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Abstract The ABS-type MlNi3_5COO.6MI10_4A10.5 alloy
(where M1 denotes mixed lanthanide) was modified with
different additives (ZnO and MnQO,), and the effects of
metal oxides on the electrochemical properties of the
M1Ni; 5CogsMng 4Alps — x% M (x = 5, 10; M = ZnO,
MnO,) alloy were studied. The results showed that the
addition of metal oxides had a positive effect on the acti-
vation property of the alloy electrode. With the addition of
ZnO, the maximum discharge capacity of the alloy
increased from 315 to 334 mAh/g (x = 5) and 341 mAh/g
(x = 10) with good cycle capability (C30/Cyax) (87% for
x = 5 and 85% for x = 10), while the maximum discharge
capacity remained invariable and the cyclic stability was
deteriorated by the addition of MnO,. Linear polarization
(LP), cycle voltammetry (CV), and -electrochemical
impedance spectroscopy (EIS) measurements were also
performed to investigate the electrochemical kinetics of
alloy electrodes.

Introduction
LaNis-type rare earth-based alloys have been paid much

attention due to their high capacity, high charge/discharge
ability, ease of activation, and low hydriding/dehydriding
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pressure. However, the currently commercialized ABs-type
electrode alloys cannot meet the demand of the powder
battery owing to the limitation of its low discharge
capacity. It still has a large distance to 372 mAh/g of LaNis
theoretical capacity. To exploit the potential capacity of
ABs-type alloy, a lot of investigations have been carried
out: (1) substitution of alloy elements [1-5]; (2) surface
treatment [6—8]; (3) elaboration of alloy composite [9-11];
(4) powder sieving [12]; and (5) control of the charge input
[13]. Among them, adding the 3d transition metal oxides
into alloy electrodes is a simple and low production cost
method to improve the electrochemical properties. For
example, Khrussanova and Oelerich [14, 15] revealed that
the hydriding/dehydriding kinetics of hydrogen storage
alloys was improved with the addition of the oxides of the
3d transition metals such as TiO,, Cr,Os, V,0s5, MnO,,
Fe;04, CuO, and Al,O5. Iwakura et al. [16, 17] reported
that the discharge capacity of MmNiz ¢Mng4Alp3Cog 7
alloy was enhanced by addition of RuO, and Co3;0,4. Cheng
et al. [18] observed that the electrochemical performances
of ABs-type alloys were improved significantly by mixing
it with Bi,O5 and CuO. Cui and Luo [19] found the dis-
charge capacity and high- rate dischargeability (HRD) of
Mg 9Yo 1 NigoAly; alloy were greatly increased by the
modification with the oxide addition (RuO,, Ag,0, Fe,03,
MoOs3, and V,0s). Wang et al. [20] reported that the
electrochemical properties of the nanocrystalline LaMg,-
Ni were improved by modifying with a small amount of
TiO, and Fe;04. Zhang et al. [21] studied the catalytic
effect of metal oxides (Fe,Os3, TiO,, Cr,Os;, and ZnO)
addition on the electrochemical properties of the
La, ;CaMg 7Nig hydrogen storage alloy and found that not
only the discharge capacity but also the high-rate dis-
chargeability is improved by addition of 5 wt% TiO,,
Cr;03, and ZnO. Although some important progresses have
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been obtained, none of the currently commercialized LaNis
alloys can meet the demand of power battery. A simple and
low production cost method is adding the 3d transition
metal oxides into alloy electrodes to further improve the
overall electrochemical properties of LaNis-type rare earth-
based alloys.

In this work, the LaNis-based M1Nis3 5Cog¢Mng 4Alg 5
alloy was modified with different contents of ZnO and
MnO,. The effect of addition of metal oxides on the
microstructure, the activation property, the electrochemical
discharge capacity, and cycle stability of the M1Niz sCog ¢
Mny 4Aly 5 alloy was systematically investigated in order to
evaluate the potential of this type alloy as hydride elec-
trodes in Ni/MH batteries.

Experimental

The M1Ni; 5Cog¢Mng4Alg s alloy (M1 consists of 37.7%
La, 38.9% Ce, 6.3% Pr, and 17.1% Nd) was prepared by
induction melting under argon atmosphere and remelted
four times for homogeneity. The purity of all the constit-
uent metal elements was over 99.0%. The M1Ni; sCog ¢
Mng 4Alj 5 ingots were mechanically crushed to powders.
Part of the crushed power was milled for 0.5 h, and then
sieved to 300 meshes for XRD analysis and electrochem-
ical test. The oxide-modified alloys were prepared by ball
milling of the crushed power with x% M (x =5, 10;
M = ZnO, MnO,), then ground by planetary ball miller
under argon atmosphere for 0.5 h, the ball to powder
weight ratio was 20:1. The alloy powders were sieved to
300 meshes for test.

