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Electrochemical hydrogen storage characteristics of nanocrystalline and
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Abstract: The nanocrystalline and amorphous Mg,Ni-type alloys with nominal compositions of Mg,Ni,_ Mn, (x=0, 0.1, 0.2, 0.3, 0.4)
were synthesized by melt-spinning technique. The spun alloy ribbons with a continuous length, a thickness of about 30 pm and a
width of about 25 mm are obtained. The structures of the as-spun alloy ribbons were characterized by XRD and HRTEM. The
electrochemical hydrogen storage characteristics of the as-spun alloy ribbons were measured by an automatic galvanostatic system.
The electrochemical impedance spectrums (EIS) were plotted by an electrochemical workstation. The hydrogen diffusion coefficients
(D) in the alloys were calculated by virtue of potential-step measurement. The results show that all the as-spun (x=0) alloys hold a
typical nanocrystalline structure, whereas the as-spun (x=0.4) alloy displays a nanocrystalline and amorphous structure, confirming
that the substitution of Mn for Ni facilitates the glass formation in the Mg,Ni-type alloy. The substitution of Mn for Ni significantly
improves the electrochemical hydrogen storage performances of the alloys, involving the discharge capacity and the electrochemical
cycle stability. With an increase in the amount of Mn substitution from 0 to 0.4, the discharge capacity of the as-spun (20 m/s) alloy
increases from 96.5 to 265.3 mA-h/g, and its capacity retaining rate (Sy)) at the 20th cycle increases from 31.3% to 70.2%.
Furthermore, the high rate dischargeability (HRD), electrochemical impedance spectrum and potential-step measurements all indicate
that the electrochemical kinetics of the alloy electrodes first increases then decreases with raising the amount of Mn substitution.

Key words: Mg,Ni-type alloy; electrochemical hydrogen storage; melt-spinning; substituting Ni with Mn

1 Introduction

Some Mg-based hydrides have been extensively
studied because of the great abundance, the light weight
of Mg, and high hydrogen capacity of the hydrides, e.g.
3.6% (mass fraction) for Mg,NiH,, 4.5% for Mg,CoHs
and 5.4% for Mg,FeHs. The compounds have been
expecting to be used as hydrogen storage materials or
negative anode electrode in Ni-MH batteries[1].
However, these kinds of the hydrides suffer from high
thermodynamic  stability, resulting in  sluggish
hydriding/dehydriding kinetics which makes them still
far from practical applications. A variety of attempts,
mechanical alloying (MA)[2], melt spinning[3],
hydriding combustion synthesis[4], surface
modification[5], adding catalysts[6], etc, have been
developed to improve the above-mentioned imperfection.
Although remarkable progress has been achieved for

overcoming the above-mentioned drawbacks, the
practical applications of the Mg,Ni-type hydrides as the
negative electrode of the Ni-MH battery are largely
frustrated by their extremely poor electrochemical cycle
stability. The key challenge faced by the researches in
this area still remains intact, enhancing electrochemical
cycle stability and reducing the thermodynamic stability
of the hydrides.

Intensive ball-milling, however, is a very powerful
method for the fabrication of the nanocrystalline and
amorphous Mg and Mg-based alloys. Particularly, it is
quite appropriate to solubilize the particular elements
into MgH, or MgNiH; above the thermodynamic
equilibrium limit. This may facilitate the destabilization
of MgH, or MgNiH[7]. Whereas, the milled
Mg,Ni-type alloy electrodes exhibit very poor
electrochemical cycle stability on account of the
evanishment of the metastable structures formed by ball
milling during the multiple electrochemical charging and
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discharging cycles[8]. Alternatively, the melt-spun
treatment may prohibit the rapid degradation of the
hydrogen absorbing and desorbing cyclic characteristics
of Mg and Mg-based compounds[9]. Furthermore, the
melt-spinning technique is an effective method to yield a
nanocrystalline structure and has been regarded to be the
most appropriate for the mass-production of the
nanocrystalline Mg-based alloys. SPASSOV and
KOSTER[10] have prepared Mgy(Ni,Y) hydrogen
storage alloy with the composition of Mgg;NizY; by
rapid solidification process to yield a maximum
hydrogen absorption capacity of about 3.0%. In addition,
the hydrogenation kinetics of the melt-spun Mg,(Ni, Y)
have been observed to exceed that of the conventionally
prepared polycrystalline Mg,Ni alloy and also found to
be comparable to that of the nanocrystalline ball-milled
Mg,Ni.

