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Abstract The present communication reports the hydro-

gen storage characteristics of ZrMn2-xNix laves phase

hydrides. It is observed that promising hydrogen storage

materials can be tailored when ‘‘x’’ is in the range of

1.5 B x C 1. The materials formed within this range

reversibly store *2 to *3 H/F.U. under manageable

operating conditions. The composition ZrMn0.5Ni1.5 is

found to absorb and desorb hydrogen under room tem-

perature. The other two compositions ZrMn0.75Ni1.25 and

ZrMnNi absorb *3.6 H/F.U. and release *3 and *3.2

H/F.U., respectively. In each case, almost half of the

effective storage capacity of total can be reversibly stored

within 5 s under room temperature. Therefore, the mate-

rials falling within the range of 1.5 B x C 1 are promising

candidates for stationary device applications. The correla-

tion between the compositions, structural–microstructural

features and thermodynamic data are presented.

Keywords Laves phase � Hydrogen storage � Crystal

structure � Thermodynamics

Introduction

ZrMn2 laves phase alloy attracts much attention due to its

higher storage capacity (*1.7 wt%) with rapid H absorp-

tion kinetics [1]. However, hydrogen desorption occurs

only at elevated temperatures which restricts its application

potential for variety of devices such as heat pumps, Ni/MH

batteries, stationary hydrogen storage cylinders, etc.

Researchers have shown that the desorption characteristics

of ZrMn2 system can be improved by doping/alloying with

suitable metals [2–5]. The work of Matsumura et al. [6]

revealed that the reason for the higher stability of the

ZrMn2 hydride is due to the higher bond strength between

the stored H with Mn atoms. They have also shown that the

bond strengths between Zr–Mn, Mn–Mn and Mn–H all get

significantly modified by doping by other suitable metals.

Both the Zr and Mn sites can be substituted with hyper/

hypo-stoichiometry of the laves phase which often makes

the presence of substitute atoms even in excess of 10 per

formula unit [7–13]. It may be pointed out that incorpo-

ration of several metal atoms results in unwanted side

reaction [14]. As for example, dissolution of constituent

metal atoms of MH electrode in the electrolyte of an

electrochemical device costs its durability.

In an earliest study, Suzuki and Nishimiya [15] have

investigated hydrogen storage characteristics of ZrMn1.6

Ni0.4, ZrMnNi and ZrMn0.4Ni1.6 systems and shown that

the dissociation pressure of the ZrMn2 system gets signif-

icantly enhanced with the incorporation of Ni content.

They have also concluded that ZrMnNi is the most prom-

ising hydride with the hydrogen filling of *3.5 hydrogen

atoms per formula unit under near ambient conditions. Kim

et al. [16] have studied several Zr–Mn–Ni–V alloys and

observed that the equilibrium plateau pressure gets signif-

icantly enhanced with the concentration of Ni content.
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However, there was significant reduction in the hydrogen

capacity and the rate of reaction. The authors attributed the

effect to the amount of reactive surfaces, since the presence

of more Ni limits the amount of reactive surfaces while

offering excellent catalytic activity. We have studied a

series of Zr based systems, namely ZrMn2-xNix, where

x = 0 to 2. XRD analysis revealed that the Mn rich com-

positions possess C14 hcp structure, whereas the Ni rich

compositions exhibit C15 cubic structure. Hence, at a

particular concentration of Zr–Mn–Ni the C14 structure

transforms to C15 structure. We observed that except ZrNi2
all the other composition studied in the present investiga-

tion absorbs above 3 H/F.U. under room temperature. The

dehydrogenation from ZrMn2 is found to be possible only

above 250 �C, but Mn-Ni coexisting system exhibits very

interesting desorption characteristics. Particularly, we

observed that ZrMn0.5Ni1.5, ZrMn0.75Ni1.25 and ZrMn1.0

Ni1.0 are the interesting compositions which can reversibly

store *2.2 H/F.U., *3 H/F.U. and *3.2 H/F.U., respec-

tively. It is observed that x = 1.0–1.5 is a narrow range

within which room temperature (and near STP) high

capacity hydrides of this class can be tailored. The mate-

rials exhibit excellent thermodynamics, rapid absorption/

desorption kinetics and good activation features.