The structures of the alloys were measured by powder
X-ray diffraction (Japan D/max 2550 VB + 18 kV dif-
fractometer) using Cu K, radiation (1 = 1.54178 A).

The working electrodes for electrochemical measure-
ments were fabricated by mixing 100 mg alloy powder
with 200 mg carbonyl nickel powder. The mixture was
then pressed into a pellet of 10 mm in diameter under a
pressure of 10 MPa. Both sides of the electrode pellet were
coated with two foamed nickel sheets, then pressed at
30 MPa, and tightly spot-welded. Electrochemical mea-
surements were performed in a standard open two-electrode
electrolysis cell consisting of a working electrode (the MH
electrode), a sintered Ni(OH),/NiOOH counter electrode,
and 6 mol/L of KOH solution as electrolyte. Charge/dis-
charge cycles were conducted by an automatic LAND 5.3 B
battery test instrument. The voltage between the negative
electrode and the reference electrode was defined as the
discharge voltage. The electrodes were charged for 6 h at a
current density of 100 mA/g, rested for 5 min, and then
discharged to the cut-off potential of 0.8 V at a current
density of 50 mA/g.

During EIS, linear polarization and Tafel polarization
tests, HgO/Hg electrode was used as reference electrode.
CHI 660 C electrochemical workstation was used for CV
measurement (scanning rate: 0.1 mV/s, potential range:
—1.2to —0.2 V vs. HgO/Hg); Tafel polarization (scanning
rate: 1 mV/s, potential range: —1.0 to —02V wvs.
HgO/Hg); linear polarization (scanning rate: 0.1 mV/s, —5
to 5 mV vs. open circuit potential), and EIS (potential:
—0.85 V, amplitude: 5 mV, frequency range: 1 x 10°
Hz-1 x 107 Hz). All the experiments were conducted at
room temperature.

Results and discussions
X-ray diffraction patterns (XRD)

Figure 1 presents the XRD patterns of the M1Nij3 5Cog ¢
MHOI4A1()_5 —x% M ()C = 5, 10, M= ZHO, MHOZ)‘ The
pristine alloy consists of single hexagonal CaCus-type
LaNis phase in space group P6/mmm. Comparing with
XRD pattern of the pristine alloy, the diffraction peaks of
Zn0O and MnO, obviously appear in the modified alloys. It
can be concluded that the metal oxide particles can be
easily dispersed onto the particles of LaNis-type alloy
powders during ball milling.

Activation capability and discharge capacity

Figure 2 shows the cycle number dependence of the dis-
charge capacity of the MINizsCogeMng4Alys alloy
modified with metal oxides. An outstanding characteristic
from a commercial point of view is that the composite
electrodes can be activated in two cycles, so an extended
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Fig. 1 XRD patterns of M1Nijz 5Cop¢Mng 4Alj 5 alloy modified with
different metal oxides
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Fig. 2 The discharge capacity of M1Ni3z sCog¢Mng 4Alj 5 electrodes
modified with different metal oxides as a function of cycle number

period of activation process is unnecessary as it is the case
for other alloy electrodes. This result suggests that it is
possible to improve the activation property of the alloy
electrode by a small amount of metal oxide addition. The
activation capability of the alloy is related to the phase
structure, surface state, grain size, composition homoge-
neity, and interstitial dimensions of the alloy [22]. It is
accepted that the smaller the additive strain energy, which
is inevitable when the hydrogen atoms enter the interstitial
of the tetrahedron or octahedron of the alloy lattice, the
better is the activation performance of the alloy [23]. One
explanation may be offered as the reasons why the addition
of metal oxides enhances the activation characteristic of the
alloy. During the process of ball milling, the particles of
ZnO and MnO; can be easily cohered onto the large LaNis-
type alloy powders during ball milling. The small particles
of metal oxides have an electro-catalytic effect and can
improve the activation performance of the pristine
MI1Ni3 5sCog ¢Mng 4Al 5 alloy electrode.

The results in Fig. 2 indicate that modification of the
MINi; 5CoggMng4Aly s alloy with ZnO results in an
increment of the maximum discharge capacity, while MnO,
addition causes an unfavorable effect. After addition with
ZnO, the maximum discharge capacity of MINij3sCoq¢
Mng 4Alg 5 alloy increased from 315 to 334 mAh/g (x = 5)
and 341 mAh/g (x = 10). After 30 cycles, the discharge
capacity for alloy electrodes modified with ZnO are
290 mAh/g (x = 5) and 291 mAh/g (x = 10), and the cycle
capability (C30/Cinax) 18 87% for x = 5 and 85% for x = 10,
respectively. Contrarily, the addition of MnO, in this
experiment has no significant influence on the discharge
capacity. Further, it is noteworthy that the alloys modified
with metal oxides show quick capacity decay compared
with unmodified M1Ni3 sCog¢Mng 4Aly s alloy. It is pre-
sumed that the oxide addition probably increases the surface

@ Springer

oxidation of alloy during charging and discharge, resulting
in poor cycle stability.

