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The kinetics of the reaction of hydrogen with Mg,Ni has been investigated under hydrogen pressures 
from 3 up to 7 bar at various temperatures (548 5 T (: 593 K). Hydrogen absorption rates for the 
hydriding reaction show an inverse temperature dependence under our experimental conditions. The 
results are analyzed by considering the increase in temperature due to the heat of reaction in the course 
of hydrogen absorption. The rate-controlling step for hydriding reaction in the initial stage is the 
dissociative chemisorption on Ni involving heat transfer as “a rate-delaying step.” In later stages, 
hydrogen absorption rates decrease gradually with the effect of the particle size distribution and the 
diminution of the unreacted fraction. Other phenomena are also discussed, i.e., hydrogen absorption 
in o-solid solution region and an incubation period. 0 1985 Academic Press, 1~. 

Introduction (1) Mass transport of Hz molecules up to 
the surface of Mg,Ni or Ni. 

Mg,Ni is considered as an appropriate (2) Dissociative chemisorption of Hz mol- 
material for hydrogen storage from the ecules on the surface of Mg;?Ni or Ni. 
viewpoint of hydrogen storage capacity (3) For hydrogen atoms chemisorbed on 
(about 3.7 wt%), hydride stability (1, 2), the surface of Ni: (a) the surface diffusion 
and hydriding kinetics. of hydrogen atoms on the Ni surface to the 

Hydriding kinetics is basic to an under- grain boundary of nickel and magnesium 
standing of the hydriding reaction mecha- oxide; (b) the diffusion of hydrogen atoms 
nisms. However, very few studies have through the grain boundaries between 
been reported on the hydriding kinetics of nickel and magnesium oxide. 
the Mg,Ni-Hz system (3-6). (4) Transition of hydrogen atoms from 

Seiler et al. (7) reported that a small their chemisorbed state into their absorbed 
amount of oxygen induces a surface segre- state. 
gation, leading to an overlayer of oxidized (5) Diffusion of hydrogen atoms through 
magnesium and leaving behind at least the growing layer of hydride. 
some nickel in the metallic state. This seg- (6) Phase transformation (a-solid solution 
regated nickel can act as a set of active sites of hydrogen in MgzNi + hydride). 
for the dissociative chemisorption of hydro- In addition heat transfer may also be an 
gen (8). important step for hydriding. The increase 

With these results the hydriding process in temperature during the reaction de- 
of the activated MgzNi can be classified as creases the hydrogen absorption rates by 
follows (9-11): raising the equilibrium plateau pressure 
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(P,) and causing a diminuation of the driv- 
ing force (PO - Z’,J for hydriding, PO being 
the hydrogen pressure. 

The rate-controlling step for hydriding 
Mg,Ni has been determined. Other phe- 
nomena related to hydrogen absorption by 
Mg,Ni are also discussed. 

Experimental 

Sample preparation. A mixture of pow- 
ders of Mg (Ventron, 50 mesh, 99,8% pu- 
rity) and nickel (Cerac, 325 mesh, 99,9% 
purity) in the proportions corresponding to 
the composition Mg,.,Ni was pressed un- 
der 3 tons/cm2 during 2 min. This composi- 
tion was chosen as during the reaction a 
small quantity of Mg is evaporated. Then 
the pellet was sintered under an argon at- 
mosphere of 3 bar at 823 K during about 120 
hr in a stainless-steel crucible. Sintering 
was used rather than melting due to the ne- 
cessity of controlling the Mg,Ni composi- 
tion; during melting too much Mg evapo- 
rates. In these conditions every time a 

small quantity of MgO was found present 
by X-ray analysis. In addition a magnetic 
measurement showed an excess of Ni of 
about 2.7 wt% which could not form Mg2Ni 
because of Mg evaporation and of the ex- 
perimental conditions. 

