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a b s t r a c t

The kinetics of hydrogen absorption/desorption into pressed cobalt powder samples was monitored using
resistometry. The samples were prepared by pressing Co powder at 100 MPa and t = 25 ◦C. The equivalent
diameter of the species varied from 5 to 200 �m. The study showed that hydrogen absorption leads to an
increase in the electrical resistivity of the pressed samples. During diffusion into the crystal lattice, the
absorbed hydrogen atoms simultaneously trap an electron from the conduction band of the metal and

−

eywords:
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ydrogen absorbing materials

form H ions, consequently inducing an increase in the electrical resistivity of the pressed sample. On
the basis of the change in resistivity, a mechanism of hydrogen absorption has been proposed. During the
initial period of absorption, the hydrogen absorption reaction is limited by the dissociative adsorption
of hydrogen over a short period of time, following which the diffusion of H− ions into the bulk of the
pressed Co powder is identified as the rate-determining step. The hydrogen desorption rate in an argon
atmosphere is limited by H2,ad formation; recombination of adsorbed hydrogen atoms, Had, or by the
diffusion of H− ions from the crystal lattice over a prolonged period of time.
. Introduction

Metal hydrides are formed by reacting hydrogen with metals
r alloys. Most metal hydrides can attain very high densities of
ydrogen that can be as high as liquid hydrogen. Large amounts
f hydrogen are absorbed in small volumes by these metals at
oom temperature and under a pressure close to atmospheric
ressure. These metals and alloys have been used in many
elds, such as heat pumps, thermal storage systems, as cata-

ysts, fuel cells, nickel–metal hydride rechargeable batteries, etc.
n alloy can be successfully employed for hydrogen storage if it
xhibits not only a large hydrogen capacity, but also high hydro-
en absorption/desorption rate [1–5]. For these reasons, a large
umber of experimental and numerical studies have been con-
ucted to understand and model the mechanisms controlling the
ydrogen absorption and desorption kinetics [2–11]. Many inex-
ensive metals absorb large amounts of hydrogen (magnesium

nd magnesium-rich alloys); however, they show slow hydrogena-
ion/dehydrogenation kinetics. Therefore, various studies have
een undertaken to explore the possibility of enhancing the rate
f hydrogenation and dehydrogenation. The influences of the addi-
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tions, the preparation methods, and the element substitution on the
hydriding reaction kinetics mechanisms of magnesium-rich alloy-
based composites have been systematically investigated [12–22].

The electrochemical properties of negative electrodes (hydro-
gen storage alloys) used in secondary nickel–metal hydride
batteries, are dependent upon the preparation method employed,
chemical composition and microstructure [23–25]. The mechan-
ical properties and corrosion rates of a number of metals and
alloys that find wide applications under aggressive corrosion con-
ditions (e.g. titanium and its alloys) are governed by hydrogen
content [26–29]. Corrosion rate and degradation rate of mechan-
ical properties (strength and toughness) are observed to increase
with increasing hydrogen content [30–37]. Studies on the hydrogen
absorption/desorption kinetics of the above alloys have resulted in
diverse experimental data and varied interpretations of the said
processes [30–37].

Resistometry has been used for in situ monitoring of steel cor-
rosion [38,39], passive films on iron [40,41] and anodic dissolution
and pitting of iron [42]. In this technique, the change in electri-
cal resistivity is associated with shrinking of electrodes due to
corrosion loss or to change in electrical properties of materials

due to composition changes. Resistometry is also used to evalu-
ate the hydrogen content in Pd as resistivity is dependent on the
atomic ratio, H/Pd. Conclusion on the electrical resistance of PdHx

versus composition x and correlated physical phenomena have
been done [43–49]. The resistivity of Ti has also been reported to
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Fig. 1. Variation of electrical resistivity (�� = � − �0) as dependent on hydrogen
partial pressure (pH2 ) in pressed Co powder after 500 s of hydrogen absorption at
different temperatures.