Experimental techniques

All the required chemicals such as Zr, Mn and Ni were

procured from Alfa Aesar Chemicals Ltd. The composi-

tions of Zr/Mn/Ni were calculated as required for the for-

mula ZrMn2-xNix, (where x = 0–2). The powder mixer

taken in right stoichiometry was palletized by 100 KN load

(pellet thickness: 5 mm and diameter: 15 mm) and the

pellets were melted under inert ambient using a high fre-

quency induction furnace (20 kW, 12 kHz) supplied by

Inductotherm India pvt ltd, Ahmedabad. For hydrogen

storage measurements, 2 g of samples were loaded in a

metal-hydrogen high pressure reaction chamber. PCT

absorption/desorption measurements have been performed

by a digitalized Sievert’s type apparatus. Heat of the

reaction (DH) was calculated from the van’t Hoff plots and

the activation energy measurements were carried out using

the standard Arrhenius relation. DSC measurements have

been performed by PerkinElmer instrument and XRD

analysis of all the samples were performed by Regaku mini

Flex11 X-ray diffractometer employing CuKa radiation

(k = 1.541 Å). XRD measurements have been performed

within the 2h range of 30�–80� with a scanning speed of 2 s

for the every 0.05� angles (step size). The lattice parame-

ters were calculated using the unit cell refinement tech-

nique and the refined lattice constant values were compared

with the standard JCPDF data source files. The crystallite

size was calculated using Scherrer method and the strain

available on the crystals was calculated using the Wil-

liamson-Hall (W-H) method. Further details regarding the

detailed material synthesis and processing protocols can be

seen in our earlier report [17].

Results and discussion

Structural studies

Figure 1 shows the XRDs of the ZrMn2-xNix system,

x correspond to = 0, 0.5, 1.0, 1.25, 1.5 and 2, respectively.

The starting phase ZrMn2 corresponds to C14 structure and

the end phase ZrNi2 corresponds to C15 structure. The C14

structure retains up to the Mn/Ni concentration of 1.50/0.50

and any further substitution of Mn by Ni leads to its

transformation to the C15 phase. Particularly, the Mn/Ni

concentration range of 1.00/1.00–0.75/1.25 appears to be

quite sensitive for this structural transformation. Extensive

discussions are being made by researchers regarding the

correlation between the phase abundance of C15 and C14

and the corresponding hydrogen storage/electrochemical

performances [18–22]. In the present case, when the C15

phase abundance is dominant, the precipitation of the non-

laves phase Zr7Ni10 alloy does also occur. Since the Mn/Ni

concentration region of 0.75/1.25–0.50/1.50 brings out the

non-laves phase alloy in the system (see Fig. 1), we tried to

understand the effect of minor variations (of concentration

within the Mn/Ni concentration region of 0.75/1.25–0.50/

1.50) in its phase abundance and hydrogen storage per-

formances and the results were communicated elsewhere.

Fig. 1 XRDs of the ZrMn2-xNix alloys (x = 0–2) prepared in the

present study
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As we decrease the amount of Mn in the composition, there

is regular peak shifting toward the higher angle side. It

shows that the lattice parameter of the system decreases

with the increase of Ni content in the system. In a particular

concentration (see Fig. 1), the contraction is followed by

the precipitation of C15 phase also along with the C14

phase. Upon the further increase of Ni content the C14

phase gets eliminated and only C15 phase exists along with

a non-laves phase of Zr7Ni10. The observed crystal struc-

tural details are summarized in the Table 1. The decrease

in lattice parameters as we increase the Ni concentration

can be attributed with the fact that both the covalent radius

and atomic radius of Ni are smaller than that of Mn

(Atomic radius of Mn and Ni are 1.79 and 1.62 Å,

respectively; covalent radii of Mn and Ni are 1.17 and

1.15 Å, respectively).