Apparatus. Figure 1 schematically repre- 
sents the hydriding set made of stainless 
steel. It consists of three parts: A: purifica- 
tion of hydrogen; B: standard volume; C: 
reactor. Part A is filled with Mg chips main- 
tained at 823 K to dry and deoxygenate the 
supplied hydrogen (AIR LIQUIDE, U 
quality). Part B includes a standard vol- 
ume, linked to a Bourdon gauge M2 which 
permits measuring the pressure from 0 to 10 
bar with a precision of 0.05 bar. Part C con- 
sists of a Bourdon gauge Mi , identical with 
M2, connected to the reactor by a capillary 
tube (internal diameter = 4 mm). The ther- 
mocouple is located within the wall of the 
reactor. Separate tests have shown that 
there is very little difference in temperature 
readings and only a small time lag between 
a thermocouple located at the sample loca- 
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FIG. 1. Scheme of the apparatus for hydrogenation. 
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tion and that within the reactor walls. The 
changes in the temperature were recorded. 
The dead volumes of parts B and C are 64.9 
and 58.5 cm3, respectively. For the study of 
hydrogen absorption under pressures 
higher than 10 bar a similar apparatus was 
used. 

Determination of the quantity of ab- 
sorbed hydrogen as a function of time. The 
amount of used Mg,Ni was about 1.1 g. The 
particle size crushed in air was less than 200 
pm. The hydrogen pressure were main- 
tained nearly constant during the reaction 
by employing appropriate dosing volumes. 
The fall of pressure was 1 - 5% of the cho- 
sen pressure in the course of our measure- 
ments. The variation of the pressure of hy- 
drogen in the known volume of B permits 
one to calculate the quantity of hydrogen 
absorbed by the sample as a function of 
time. The activation was carried out under 
the hydrogen of 7 bar at 573 K. It was com- 
pleted after 7 cycles. The hydrogen absorp- 
tion rates are measured under hydrogen 
pressures from 3 up to 7 bar, between 548 
and 593 K. 

Results and Analyses 

We define the reacted fraction F as fol- 
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FIG. 2. Influence of hydrogen pressure on the hydro- 
genation of the activated Mg,Ni powder at 548 K be- 
tween 34th and 39th hydriding cycles. 
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FIG. 3. Influence of temperature on the hydrogena- 
tion of the activated Mg,Ni powder under hydrogen 
pressure of 7 bar between 10th and 13th hydriding cy- 
cles. 

lows: F = number of H2 moles absorbed 
during t minutes/number of HZ moles calcu- 
lated on the assumption that 100% of the 
activated sample is hydrided into the com- 
position Mg2NiH4. 

Figure 2 shows the influence of hydrogen 
pressure (PO) on the hydrogen absorption 
by the activated Mg,Ni powder at a con- 
stant temperature (T = 548 K) between the 
34th and 39th hydriding cycles. 

Figure 3 shows the influence of tempera- 
ture on the hydrogen absorption of the alloy 
under constant hydrogen pressure (PO = 7 
bar) between the 10th and 13th hydriding 
cycles. 

The F-t curves for P,, = 3 bar of Fig. 2 
and T = 593 K of Fig. 3 exhibit (at the very 
beginning) a very rapid initial hydrogen ab- 
sorption up to F = 0.053 and -0.065, re- 
spectively. Then they show an incubation 
period of 2 and 7 min approximately. 

Figure 4 shows the initial parts of some 
F-t curves scaled up. The region from F = 
0 to the points S (Region I in Fig. 4) is 
thought to correspond to a nonsaturated (Y- 
solid solution, and to an extremely small 
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amount of surface hydride of MgzNi. This 
point will be explained in the discussion 
section. 

After these initial periods, the actual hy- 
driding reaction begins (Region II of Fig. 4). 
Our main interest is devoted here to Region 
II. 

The F-t curves of Figs. 2, 3, and 4 show 
a linear behavior in the initial stage of the 
hydriding reaction (stage A), but their 
slopes decrease gradually in a later stage 
(stage B). 

By transmission electron micrographs 
the activated Mg,Ni particles are observed 
to have irregular shapes and various sizes. 
In the initial stage of the hydriding reaction, 
almost all the particles are considered to 
have an unreacted fraction and to partici- 
pate in the reaction. There would be a small 
change in the reaction interface area even if 
the reaction interface advances. Therefore, 
the real reaction rates can be obtained from 
the initial stage of the hydriding reaction 
rather than from the later stage. 

