parameter increased.

3.2. Pressure-composition (PC) isotherm

The PC isotherms at 313 K were measured in order
to study the effect of the substitution of Ti on the Zr

Composition Phase
(wt. %)

Lattice parameters of
Laves phase
(nm)

Zry sTip sNi; Vo7
Zry sTiy sNiy 3Mng 3V
Zry sTiy sNi; sMng sV 2

Zry 4 Tip2Nij sMng 3V 4

Zry g Tip;Ni; sMng sV C15 (=)
Zro 8 Tiy2NipaMng Vo C15 (=)
Zry ¢Tiy oNi; 3Mng 5 C15 (=)
ZsNig sMng3Vou C15 (=)
ZsNis My 5V 2 C15 (=)
ZrNi; 3Mno Vo C15 (=)
ZrNi, sMny C15 (=)
Zry 9Tip {Ni; sMng 5 C15 (=)

Cl4 (94%), BCC (6%)
Cl4 (94%), BCC (6%)
Cl4 (54%), C15 (34%), BCC (12%)

Cl14 (22%), C15 (71%), BCC (7%)

a=0.49497(5), ¢ =0.80720(6)
a=0.49287(5), ¢ =0.80310(7)
Cl4: a=0.49257(5), c=0.80174(6)
C15: a=0.69429(4)

Cl4: a=0.4990(1), c=0.8128(2)
C15: a=0.70375(5)
a=0.70191(3)

a=0.70162(3)

a=0.70032(3)

a=0.70709(5)

a=0.70544(4)

a=0.70443(5)

a=0.70374(4)

a=0.70227(3)
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Fig. 2. The lattice parameters of the C15 phase with variation of
V and Ti content. @, ZrNi, sMng;_,V,; A, Zr _,Ti,Ni; ;Mng
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Fig. 3. Pressure-composition isotherms for Zr, 4Tiy,Ni; sMn,;_,V, at
313 K. Zry 4Tiy»Ni, sMn, 7, @ (absorb), O (desorb); Zr, 4 TiyoNij sMny,
Vo, A (absorb), A (desorb); Zr,4Ti,,Ni, sMn,sV,,, B (absorb), O
(desorb); ZryTiy,Ni;jsMny 3V, ¢ (absorb), & (desorb).

(A) site and of V on the Mn (B) site on the hydrogen
absorbing-desorbing properties (hydrogen equilibrium
plateau pressure, hydrogen absorbing capacity and hys-
teresis). Fig. 3 shows the typical PC isotherms of the
hydrogen absorption-desorption for the Zr,Ti,,Ni, 5
Mn, .V, (y =0, 0.1, 0.2, 0.4 ) alloys. Hydrogen content
was denoted as the ratio of hydrogen to metal, H/M.
All the alloys were found to reversibly react with a
large amount of hydrogen (0.8 < H/M < 1.11) at 313
K. Clear plateaus were observed in the isotherms of
the alloys whose major phase was the C15 phase as
shown in Fig. 3. The hydrogen equilibrium plateau
pressures (so called plateau pressure) of both absorption
and desorption were defined as the equilibrium pressure
at the center of the plateau region. Table 2 lists the
plateaun pressures obtained from the isotherms. The
maximum hydrogen absorbing capacity (so called hy-
drogen capacity) of each alloy was the value of the H/

Table 2

The results of PC isotherm measurements

Composition Plateau pressure Hydrogen capacity
at 313 K (H/M at 4 MPa)
(MPa)

ZrysTigsNij 3Vos - 1.00

ZrysTipsNiy 3Mng 3V, - 0.92

ZrysTigsNij sMng sV, - 0.80

ZrygTio2Nip sMng3Vo, - 1.04

Zro g Tia2Nip sMng 5Vo 0.32 (0.31)* 1.04

ZrgxTig N1, 3Mng ¢V, 0.58 (0.42) 0.97

Zry gTigzNiy sMng 5 1.91 (0.79) 0.95

ZrNi; 3Mng 3V, - 1.06

ZrNi; 3Mny 5V, 0.15 (0.12) 1.11

ZrNi; 3Mng .V 0.57 (0.21) 1.04

ZrNi; 3Mn,,; 1.59 (0.33) 0.89

Zry ¢Tip Ni; sMng 5 1.53 (0.48) 1.02

# Hydro cn equilibrium plateau pressure of desorption is given in
4 g
parentheses.
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Fig. 4. Relation between the cell volume and plateau pressure of
desorption at 313 K for ZruTig,Ni, sMny,_V, (~~-),
ZrNi sMng 5V, (—) and Zr, ., Ti,Ni, ;Mng; (~--).