Fig. 2. Dependence of 1/� on 2�n(H2)/n(Co) at t = 200 ◦C: �n(H2): the amount of
absorbed hydrogen; n(Co): amount of Co.
50 M. Spasojević et al. / Journal of Allo

hange with hydrogen content [50–53]. The electrical conductiv-
ty of a Ti hydride is considerably lower than that of a Ti metal.
he electrical resistivity of many alloys [FeTi, NiTi, FeTiMn, LaNi,
aCo5, ZrMn2−xFex, RM3 (R = rare earth metals, M = metals), RTMn
TM = transition metal; n = 1.2 or 5), MmTM3 (Mm = Mischmetal, a
atural mixture of light rare earth metals)] increases with increas-

ng absorbed hydrogen content [54–65]. The increase in resistivity
s associated with the penetration of adsorbed H atoms into the
nterstitial sites of the alloy crystal lattice and the electron trapping
rom the conduction band, simultaneously inducing an increase
n lattice parameters. The lattice expansion and decrease in the
umber of conduction electrons lead to a decrease in electrical
esistivity [54–65].

Azhazha et al. [66] have reported that absorbed hydrogen
auses an increase in the electrical resistivity of the amorphous
lloy Ti66Ni20Cu10Si4. The origin of the excess resistivity may be
ttributed to electron scattering on the deformed phonon spectrum
nd the interference of the latter scattering with inelastic scattering
f electrons on hydrogen.

The objective of the present study was, therefore, to examine
he applicability of resistometry as an in situ technique for moni-
oring hydrogen absorption into pressed Co powder. Resistivity was

onitored during hydrogen absorption into a pressed Co powder
aving a small cross-sectional area. The resistivity data were used
o analyze growth of the hydride layer.

. Experimental

Cobalt powder (5–200 �m) was pressed at p = 100 MPa and t = 25 ◦C. The
ressed samples were in the shape of a parallelepiped having the following dimen-
ions: 40 mm × 1 mm × 0.4 mm. The kinetics of hydrogen absorption/desorption
as determined through the change in the electrical resistivity of the pressed sam-
les. Resistivities were measured by the four-point method using a high-sensitivity
0−5 V ISKRA voltmeter. The samples were placed in a furnace in flowing hydrogen,
rgon or their mixture at a constant total pressure of 101.3 kPa.

The change in electrical resistivity was measured as a function of time at constant
emperatures of 160, 180, 200, 230 and 260 ◦C and at hydrogen partial pressures of
01, 81, 61, 40.3 and 20.2 kPa.

The pressure drop of hydrogen, �p, measured in a closed chamber containing
he hydrogen absorbing sample, was used to determine the dependence of the elec-
rical resistivity of the pressed cobalt powder sample on the amount of hydrogen
bsorbed.

The pressed sample having a mass of m was placed in the chamber filled with
ydrogen, its volume being V, at a pressure of p = 101.3 kPa and temperature of
= 200 ◦C. The dependence of the electrical resistivity of the sample on the hydro-
en pressure drop in the chamber was measured. The amount of absorbed hydrogen,
n(H2), was determined using the following equation:

nH2 = �pH2

V

RT

here R: the universal gas constant; T: absolute temperature.
The crystal structure and grain size of Co-samples were determined by X-ray

iffraction (XRD) analysis using a Philips MRD diffractometer with Cu-K� radiation.

. Experimental results

Fig. 1 shows the isothermal dependence of the change in the electrical resistivity
��) of the pressed Co sample on hydrogen partial pressure at different tempera-
ures after 500 s of hydrogen absorption. The figure indicates that the increase in
esistivity is proportional to the partial pressure of hydrogen, or in other words, the
hange in the electrical resistivity of the pressed Co powder sample is proportional
o the concentration of absorbed hydrogen.

Fig. 2 shows the dependence of the reciprocal value of electrical resistivity, 1/�,
n the amount of hydrogen absorbed per cobalt mole, 2�nH2 /nCo.

Fig. 3 illustrates the dependence of the change in electrical resistivity as a func-
ion of time during hydrogen absorption at pH2 = 101.3 kPa at various temperatures.
he experimental data show that hydrogen absorption leads to an increase in the
lectrical resistivity of the pressed cobalt powder.
Following hydrogen absorption at a constant temperature, the kinetics of hydro-
en desorption was investigated by replacing the hydrogen atmosphere with argon
n the furnace. The change in the electrical resistivity of the pressed Co powder
uring hydrogen desorption is shown in Fig. 4.

The phase structure of the pressed Co powder was determined before and after
ydrogenation using XRD analysis. In both cases, the obtained XRD diagrams showed

Fig. 3. Time variation of electrical resistivity (�� = � − �0) during hydrogen absorp-
tion into pressed Co powder at pH2 = 101.3 kPa at various temperatures.
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ig. 4. Dependence of the change in electrical resistivity (�� = � − �/
0) during

ydrogen desorption, �, from pressed Co powder at various constant temperatures
� = �/

0 for � = 0).

he presence of only the hcp-phase. The lattice parameter values were identical prior

o and upon heating and hydrogenation (a = 2.5007 ´̊A, c = 4.0564 ´̊A).