A. Initial Stage of the Hydriding Reaction 
(Region II) 

A-l. The Dependence of the Hydriding 
Reaction Rates on the Hydrogen 
Pressures (PO) 

From the slopes of the F-t curves (Fig. 2) 

TABLE I 

HYDRIDING REACTION RATES dFldt UNDER 

VARIOUS HYDR~CEN PRESSURES IN THE RANGE 

-0.05 5 F 5 -0.40 AT 548 K 

PO 

@=s) 

gx 10 
t* 

(min-‘) F* (min) 

3 0.28 0.093 3.88 
4 0.98 0.049 0.17 
5 1.67 0.063 0.28 
6 2.10 0.087 0.15 
7 2.80 0.121 0.15 

--------- -------- 

0 2 4 6 

FIG. 4. Initial parts of the F-t curves of Figs. 2 and 
3. 

in the initial stage of the hydriding reaction 
(-0.05 I F 5 -0.40), the hydriding reac- 
tion rates dF/dt (min-‘) are deduced. They 
are listed in Table I, where F* is the reacted 
fraction when t = t* (t* is the time at which 
an appreciable hydriding reaction begins to 
take place). 

Figure 5 shows that the hydriding reac- 
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FIG. 5. Dependence of the hydriding reaction rates 
on the hydrogen pressures. 
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tion rates vary linearly with the hydrogen 
pressures, i.e., 

dF 
dt = aPo + b, 

where a and b are constants at a given tem- 
perature. 

Since dFldt = 0 when PO = P,, (Peq is the 
equilibrium plateau pressure at a given tem- 
perature), Eq. (2) can be rewritten as 

TABLE II 

HYDRIDING REACTION RATES dFldt AT VARIOUS 
TEMPERATURES IN THERANGE -0.05 5 Fs -0.40 
UNDERCONSTANTHYDROGEN PRESSUREOF~BAR 

dF 
T 

x x 10 r* 
WI (min-I) F* (min) 

548 2.59 0.095 0 
573 1.47 0.063 0.22 
583 0.86 0.066 0.48 
593 0.13 0.097 9.45 

The relation between dFldt and PO ob- 
tained at 548 K (Fig. 5) is 

dF 
- = 6.17 x 10-2[Po(bar) - 2.461. (4) 
dt 

In the initial stage of the hydriding reac- 
tion, an increase in the temperature 4.3-5.5 
K was detected, which varies with hydro- 
gen pressures and temperatures. To sim- 
plify the analyses, it is assumed that at all 
experimental conditions, the increase in 
temperature is 5 K which is approximately 
the average value of 4.3 and 5.5 K. This 
assumption is not considered as causing 
very significant errors in the analyses of the 
hydriding process. 

The reported data of the equilibrium pla- 
teau pressures for hydrogen absorption at 
548 and 553 K are 2.27 and 2.45 bar, respec- 
tively (4). The equilibrium plateau pressure 
of 553 K is in excellent accord with the 
value of 2.46 bar which is obtained by com- 
paring Eq. (4) with Eq. (3). This indicates 
that Eq. (3) is quite relevant, i.e., that the 
hydriding reaction rates show a linear de- 
pendence on the hydriding driving force (PO 
- P,,). The proportionality constant, a, de- 
pends on the temperature. 

the hydriding rates dF/dt (min-I) are ob- 
tained. They are listed in Table II. 

The hydriding reaction rates decrease 
strongly with increasing temperature. This 
can be considered as being due primarily to 
the decrease of the driving force for hydrid- 
ing, (PO - Peq), with increasing tempera- 
ture. 