The objective of present work is to synthesize the
Mg-Ni-based nanocrystalline and amorphous
Mg,Ni;_ Mn, (x=0-0.4) alloys by melt spinning
technology and to examine their structures and
electrochemical hydrogen storage characteristics.

2 Experimental

The nominal compositions of the experimental
alloys were Mg,Ni;_ Mn, (x=0, 0.1, 0.2, 0.3, 0.4). For
convenience, the alloys were denoted with Mn content as
Mn,, Mngy;, Mng,, Mny3 and Mng,, respectively. The
alloy ingots were prepared using a vacuum induction
furnace in a helium atmosphere at a pressure of 0.04
MPa. A part of the as-cast alloys were re-melted and
spun by melt-spinning with a rotating copper roller. The
spinning rate was approximately expressed by the linear
velocity of the copper roller. The spinning rates used in
the experiment were 15, 20, 25 and 30 m/s, respectively.

The phase structures of the as-cast and spun alloys
were determined by XRD (D/max/2400). The diffraction,
with the experimental parameters of 160 mA, 40 kV and
10 (°)/min respectively, was performed with Cu K,
radiation filtered by graphite. The effective crystal sizes
were calculated from Scherrer’s formula following
Williamson-Hall procedure[11].

The thin film samples of the as-spun alloys were
prepared by ion etching method for observing the
morphology with HRTEM (JEM—-2100F, operated at 200
kV), and for determining the crystalline state of the
samples with selected area electron diffraction (SAED).
The average grain sizes of the as-spun alloys were
measured using linear intercept method on the HRTEM
micrographs.

The alloy ribbons were pulverized and then mixed
with carbonyl nickel powder in a mass ratio of 1:4. The
mixture was cold pressed under a pressure of 35 MPa

into round electrode pellets of 10 mm in diameter and
total mass of about 1 g. The electrochemical character-
istics of the alloy electrodes were tested by a three-
electrode open cell, consisting of a metal hydride
electrode, a sintered NiOOH/Ni(OH), counter electrode
and a Hg/HgO reference electrode. The electrolyte was 6
mol/L KOH solution. The voltage between the negative
electrode and the reference electrode was defined as the
discharge voltage. In every cycle, the alloy electrode was
first charged at a constant current density, and following
the resting for 15 min, it was discharged at the same
current density to —0.500 V cut-off voltage. The environ-
ment temperature of the measurement was kept at 30 °C.

The electrochemical impedance spectra (EIS) were
measured using an electrochemical ~ workstation
(PARSTAT 2273). Prior to measuring the impedance,
several electrochemical charging and discharging cycles
were carried out in order to fully activate it. The fresh
electrodes were fully charged and then rested for 2 h up
to the stabilization of the open circuit potential. The EIS
spectra of the alloy electrodes were obtained in the
frequency range from 10 kHz to 5 mHz at 50% depth of
discharge (DOD). For the potentiostatic discharge, the
test electrodes in the fully charged state were discharged
at 500 mV potential step for 3 500 s on electrochemical
workstation (PARSTAT 2273), using the CorrWare
electrochemistry corrosion software.

3 Results and discussion

3.1 Microstructure characteristics

Fig.1 shows the HRTEM micrographs and selected
area electron diffraction (SAED) patterns of the as-spun
(20 m/s) Mn,, Mny; and Mny; alloys, exhibiting a
nanocrystalline microstructure with an average crystal
size of about 5 nm for Mn, alloy, and its ED pattern
displays sharp multi-halo, corresponding to a crystal
structure. The morphologies of the as-spun Mng,; and
Mn,; alloys demonstrate an evident feature of the
nanocrystalline embedded in the amorphous matrix, and
their ED rings consist of broad and dull halo, confirming
the presence of an amorphous structure.