. Discussion

XRD measurements showed that the freshly pressed cobalt
owder samples and the samples heated to temperatures of 160,
80, 200, 230 and 260 ◦C in hydrogen contain only the hcp-phase.
he calculated values of the lattice parameters a and c were identi-
al for all samples, suggesting that heating to 260 ◦C and hydrogen
bsorption did not change the unit cell volume of the crystal lattice.
ther authors [67–73] have also shown that the Co–H system in H2
tmosphere at pressures lower than 5 GPa and temperatures below
65 ◦C contain only the hcp-phase of Co–H. Hydrogen absorption
t temperatures lower than 300 ◦C was found not to induce lattice
ontraction. Moreover, superabundant vacancy formation does not
ake place under the said conditions, and the absorbed H atoms
ere observed to occupy interstitial sites [67].

The experimental data (Figs. 2 and 3) show that hydrogen
bsorption leads to an increase in the electrical resistivity of the
ressed cobalt powder. The increase in resistivity is probably due
o a decrease in the number of free electrons in the conduction
and. The decrease occurs as a result of free electron trapping by
bsorbed hydrogen atoms. The formed H− ions are located in inter-
titial sites. H− ions also exist in the crystal structure of alkali and
arth alkali metal hydrides. The assumption that H− ions exist in the
o–H phase can be confirmed by determining the mechanism and
inetic expression for hydrogen absorption and desorption in the
o-H phase and identifying whether the experimentally obtained
alues of the time-dependent change in electrical resistivity fit the
inetic expression well.

The shape of the �� = f(�) relationship indicates that hydrogen
bsorption is a very complex reaction. Analyzing the time variation
f electrical resistivity during hydrogen absorption/desorption at
arious temperatures, the following hydrogen absorption mecha-
ism can be proposed:

2

k1
�
k−1

H2,ad (1)
2,ad
k2−→2Had (2)

Had + 2e− k3
�
k−3

2H− (3)
Compounds 505 (2010) 549–554 551

where k1, k2 and k3 are the rate constants for the direct chem-
ical reactions (1), (2) and (3), respectively, and k−1, k−2 and k−3
the rate constants for the respective reactions in the backward
direction.

The overall reaction for the initial stage of absorption is con-
trolled by dissociation of adsorbed hydrogen molecules, while that
for prolonged absorption is governed by the diffusion of H− ions
into the crystal lattice of Co.

When the overall reaction is controlled by step 2, the reaction
rate will be:

−
dCH2,ad

d�
= k2CH2,ad

(4)

Or, by integrating Eq. (4), the time dependence of the concen-
tration of adsorbed hydrogen is obtained:

ln CH2,ad
= k2� + ln C0

H2,ad
(5)

where C0
H2,ad

is the concentration of the adsorbed hydrogen

molecule for � = 0 and CH
− = 0.

The surface concentration of adsorbed hydrogen can be
expressed in terms of the surface coverage, �H2,ad

:

CH2,ad
= ka�H2,ad

(6)

In reaction (3) if penetration of H atoms from the surface into
the crystal lattice with simultaneous trapping of an electron from
the conduction band is much faster than reaction (2), then reaction
(3) is assumed to be in quasi-equilibrium, meaning that:

v3 = v−3 or :

k3�Had
= k−3CH− (7)

and

�Had
= k−3

k3
CH− (8)

where: v3 and v−3 stand for rates of chemical reaction (3) in the
direct and backward directions, respectively.

Electrical conductivity, �, is proportional to the concentration
of free electrons, ne:

1
�

= � = k4(n0
e − CH− ) (9)

where n0
e is the concentration of free electrons for CH

− = 0. By com-
bining Eqs. (8) and (9), the (�Had

− (1/�) relationship is obtained.
Using the following relationship:

�H2,ad
= 1 − �H,ad. (10)

