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ered are MmNi5, MmNig7Alp3, MmNigsAlgs, MmNig2Alps and MmNisAl for single substitution, and
MmNi3_9COo_gMno_2Alo_1. MmNig_3C00_7Mno_3Alo_2. MmNig_7C00_7Mno_3Alo_3, MmNig_GCOO_sMHo_3Alo_3FEQ_z

and MmNis 5Cog4Mng4Alp4Feg 3 for multiple substitutions. The XRD patterns of all the alloys show sin-
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gle phase with the reflection peaks related to the CaCus hexagonal structure. All the multiple substituted
alloys absorb and desorb hydrogen at sub-atmospheric pressures. The equilibrium pressure and hysteresis
decrease, while enthalpy of formation (AH) and plateau slope increase with increase in unit cell volume,
indicating an increase in the stability of the alloys.

© 2008 Published by Elsevier B.V.

1. Introduction

For low temperature hydrogen storage applications MmNis
has been suggested as a possible material. However, it forms an
unstable hydride, requires high pressure for charging and exhibits
a large hysteresis. Transition elements like Co, Mn, Fe, Cu, and
elements like Al and Si are substituted partially in place of Ni to
improve the hydrogen absorption and desorption characteristics of
MmNis. A broad range of Pressure-Concentration Isotherms (PCls)
can be achieved with plateau pressure variation over as much as
three orders of magnitude [1]. The investigations on MmNis _ Al
(x=0.25-0.5) [2] and MmNis _Siy (0.4 <y >0.8) [3] have shown
that the dissociation pressure of hydrogen decreases with increase
in Al and Si substitution for Ni. The hydrogen desorption studies on
MmNis _4Fex (x=0.3, 0.5, 0.7, 0.85, 1.0), prepared by arc melting,
show that the substitution of iron for nickel causes a decrease in
dissociation pressure of hydrogen [4]. Mungole et al. [5] synthe-
sized and evaluated MmNis_ yMny (x=0.4 and 0.8) for hydrogen
storage applications. The plateau pressure of absorption decreased
with increasing Mn content. The maximum storage capacity was
not affected till x=0.7, but decreased considerably for x>0.7.
Studies on hysteresis during hydride formation and decomposition
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have shown that with partial substitution of Ni with Al, Mn and
Sn resulted in the lowering of hysteresis for MmNis [6]. The
absorption—-desorption characteristics of MmNis_xAl(Mn), _;M;
and MmNis _xAl(Mn)yM, (M= Co, Cr, Cu, Nb, Ti, V, Zr; x=0.3-0.5;
y=0.3-0.5; z=0.05-0.1) have revealed that the substitution or
addition of element M reduces the hysteresis [7]. The hysteresis
for MmNi4 7Alg3Mp; decreased for substitution of M in the order
of: Zr>Co>Cr>Ti, V>Cu. The hydrogen absorption and struc-
tural studies on MmNi3.8Alo.4Feo,4Coo.4, MmNi3.5A10.5FEO.5COO.5,
MmNi3 4Mng 4Alg 4Fep 4C0p4, MmNi3 368Mng333V0333Al03 Fep3ss
Cop3zz3 and  MmNi3Mng333V0333Al0.333F€0:333C00.:333CU0 333
showed that the lattice constants and the unit cell volume
increased, and the storage capacity of hydrogen decreased with
substitution of Mn, V, Cu, Fe, Al and Co at the Ni sites in MmNis [8].

All the compounds derived by substitution in MmNis for Ni
with single element [2-6], and with multiple elements [7,8] exhibit
similar CaCus hexagonal structure. However, there is no system-
atic study of hydrogen storage and thermodynamic properties of
MmNis based alloys with respect to unit cell volume. Hence in the
present study, a series of alloys with single (Al) and multiple (Al, Co,
Mn and Fe) substitutions for Ni in MmNis, in the order of increasing
unit cell volume, are evaluated for lattice parameters, lattice vol-
umes, plateau slopes, hysteresis, thermodynamic properties and
absorption and desorption PCIs. The plateau pressure and thermo-
dynamic properties are studied with respect to variation of lattice
cell volume.
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Fig. 1. XRD patterns for (1) MmNis, (2) MmNig7Alp3, (3) MmNigsAlgs, and. (4)
MmNi4_2Alo_g, (5) Mle4A1

Table 1

The unit cell constants and lattice volumes of Al substituted alloys.