The XRD patterns of the as-cast and spun alloys are
depicted in Fig.2. Fig.2 shows that the substitution of Mn
for Ni, instead of changing the major phase of Mg,Ni in
the as-cast alloy, leads to the formation of secondary
phases Mg and MnNi, and the amounts of these phases
increase with raising Mn content. It is quite evident that
no amorphous phase is detectable in the as-spun Mn,
alloy, but the presence of an amorphous phase is clearly
visible in the as-spun Mny, alloy. Therefore, it can be
concluded that the substitution of Mn for Ni intensifies
the glass forming ability of the Mg,Ni-type alloy. Two
possibilities can be regarded as the reasons for the
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Fig.1 HRTEM micrographs and SAED patterns of as-spun
alloys (20 m/s): (a) Mn, alloy; (b) Mny ; alloy; (c) Mny 3 alloy
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Fig.2 XRD patterns of as-cast and spun alloys: (a) As-spun
alloys (20 m/s); (b) Mny, alloys

enhanced glass forming ability of Mg,Ni-type alloy
subjected by Mn substitution. Firstly, the addition of a
third element to Mg-Ni or Mg-Cu alloys highly
facilitates the glass-formation[12—13].  Secondary,
atomic radius of Mn larger than that of Ni accounts for
the fact that the glass forming ability of the alloy is
closely related to the difference of the atom radius of the
alloy. A bigger difference of the atom radius predicates a
higher glass forming ability of the alloy[14]. Tables 1
and 2 list the lattice parameters, cell volume and full
width at half maximum (FWHM) values of the main
diffraction peaks of the as-cast and spun alloys which
were calculated by software of Jade 6.0 based on the data
in Fig.2. It is viewable in Table 1 that the substitution of
Mn for Ni increases the FWHM values of the main
diffraction peaks. Furthermore, it leads to a sharp
enlargement of the lattice parameter and cell volume of
the alloys owing to the larger atomic radius of Mn than
Ni. Table 2 reveals that the melt spinning causes a
notable enhancement in the FWHM values of the main
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Table 1 Lattice parameters, cell volumes and FWHM values of
major diffraction peaks of as-spun (20 m/s) alloys

FWHM val
Alloy W vare amm  ¢mm  V/nm?
20=20.02° 26=45.14°
Mn, 0.129 0.173 05210 13258 0.3117
Mny 0.239 0320 05216 1.3288 03131
Mny, 0.332 0.544 05217 13312 03138
Mn 3 - - 05221 13319 03144
Mn 4 - - 05222 13321 03145

Table 2 Lattice parameters, cell volumes and FWHM values of
major diffraction peaks of Mny , alloys
FWHM value

Spinning

O amm  ¢/mm  V/nm?
rate/(m's ) 26=20.02° 26=45.14°

0 0.175 0312 0.5215 0.1330 0.313 1

15 0.231 0.385  0.5216 0.1330 0.3134

20 0.332 0473 0.5217 0.1331 0.313 8

25 0.562 0.544  0.5220 0.1332 0.3142

30 0.588 0.596  0.5220 0.1332 0.3144

diffraction peaks of the alloys, which is undoubtedly
attributed to the refined grains and the accumulated
stress in the grains conduced by the melt spinning. The
crystallite sizes D> of the as-spun alloys were
calculated by utilizing the FWHM values of the broad
diffraction peak (203) in Table 1 by employing the
Scherer’s equation. The grain sizes of the as-spun alloys
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are determined to be in the range of 2-6 nm,
approximately consistent with the results reported by
FRIEDLMEIER et al[15]. It is noteworthy that the D>
values were calculated by using the similar peak having
the Miller indices (203) for the comparison purposes.

As the XRD analysis, a multiphase structure in the
as-spun alloy is detected by HRTEM. A grey block
(denoted as A) and a white block with a regular polygon
morphology (denoted as B) can been seen in Fig.3, which
are confirmed to be MnNi and Mg phases by EDS.