If reaction (2) is the rate-determining step, by combining Eqs.
(10), (9) and (6), it is possible to derive the time dependence of
the electrical resistivity for hydrogen absorption for the proposed
mechanism:

ln
(

K + 1
�

)
= k2� + ln

(
K + 1

�0

)
(11)

where K is the constant including appropriate above mentioned
rate constants: K = k4((k3/k3) − n0

e ). The values of the constant K
were calculated as follows. Eq. (11) was assumed to be valid for
initial hydrogen absorption. The experimentally determined val-
ues for �1,�1 and �2,�2 and Eq. (11) were used to calculate K and k2
values. This step was repeated for different values experimentally

determined for �x,�x and �y,�y. The obtained K and k2 values were
used to calculate their mean values. The ln(K + (1/�)) values were
calculated from the mean K value and the experimentally deter-
mined � values. Based on the calculated values, −ln(K + (1/�)) was
plotted as a function of � (Fig. 5.). The obtained linear dependence
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Fig. 5. −ln(K + (1/�)) as a function of time, �, at constant temperatures of: (�) 230 ◦C;
(�) 200 ◦C; (�) 180 ◦C, during hydrogen absorption into pressed Co powder.
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Fig. 9 shows the dependence of the reciprocal value of resistivity
on �1/2. 1/� depends linearly on �1/2 during prolonged desorption,
indicating that the reaction is controlled by the diffusion of H− ions.

The experimental results shown in Figs. 3–9 undoubtedly indi-
cate that the overall reaction is kinetically controlled (reaction
ig. 6. −ln(K + (1/�)) as a function of time, �, for hydrogen absorption into Co powder
t 230 ◦C and pH2 = 101.2 kPa.

f −ln(K + (1/�)) on � confirms the validity of both Eq. (11) for initial
ydrogen absorption and the calculated mean values of K and k2.
he K and k2 values were determined at 160, 180, 200 and 230 ◦C.

Fig. 5 illustrates a linear relationship between −ln(K + (1/�)) and
during the initial period of hydrogen absorption, showing evi-

ence of the hydrogen absorption reaction being limited by the
issociation of adsorbed hydrogen molecules. This linear depen-
ence occurs only for the absorption period of 40 s at 230 ◦C (Fig. 6).

The dependence of the reciprocal value of resistivity, 1/�, on �
/2 for hydrogen absorption into Co powder at 230 ◦C and pH2 =
01.3 kPa is shown in Fig. 7. The curve can be divided into three
arts. The first part of the curve is determined by the slow dissocia-
ion of adsorbed hydrogen molecules. The second part of the curve
40 s < � < 150 s) is determined by the mixed control of hydrogen
bsorption, while the linear third part is dependent on the slow
iffusion of H− ions into the Co crystal lattice.

The temperature-induced increase in the rate of elemental reac-
ion step 2 is much higher than that of the diffusion of H− ions into
he crystal lattice of Co leading to shortening of the first linear part
f the −ln(K + (1/�)) − � curve.

The obtained linear dependence of −ln(K + (1/�)) on � and 1/�
n �1/2 during the initial and third time intervals, respectively,
onfirms the validity of the proposed mechanism of hydrogen

bsorption and the existence of H− ions in the Co–H phase.

The kinetics of hydrogen desorption was determined based on
he experimentally obtained diagrams showing the dependence of
he change in the electrical resistivity of the pressed cobalt powder
Compounds 505 (2010) 549–554

on the duration of hydrogen desorption (Fig. 4). A comparison of
the results presented in Figs. 3 and 4 suggests that the desorption
reaction is slower than absorption.

In the proposed mechanism, the recombination of adsorbed
hydrogen atoms is the rate-determining step (reaction (2) in back-
ward direction).

The desorption rate can be expressed using the following equa-
tion:

−2d�H,ad

d�
= k−2�2

H,ad (12)

Integrating Eq. (12) gives:

1
�H,ad

= 1
�o

H,ad
+ k−2

2
� (13)

Assuming that reaction (3) is in quasi-equilibrium, then v3 = v−3,
or:

k3�H,ad = k−3CH− (14)

Combining Eqs. (13) and (14) yields the following expression:

k3

k−3CH−
= k3

k−3C0/

H−
+ k−2

2
� (15)

where C0/

H− is the concentration of CH− for � = 0.
The following equation can be derived from Eq. (9):

�
1
�

= 1
�p

− 1
�

= k4CH− and �
1
�o

= 1
�p

− 1

�/
0

= k4C0/

H− (16)

where �p is the electrical resistivity of non-hydrogenated pressed

samples and �/
0 is the electrical resistivity for � = 0.