The XRDs of hydrogenated ZrMnNi, ZrMn0.75Ni1.25

and ZrMn0.5Ni1.5 are shown in Fig. 2a, b and c. For

effective comparison, the corresponding XRDs of the un-

hydrided samples are also given in the figure. As can be

seen, the XRDs of hydrogenated samples of ZrMnNi and

ZrMn0.75Ni1.25 exhibit a considerable shifting toward the

lower angle side. The shifting arises due to the fact that the

insertion of hydrogen in the interstitial sites does lead to

expansion of lattice (the upper limit of expansion is known

to be one-fourth of the actual lattice parameter) [23]. The

peak shifting gives us a clue that hydrides of both the

materials could be stable under room temperature. How-

ever, our subsequent hydrogen liberation experiments over

a range of temperatures proved that hydrogen liberation

with slow kinetics is still active at room temperature itself.

Thus, the presence of a small peak at the 2h value around

42.5 (highlighted by a rectangular box) can be attributed to

the existence of some portion of the material in dehydro-

genated form. The other two interesting information

explored from this comparison is that (a) the phase abun-

dance of C14 appears to increase during hydrogenation of

both the ZrMnNi, ZrMn0.75Ni1.25 samples. It can be

understood from the appearance of some dominant peaks

of C14 after hydrogenation, (b) the non-laves phase Zr7Ni10

which presents along with the ZrMn0.75Ni1.25 sample also

gets hydrogenated and its usual orthorhombic phase itself

undergoes phase transformation [24, 25]. Unlike the above

two cases, in the case of ZrMn0.5Ni1.5 (Fig. 2c) the XRD of

hydrogenated sample does not indicate any significant

shifting from the usual XRD peak positions of its unhydrided

sample. It clearly conveys us that there was no much

hydrogen in the interstitial sites to cause any considerable

lattice shifting. From this insight one may infer that the

hydrogenated material is either not stable under room tem-

perature or there is no hydrogenation at all. However, the

subsequent experiments proved that in this case the former

possibility exists (the low temperature experiments have

proven that the equilibrium pressure of 1 atm occurs at

temperatures lesser than room temperature).

One another noticeable behavior is that the crystallite

size of these materials got reduced to a greater extent after

its interaction with hydrogen (see Table 1). The reduction

in the crystallite size in the case of ZrMn0.5Ni1.5 is even

closer to 50 %. The crystallite size vs strain diagram for all

the compositions of the present study is shown in Fig. 3. As

seen in the figure, the system with higher crystallite size

exhibits smaller strain and vice versa. It is also seen that the

hydrided materials are incorporated with higher strain as

compared to the corresponding intermetallic system.

Hydrogen storage characteristics

The hydrogen absorption kinetic curves of the as-prepared

ZrMn2-xNix alloys are shown in Fig. 4. Among all these

Table 1 The structural and microstructural details of the alloys prepared in the present study

Sr. no. Composition Lattice constant Cell volume (Å)3 Crystallite

size (nm)
a (Å) c (Å)