3.2 Electrochemical hydrogen storage performances
3.2.1 Discharge potential and discharge capacity

Fig.4 shows the discharge curves of the as-cast and
spun alloy electrodes at 20 mA/g at first
charging/discharging cycle due to the fact that all the
alloys can be easily activated to reach the maximum
capacity at first cycles. Fig.4 evidently exhibits that
discharge curves have different widths of the discharge
potential plateau based on the oxidation of desorbed
hydrogen from the hydride. It can be obviously seen that
the substitution of Mn for Ni notably modifies discharge
potential characteristics of the as-spun (20 m/s) alloys,
enhancing discharge potential and lengthening discharge
plateau. It is noteworthy that the discharge plateau of the
Mny 4 alloy shifts towards a more negative potential with
increasing spinning rate. It is quite evident that, for a
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Fig.3 HRTEM observation of Mg (a) and MnNi (b) phases in as-spun (30 m/s) Mng4 alloy together with typical EDS patterns of

zones 4 (c) and B (d)
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fixed spinning rate of 20 m/s, the substitution of Mn for
Ni markedly enhances the discharge capacity of the
alloys. It is derived in Fig.4(a) that the discharge capacity
grows from 96.5 to 265.3 mA-h/g as the amount of Mn
substitution rises from 0 to 0.4. Fig.4(b) displays that the
melt spinning exerts a highly beneficial impact on the
discharge capacity of the Mng,4 alloy. With the increase
in the spinning rate from 0 (As-cast one was defined as
spinning rate of 0 m/s) to 30 m/s, the discharge capacity
of the Mny 4 alloy mounts up from 92.3 to 311.5 mA-h/g.
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Fig.4 Discharge curves of as-cast and spun alloys: (a) As-spun
alloys (20 m/s); (b) Mny 4 alloy

Fig.5 exhibits the relationship between the
maximum discharge capacity of the alloys and the Mn
content. Fig.5 indicates that the substitution of Mn for Ni
clearly enhances the discharge capacity of the alloys. As
Mn content grows from 0 to 0.4, the discharge capacity
rises from 30.3 to 92.3 mA-h/g for the as-cast alloy, and
from 116.7 to 311.5 mA-h/g for the as-spun (30 m/s)
alloy. The result evidently reveals that the positive
impact of such substitution on the discharge capacity is
more pronounced for the as-spun alloy as compared with
that for the as-cast one. Several explanations may be
offered as the reason why both the substitution of Mn for
Ni and the melt spinning notably enhance the discharge
capacity of the alloy. For the as-cast alloys, the

substitution of Mn for Ni in Mg,Ni compound declines
the stability of the hydride which facilitates the hydrogen
desorption reaction[16—17]. The secondary phase MnNi
probably works as a catalyst to activate the Mg,Ni phase
to reversibly absorb/desorb hydrogen in the alkaline
electrolyte. For the as-spun alloys, the increased
discharge capacity is ascribed to the intensified glass
forming ability of the alloys by Mn substitution since an
appropriate ratio of amorphous and nanocrystalline
exhibits an excellent discharge property of the
Mg-Ni-based alloy[18]. The viewed essential differences
in the discharge capacity of the alloys caused by melt
spinning most probably have to be associated with the
differences in their microstructures. The crystalline
material, when melt spun, becomes at least partially
disordered and its structure changes to nanocrystalline or
amorphous. Consequently, high densities of the crystal
defects such as dislocations, stacking faults and grain
boundaries are introduced. The large number of
interfaces and grain boundaries available in the
nanocrystalline materials accelerates the hydrogen
absorbing/desorbing process on account of the fact that
the easy pathways for hydrogen diffusion are provided.
Additionally, as a result of the defects introducing
distortion of crystal lattice, the stored sufficient energy as
chemical disorder and the introduced defects (including
both stacking faults as well as grain boundaries) will
produce internal strain. It has been proposed by NIU and
NORTHWOODI19] that the exchange current density
and H-diffusion coefficient are directly proportional to
the internal strain. Therefore, it is understandable that the
introduction of defects and internal strain leads to an
increase in the discharge capacity.