Using Eqs. (15) and (16), the following time dependence of
�(1/�) for hydrogen desorption is derived:

1
�(1/�)

= 1
�(1/�o)

+ a� (17)

where: a = k2k−3/2k4k3.
In the initial stage of hydrogen desorption, a linear dependence

between (�(1/�))−1 and time occurs at all temperatures (Fig. 8).
The linear relationship proves the assumption that the overall rate
of hydrogen desorption at the beginning of desorption is controlled
by reaction step 2 in the backward direction.
Fig. 7. Reciprocal value of the resistivity of pressed Co powder, 1/�, as a function of
�1/2, for hydrogen absorption at 230 ◦C and pH2 = 101.3 kPa.



M. Spasojević et al. / Journal of Alloys and Compounds 505 (2010) 549–554 553

F
p

(
p
e

o
2
(
t
c
a
t
a
e
o
T
e

2
d
a

t
e
a
a
o
d

F
t

Fig. 10. Activation energy of reaction (2).

ig. 8. (�1/�)−1 as a function of time, �, for hydrogen desorption from pressed Co
owder at various temperatures: (�) 160 ◦C; (�) 200 ◦C; (�) 230 ◦C.

2)) in the initial stage of hydrogen absorption/desorption at the
ressed Co powder. For prolonged absorption, the reaction is gov-
rned by the diffusion of H− ions into the crystal lattice of Co.

The absorption and desorption rates increase with the increase
f temperature up to 200 ◦C. At temperatures higher than
00 ◦C, the rates decrease with a further increase in temperature
Figs. 3 and 4). At temperatures higher than 200 ◦C, in the ini-
ial stage of absorption, where the overall rate of absorption is
ontrolled by the dissociation of adsorbed hydrogen molecules,
further increase in temperature induces differences between

he enthalpy change of adsorbed hydrogen molecules and that of
dsorbed hydrogen atoms and H− ions. Namely, the increase in the
nthalpy of H− ions and Had species is much more rapid than that
f adsorbed hydrogen molecules, H2,ad as induced by temperature.
he different enthalpy changes lead to an increase in the activation
nergy of reaction (2) as illustrated in Fig. 10.

In the case of hydrogen desorption at temperatures higher than
00 ◦C, the desorption rate decreases with increasing temperature
ue to the decrease in surface coverage by adsorbed hydrogen
toms.

In the case of slow diffusion, the diffusion flux is proportional
o both the diffusion coefficient and the chemical potential gradi-
nt of H− ions. Under these circumstances, all reaction steps 1–3
re in quasi-equilibrium, suggesting that the chemical potentials of

ll reaction species are equal. However, in the temperature range
f 200–230 ◦C, the diffusion rate is more strongly affected by the
iffusion gradient than the diffusion coefficient.

ig. 9. 1/� as function of �1/2 for hydrogen desorption from pressed Co powder at
emperatures: (�) 160 ◦C; (�) 200 ◦C; (�) 230 ◦C.
Fig. 11. Calculated values for the relative change in the number of free electrons for
the first 150 s of hydrogen absorption on pressed Co powder at various temperatures.

Eq. (10) suggests that hydrogen absorption results in a reduction
in the concentration of free electrons in the pressed Co powder. The
relative change of the free electron concentration (Fig. 11) is:

�n

n0
= 1 − �0

�
(18)

Finally, and most importantly, the experimental results are in
agreement with the proposed mechanism of hydrogen absorp-
tion/desorption on the pressed Co powder. The adsorbed hydrogen
molecules dissociate to adsorbed hydrogen atoms which diffuse
into the Co crystal lattice, simultaneously trapping one electron
from the conductance band of Co, causing an increase in the electri-
cal resistivity of Co. Conversely, the electrical resistivity decreases
during hydrogen desorption.

5. Conclusions

Hydrogen absorption into pressed Co powder causes an increase
in its electrical resistivity. The adsorbed hydrogen atoms diffuse
into the Co crystal lattice, simultaneously trapping one electron
from the conductance band and forming H− ions, inducing an
increase in electrical resistivity. In the initial period of absorption,

the dissociation of adsorbed hydrogen molecules is identified as
the rate-determining step. After the appropriate concentration of
H− ions in the Co crystal lattice is reached, the reaction becomes
controlled by diffusion of H− ions into bulk cobalt. The initial des-
orption rate is governed by recombination of adsorbed hydrogen
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toms. For prolonged desorption, the overall reaction rate is con-
rolled by diffusion of H− ions.
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