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The hyperstoichiometric ZrMnFe, system with x = 1.2-1.4 has been studied as a hydrogen storage 
material. The stoichiometric excess iron exhibits a profound promoting effect on the decomposition 
pressure of the hydride. The hydrogen capacity was observed to be very sensitive to the hyperstoi- 
chiometric iron content. The host metal underwent a 13% lattice expansion with no structural transfor- 
mation during hydrogenation. The configurational entropy of hydrogen in the hydride phase is similar 
to that of deuterium in the ZrMnz deuteride, suggesting a similar site occupancy situation. The extreme 
rapidity of hydrogen sorption is attributed to a 3-dimensional network for hydrogen diffusion existing 
in the hydride lattice. o 1986 Academic press, IK 

Introduction 

The Laves phase intermetallic com- 
pounds containing zirconium have received 
considerable attention in the past few years 
as possible hydrogen storage materials (1- 
4). A series of Zr-containing Laves phase 
intermetallics were first studied by Pebler 
and Gulbransen in the 1960’s (5, 6). More 
recently, Shaltiel et al. (1) extended that 
study to high pressure and gave more de- 
tailed information about their hydrogena- 
tion characteristics. It was found that 
ZrMnz absorbed substantial amounts of hy- 
drogen (3.6 hydrogen atoms per formula 
unit at room temperature and 8 atm), but 
the hydride formed was found to be too sta- 
ble (0.007 atm at 50°C) to be of practical 

* This work was supported by a contract with the 
Koppers Co., Pittsburgh, Pa. 

t On leave from Nanjing Institute of Chemical Tech- 
nology, Nanjing, China. 

significance as a hydrogen storage alloy. In 
order to augment the hydrogen vapor pres- 
sure, they also investigated the stoichio- 
metric ZrMnFe ternary and found that the 
substitution of 50% of the Mn by Fe in the 
ZrMn2 lattice raised its dissociation pres- 
sure nearly IOO-fold. The ZrMnFe ternary 
developed a plateau pressure of 0.65 atm at 
50°C. 

Recently in this laboratory, Pourarian et 
al. (7) have shown that the hyperstoi- 
chiometric 3d transition metal in ZrMn,TM, 
(TM = Mn, Fe, Co, Ni, and Cu) has a sig- 
nificant effect on destabilizing the metal hy- 
dride. Sinha et al. (8) in this group have 
also studied the hyperstoichiometric 
ZrMnFe-based ZrMnFeTM, (TM = Cr, Ni, 
Co) systems. The present work is a contin- 
uation of that investigation. Its purpose was 
to examine the potential of ZrMnFe, inter- 
metallics for hydrogen storage. As will be 
shown below, the vapor pressure of 
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ZrMnFe hydride is raised 5-10 times by the 
introduction of hyperstoichiometric iron 
and is well above 1 atm at room tempera- 
ture. The hydrogen capacity of ZrMnFe, 
with x I 1.3 is quite high, comparable with 
the paradigm hydrogen storage material 
LaN&. Unexpectedly, the plateau region is 
relatively flat and the hydrogen sorption is 
extremely fast. However, these materials 
require a severe activation procedure. 

Experimental 

All the samples studied were prepared in 
an induction-heated, water-cooled copper 
boat under a flowing argon atmosphere. 
The melting loss, due to the high volatility 
of Mn at elevated temperature, was com- 
pensated by adding 10% excess manganese. 
The melting procedure was as follows: first, 
the appropriate amounts of Zr and Fe were 
melted twice; then the manganese were 
added and the alloy remelted an additional 
3-4 times. After each melting the sample 
was weighed, in order to monitor the Mn 
content. To get a sample of accurate com- 
position the current and melting time must 
be controlled carefully. For better mixing, 
the button was turned over before each 
melting. In order to ensure homogeneity 
the samples were annealed at 950-1000°C 
for 4 hr. All samples were examined by 
powder X-ray diffraction, using CuKcr radi- 
ation. The lines on diffraction patterns were 
observed to be sharp and intense. No extra 
lines were detectable. 

It was necessary to subject these speci- 
mens to an activation procedure prior to 
determination of the pressure composition 
isotherms (PCI’s). They were first heated to 
350-400°C under -60 atm H2 and held at 
this temperature for 4-6 hr. Subsequently 
they were quenched in an ice-water bath or 
liquid nitrogen. This procedure was re- 
peated several times for ZrMnFe,,4. The 
amount of hydrogen absorbed was ob- 
served to increase with cycling number; af- 

ter it reached a maximum value the PC1 
measurements were initiated. The equip- 
ment and experimental procedure have 
been described elsewhere (9). The pressure 
was recorded after it remained constant for 
0.5-I hr. At low pressures (below 1 atm), 
time for the system to reestablish equilib- 
rium was observed to be as long as 10 hr. 