350
*+— As-cast v
=— |5 mfs .
*—20m/s I
250F *—25m/s

*—30m/s

Discharge capacity/(mA=-h*g™")

0 0.1 0.2 0.3 0.4
x(Mn)

Fig.5 Relationship between maximum discharge capacity of
alloys with Mn content

3.2.2 Charging and discharging cycle stability

Electrochemical cycle stability is signified by
capacity retaining rate (S,), being defined as
S,=C,/Craxx100%, where Cpx 1s the

maximum
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discharge capacity and C, is the discharge capacity at the
nth charge-discharge cycle, respectively. The Mn content
dependence on the Sy (n=20) values of the as-cast and
spun alloys is plotted in Fig.6. It reveals that the
substitution of Mn for Ni notably enhances the Sy, values
of the alloys. With the increase in the percent of Mn
substitution from 0 to 0.4, the S5 value grows from
33.5% to 36.7% for the as-cast alloy, and from 30.4% to
78.7% for the as-spun (30 m/s) alloy. Apparently, such
substitution engenders a more prominent impact on the
capacity retaining rate of the as-spun alloy than the
as-cast one. It is noteworthy that, for a fixed Mn content,
a higher spinning rate means a larger capacity retaining
rate except Mny alloy. In order to signally view the
process of the capacity degradation of the alloy electrode,
the evolution of the S, values of the as-cast and spun
alloys with the cycle number is presented in Fig.7. An
evident tendency can be seen that the decay rates of the
discharge capacity of the as-spun alloys evidently fall
with increasing Mn content, suggesting that the
substitution of Mn for Ni enhances the cycle stability of
the as-spun alloy. It is well known that the severe
corrosion of Mg in the alkaline KOH solution is the
essential reason leading to the capacity degradation of
the Mg-based alloy electrodes. Especially, during the
discharging process, the anodic polarization of alloys
facilitates the faster corrosion rate[20]. On the other hand,
the metastable structures formed by melt spinning or ball
milling tend to vanish during multiple charging/
discharging cycles, which is an important factor for the
capacity decay of the alloys[21]. The positive impact of
Mn substitution on the cycle stability of the alloy is
ascribed to following reasons. One is that the enlarged
cell volume caused by Mn substitution reduces the ratios
of expansion/contraction of the alloys in the process of
the hydrogen absorption/desorption, which means
increasing the anti-pulverization capability of the alloy.
On the other hand, the glass forming ability enhanced by
Mn substitution is extremely important because an

80
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Fig.6 Evolution of Sy values of alloys with Mn content

110
90
=70
%
50
30 1 1 1 1
0 4 8 12 16 20
Cycle number
1o (b) ¥— As-cast
*—|5m/s
4+—20m/s
90r +—25m/s
=—30m/s
N
S 70- |
o y
50
30 1 1 1 1
0 4 8 12 16 20

Cycle number

Fig.7 Evolution of capacity retaining rate of alloys with cycle
number: (a) As-spun alloys (20 m/s); (b) Mny 4 alloy

amorphous phase improves not only anti-pulverization
ability but also anti-corrosion and anti-oxidation abilities
of the alloy electrode in a corrosive electrolyte[22].
Additionally, the addition of a third element significantly
stabilizes the nanostructure of the as-spun alloy[10],
reflecting an increase of the cycle stability of the alloy.
323 High rate discharge ability (HRD) and
electrochemical kinetics