If the temperature dependence of the hy- 
driding reaction rates is expressed by an 
Arrhenius law, Eq. (3) can be written as 

dF 
dt = AI@‘o - Peg) ew 

El 
( 1 

-- RT , (5) 

where Al is the preexponential factor and 
El, the apparent activation energy for the 
reaction. By using the hydriding reaction 
rates of Table II, A, and El of Eq. (5) are 
calculated with a least-square method, and 
represented by a straight line A in Fig. 6, 
where ln[(dF/dt)l(Po - P,,)] vs l/T is plot- 
ted. For the equilibrium plateau pressure 
(Peq) for absorption, the data of Nomura et 
al. (4) have been employed 

log,, P,,(bar) = -3.245/T + 6.2558. (6) 

The plot actually is not really linear. An 
apparent activation energy El is -15,500 
Cal/mole HZ (Eq. (7)) is obtained, so that 

A-2. The Dependence of the Hydriding 
Reaction Rates on Temperature 

From the slopes of the F-t curves (Fig. 3) 
in the initial stage of the hydriding reaction 

dF 
z = 4.37 x lo-S(P, - P,,) 

15,5OO(caYmole HZ) 
em RT 1 ’ c7) 



The negative value of that activation energy 
reflects that a nonthermally activated pro- 
cess, namely heat transfer, is a rate-control- 
ling step. -3.0 I- 

B 
El z-350 (ral/mole lip) a 

0 

As far as heat transfer is concerned, a 
“rate-delaying” step is preferable to a rate- 
controlling one, since an increase in tem- 
perature retards the hydriding reaction 
rates by decreasing the driving force (PO - 
P,,). The observed increase in temperature 
in the course of the hydriding reaction pro- 
ves that heat transfer is actually a “rate- 
delaying step.” The poor linearity in the 
Arrhenius-type plot suggests that there is -4.3c a 

another rate-controlling step in addition to 
I-. 

170 175 180 105/r 

heat transfer. FIG. 6. Arrhenius-type plot of lnl(dF/di)/(PO - P,,Jl 
To analyze more closely the intrinsic vs l/T. (A) Not considered the increase in tempera- 

chemical reaction mechanism, the influence ture, (B) considered an increase in temperature of 5 K. 

of the heat transfer must be eliminated. 
In Fig. 6, line B represents the plot of ture were greater than 5 K, the driving 

ln[(&‘/dt)l(Po - Peq)l vs 1/T by considering force for hydriding (PO - Peq) would be 
an increase in temperature of 5 K. This ex- nearly zero or negative, causing the reac- 
hibits relatively good linearity, but again an tion to be stopped or at least, to be ex- 
apparent activation energy of -350 Cal/ tremely slow. We also note that the inverse 
mole H2 which is negative (Eq. (8)). temperature dependence is likewise ob- 

served at 522 and 571 K under the constant 
dF 
-& = 4.14 x lo-2(Po - P,,) hydrogen pressure of 30 bar where (PO - 

P,,) is about 28.9 and 26.3 bar, repectively. 

[ 
350(cal/mole HZ) 

ew RT 1 . (8) 
While in those examples the difference in 
the driving forces for hydriding is negligi- 
ble, that of temperature is large. The fact 

The fact that the apparent activation energy that despite such experimental conditions 
is still negative, in spite of the consideration the hydriding rates show an inverse temper- 
of an temperature increase of 5 K due to ature dependence shows clearly that this in- 
heat transfer, suggests that (i) either the in- verse temperature relation is a real trend in 
crease in temperature is larger than 5 K; (ii) the hydriding reaction of MgzNi. 
or there is another rate controlling step This suggests that hypothesis (ii) is appli- 
which is responsible for the inverse temper- cable. 
ature dependence in this temperature A powerful candidate for the require- 
range. The relatively good linearity in the ments of the inverse temperature depen- 
Arrhenius-type plot indicates that the small dence and the negligible activation energy 
value found for the apparent activation en- is indeed the dissociative chemisorption of 
ergy is valid. Of course, the rate equation hydrogen on the metal surface (22-24). Let 
for this step must satisfy the dependence of us consider now the overall rate equation if 
pressure, i.e., be a first-order function of we suppose that this step is rate controlling. 
(PO - peq) (see Eq. (3)). Beeck (Z5), Anderson and Baker (16) 

Incidentally, if the increase in tempera- found that each atom of nickel on the sur- 
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face takes up one atom of hydrogen. Thus 
vpo the dissociative chemisorption of hydrogen J” = (2rmkT)‘” (1 - f&J2 exp (- $) , 

can be expressed as (12) 

H2 + 21s 2 2(1$-H) (9) 

where IS is the surface active site of Ni or 
MgzNi, kf and kb being the rate constants for 
the forward and backward reactions, re- 
spectively. 