M ratio under the equilibrium pressure of 4 MPa at
313 K, listed in Table 2. The PC isotherm results showed
that an increase of V (B-site) content resulted in the
lowering of the plateau pressure, and that the plateau
pressures increased with increasing Ti (A-site) content.

It was reported that the plateau pressure has a linear
relationship against the cell volume of the alloys. This
relationship was found in the rare earth-nickel based
AB; alloy {19} and Zr based AB, alloys [1]. The logarithm
of the plateau pressure (In(P,,e../MPa)) was repre-
sented as a function of the cell volume of the alloys
in Fig. 4. The InP, 5. Of the ZrNi, ;Mny .V, alloys
(y=0, 0.1, 0.2) linearly decreased with increasing cell
volume (— 178 (8) nm ~?). This correlation was observed
when the composition of either A or B sites was held
constant, for example the Zr,  Ti Ni, ;Mn, ; alloys (x=0,
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0.1, 0.2) and Zr,Tiy,Ni; ;Mn,,,V, alloys (y=0, 0.1,
0.2). The slope of InP,,,,.., against the cell volume of
the ZrNi, ;Mn,,,V, alloys was almost identical to that
of the Zr,¢Ti, ,Ni; sMny 5V, alloys (=163 (23) nm~?),
and larger than that of the Zr, TiNi,;Mn,, alloys
(—75.0(2) nm ~?). We took into account the relationship
between lattice parameters and the content of the
replacing elements discussed in Section 3.1. The change
of the plateau pressure by substituting V was larger
than that by substituting Ti. Simultaneous substitution
can control more minutely the plateau pressure com-
pared with mono-substitution. For example, the sub-
stitution of 0.2 mol of Ti in the Zr site of the ZrNi, ;Mn,,
results in an increase of the plateau pressure from (.33
to 0.79 MPa (desorption). On the other hand, the
Zr,5Tig ;Niy sMn, ¢V, , alloy was synthesized by the sub-
stitution of 0.2 mol of Ti in the Zr site and of 0.1 mol
of V in the Mn site of the ZrNi, sMng,. Its plateau
pressure was (.42 MPa, which was between that of
ZrNi, ;Mn, ; and ZrygTi, ,Ni, ;Mn, ;.

We suggested in Section 3.1 that the lattice-expansion
and contraction by the substitution was predicted from
the r, . /r,... ratio. It was discussed there that the plateau
pressure closely correlated with the cell volume. Ac-
cordingly, the r, . /r,, .. ratio was presumably a good index
to predict whether or not the plateau pressure of the
modified alloy became higher or lower depending on
the volume of the modified alloy.

The hydrogen capacity is an important piece of
information to evaluate the hydrogen absorbing alloys.
The hydrogen capacity directly influenced the per-
formance of each application, but it cannot be predicted
from the physical properties of the alloy. in addition,
hydrogen capacity was an arbitrary value depending on
the H/M ratio at a given equilibrium pressure and
temperature on the PC isotherm. Therefore it was
important to set the pressure, P, at which the H/
M ratio was defined as the hydrogen capacity. Fig. 5
schematically shows how to define the hydrogen capacity.
We assume the presence of two alloys as follows: (1)
alloys A and B have isotherms of the same shape, (2)
but their plateau pressures are different. We define
the hydrogen capacity at P,,,. When the plateau pres-
sure of the alloy B is lower than that of the alloy A,
the hydrogen capacity of alloy B is automatically larger
than that of alloy A. When we define the hydrogen
capacity at P'_,,, the characteristics become completely
different. The shape of the isotherms, however, is not
always identical. That is one of the reasons we found
some discrepancies in the relation between the plateau
pressure and hydrogen capacity. The hydrogen capacities
were found to depend on the plateau pressure in the
cases of ZrygTiy,Ni; sMng 5V, (y=0, 0.1 0.2, 0.4) and
ZrNi, sMn, ;,V, (y=0,0.1,0.2). There is one exceptional
case in the Zr,_ Ti Ni, ;Mn, , alloys. The plateau pres-
sure decreases inthe order Zrg ¢Ti, ,Ni; sMnq 5 > Zrg o Tig -