It is very important to restrain the rapid decline of
the discharge capacity even at a high charge/discharge
current density for practical application of the hydride
electrode in Ni-MH  battery.  Generally, the
electrochemical kinetics of the alloy is characterized by
its high rate discharge ability (HRD), being calculated
according to following formula: HRD=C)n9 max/C20.max>
100%, where Cioomax and Cyomax are the maximum
discharge  capacities of the alloy electrode
charged-discharged at the current densities of 100 and 20
mA/g, respectively. The HRD values of the alloy
electrodes as a function of Mn content are shown in
Fig.8. It is clearly viewable in Fig.8 that the HRD value
of the as-cast alloy electrode monotonously augments
whereas that of the as-spun alloy first mounts up then
falls with the variation of Mn content. As the amount of
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Mn substitution increases from 0 to 0.4, the HRD value
rises from 30.7% to 53.2% for the as-cast alloy, and it
mounts from 60.9% (x=0) to 64.5% (x=0.1) then declines
to 43.2% (x=0.4) for the as-spun (30 m/s) alloy. The
HRD value is a kinetic performance of hydrogen
absorbing/desorbing of the alloy -electrode, which
principally depends on the charge transfer at the
alloy-electrolyte interface and the hydrogen diffusion
process from the interior of the bulk to the surface of
alloy particle[23]. The substitution of Mn for Ni
noticeably enhances the HRD values of the as-cast alloys,
for which two reasons are mainly responsible. On the
one hand, the MnNi phase created by Mn substitution is
helpful to the diffusion of hydrogen atoms. On the other
hand, Mn substitution accelerates the formation of a
concentrated metallic Ni layer on the alloy surface of the
alloy electrode which is highly beneficial to enhance
electrochemical catalytic property and to improve the
reaction rate of hydrogen [24]. For the as-spun alloy, the
HRD value first increases then decreases with the
variation of Mn content, meaning that the Mn
substitution exerts beneficial and harmful impacts on the
HRD value of the alloy. The benefaction of Mn
substitution has been mentioned previously. The
detrimental impact of Mn substitution on the HRD value
of the alloy is attributed to the emergence of an
amorphous phase created by Mn substitution. It is well
known that the diffusion of hydrogen atoms is markedly
easer in the crystal alloy than in the amorphous one due
to the fact that the large number of interfaces and grain
boundaries available can act as paths for hydrogen
diffusion[25]. Furthermore, an amorphous phase can
effectively prohibits the pulverization of the alloy in
charging and discharging cycle[26] which may decrease
the rate of charge transfer at the alloy-electrolyte
interface due to available new surface of the alloy
electrode becoming lower. These result in an optimum
Mn content.

Fig.9 shows the electrochemical impedance spectra
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Fig.8 Evolution of HRD values of alloys with Mn content
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Fig.9 Electrochemical impedance spectra (EIS) of alloy
electrodes measured at 50% depth of discharge (DOD): (a)
As-spun alloys (20 m/s); (b) Mny 4 alloy

(EIS) of the as-cast and spun alloy electrodes at 50%
depth of discharge (DOD). As shown in Fig.9, each EIS
spectrum contains two semicircles followed by a straight
line. KURIYAMA et al[27] suggested a model in which
the smaller semicircle in the high frequency region is
attributed to the contact resistance between the alloy
powder and the conductive material, and the larger
semicircle in the low frequency region is attributed to the
charge-transfer resistance on the alloy surface. The linear
response at low frequencies is indicative of hydrogen
diffusion in the bulk alloy. So, the larger the radius of the
semicircle in the low frequency region, the larger the
charge-transfer resistance of the alloy electrode.

It can be seen in Fig.9(a) that, for a fixed spinning
rate of 20 m/s, the radius of the large semicircle in the
low frequency first shrinks with the increase in Mn
content (x) from 0 to 0.2 then expands when x reaches
0.3. This indicates that the charge-transfer resistance of
the alloy electrode first decreases then increases. Fig.9(b)
shows that the radius of the large semicircle in the low
frequency first declines as melt spinning rises from 0 to
15 m/s then mounts up as the melt spinning reaches 20
m/s. The increase of the active surface area of the Mn
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substituted alloy electrode due to the oxidation of Mn,
which dissolves subsequently in the 6 mol/L KOH
electrolytic solution, and thus, generates a porous surface,
results in a decline of the polarization resistance of the
alloy electrodes. On the other hand, the melt spinning
may enhance the rate of the hydrogen diffusion due to
the increasing defects such as dislocations and grain
boundaries which can act as fast diffusion paths for
hydrogen atoms[25]. The function of the melt spinning
on the electrochemical kinetics basically relies on the
structure generated by melt spinning. The refined grains
originated by the melt spinning is highly favorable for
hydrogen diffusion, whereas an amorphous created by
the melt spinning exerts a completely contrary impact.
Whether the melt spinning heightens or depresses the
rate of hydrogen diffusion depends which one of the
above-mentioned factors will predominate.