Ideally we must begin to measure the hy- 
driding reaction rates after the terminal sol- 
ubility of hydrogen into the activated 
Mg2Ni is reached, which is the concentra- 
tion at which the hydride starts to precipi- 
tate, and where the chemisorption of hy- 
drogen is at equilibrium under the hydrogen 

where (T is a steric factor or a condensation 
coefficient defined as the fraction of the to- 
tal number of colliding molecules possess- 
ing the necessary activation energy E, for 
resulting in adsorption, P/(2cvnkT)1’2 is the 
number of molecules of mass m striking 
unit area of surface in unit time and k Boltz- 
mann constant. 

The flux V- 1 of desorption can likewise be 
written as 

u-l = k-,0& exp (13) 

pressure of P,,. 
The behavior of the F-t curves observed 

where kpl is the specific rate constant for 

in the region of the hydriding reaction of 
desorption and Ed stands for the activation 

Figs. 2 and 3, however, was observed to be 
energy of desorption. Therefore the net 

exactly the same as that of the F-t curves 
chemisorption rate Y is given by 

obtained after hydrogen saturation up to 
the terminal solubility. Thus, even if we do 

u = u1 - Y-1 

not use the ideal experimental conditions 
described above in order to analyze the hy- 
driding reaction, it cannot be considered to 
be a source of significant error. (14) 

If 19,~ is an equilibrium coverage under P,, 
at a given temperature, the chemisorption By comparing Eqs. (10) and (14), kf and kb 
rate v is given by Eq. (10) with a steady- are given by (11) 
state approximation when hydrogen pres- 
sure is PO (27, 18): 

kf = (2,&T),” exp 
& 

( 1 
-- RT 

u = kril - f3,J2Po - k@&. (10) 

In the hydriding reaction, when the hydro- kb = km1 exp - ST . ( 1 
gen pressure PO becomes equal to the equi- 
librium plateau pressure Peq, the driving 
force for hydriding is zero, leading the 

Equations (11) and (15) lead to 

chemisorption rate v = 0. Thus, Eq. (10) 
can be written as 

(15) 

(16) 

u = kr(l - &J2(Po - P,J. (11) & exp - ~~ . (17) ( 1 
From the kinetic theory of gases, the flux 

of adsorption v1 is given by ((13), p. 105 in Therefore, chemisorption rate -dnH,ldt is 
(17)) given by 
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T-‘“(Po - P,,) exp - ST , ( 1 (18) 

where nn2 is the number of moles of hydro- 
gen chemisorbed dissociatively, KO the 
number of absorption sites per unit area, S 
the total surface area of the activated parti- 
cles of W grams of Mg,Ni, and A Avoga- 
dro’s number. 

Equation (18) leads to 

dF M dnH2 -=--- 
dt 2W dt 

MS (~(1 - B,J2Ko 
= 2A W(27rmk)“2 

T-‘“(Po - P,,) exp (19) 

where M is the molecular weight of MgzNi. 
Anderson and Baker (16) found that the 

isotherms of hydrogen at 90 K on evapo- 
rated nickel films were substantially flat in 
the region 10e4 to 10e3 Tort-, which was 
taken to indicate that a monolayer had been 
completed. 

Under P,, 2 2.2 bar and 548 I T I 593 
K, the experimental conditions of this 
work, it is considered that the flat portion in 
the isotherms of hydrogen chemisorbed on 
Ni or Mg,Ni is reached at the starting point 
of the hydriding reaction, indicating com- 
pletion of the monolayer. Thus, it can be 
considered that ees is nearly independent of 
the experimental temperature. 