S.No Composition a(A) c(A) Unit cell volume (Av[v, %)
1 MmNis 4953 4.005 85.07 -

2 MmNig 7Alg3 4.984 4.018 86.43 1.60

3 MmNig5Algs 4.999 4.029 87.22 2.53

4 MmNigAlgg 5.036 4,052 89.01 4.62

5 MmNizAl 5.051 4.057 89.64 5.37

2. Experimental studies
2.1. Alloy preparation and activation

All the alloys were synthesized at the Defence Metallurgical Research Labora-
tory, Hyderabad and delivered as powder with an average particle size of 50 wm.
The synthesizing procedure is given elsewhere [9]. Alloy samples of 20 g each are
used for testing. The activation procedure for MmNis with Al substitution for Ni was
presented recently by the authors [10]. All the multiple substituted alloys are acti-
vated by evacuating to 0.001 mbar at 363 K and then supplying hydrogen at 40 bar.
The plateau pressures of the hydrides formed by these compounds were found to
be below atmospheric pressure. Since the properties of the alloys were not known
initially, hydrogen was supplied at 40 bar for activation. The system was allowed
to absorb for about 30 min, then it was cooled and maintained at room temper-
ature for about 3 h. Then it was heated to 363K and the cycle was repeated 20
times.

2.2. PCl measurements

In static PCI measurement, the amounts of hydrogen absorbed and desorbed are
calculated based on mass balance of hydrogen. An experimental setup with an oper-
ating temperature range between 253 and 573 K and maximum pressure of 100 bar
is used in static PCI measurements. The experimental setup and details of reactor,
working procedure and data reduction are published in authors’ recent paper [11].
The maximum error in calculating percent weight of hydrogen is +-3% and the errors
for AH and AS are within +6%.

Table 3
Storage properties of Al substituted alloys.

10 20 30 40 50 60 70 80
20

Fig. 2. XRD patterns for (6) MmNi3 gCopgMng2Alo1, (7) MmNiz gCog7Mng3Alg2,.
(8) MmNi37Co7Mng3Alg3, (9) MmNi;gC0osMng3AlosFeo2, (10) MmNizsCooa
Mng 4Alo4Feg3.

Table 2

The unit cell constants and lattice volumes of multiple substituted alloys.

S.No Composition a(A) c(A) Unit cell (Av[v, %)
volume

6 MmNis3 9CopgMng2Alg; 4.951 4.053 86.036 2.35

7 MmNis3 gCop.7Mng3Alg2 4983 4.074  87.603 4.22

8 MmNi3 7Cog7Mng3Alp 3 5015 4.092 89.124 6.03

9 MmNig_GCOgﬁMno_gAlg,gFEU_Z 5.019 4.108 89.615 6.61

10 MmNi3_5 C00,4Ml'10_4A10,4F80_3 5.029 4.116 90.148 7.24

3. Results and discussion
3.1. Structural analysis

X-ray diffraction (XRD) patterns were obtained by a powder
diffractometer (Rigaku Minifelx) using a Copper Ka X-ray radia-
tion source. The XRD scan rate was set at 1s per step of 0.02° (20)
and the range of all the measurements was restricted to 10-80°
(20). XRD patterns of the series of MmNis alloys are shown in
Figs. 1 and 2. Single phase with the reflection peaks, related to
the CaCus hexagonal structure (JCPDS no. 65-3476), was observed
for all the alloys. From the XRD patterns, cell parameters ‘a’ and
‘c’ were obtained, and from these parameters unit cell volumes
were calculated using the equation V = ?azc. Cell parameters,
unit cell volumes and relative change in the cell volumes for all
the alloys are given in Tables 1 and 2. Since the atomic radius for
Al (1.43A) is higher than that of Ni (1.24A), with increasing Al
content cell volume also increases from 1 to 5 for the alloys. The
aluminium substitution can only take place at 3 g sites where as
manganese atoms can replace nickel at both 3 g and 2c sites leading
to more disordered structure [12]. Thus, in multiple substitutions

Composition Storage capacity at 20°C (wt%)

Mid plateau pressure at 20°C (bar)

Plateau slope at 20°C [d(In P)/d(wt%)]

Absorption Desorption Absorption Desorption
MmNis 1.44 49.6 18.5 04 0.4
MmNig 7Alp 3 1.42 9.2 43 1.12 1.12
MmNig5Alg s 1.36 4.5 2.2 1.42 1.26
MmNi443A10.2 1.32 0.28 0.14 2.15 2.06
MmNisAl 1.30 0.22 0.12 242 2.42
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Fig. 3. Static absorption isotherms for Al substituted alloys at 293 K.
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Fig. 4. Static desorption isotherms for Al substituted alloys at 293 K.

even though the Al content is less, the lattice volume is found to be
more.