Discharge potential characteristic

Generally, the plateau potential is related to the internal
resistance of the battery, including ohmic resistance and
polarization resistance. The electrode with higher discharge
potential and lower charge potential means that the internal
resistance is small. The longer and more horizontal the
discharge potential plateau is, the better would be the
discharge performance of the alloy electrode. Figure 3
shows the discharge potential curves of alloy electrodes. In
the order of 10% MnO, < 5% MnQO, < unmodified < 5%
ZnO < 10% ZnO, the discharge curve becomes more
horizontal. Thus, the effect of addition of 10% ZnO
on discharge property of alloy electrode is significant.
Khrussaova et al. [24] revealed that during mechanical
alloying and hydriding, the 3d transition metal oxides were
partial reduced to clusters of the corresponding transition
metal, which facilitated the dissociative hydrogen chemi-
sorption and improved the hydriding/dehydriding.

Linear polarization (LP)

Figure 4 shows the linear polarization curves of M1Nij s
CopeMng4Alps — x% M (x =5, 10; M = ZnO, MnO,)
alloy electrodes. The exchange current density (Ip) is an
important kinetic parameter, which can be used to estimate
the kinetic property of the electrochemical hydrogen
reaction at the equilibrium state and indicates the reaction
rate of hydrogen on the alloy surface [25]. As shown in
Fig. 4, there is a good linear dependence between the
current density and the overpotential within a small inter-
val. According to the slope of linear polarization patterns,
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Fig. 3 Discharge curves of the MINi;sCogeMng4Alps alloy

modified with different contents of ZnO and MnO,
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Fig. 4 Linear polarization curves of alloy electrodes modified with
different metal oxides

the polarization resistance (R,) can be obtained. I, is cal-
culated according to the following formula [24]:

_ RTI

Iy —F—r] (1)

where R is the gas constant, T is absolute temperature, I, is
applied current density, F is Faraday constant, and # is the
overpotential. The R, values and /I, of alloy electrodes are
listed in Table 1. The R, increases from 123 to 500 m€2
in the order of 5% ZnO < 10% ZnO < 5% MnO, <
unmodified < 10% MnO, and the exchange current density
Iy decreases from 205 to 51 mA/g. This result confirms that
the kinetic property of the electrochemical hydrogen
reaction of M1Nij; 5Cog¢Mng4Alg s electrode is improved
by modifying with 5% ZnO, 10% ZnO, and 5% MnQO,, so
the overpotential is reduced during the process of charge/
discharge. It can be suggested that ZnO can act as a good
catalyst and provide more active sites on the alloy surface,
facilitating the charge transfer on the surface of the alloy
and the diffusion of hydrogen atoms from the surface to the
inside of the alloy, which enhances the dynamical property
of alloy in the process of hydrogen absorption and
desorption. But excessive MnO, exerts a negative effect on
the electrocatalytic activity for hydrogen electrode reac-
tion. Generally, the alloy electrode with addition of 5%
ZnO has the best electrochemical hydrogen absorb/desorb
kinetics.

5%MnO,
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. . . . . .
-1.2 -1.0 -0.8 -0.6 -0.4 -0.2
Potential /V

Fig. 5 CV curves for alloy electrodes modified with different metal
oxides at a scanning speed of 0.1 mV/s

Cyclic voltammograms (CV)

Figure 5 shows the CV curves of MINi;sCogeMng 4
Alps —x% M (x =15, 10; M =7ZnO, MnO,) at the
potential interval of —1.2 to —0.2 V vs. HgO/Hg. The
anodic peak at around —0.8 V vs. HgO/Hg is attributed to
the oxidation of hydrogen absorbed in the alloy according
to the following equation [26]:

MH, + nOH™ — M 4 nH,0 + ne” (2)

The cathodic peak at around —1.0to —1.1 V vs. HgO/Hg is
attributed to the hydriding according to above equation at
opposite side. The anodic peak current can be used to
evaluate the kinetics of hydrogen oxidation reaction on the
interface of alloy and the discharge capacity can be cal-
culated according the peak area [27]. As seen in Fig. 5, the
reduction current density peak for M1Niz sCog ¢Mng 4Alg 5
does not appear in the investigated potential range. It
indicates that absorption of hydrogen occurs only at limited
active sites on the M1Ni3 5Cop¢Mng4Alg 5 alloy surface,
which is attributed to the loss of active sites due to the
formation of a dense oxide layer on the surface, which
baffles the adsorption of hydrogen on the surface and
hydrogen diffusion into the bulk of alloys. On the other
hand, for the MINi;zsCopcMng4Algs alloy electrodes
modified with different metal oxides, there are apparent
reduction peaks at around —1.0 to —1.1 V vs. HgO/Hg. It
can be concluded that the absorption and desorption of

Table 1 The polarization resistance (R,,) and exchange current density (/o) for alloy electrodes

Samples MNi3 5Cog,sMng.4Alg 5 5% ZnO 10% ZnO 5% MnO, 10% MnO,
R, (mQ) 333 123 161 294 500
Io (mA/g) 76 205 157 86 51
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hydrogen in the alloy are remarkably improved and the
active sites on the surface are greatly incremented after
surface modification with metal oxides.