Results and Discussion 

1. Crystal Structure 

As expected, all the ZrMnFe, intermetal- 
lit compounds studied occurred in the hex- 
agonal C-14 (MgZn2) type structure, similar 
to that of ZrMnz and ZrMnFe ( 1). The crys- 
tallographic parameters and unit cell vol- 
ume are given in Table 1. It is evident that 
the crystal parameters of ZrMnFe, de- 
crease compared with ZrMnFe, which was 
reported to have a = 5.011 and c = 8.202 A 
(20). A recent neutron diffraction study 
(II) has revealed that in the ZrMnzFe, lat- 
tice the nonstoichiometry is achieved 
through the substitution for Zr at the Zr 
sites, primarily by Mn. It is likely that a 
similar situation obtains for the present hy- 
perstoichiometric system. Hence, an alloy 
such as, for example, ZrMnFel.2, is better 
expressed as Zro.94(Mn,Fe)o.M(Mn,Fe)z and, 
as noted earlier, the amount of Fe at the Zr 
sites is quite small. Since both Mn and Fe 
atoms are smaller than the Zr atom, the re- 
placement of Mn and Fe for Zr diminishes 
the unit cell dimensions. Therefore, the X- 
ray data in Table I are consistent with the 
substitutional model, all of the nonstoi- 
chiometric alloys possessing smaller unit 
cells than ZrMnFe. The observed slight in- 
crease in the unit cell volume of ZrMnFe,.4 
is attributed to experimental error, not in- 
terstitial occupancy. This error is due to the 
fact that ZrMnFel.4 departs considerably 
from stoichiometry and yields broader dif- 
fraction peaks than the other materials 
studies. Also included in Table I are the 
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TABLE I 

CRYSTAL STRUCTURE DATA FOR ZrMnFe, AND ZrMnFe, HYDRIDES 

Hydrogen capacity 
at 20 atm and 23°C 

Composition & 

ZrMnFed 5.011 
ZrMnFe3.sd 5.422 
ZrMnFe,.r 4.996 
ZrMnFedh 5.205 
ZrMnFel.3 4.988 
ZrMnFel.3HZ.6 5.184 
ZrMnFel.4 4.990 
ZrMnFedh - 

ci (E) 

8.202 178.4 
8.839 225.0 
8.173 176.7 
8.685 203.8 
8.163 175.9 
8.618 200.6 
8.178 176.4 

- - 

AVIV 
(Go) 

20.7 

13.3 

12.3 

- 

cm3 Hz/g alloyb rc 

194.0 1.48 

186.4 1.40 

149.2 1.13 

17.5 0.16’ 

a Unit cell volume. 
b Measured at 1 atm and 25°C. 
c r = the amount of Hz per unit volume of alloy relative to that of the same volume of liquid 

hydrogen. 
d Obtained from Ref. (10). 
e Assuming the same unit cell volume for ZrMnFe, 4H0.35 as that of host metal. 

crystallographic data for ZrMnFe, hy- 
drides. X-Ray diffraction analysis showed 
that the hydrogenation of ZrMnFe, did not 
transform the crystal structure of the host 
metal, but did cause a 12-13% lattice ex- 
pansion. This expansion is relatively small 
in comparison with those of LaNiS and 
other ZrMn;?-based (7) hydrogen storage 
materials, which dilate by 25 and 20%, re- 
spectively. 

The peaks on the X-ray pattern of 
ZrMnFe, hydride were observed to be rela- 
tively narrow and well defined, indicating 
that the lattice distortion occasioned by the 
insertion of the hydrogen atoms was not 
significant. There are many crystallographi- 
tally different types of interstices in the 
ZrMnz lattice, which are all tetrahedral 
sites. A neutron diffraction study on 
ZrMnzD3 (12) indicated that only those tet- 
rahedral holes are occupied in which hydro- 
gen atoms are surrounded by 2 Zr and 2 Mn 
atoms. From the thermodynamic implica- 
tions of this investigation, as discussed be- 
low, it seems likely that the site-occupying 

situation in ZrMnFe, hydrides does not 
change very much in spite of the partial 
substitution of Mn and Fe for Zr and of Fe 
for Mn. 