The diffusion coefficient of hydrogen in the bulk of
the alloys is determined with the potential-step method.
Fig.10 shows the semilograrithmic curves of anodic
current versus working duration of the as-cast and spun
alloy electrodes. Fig.10 can be divided into two time
regions based on the model founded by NISHISA et
al[28]. In the first time region, the current rapidly
declines due to a consumption of hydrogen on the
surface. In the other time region, however, the current
slowly falls in a linear fashion. In this region, the current
is controlled by the diffusion of hydrogen atoms with
time. Thus, the diffusion coefficient D of the hydrogen
atoms in the bulk of the alloy can be calculated through
the slope of the linear region of the corresponding plots
according to the following formulae[29]:

6FD n* D
lgi=1lg| + co—c)) |- =t 1
g g( da2(0 s)j 2303 42 (1)
2 .
D=_2.303a dlgi )

71',2 ds

where i is the diffusion current density (A/g); D is the
hydrogen diffusion coefficient (cm?/s); ¢, is the initial
hydrogen concentration in the bulk of the alloy
(mol/cm®); ¢, is the hydrogen concentration on the
surface of the alloy particles (mol/cm’); a is the alloy
particle radius (cm); d is the density of the hydrogen
storage alloy (g/cm’); ¢ is the discharge time (s),
respectively. The hydrogen diffusion coefficient D
signifies the hydrogen diffusion rate in the bulk. The
larger the diffusion coefficient, the faster the diffusion of
the hydrogen atoms in the alloy, and the better the
electrochemical kinetics property of the alloy
electrodes[30]. The D values calculated by Eq.(2) are
also summarized in Fig.10. It can be seen that both the
substitution of Mn for Ni and melt spinning exert a
notable effect on H diffusion in the alloy. For a fixed
spinning rate of 20 m/s, the D of the alloy electrode

increases from 1.72x10°'"" cm%s (x=0) to 4.07x10 "
cm?/s (x=0.2) then decreases to 0.82x10 ''em?/s (x=0.4).
And for a fixed Mny 4 alloy, the H diffusion coefficient D
in the alloy electrode rises from 3.49x10 ''cm*/s (at 0
m/s) to 3.98x107"" cm*s (at 15 m/s) then falls to
0.82x10 "em*s (at 30 m/s). The above results
apparently indicate that Mn substitution and melt
spinning engender beneficial and harmful effects on H
diffusion coefficient D. The benefaction of the Mn
substitution and the melt spinning on the H diffusion
coefficient has also been attributed to the formed
secondary phase MnNi motivated by Mn substitution and
the refined grain caused by melt spinning. An increased
interface and grain boundary is highly helpful for
enhancing the ability of H diffusion in the alloy electrode.
The baneful action of the Mn substitution and the melt
spinning is undoubtedly ascribed to the formation of an
amorphous phase due to the well known fact that H
diffusion in the crystal alloy is markedly easer than in the
amorphous one.
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Fig.10 Semilogarithmic curves of anodic current vs. time
responses of as-cast and spun alloy electrodes in fully charged
state: (a) As-spun alloys (20 m/s); (b) Mny 4 alloy
4 Conclusions

1) The investigation of the structures of the as-cast
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and spun Mg,Ni;_ Mn, (x=0, 0.1, 0.2, 0.3, 0.4) alloys
reveals that there is no amorphous phase in the as-spun
Mn, alloy, but the as-spun Mny4 alloys present a feature
of the nanocrystalline embedded in the amorphous
matrix, confirming that the substitution of Mn for Ni
facilitates the glass formation in the Mg,Ni-type alloys.

2) The substitution of Mn for Ni markedly improves
the electrochemical hydrogen storage performances of
the alloy, enhancing the discharge capacity and the cycle
stability, which is mainly attributed to the enlarged cell
volume and the intensified glass forming ability by Mn
substitution.

3) The high rate dischargeability (HRD) of the
as-spun alloy electrodes first increases then decreases
with incremental variation of Mn content, and the
optimum Mn content in which the alloy electrode obtains
the largest HRD will change with the variation of the
spinning rate. Moreover, the results obtained from EIS
and potential-step measurements agree well with the
change of HRD.
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