Electrochemical impedance spectra (EIS)

The electrochemical impedance spectra of M1Nij3 sCog ¢
Mng 4Alp s alloy modified with metal oxides at —0.85 V
(vs. HgO/Hg) are shown in Fig. 6. It can be seen that
each spectrum consists of a small semicircle in the
high-frequency region and a large semicircle in the low-
frequency region followed by a straight line. Kuriyama
et al. [28] ascribed the high-frequency semicircle to the
contact resistance between the current collector and the
alloy pellet, the low-frequency semicircle to the charge-
transfer resistance, and the straight line at low-frequency
results from the Warburg impedance. As can be seen from
Fig. 6 that the large semicircles in the low-frequency
region for electrochemical reaction resistance are different
for alloy electrodes, the R.; is 5% ZnO < 10% ZnO < 5%
MnO, < unmodified < 10% MnQO,, which is consistent
with the result of R, in Table 1. The above results indicate
that the electrochemical reaction resistance changes
reversely with the value of I.

Potentiodynamic polarization

Many efforts have been made to improve the anti-corrosion
performance of alloy electrodes in alkaline solution,
because the corrosion is a barrier to its practical applica-
tion. Figure 7 shows the potentiodynamic polarization
curves for the MINi;sCoggMng4Alys alloy electrodes
modified with metal oxides. The larger of the corrosion
voltage (E..;) means the better anti-corrosion performance
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Fig. 6 The electrochemical impedance spectra (EIS) of electrodes
modified with different metal oxides at value of —0.85 V
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Fig. 7 Potentiodynamic polarization curves of alloy electrodes
modified with different metal oxides

of the alloy. The values of corrosion voltage (E.on)
obtained through Tafel fitting are indicated in Fig. 7. It can
be seen that the corrosion resistance of alloy electrode is in
the order of 5% ZnO < unmodified < 5% MnO, < 10%
Zn0<10% MnO,. Excessive MnO, acts as a passive layer
on the alloy surface, which increases the charge-transfer
reaction resistance and baffles the diffusion of H atoms
from the surface to the bulk of the alloy. The variation of
corrosion voltage is not completely consistent with that of
the cycle stability shown in Fig. 2. It reveals that the
inhibition of metal corrosion is not always the main factor
for the improvement of cycle performance of alloy.

Our result is different from Oelerich's result [15], which
reported that only the metal oxides having different
valences could play an important role on the kinetics of the
hydrogen absorption and desorption of nanocrystalline
MgH,, but the oxides such as Al,O3, SiO,, and Sc,0s3, in
which the metal atom appears with only a single valence
state have no catalytic effect. In the present study, the alloy
electrode with addition of 5% ZnO shows the best elec-
trochemical hydrogen absorb/desorb kinetics among the
investigated electrodes, and a similar result was obtained
by Zhang et al. [21].

According to the above analyses, it can be concluded
that ZnO can serve as a microcurrent collector and electro-
catalyst, which leads to an increase of the electrical con-
ductivity and a reduction in the internal electric resistance,
so the discharge capacity is increased by the addition of
ZnO.

Conclusion

MI1Ni3 5Cog ¢Mng 4Alg 5 composite alloys were prepared by
ball-milling the pristine alloy and metal oxides (ZnO and
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MnO,); the electrochemical hydrogen storage properties of
alloys were studied.

The activation property of the alloy electrode is improved
by addition of metal oxides, and the maximum discharge
capacity of M1Nij;5Cog¢Mng4Aly 5 alloy is increased up
from 315 to 334 mAh/g (x = 5) and 341 mAh/g (x = 10)
with the addition of ZnO. The exchange current density
Iy decreased from 205 to 51 mA/g in the order of 5%
ZnO > 10% 7ZnO > 5% MnO, > unmodified > 10%
MnO,, which indicates that the kinetic property of the
MI1Ni3 sCog ¢Mng 4Aly 5 electrodes is improved by modify-
ing with 5% ZnO, 10% ZnO, and 5% MnO,, but excessive
MnO, has a negative effect on the dynamical property of
alloy. EIS analysis shows that the R, value is in the order of
5% 7ZnO < 10% ZnO < 5% MnO, < unmodified < 10%
MnO,, which agrees with the result of R,,.
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