2. Thermodynamic Properties 

The pressure-composition isotherms 
were established over the temperature 
range 0-100°C and pressures up to 50 atm 
for ZrMnFei.rH:! and ZrMnFei.3-Hz. 
These isotherms manifest a well-defined 
pressure plateau region (see Figs. 1 and 2), 
although a distinct slope is evident, as has 
been observed for other non-stoichiometric 
systems. The volumetric capacity r, which 
is the hydrogen density in metal hydrides 
relative to that of liquid hydrogen, and 
weight capacity are listed in Table I. It can 
be seen from this table that the hydrogen 
capacities are very sensitive to the hyper- 
stoichiometric iron content, decreasing 
sharply with increasing hyperstoichiome- 
tric Fe. The volumetric capacity and r fac- 
tors of ZrMnFel.z, for example, are 186.4 
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FIG. 1. Pressure-composition isotherms for the 
ZrMnFe,.2-H2 system. 

cm3 H2/g alloy and 1.40, respectively, 
which are comparable with the paradigm 
hydrogen storage material LaN&. The cor- 
responding quantities of ZrMnFel.4, how- 
ever, are only 17.5 cm3 H2/g alloy and 0.16. 
The very small hydrogen capacities of 
ZrMnFei.4 are in accord with a previous ob- 
servation (8) in this laboratory that 
ZrMnCol.4 did not absorb any measurable 
quantity of hydrogen, since Co was found 
to have a most profound effect in destabiliz- 
ing the Zr-containing Laves phase metal 
hydride ( 7). 

It is of practical interest to note that the 
plateau regions in these PCI’s are relatively 
flat, compared to other nonstoichiometric 
systems, and the plateau pressures, at mod- 
erate temperatures, are well above 1 atm. 
For instance, the ZrMnFel.3 hydride ex- 
hibits dissociation pressures of 3 atm at 

room temperature and 7 atm at 50°C which 
are lo-fold over those of ZrMnFe hydride 
and 700-fold over those of ZrMn2 hydride. 

There are three branches in these iso- 
therms. On the left where the curve rises 
sharply with increasing hydrogen content, 
is an a-phase field that is the solid solution 
of hydrogen in the parent intermetallic 
compound. When the host metal is satu- 
rated with hydrogen, a second solid phase, 
P-hydride phase, occurs. In this two solid 
phase coexistence region (plateau region), 
changes involve only the relative amounts 
of the two phases, while the hydrogen con- 
centration in each phase remains nearly 
constant during the hydrogenation process. 
In this stage, more and more (Y phase with 
terminal hydrogen solubility is converted 
into P-hydride phase as the overall hydro- 
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g atom H/g formula weight intermetallic 

FIG. 2. Pressure-composition isotherm for the 
ZrMnFeI.3-H2 system. 
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FIG. 3. The van? Hoff plot of log PHz vs reciprocal 
temperature for the ZrMnFeFe,-H, system at the 
composition 1.25 g atom H/g formula weight interme- 
tallic. 

gen content in solid is successively in- 
creased. Finally, when all the (Y phase is 
exhausted, the system regains a degree of 
freedom and a steeply ascending curve, 
which represents the solid solution of hy- 
drogen in metal hydride, again appears on 
the right of an isotherm. In the plateau re- 
gion the hydrogenation of the metal matrix 
is essentially a chemical reaction, e.g., for 
ZrMnFel.z-Hz: 

0.91 ZrMnFel,zH0.4 + Hz + 
0.91 ZrMnFel,2H2,6. 

It is well known that the standard enthalpy 
and entropy changes accompanying this re- 
action can be derived from the van? Hoff 
equation. The transformation of gaseous di- 
atomic molecules to hydrogen atoms situ- 
ated in the interstitial sites of the host metal 
contributes to these thermodynamic quan- 
tity changes to a dominant extent. In the 
present case there is no structural transition 
but only a relatively small lattice dilation 
and distortion during hydrogenation. It may 
therefore be assumed that the host interme- 
tallic possesses nearly the same p and 
p in both (Y and p phases. That is, the en- 

thalpy and entropy changes for the reaction 
are all attributed to the contribution from 
hydrogen. Consequently, the relative par- 
tial molal enthalpy and entropy of hydrogen 
in the hydride phase can be evaluated from 
the van’t Hoff plot. An excellent linear fit of 
log P versus l/T was observed in all cases 
(the correlation coefficients >0.999). The 
representative plots are shown in Fig. 3. 
The values of 2a~ - IfHz and 2%” - pi!, are 
listed in Tables II and III as a function of 
the overall hydrogen content in the solid in 
the two-solid phase field. 