1 ZrMn2 (Standard) (C14) 5.039 8.250 181.42

2 ZrMn1.5Ni0.5 (C14) 5.001 ± 0.004 8.170 ± 0.012 176.960 ± 0.292 38.50

3 ZrMn1.0Ni1.0 (C14) 4.9921 ± 0.001 8.1458 ± 0.006 175.803 ± 0.152 41.69

ZrMn1.0Ni1.0 (C15) 7.058 ± 0.002 7.058 ± 0.002 351.634 ± 0.225

4 ZrMn0.75Ni1.25 (C15) 7.037 ± 0.005 7.037 ± 0.005 348.53 ± 0.711 27.82

5 ZrMn0.5Ni1.5 (C15) 7.021 ± 0.002 7.021 ± 0.002 345.92 ± 0.235 38.28

6 ZrNi2 (C15) 6.902 ± 0.002 6.902 ± 0.002 328.75 ± 0.314 37.53

7 ZrMn1.0Ni1.0 (Hydride) (C15) 7.573 ± 0.004 7.573 ± 0.004 434.423 ± 0.717 28.88

ZrMn1.0Ni1.0 (Hydride) (C14) 5.356 ± 0.003 8.728 ± 0.013 216.800 ± 0.381

8 ZrMn0.75Ni1.25 (Hydride) (C15) 7.602 ± 0.002 7.602 ± 0.002 439.237 ± 0.315 21.73

ZrMn0.75Ni1.25 (Hydride) (C14) 5.377 ± 0.002 8.795 ± 0.008 220.240 ± 0.238

9 ZrMn0.5Ni1.5 (Hydride) (C15) 7.016 ± 0.002 7.016 ± 0.002 345.35 ± 0.248 30.70
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alloys, the ZrMn2 alloy absorbs hydrogen with rapid

kinetics when exposed to hydrogen without any activation

treatments. A capacity of *3 H/F.U. could be obtained

within few seconds and the maximum capacity reaches

3.67 H/F.U. As we incorporate Ni in place of Mn, the

absorption kinetics decreases and only little decrease in

storage capacity is witnessed up to the Mn/Ni concentra-

tion of 0.75/1.25. But, when we further reduce the Mn

concentration, both the absorption kinetics and storage

capacity get reduced and only 0.85 H/F.U. can be stored

when all the Mn is replaced by Ni. However, during

hydrogen desorption, the kinetics of the Ni rich composi-

tions are better than that of Mn rich compositions. The end

materials ZrMn2, ZrNi2 and the intermediate composition

ZrMn1.5Ni0.5 liberate hydrogen only marginally with very

poor desorption kinetics. In fact, just traceable amount of

hydrogen can be observed under 100 �C and no significant

improvement is observed even at *200 �C (see Fig. 5). It

Fig. 2 Comparison of the XRDs of hydrogenated alloys, a ZrMnNi,

b ZrMn0.75Ni1.25 and c ZrMn0.5Ni1.5. XRDs of the corresponding as-

received materials are also given in the figure

Fig. 3 The crystallite size vs strain analysis of all the alloys prepared

in the present study. The hydrided materials are also given in the

figure

Fig. 4 The hydrogen absorption kinetics curves for all the materials

prepared in the present study. The curves represent the kinetics

obtained during the first time hydrogen exposure to the as-prepared

samples. Hydrogenation temperature: 30 �C
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may be due to the fact that the Mn rich compositions

quickly make very stable hydrides and Ni rich composition

makes only less stable or unstable hydrides. Further

experiments suggested that temperature in excess of

200 �C is required for hydrogen liberation from the Mn

rich phases. However, better hydrogen storage character-

istics could be witnessed from some intermediate compo-

sitions such as ZrMnNi, ZrMn0.75Ni1.25 and ZrMn0.5Ni1.5.

These hydrides absorb and liberate hydrogen under man-

ageable temperatures. Particularly the alloy ZrMn0.5Ni1.5

liberates *1.9 H/F.U. hydrogen at room temperature. The

desorption activation energy values calculated for ZrMnNi,

ZrMn0.75Ni1.25 and ZrMn0.5Ni1.5 hydrides are given in

Table 2.

