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Abstract: The amorphous Mg, oTi,;Ni;_,Pd, (x=0, 0.05, 0.1, 0.15) hydrogen storage alloys were prepared by mechanical alloying.
The hydrogen desorption kinetics of the electrode alloys were studied by potentiostatic discharge experiments and linear polarization
measurements. The experimental results show that the three-dimensional diffusion model dominates the hydrogen desorption process
of the electrode alloys. The rate constants of hydrogen desorption reaction, which are obtained from a linear fitting of the model
equation, increase with temperature. The activation energies of hydrogen desorption were calculated according to the Arrhenius
equation. The calculated values were 46.2, 24.29, 33.4 and 34.95 kJ/mol for x=0, 0.05, 0.1 and 0.15 of Mg ¢Ti, ;Ni;_Pd, (x=0, 0.05,
0.1, 0.15) electrode alloys, respectively. The exchange current densities were determined by the linear polarization experiments. The
variation of exchange current densities with Pd content in the alloy electrodes agrees with that of activation energies with Pd content.
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1 Introduction

Mg-based alloy is a kind of promising hydrogen
storage materials used for fuel cell. It is also a potential
candidate as cathode materials of Ni-MH rechargeable
batteries due to its large discharge capacity[1]. However,
its cyclic stability is not satisfactory yet because Mg is
oxidized easily in KOH solution. Many methods, such as
element substitution, were used to improve its cyclic
stability[2,3]. Recently some work focused on the sub-
stitution of Ti for Mg to prolong the cycle life of
electrode alloys[4—7].

It was found that the additional Pd in the MgNi
alloy effectively improved its corrosion inhibition
performances and cyclic stability[8,9]. In our previous
work, the further substitution of Pd for Ni was also
demonstrated to enhance the cyclic stability of
amorphous Mg oTiy Ni;_.Pd, (x=0, 0.05, 0.1, 0.15)
hydrogen storage alloys[10].

Hydrogen  storage

capacity and  hydrogen

absorption/desorption kinetics are the crucial properties
for hydrogen storage materials[11-16]. As we know, the
isothermal tests on hydrogen absorption/desorption
kinetics can be performed in electrochemical system,
which is an open system and the reaction heat is easily
transferred in alkaline aqueous solution. Moreover, the
electrochemical reaction can be readily controlled at a
constant applied potential, which corresponds to a certain
hydrogen equilibrium pressure of the electrode alloys.
NORTHWOOD et al[17] studied the hydrogen
desorption kinetics of LaNi,;Aly; electrode alloy by
means of potentiostatic measurements at various applied
potentials and temperatures. They found that phase
transformation (f — a) hydrogen
desorption of the LaNi,;Aly; electrode within the
temperature range from 289 K to 328 K and the applied
potential range from —0.80 to —0.60 V (vs Hg/HgO
electrode).

However, the hydrogen desorption kinetics of

controlled the

Mg-based hydrogen storage electrode alloy is rarely
studied up to now. In this paper, the hydrogen desorption
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kinetics of MggoTip1Ni;—Pd, (x=0, 0.05, 0.1, 0.15)
electrode alloys
potentiostatic discharge technique. The linear polari-
zation tests were adapted to verify the kinetic results
obtained from potentiostatic discharge measurements.

were investigated by means of

2 Experimental

Mg oTig1Ni;_,Pd, (x=0, 0.05, 0.1, 0.15) alloys were
prepared by mechanical alloying(MA). The purity of all
metallic powders was higher than 99.5%. The metallic
powders with designed stoichiometry were ground in a
planetary mill with a ball to powder mass ratio of 30:1
under Ar atmosphere for 120 h. The structures of the
alloys were characterized by X-ray diffraction(XRD,
Rigaku D/max-2500, CuK,, 50 kV, 200 mA) and trans-
mission electron microscopy (TEM, Philips F-20
TECNAI G?, 200 kV).

The working electrode materials to be tested were
the pressed mixture of 0.1 g alloy powder with 0.3 g
electrolytic Cu powder. The NiOOH/Ni(OH), electrode
and Hg/HgO electrode were used as a counter electrode
and a reference one, respectively. The electrolyte was 6
mol/L. KOH aqueous solution. A Luggin capillary tube,
which was connected to the reference electrode, was
close to the working electrode to minimize the ohmic
drop across the electrolyte solution. The charge-
discharge tests were performed upon an automatic
LAND battery test instrument. The electrodes were
charged for 3 h at a current density of 300 mA/g and then
discharged at a current density of 100 mA/g until 50%
depth of discharge(DOD). The potentiostatic discharge
and linear polarization measurements were conducted on
the Zahner Elektrik IM6e electrochemical workstation.
The discharge tests were executed at the end of charge.
The applied potential for discharge experiments was —0.7
V (vs Hg/HgO electrode). The discharge temperatures
were 298, 303 and 313 K, respectively. For each test, the
discharge current was recorded as a function of time. The
tests were terminated when the discharge current was
less than 1 mA. The linear polarization curves were
measured from =5 mV to 5 mV (vs open circuit potential)
with a scanning rate of 0.1 mV/s at 50% DOD and 303
K.