3.2. Hydrogen storage properties

The static absorption and desorption isotherms at 293 K for Al
substituted alloys are shown in Figs. 3 and 4 while the storage prop-
erties are listed in Table 3. All the isotherms clearly show the three
phases a (single phase solid solution), e+ 3 (metal hydride for-
mation) and (3 (second solid solution) with single sloping plateau.
Plateau pressure and hydrogen storage capacity decrease, where
as plateau slope increases with increase in Al substitution. For
instance with 20% substitution of Al for Ni, the following changes
are observed:

e Absorption and desorption mean plateau pressure decreased
from 49.6 and 18.5 to 1.22 and 0.12 bar, respectively.

Table 4
Storage properties of multiple substituted alloys.
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Fig. 5. Static absorption isotherms for multiple substituted alloys at 293 K.
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Fig. 6. Static desorption isotherms for multiple substituted alloys at 293 K.

e Maximum hydrogen storage capacity decreases from 1.44 to
1.3 wt’.

e Absorption and desorption plateau slopes increase from 0.4 to
2.42.

Figures 5 and 6 show the static absorption and desorption
characteristics of multiple substituted alloys at 293 K. The storage
properties are tabulated in Table 4. These alloys also reveal three
phases with single sloping plateau. The absorption and desorption
plateau pressures and maximum storage capacity decrease, and
plateau slope increases with increase in unit cell volume. All these
multiple substituted alloys absorb and desorb hydrogen at subat-
mospheric pressures. The mid-plateau pressures at 293 K are in the
range of 0.21-0.1 bar. Maximum hydrogen storage capacity lies in
between 1.26 and 1.05 wt.% at 293 K. In the range of 2.5-2.75 high
plateau slope is observed.

Composition Storage capacity at 20°C (Wt%)

Mid plateau pressure at 20 °C (bar)

Plateau slope at 20°C [d(In P)/d(wt%)]

Absorption Desorption Absorption Desorption
MmNig'QCO()ngng.zAlo‘] 1.26 0.21 0.14 2.51 2.5
MmNi3_sC00_7Mﬂg_3Alo_2 1.21 0.17 0.13 2.63 2.62
MmNi3A7C00_7Mng‘3AloA3 1.16 0.14 0.11 2.72 2.71
Ml’l‘lNigﬁCOovBMl’lggAlo‘gFeolz 1.11 0.12 0.1 2.74 2.73
MmNi3_5C00_4Mng_4Alo_4Feo_3 1.05 0.1 0.09 2.75 2.75
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Fig. 9. Absorption van't Hoff plots for Al substituted alloys.
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Fig. 8. Variation of plateau pressure at 293 K with unit cell volume for multiple
substituted alloys.

The decrease in mid-absorption and desorption plateau pres-
sures with the various substitutions is attributed to the increase in
cell volume as shown in Tables 1 and 2. Increase in unit cell vol-
ume decreases the strain energy necessary to accommodate the
hydrogen atoms in interstitial sites. In both aluminium substituted
alloys and multiple substituted alloys, the maximum hydrogen stor-
age capacity decreases with decrease in Ni content. This can be
attributed to the decrease in surface molecule dissociation activity.
The increase in plateau slope with substitutions indicates that dif-
ferent parts of the material absorb and desorb hydrogen at different
pressures due to surface inhomogeneities and stresses.

Variation of plateau pressure with cell volume for the sub-
stituted alloys is shown in Figs. 7 and 8. In general, the plateau
pressure decreases exponentially with increase in cell volume. For
Al substituted alloys the absorption and desorption plateau pres-
sures decrease by as much as 225 times and 154 times respectively

Table 5
Thermodynamic properties of Al substituted alloys.

04
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14 : 2- MmNi, ;AL
3-MmNi, sAl s

-2 4 4-MmNiy Al
5-MmNi,Al
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0.0025 0.0027 0.0029 0.0031 0.0033 0.0035 0.0037 0.0039

UT (1/K)

Fig. 10. Desorption van't Hoff plots for Al substituted alloys.

together with unit cell volume increase of 5.37%. For multiple sub-
stituted alloys the absorption and desorption plateau pressures
decrease by 496 times and 205 times respectively with unit cell
volume increase of 7.24%. In both systems of alloys, with increase
in unit cell volume, decrease in absorption plateau pressure is larger
compared to that of desorption plateau pressure, resulting in a
decrease in hysteresis. The decrease in hysteresis with decrease in
plateau pressure can be explained with the help of the theory pro-
posed by Flanagan et al. [13] for high pressure alloys. The cause
of hysteresis in metal hydride is believed to be due to the irre-
versible plastic work needed during hydriding to accommodate the
volume changes. The energy needed for volume changes is propor-
tional to dislocation formation which, in turn is proportional to
the shear modulus. According to the regular interstitial model [14],
the shear modulus for high pressure alloys is greater than that for
low pressure alloys. Hence it follows that hysteresis also decreases