So Eq. (19) can be rearranged as 

dF 
- = CT-‘12(Po - Peg) exp dt 

where 

c = MS ~(1 -  &q)2~o 

2A W(2rmk)‘” 

which is constant. 
Equation (20) shows that, if the dissocia- 

tive chemisorption of hydrogen on the 
metal surface is the rate-controlling step, 
the hydriding reaction rate dF/dt is a first- 
order function of (PO - P,,) and depends on 
temperature by a function f( T): 

E, 
f(T) = CT-‘” exp - ~~ . ( 1 (21) 

The Arrhenius-type plot, ln[(dF/dt)T1’21 
(PO - P,,)] vs l/T, is shown in Fig. 7 by 
using the data of Table II and considering 
an increase temperature of 5 K. It corre- 
sponds to a relatively good linearity and 
gives a small and positive activation energy 
E, of 220(cal/mole Hz), i.e., the dissociative 
chemisorption of hydrogen satisfies the re- 
quirements of case (ii). 

Thus, the overall rate equation is given 
by 

dF 
x = 1.634T-‘“(P,, - PeJ 

220(cal/mole Hz) 
RT 1 * (22) 

In other words in the initial range (-0.05 < 
F < -0.40) of the hydriding reaction (Re- 
gion II), the reacted fraction F at time t 
(min) is given by 

F = F” + 1.634T-1’2(P0 - P,,)(t - t*> 
220(cal/mole H2) 

exp - [ 1 RT ’ 

The values of F* and t* are listed in Table 
II. 

B. The Later Stage in the Hydriding 
Reaction (Region II) 

The activated particles of MgzNi have ir- 
regular shapes and various sizes as consid- 
ered above. 

While the hydriding reaction is complete 
in the smaller particles or in some sharp 
parts of the particles, resulting in the de- 
crease of the unreacted fraction, the hy- 
driding reaction is still taking place in some 
larger particles. 
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Ed = 220 lcal/moleHpl 
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FIG. 7. Arrhenius-type plot of In[(dF/dr)P/(PO - 
P,,)] vs UT by considering an increase in temperature 
of5 K. 

Thus, the overall hydriding reaction rates 
decrease gradually in this stage and finally 
the reaction reaches equilibrium. 

Discussion 

When the mean free path of hydrogen 
molecules (A = 3.32 x lop6 cm at 573 K, 7 
bar) is smaller than the diameter (24 of the 
pores of the filter or the interparticle chan- 
nels or the cracks etc., the mass transport 
of H2 molecules progresses by the forced 
flow and/or ordinary gas diffusion. When X 
is larger than 2r, the Knudsen or molecular 
diffusion occurs ((19), p. 212 in (9)). 

Here, the average porosity (5 pm) of the 
stainless-steel filter used is larger than A, 
resulting in a forced flow or ordinary gas 
diffusion. In the activated particles of 
Mg,Ni there may be paths whose 2r values 
are larger or smaller than A. From the view- 
point of the flux of hydrogen molecules ar- 
riving on the reaction surface, the three 
flows mentioned above therefore occur as 
parallel processes. 

Thus the total flux of hydrogen is given 
by the sum of the flux of three flows, whose 
main part is given by the forced flow and 
the ordinary gas diffusion. This indicates 
that the Knudsen diffusion is not a rate- 
controlling step. The forced flow and the 

ordinary gas diffusion of hydrogen cannot 
likewise be considered as rate-controlling 
steps since they are faster than the diffusion 
of hydrogen through the solid phase (hy- 
dride layer). 

If one compares the activation energies 
of diffusion on the surface (Qs) along the 
grain boundary (Qb) and within the lattice 
(Ql), Qs < Qb < Ql (20). Turnbull, quoted 
by Chalmers (21), showed that D& (rep- 
resenting the ratio of the diffusion coeffi- 
cients for grain boundary and lattice) is IO3 
- lo6 according to the grain size. These 
trends can be applied to metal-H2 system. 
These facts permits us to conclude that the 
surface diffusion of hydrogen atoms on the 
metal surface and the diffusion of hydrogen 
atoms through the grain boundary cannot 
be considered as the rate-controlling step. 

According to Auer and Grabke (22), the 
activation energy for the transition of hy- 
drogen atoms from the chemisorbed into 
the absorbed state is 6.8 kcal/mole for the 
Pd-HZ system, which is much larger than 
that obtained here. But Flanagan (9) argued 
that the preexponential factor for this tran- 
sition step should be larger than that for 
chemisorption. Thus, this step can also be 
eliminated as a rate controlling step. 