Alloy

Fig. 5. Schematic drawing of the relationship between plateau pressure
and the hydrogen capacity.

xin Zr  Ti,Ni; ;Mng 4
0 0.1 0.2 0.3

A .- U

P

Hysteresis, H

y in ZrNi1'3m0-7_yVy

Fig. 6. Variation of hysteresis (Pypsor/Puesorn) With V and Ti content
in the PC isotherms for the C15 phase alloys.

Ni, sMn, ,>ZrNi, ;Mn,,. However, the hydrogen ca-
pacity increases as ZrqoTig;Ni; sMng ;> Zr, Tl ,Ni; 5-
Mn, ,> ZrNi, ;Mn, ,.

From the above results and discussion, the plateau
pressure was found to correlate to the hydrogen capacity.
Generally, lowering the plateau pressure tends to in-
crease the hydrogen capacity. It is clear that substitution
of V on the Mn site effectively increases the hydrogen
capacity. Therefore, if we adopt the replacing elements
for the Zr and Mn sites that have the effect of decreasing
the plateau pressure, namely the r, . /r,, .. ratios are more
than one, an alloy with much higher hydrogen capacity
results.

We did not observe significant differences in the
hydrogen absorbing capacity between the C14 and C15
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phases (Table 2). The PC isotherms of multiphase alloys
(Zro sTig sNi, 3sMng 5V, and Zr, ¢ T ,Ni; sMny 5V, ) did
not show any discontinuous change caused by the
existence of more than one phase. Remarkably the
multiphase alloys behave as a single phase alloy in the
PC isotherms.

A large hysteresis was observed in the PC isotherm
of Zr, 4 Ti, .Ni; sMn,, ; alloy. The magnitude of hysteresis
was represented as the ratio of the plateau pressure
of absorption and desorption, P,y Pacsors () as
shown in Fig. 6. This hysteresis was reduced with the
increase of Ti content in the Zr, Ti Ni, ;Mn, , alloys
{x=0, 0.1, 0.2) and with increase of V content in the
ZrNi, ;3Mn, ;. V, alloys (y=0, 0.1, 0.2). The simultaneous
substitution of Ti and V is more effective for the
decrease of hysteresis than the mono-substitution. For
example, the ratio H of ZrygTiy,Ni;:MngsV,
(H=1.03) is smaller than that of ZrNi,;Mn,;V,.
(H=1.25) (Table 2) when compared with that of
ZrNi, ;Mng ;.

4. Conclusion

We studied the effect of the substitutions of Ti on
the Zr (A) site and of V on the Mn (B) site of the
ZrNi, sMng,; alloy on the phase stability, lattice pa-
rameters, plateau pressure and hysteresis.

(1) There exist three phases; the C14, C15 phases and
the BCCsolid solution phase in twelve alloys studied.
The Cl14 phase forms only by the simultanecous
substitution of Ti on the Zr site and V on the Mn
site of the ZrNi, ;Mn,, containing C15 phase.

(2) The increase of Ti content on the A site results
in the decrease of the lattice parameter and the
increase of the plateau pressure; in contrast, the
increase of V content on the B site leads to an
increase of the lattice parameter and the lowering
of the plateau pressure. The simultaneous substi-
tution can more minutely control the lattice pa-
rameter and plateau pressure in comparison with
mono-substitution.

(3) The unit cell volume of a given alloy linearly
decreases with increase of the logarithm of the
plateau pressure while compositions containing
either A or B site substitutions remain constant.
The hydrogen capacity increases with decreasing
plateau pressure.

(4) The simultaneous substitution is more effective for
decreasing the hysteresis than mono-substitution.
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