Composition  Enthalpy of formation at mid plateau (kJ/mol of H,) Entropy of formation at mid plateau (kJ/mol of H, K) Difference in magnitude of enthalpy of
Absorption Desorption Absorption Desorption formation (kj/mol of Hz)

MmNis —-20.356 22.548 -101.43 -99.41 2.192

MmNig;Alps —22.629 24.286 —96.68 —93.51 1.657

MmNigsAlgs —24.417 25.966 -97.04 -95.43 1.548

MmNiggAlp, —25.091 26.579 —80.05 —75.93 1.488

MmNi4Al —26.175 27.486 -79.90 —82.757 1.31

Please cite this article in press as: E.A. Kumar, et al., ]. Alloys Compd. (2008), doi:10.1016/j.jallcom.2008.08.083
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Fig. 11. Absorption van't Hoff plots for multiple substituted alloys.

as the plateau pressure decreases with increase in unit cell
volume.

3.3. Thermodynamic properties

Figures 9 and 10 show absorption and desorption van’t Hoff plots
for Al substitutions. The AHand ASvalues are givenin Table 5. Since
absorption is an exothermic process, the AH is shown with nega-
tive sign whereas for desorption it is shown as positive. Van't Hoff
plots are drawn in the temperature range of 273-293 K for MmNis,
273-333 K for MmNiy4 7Alg 3 and 293-353 K for the remaining three
alloys. The slopes of the van’t Hoff lines increase with Al substitu-
tion causing the increase in enthalpy of formation. The magnitudes
of absorption and desorption AH values increase from 20.356 and
22.548 k]/mol for MmNis to 26.175 and 27.486 kJ/mol for MmNi4Al.
Entropies of formation for both absorption and desorption are rel-
atively constant at —90 + 15 J/mol K.

The absorption and desorption van’'t Hoff plots for multiple
substituted alloys are shown in Figs. 11 and 12 in the temper-
ature range of 293-353K. The AH and AS values are given in
Table 6. The magnitude of absorption and desorption AH values
increase from 30.453 and 31.658 kJ/mol for MmNi3 gCog gMng 2 Alg 1
to 34.275 and 34.378 l(J/mol for MmNi3'5C00_4Mn0_4A10'4F60_3. The
change in entropy of formation for both absorption and desorp-
tion is not significant and has a value of 95 &+ 5 J/mol K. As the value
of AS is nearly constant, AH is usually considered to be more
important in dealing with the thermodynamics of metal hydride
[15].

Figures 13 and 14 show the variation of AH with increase in
cell volume for single and multiple substituted alloys respectively.
AH increases by 5.82 and 4.94kJ/mol with an increase in unit
cell volume of 5.37% for absorption and desorption, respectively.
In multiple substituted systems, the absorption and desorption
AH increase by 3.82 and 2.72 kJ/mol with an increase in unit cell
volume of 7.24%. In both Al substituted and multiple substituted

Table 6
Thermodynamic properties of multiple substituted alloys.
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AH, kJ/mol of H,
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Fig. 12. Desorption van't Hoff plots for multiple substituted alloys.
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Fig. 13. Variation of AH with unit cell volume for Al substituted alloys.
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Fig. 14. Variation of AH with unit cell volume for multiple substituted alloys.

Composition Enthalpy of formation at mid plateau Entropy of formation at mid plateau Difference in magnitude of enthalpy of
(kJ/mol of Hy) (kJ/mol of Hy K) formation (kJ/mol of Hy)
Absorption Desorption Absorption Desorption

MmNis 6 C0o.sMno2Alg; ~30.453 31.658 -90.94 -91.43 1.205

MmNi3 g Cog 7 Mng 3Alg2 —31.709 32.609 —93.38 —93.67 0.9

MmNis3 7Cop7Mng3Alg 3 —33.112 33.439 -96.94 —95.55 0.327

Ml’l‘lNigﬁ COOVBMl’lgg Alog Feolz —33.817 34.071 —-97.98 —-97.98 0.254

MmNis; 5Cog.4Mng 4Alg 4Feq 3 —34.275 34.378 —-97.83 -97.12 0.103
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alloys the desorption AH is found to be more than the absorp-
tion AH for a given composition and the difference in magnitude
decreases with increase in cell volume similar to the variation of
hysteresis.

4. Conclusions

Many hydriding alloys with substitutions for Ni in MmNis have
been studied. The structural, hydrogen storage and thermodynamic
properties data are presented leading to the following observa-
tions:

¢ Unit cell volume increased with substitutions.

e Plateau pressure decreased over a wide range of Al substitution
and also with multiple substitutions.

e Substitutions also resulted in increased enthalpy of formation
indicating higher stability of hydrides.

e Hysteresis decreased with increase in unit cell volume.
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