In a steady-state experiment with a nomi- 
nally fixed composition and with a fixed re- 
action surface area, if the reaction rate is 
independent of time (“linear rate law”), the 
interface chemical reaction (i.e., chemi- 
sorption or phase transformation) is most 
probably rate controlling. The F-f curves in 
Figs. 2 and 3 follow the linear rate law in 
the initial stage of the hydriding reaction 
where the reaction interface area is nearly 
constant. The pressure and temperature de- 
pendence of the results analyzed above 
show that chemisorption is the rate-control- 
ling step. The low activation energy, about 
220 cal/mole HZ, indicates that the phase 
transformation is not a rate-controlling 
step. Boser (23) reported that the activation 
energy for hydrogen absorption is 7.6 kcal/ 
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mole H2 and that the rate-controlling step 
for hydrogen absorption in LaNiS is the 
phase transformation. Our value is much 
lower than this reported data. Under the 
same limiting conditions, when diffusion is 
rate-controlling, a nonlinear time depen- 
dence usually results. 

From the analysis of the results and the 
above discussion, one can conclude that 
the rate-controlling step is the dissociative 
chemisorption of hydrogen molecules, 
which involves heat transfer as “a rate-de- 
laying step” and the low activation energy 
for the dissociative chemisorption E,, sug- 
gests that Ni acts as the active site for the 
dissociative chemisorption of hydrogen 
molecules (12, 24, 7). 

The history of the segregated Ni is differ- 
ent from that of the Ni in excess. The chem- 
ical affinity of Ni with 02 is weaker than 
that of Mg. X-Ray diffraction analysis 
shows the presence of Mg oxide but not of 
nickel oxide in the starting material. Thus 
one may consider that the chemical states 
of the segregated Ni and the Ni in excess 
are the same, i.e., both Ni states act as the 
active sites for the dissociative chemisorp- 
tion of hydrogen molecules. 

The heat of chemisorption of hydrogen 
on Ni surface is reported to be about -29 - 
-32 (kcahmole Hz) (23). The heat of forma- 
tion of the Mg,Ni hydride is about - 14.8 - 
-15.4 (kcal/mole Hz) (4, 2). The large val- 
ues of the exothermic heat of chemisorp- 
tion and the heat of hydride formation are 
the cause of the increase in temperature in 
the course of reaction. 

The reacted fractions at the S point for 
the F-t curves of 3 bar/548 K and 7 bar1593 
K, which exhibits the incubation period, 
are reached as soon as hydrogen is charged, 
and scarcely change during the manipula- 
tion to obtain them. On the other hand, the 
reacted fractions at the S point of 7 bar/573 
K and 7 bar/583 K represent the sum of the 
hydrogen absorbed as soon as the hydrogen 
is charged and the hydrogen absorbed dur- 

ing the manipulation to obtain them, which 
indicates the start of the hydriding reaction. 

The compositions at the solubility limit of 
the a-phase were reported to be Mg,NiH,,z, 
and Mg,NiH0.3 according to the tempera- 
ture (25, 2). Their compositions corre- 
spond to F = 0.068 and 0.075, respectively. 
The reacted fractions at the point S for 3 
bar/548 K and 7 bar/593 K are lower (F = 
-0.053, -0.065) as compared with the re- 
ported solubility limit of the a-phase. This 
indicates that hydrogen is not saturated up 
to the solubility limit of the a-phase. There- 
fore we conclude that at the very beginning 
of the reaction, the extremely rapid absorp- 
tion (Region I) is due to formation of a non- 
saturated o-solid solution under the condi- 
tions of 3 bar/548 K and 7 bar/593 K, and 
due to the formation of a nonsaturated (Y- 
solid solution and a very small amount of 
surface hydride at 7 bar/573 K and 7 bar/583 
K. 

The appearance of the incubation period 
in the F-t curves at 3 bar1548 K and 7 bar/ 
593 K is considered to result from a slow 
nucleation of the Mg,Ni hydride under 
these conditions. 