Using the well-known value S”,, = 130.6 
J/K mole Hz, the partial molal entropy 2sH 
of hydrogen in /3 hydride phase was readily 
calculated. The !?n values (J/K g atom H) 
are given in the last column of Tables II and 
III. These values are around 13 J/K g atom 
H. Pourarian et al. have calculated the con- 
figurational contribution to the entropy, S, 
= 18.3 J/K g atom D, for deuterium in the 
ZrMnz deuteride, the deuterium content of 
which is close to the hydrogen content of 
the ZrMnFe,.* hydride, using the expres- 
sion by Wallace et al. (13, 14) and the site 
occupancy data by Didisheim et al. (12). 
They also pointed out that this value may 
be somewhat overestimated due to the in- 
clusion of some energetically unfavored 
configurations. In light of the fact that the 
S, for ZrMn2 may be overestimated, the S, 

TABLE II 

RELATIVE PARTIAL MOLAL QUANTITIES OF 
HYDROGEN IN ZrMnFe,.* HYDRIDE 

Overall hydrogen 
content 

(g atom H/g 
formula weight -(2& - H-H,) -(2S” - sg,) s, 

intermetallic) (kJ/mole Hz) (J/K mole Hz) (J/K g atom H) 

0.75 32.3 108 11.3 

1.00 31.5 106 12.3 

1.25 31.5 106 12.3 

1.50 31.1 106 12.3 

1.75 30.5 105 12.8 

2.00 29.8 103 13.8 

Map: 31.1 105.6 12.5 
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TABLE III 

RELATIVE PARTIAL MOLAL QUANTITIES OP 

HYDROGEN IN ZrMnFe,., HYDRIDE 

Overall hydrogen 
content 

(g atom H/g 
formula weight -GH - rn,) -(2sH - Sk,) s 

intermetallic) (Id/mole HZ) (UK mole Hz) U/K g atom HI 

0.50 28.4 103 13.8 

0.75 28.3 103 13.8 

1.00 28.3 103 13.8 

1.25 27.8 103 13.8 

1.50 28.5 106 12.3 

Mean: 28.3 103.6 13.5 

for ZrMnz deuteride and ZrMnFe, hydride 
are in reasonably close agreement. This ac- 
cordance suggests that the site-occupying 
picture for the ZrMnFe, hydride is quite 
similar to that of the ZrMnz deuteride. 

3. Kinetic Behavior 

The hydrogen absorption and desorption 
for activated ZrMnFe, were observed to be 
extremely fast. The absorption process, for 
instance, was almost complete in about 1 
minute for ZrMnFel.3 at room temperature 
and 50 atm. The desorption was 90% com- 
plete in about 2.5 min at the same tempera- 
ture and against 1 atm for the same sample 
(see Fig. 4). 

First-order kinetics behavior was ob- 
served in a previous study on a hyperstoi- 
chiometric ZrCr*-based system (15). Be- 
cause of the chemical and structural 
similarities, the present system is assumed 
to have the same kinetic nature; that is, the 
desorption of ZrMnFe, hydrides obey first- 
order kinetics and the diffusion of atomic 
hydrogen is the rate-determining step. The 
neutron diffraction study (1 I) has revealed 
that all D atom sites in the ZrMn2 deuteride 
lattice are connected in such a way as to 
form a 3-dimensional infinite network of 
diffusion paths. The deuterium atoms, 
therefore, can migrate freely along the net- 
work. A similar network should exist in the 

time (set) 

FIG. 4. (A) Hydrogen absorption rate of the 
ZrMnFe,,, at 23°C and 50 atm. (B) Hydrogen desorp- 
tion rate of the ZrMnFe,.j hydride at 23°C. 

ZrMnFe, hydride lattice, too, since the site 
occupancy by hydrogen in ZrMnFe, hy- 
drides is considered essentially the same as 
that of ZrMn2 deuteride, as described 
above. It appears that it is this 3-dimen- 
sional network which is responsible for the 
observed extremely fast hydrogen sorption. 
Another possible reason for the rapidity of 
hydrogen sorption is related to the surface 
condition. An earlier Auger spectroscopy 
study (2) in this laboratory indicated that 
the oxide coating on the surface of the 
ZrMn2+, is quite thin (-75 A). A similar 
situation may also obtain for the present 
case. This would reduce the resistance of 
the diffusion of hydrogen through the sur- 
face, and hence enhance the hydrogen 
sorption rate. 
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