3 Results and discussion

3.1 Phase structure of alloys

Fig.1 shows the X-ray diffraction patterns of
Mg oTig N1, Pd, (x=0, 0.05, 0.1, 0.15) quaterary alloys
after ball milling for 120 h. For each alloy, a broad Bragg
peak was observed at approximately 42° (26). No peak of
secondary phase or residual starting materials was
observed, which implies that a single amorphous

structure forms in these alloys after ball milling. TEM
observations were conducted in the present work for
further check. In Fig.2, the selected area electron
diffraction(SAED) image of MgyoTio1NigoPdy; alloy
exhibits a broad and ambiguous ring, which indicates
that the long-term order structure completely disappears
and the amorphous structure forms in the alloys. The
other three alloys also possess the similar structures as
Mg.oTi19.1NigoPdy 1 alloy by XRD and TEM analyses.

Mg ¢Tig, | Nig gsPdy 15

Mg 9Tig 1 NigoPdy
Mﬂm

Mg gTip, | Ni

ZIU 3IU 4I(] 5‘0 6.0 'f:{} SIO
20/(°)
Fig.1 XRD patterns of Mgy oTi Ni;—Pd, (x=0, 0.05, 0.1, 0.15)
alloy powders after ball milling for 120 h

100 nm

L=300 mm

Fig.2 Selective area electron diffraction (SAED) image of
Mg oTigNigoPdo; alloy after ball milling for 120 h

3.2 Potentiostatic discharge

For potentiostatic discharge tests the integration of
1(¥) vs time curve represents as total charge. Thus the
reacted fraction a(r) during the discharge can be defined
as follows:

| ;I(t)dt

a(t) =2
j , T(dr

(M

where J.Ow I(t)dt 1s the maximum charge during the
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discharge process and J.II (t)dr is the charge at the time
of ¢. Fig.3 illustrates the dependence of reacted fraction
a(?) on time for fully charged Mg,oTi, Ni;_,Pd, (x=0,
0.05, 0.1, 0.15) electrode at various temperatures. It can
be seen that the hydrogen desorption rates increase with
temperature for all alloys, similar to that in gaseous
hydrogen desorption of metal hydrides.

Usually, the reaction mechanism can be analyzed by
fitting the obtained curves with the rate equations
derived from different processes. Considering the
amorphous structures of the studied alloys, several
possible kinetics equations were used to fit the
experimental data[16]. Table 1 summarizes the used
kinetics equations and related hydrogen desorption
mechanisms. In the present work, the hydrogen
desorption curves of MggoTig1Ni;-,Pd, (x=0, 0.05, 0.1,
0.15) electrode alloys can be fitted with good accuracy
by Jander diffusion model, whose kinetics equation is

[1-(1-a)"* =kt 2)

where « is the reacted fraction, k and ¢ represent rate
constant and time, respectively.

The relationships between [1—(1—a(#))"*]* and ¢
for Mgy oTi1Ni;_,Pd, (x=0, 0.05, 0.1, 0.15) electrode
alloys are plotted in Fig.4. The straight lines in the figure
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Table 1 Mechanisms and kinetics equations used to fit

experimental data

Mechanism Kinetics equation r
Chemical reaction 1-(1-a) =kt 1/2,2,3,4,1/4,1/3
(1—a) =kt
(1-) '~1=kt
(1-a) "=kt
A—a) =kt

1-dimensional 5
diffusion a =kt
Z'déir}lfizis(‘)‘r’lnal at(1-a)ln(1-a)=kt

[1- (1—a) =kt
[ (lia)l/Z]l/ZZkt
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1-2a/3— (1-a)*=kt
[(A+a) 1=kt
[(1-a) ™" ~11=kt
(+a)*+(1—a)"*=kt

a denotes as reacted fraction; k£ and ¢ represent rate constant and time,

respectively.

are the fitted lines of experimental data using Eqn.(2).
The plots are not linear over the entire reaction range and
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Fig.3 Dependence of reacted fraction a(f) on time for fully charged Mg oTioNi;—Pd, (x=0, 0.05, 0.1, 0.15) electrode alloys at
various temperatures: (a) Mg oTig 1Ni; (b) Mg oTig 1 Nig 0sPdg 05: (€) MggoTio 1 NigoPdg 1; (d) MgooTig 1 NigssPdo 15
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a deviation from the fitted line is found at the initial stage
of discharge. Such deviation is resulted from the surface
charge transfer instead of 3-dimensional diffusion being
the rate control step at the initial stage of discharge.
However, the hydrogen diffusion almost dominates the
entire discharge process for the studied alloys, which is
verified with the fact that the fitted lines are close to
most of the experimental data points in the figure.
Similar results are obtained for the amorphous LaNi;s
type films[18], which is concluded that the hydrogen
desorption is bulk controlled by the hydrogen diffusion
in amorphous La-Ni films. The disordered structures of
amorphous alloys do not possess certain channels such as
grain boundaries or interfaces for rapid hydrogen
diffusion[19], which results in the slow reaction kinetics
and the hydrogen diffusion dominating hydrogen
desorption process in this work.
The logarithmic form of Arrhenius equation is

Ink=Ink,—(E/R)/T 3)
where £ is the rate constant, k; is the pre-exponential

factor, E, is the activation energy, R is the gas constant
and 7 is the absolute temperature. The plots of Ink vs

0.5
(@)  =—208K
¢—303K
0.4 a— 313K

[1-(1-a ()32

Time/ks

n— 208K
*— 303K
+— 313K

04} (¢)

0.3}

0.2+

[1=(1=a(1)'37?