The F-t curve at 7 bar/548 K in Fig. 2 
shows a slightly smaller reacted fraction af- 
ter about 5 min than that of Fig. 3. They are 
the F-t curves of the 39th and 10th absorp- 
tion cycles, respectively. This represents 
the influence of the number of absorption 
cycles. The hydrogen storage capacity of 
MgzNi decreases along with the number of 
absorption cycles. The decomposition of 
Mg,Ni into MgO and Ni by introduction of 
02 with absorption cycles can be consid- 
ered as the reason for this phenomenon. 
However, there is a very small change in 
the F-t curves in the initial stage of the 
hydriding reaction. 

Nomura et al. (4) and Akiba et al. (5) 
have studied the hydriding kinetics of this 
system by employing metal hydrides which 
had various H/Mg,Ni ratios (n) to investi- 
gate the influence of composition of metal 
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hydride on the hydriding reaction rates. 
They used a specially designed reaction 
vessel to obtain good heat transfer such as 
reported by Boser (23); in their work they 
observed a small increase in temperature of 
l- 1.6”C. However, they could not over- 
come the heat-transfer problem since they 
limited PO - P,, to about 1 bar, which limits 
the change in n to 0.1. The resulting de- 
crease in the driving force for hydriding 
was 10 - 20% and even more in the later 
stage. On the assumption that the period of 
their initial stage (10m2 s) is constant at all 
temperatures, the equation for change in n 
(Eq. (4) in Ref. (4), Eq. (1) in Ref. (5)) can 
be considered as a rate equation in which 
the reaction rate is proportional to the driv- 
ing force, and the rate constants show an 
inverse temperature dependence. These 
pressure and temperature dependences are 
in good agreement with our results, which 
indicates that the rate-controlling step is the 
chemisorption of hydrogen on the metal 
surface. In their later reaction stage the au- 
thors observed that the rate Eq. (5) of Ref. 
(4) or Eq. (2) of Ref. (5) can be integrated 
into a rate equation which obeys a “loga- 
rithmic law” and insisted that the rate-con- 
trolling step is the diffusion of the reactant 
through the very thin layer. They also re- 
ported that the reaction rates were not in- 
fluenced by the ratios of H to Mg,Ni. How- 
ever, the independence of the reaction rates 
on the H/Mg,Ni ratios II indicates that the 
rate-controlling step is a chemical reaction 
(chemisorption or phase transformation) 
rather than a diffusion process. If diffusion 
would be the rate-controlling step, the reac- 
tion rate would depend on PZ, since the dif- 
fusion distance increases with the increase 
of n, i.e., with the growth of the hydride 
layer. 

In their later stage, because of the very 
small driving force for hydriding, they 
could not detect the influence of tempera- 
ture (resulting in zero activation energy) 
and of the sudden pressure drop similar to 

that observed in their initial stage. In any 
event, their analysis shows, according to 
the reacted fraction, a set of discontinuous 
rate-controlling steps, i.e., a rate-control- 
ling step related to the initial rapid process 
(I) + diffusion (II) + I + II * * *. The fact 
that the equation of their initial stage can be 
applied up to n = 3 (corresponding to F = 
0.75) shows that there is no reason for a 
change of the hydriding mechanism: hy- 
dride layers formed before their experimen- 
tal conditions are not different kinetically 
from the thin hydride layer of their initial 
stage; this indicates that the rate-control- 
ling step does not change in the later stage 
of the hydriding reaction. 

Stucki (6) studied on the hydriding kinet- 
ics of the Mg,Ni alloy. Under 10 bar HZ, the 
absorption kinetics was much faster at 480 
K than at 580 K. 

Conclusions 

(1) In the hydriding process of Mg,Ni, the 
rate-controlling step is the dissociative 
chemisorption of hydrogen molecules 
which involves heat transfer as “the rate- 
delaying step.” 

(2) The very small activation energy 
shows that the segregated and excess Ni 
are the active sites for the dissociative 
chemisorption. 

(3) At the very beginning of the reaction, 
the extremely rapid absorption of hydrogen 
is due to formation of nonsaturated a-solid 
solution and a very small amount of surface 
hydride. 
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