In the case of ZrMn2-xNix we noticed that the x values

in the range of 1–1.5 lead to promising Zr-based AB2

hydrides suitable for commercial applications. Our thor-

ough investigation revealed that x in the range of 0 to \1

and 1.5 to 2 does not lead to any interesting Zr–Mn–Ni

system for reversible hydrogen storage applications. The

former case materials interact too strongly with hydrogen

and the latter case interact poorly with hydrogen. The PCI

(desorption isotherm) curves of three interesting systems

within the x = 1–1.5 range, such as ZrMnNi, ZrMn0.75

Ni1.25 and ZrMn0.5Ni1.5 are shown in Fig. 6a, b and c,

respectively. From the nature of the PCT desorption curves

obtained in these compositions it is clearly understood that

any little changes made in the Mn concentration within this

small x value range lead to big changes in the thermody-

namics of the system. Our estimation reveals that ZrMnNi

restores *3.2 H/F.U. and works within the temperature

range of 120–180 �C, ZrMn0.75Ni1.25 restores *3 H/F.U.

and works well within the temperature range of 60–140 �C
and ZrMn0.5Ni1.5 restores *2.1 H/F.U. and works well

within the temperature range of 10–60 �C. One can

understand from the PCT curves that, when we decrease

the concentration of Mn = 1 to Mn = 0.5, the stability of

the hydride phase gets dramatically reduced and the plateau

pressure varies significantly with respect to temperature.

The van’t Hoff plots for the said three compositions such as

ZrMnNi, ZrMn0.75Ni1.25 and ZrMn0.5Ni1.5 are shown in

Fig. 7 and the calculated thermodynamic data are given in

Table 2. The equilibrium pressure of 1 atm in these three

systems can be obtained at the temperatures of 120, 100

and -20 �C, respectively. The van’t Hoff plots also prove

that thermodynamics of the system varies considerably

within a narrow range of Mn concentration, i.e. 0.75–1.5.

Such behavior can strike considerable applications for heat

storage and electrochemical devices. Further, the van’t

Hoff diagram clearly indicates that all these three system

covers the working range of the commercial hydrogen fuel

cells.

The PCT (re)absorption isotherm of the composition

ZrMnNi, ZrMn0.75Ni1.25 and ZrMn0.5Ni1.5 are given in

Fig. 8a. The composition ZrMn0.5Ni1.5 exhibits much

higher plateau pressure as compared to ZrMn0.75Ni1.25 and

ZrMn0.5Ni1.5. It clearly shows the large differences in their

thermodynamic features between the x values of 1.25–1.5

in the ZrMn2-xNix system. The reversible hydrogen

absorption kinetic plots for the systems such as ZrMnNi,

ZrMn0.75Ni1.25 and ZrMn0.5Ni1.5 are shown in Fig. 8b. As

seen, ZrMnNi system restores hydrogen in excess of 3 H/

F.U. and nearly half of this capacity is absorbed within 5 s.

ZrMn0.75Ni1.25 also stores almost the similar capacity but

ZrMn0.5Ni1.5 stores only 2.2 H/F.U. However, it should

also be noted that unlike ZrMnNi and ZrMn0.75Ni1.25,

ZrMn0.5Ni1.5 can absorb and release this capacity under

room temperature. The DSC curves of all the ZrMn2-xNix
system are shown in Fig. 9. The DSC curves also confirm

that the ZrMn0.5Ni1.5 sample behaves much differently as

Table 2 Summary of the observed heat of desorption and activation energy values

Sr. no. Composition -DH (kJ/mol H) DS (J/(K mol H)) Desorption temp.

at equilibrium pressure

of 0.1 MPa

Activation energy

(kJ/mol)

Effective H

capacity (H/F.U.)

1 ZrMn1.0Ni1.0 32.14 ± 1.52 81.43 ± 3.45 119.10 21.03 ± 0.22 3.3

2 ZrMn0.75Ni1.25 27.97 ± 1.82 74.87 ± 4.32 100.01 17.91 ± 0.67 3.0

3 ZrMn0.5Ni1.5 18.61 ± 1.14 73.74 ± 3.60 -20.30 13.21 ± 0.16 2.2

Fig. 5 The desorption kinetic curves of the hydrogenated samples.

The calculated activation energy values are given in Table 2
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compared to all other compositions. This curious obser-

vation in the case of ZrMn0.5Ni1.5 may be related with the

heat transfer associated with the evolution of residual

hydrogen so as to transform as hydrogen free metal phase.