0 0.4 0.8 1.2 1.6
Time/ks

1 000/ for MggoTip Ni;-.Pdy (x=0, 0.05, 0.1, 0.15)
electrode alloys are shown in Fig. 5. It is demonstrated
that the good linear dependence exists between Ink and
1 000/T. The slopes (—E4/R) of the lines can be calculated
and the resulted activation energies are listed in Table 2.
From the table it can be seen that the activation energies
of electrode alloys decrease first and then increase with
the increase of Pd content.

Table 2 Relationship between activation energy of hydrogen
desorption and exchange current densities of Mg oTiyNi,_,Pd,

(x=0,0.05, 0.1, 0.15) electrode alloys
Activation energy/

Exchange current density/

x (kJ-mol™) (mA-gh)

0 46.2 176
0.05 34.95 303
0.1 33.40 231
0.15 24.29 185

3.3 Linear Polarization

Fig.6 indicates the linear polarization curves of
Mg oTig 1 Ni;_Pd, (x=0, 0.05, 0.1, 0.15) electrode alloys
measured at 50% DOD and 303 K. It is well known that

04 ¢

o
L
-

0.2+

[1-(1-a ()2

e
.

Or

0 04 08 12 16 20

Time/ks

<
in

(d)  w—298K
*— 303K
+— 313K

s o ©
8] (%] =
T T T

[1=(1-a(n)' 3P

&
T

0 0.2 0.4 0:6 0.8 1.0 1.2

Time/ks

Fig.4 Relationship between [1*(1*01(1‘))1/3]2 and ¢ at various temperatures for Mg oTiy ;Ni;,—,Pd, (=0, 0.05, 0.1, 0.15) electrode alloys:
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Fig.5 Plots of Ink vs 1 000/ for Mg ¢Ti;Ni;—Pd, (x=0, 0.05,

0.1, 0.15) electrode alloys
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Fig.6 Linear polarization curves of Mg, Tiy ;Ni;_Pd, (x=0,
0.05, 0.1, 0.15) electrode alloys at 50% DOD and 303 K

the exchange current density /, can be calculated by the
following equation[20]:

I,=RTilFn (4)

where R, T, F, i and 5 stand for the gas constant,
absolute temperature, Faraday constant, experimental
current and overpotential, respectively. The calculated
exchange current densities of the electrode alloys are
also summarized in Table 2. It can be seen that the
exchange currents of the electrode alloys increase first
from 176 mA/g (x=0) to 303 mA/g (x=0.05) and then
decrease to 185 mA/g (x=0.15) with the increase of Pd
content. It is suggested that Pd plays a positive role in the
hydrogen desorption of the alloys within the content
range from O to 0.05. Excessive Pd addition results in the
decline of reaction rate in this study. Previous work [21]
also found that additional Pd enhanced the reaction
resistance on the surface of Mg-based amorphous alloys.
Therefore, the substitution of Pd for Ni caused the
retardance of charge transfer on the surface of the
quaternary electrode alloys in the present work. Similar

phenomena were also reported by SORIAGA et al[22].
In general, the higher the exchange current is, the faster
the electrochemical reaction proceeds. As we know, the
larger the activation energy, the slower the reaction rate.
The relationship between the activation energy and the
exchange current for the electrode alloys is illustrated in
Fig.7. It is demonstrated that the positive role of Pd for
the hydrogen desorption is limited. When Pd content is
no more than 0.05, it is helpful to accelerate the
hydrogen desorption. However when its content is higher
than 0.05, the desorption reaction is slowed down. On
the whole, the hydrogen desorption rate is improved due
to the substitution of Pd for Ni in the studied alloys.
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Fig.7 Relationship between activation energy of hydrogen
desorption and exchange current for Mg, T, Ni;_Pd, (x=0,
0.05, 0.1, 0.15) electrode alloys

4 Conclusions

Potentiostatic discharge technique is an effective
method to study the hydrogen desorption kinetics of
hydrogen storage electrode alloys. The substitution of Pd
for Ni of MgooTig Ni;,/Pd, (x=0, 0.05, 0.1, 0.15)
electrode alloys improves the desorption kinetics to some
extent. The hydrogen desorption is mainly dominated by
three-dimensional hydrogen diffusion. The experimental
data can be fitted well with the rate equation,
[1-(1—a)"*|*=kz. The variation of activation energy and
the exchange current with Pd content is consistent with
each other. The optimum Pd content is 0.05 for the
hydrogen desorption kinetics in the present study.
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