Because, only in the case of ZrMn0.5Ni1.5 does the

Fig. 6 a, b, c The PCT desorption isotherms of the alloys. a ZrMnNi,

b ZrMn0.75Ni1.25 and c ZrMn0.5Ni1.5

Fig. 7 The van’t Hoff plots (dehydrogenation) for the compositions

such as ZrMnNi, ZrMn0.75Ni1.25 and ZrMn0.5Ni1.5

Fig. 8 a The PCT isotherms for reversible hydrogen absorption for

ZrMnNi, ZrMn0.75Ni1.25 and ZrMn0.5Ni1.5 and b the reversible

hydrogen absorption kinetics of ZrMnNi, ZrMn0.75Ni1.25 and

ZrMn0.5Ni1.5 alloys
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hydrogen liberation become effective at lower tempera-

tures. Note that ZrNi2 do not possess considerable

hydrogen above room temperature and any composition

above Ni/Mn concentration of 0.5/1.5 release only very

small amount of hydrogen at the temperatures less than

200 �C (also refer desorption PCTs). Thus, the DSC

profile of all other samples except ZrMn0.5Ni1.5 looks as

similar as each other. The hydrogen absorption/desorption

behavior of ZrMn2-xNix for x = 1–1.5 makes it clear that

these materials are suitable for varieity of stationary

applications (as for example, large stationary hydrogen

storage cylinders in hydrogen production/distribution

spots, H isotope stores etc.) and even mobile applications.

Particularly, in the case of ZrMn0.75Ni1.25, the reversible

hydrogen storage of *2 H/F.U. within few seconds

shows that these are candidates par excellence for device

applications.

In the present Zr–Mn–Ni alloy system, the hydrogen

capacity of C14 phase is, in general, higher than the

capacity of C15 phase, which is contrary to the observation

of some earlier reports [21, 26, 27]. However, from per-

formance point of view, particularly for low temperature

desorption, C15 phase co-existing with the non-laves phase

of Zr7Ni10 is found to be better. Song et al. [28, 29] have

earlier studied the ZrMn0.9-xVxNi1.1 (x from 0.1 to 0.8)

system and concluded that C15 phase with higher stacking

faults performs better for electrochemical applications. In

the present case, since Zr7Ni10 concurrently presents with

the C15 phase, the higher sorption performances cannot be

solely related to the stacking faults itself. Moreover, there

are reports suggesting that the Zr7Ni10 offers catalytic

activity for surface reactions and also acts as a medium for

charge diffusion [30–33]. However, in spite of the presence

of Zr7Ni10 phase since few C15 compositions did not store

hydrogen appreciably, it appears to be the distinct elec-

tronic structure of some composition of Zr–Mn–Ni makes

the difference. Particularly, any compositions within the

ZrMn0.75Ni1.25 and ZrMn0.50Ni1.50 could be promising.

Conclusions

In the case of ZrMn2-xNix laves phase system, thermody-

namically promising hydrogen storage alloys can be made

within the range of 1.5 B x C 1. ZrMn2 and ZrMn1.5Ni0.5

absorb *3.6 H/F.U., but the absorbed hydrogen cannot be

liberated under manageable conditions. ZrMnNi, ZrMn0.75

Ni1.25 and ZrMn0.5Ni1.5 hydrides reversibly store hydrogen

capacity such as 3.2 H/F.U., 3 H/F.U. and 2.2 H/F.U.,

respectively. Each of these hydrides stores at least half of

its effective capacity within 1 min of charging time. The

working range of ZrMnNi, ZrMn0.75Ni1.25 and ZrMn0.5

Ni1.5 are 120–180 �C, 60–120 �C and 10–60 �C, respec-

tively. Interesting thermodynamic behavior could be wit-

nessed when we proceed from ZrMn0.75Ni1.25 to ZrMn0.5

Ni1.5 system which is also confirmed by DSC analysis.
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