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Abstract

Non-stoichiometric La-rich MmNij3 55Cog 75Mng 4Alg3Bg 3 hydrogen storage alloys using B-Ni or B—Fe alloy as additive and Ce-rich
MmNij 55C0075sMng 4Aly 3Bg3 one using pure B as additive have been prepared and their microstructure, thermodynamic, and
electrochemical characteristics have been examined. It is found that all investigated alloys show good activation performance and high-rate
dischargeability though there is a certain decrease in electrochemical capacities compared with the commercial MmNi; 55C0g75sMng 4Alg 3
alloy. MmNi3 55Cog 75Mng 4Alg 3B 5 alloys using B—Ni alloy as additive or adopting Ce-rich mischmetal show excellent rate capability and
can discharge capacity over 190 mAh/g even under 3000 mA/g current density, which display their promising use in the high-power type
Ni/MH battery. The electrochemical performances of these MmNij 55C0g75Mng4Alg3Bg3; alloys are well correlated with their

microstructure, thermodynamic, and kinetic characteristics. (© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

In a relatively short period of time, hybrid electric vehi-
cles (HEV), in which motive power stems partly from a
relatively small internal combustion engine and partly from
an electric motor, have emerged and immediately appeared
destined to be successful due to its cost-acceptability and
high fuel economy [1,2]. The energy density requirements
for HEV are relative low. However, specific power and power
density requirements for HEV are very high. Nickel/metal
hydride (Ni/MH) battery is a strong competition of the
power source for HEV market because the system has high
specific energy, high-power capability, inherent safety, and
design flexibility [3,4]. The power source requirements of
power tools and some modern military devices also provide
huge market for high-power Ni/MH battery with the phase
out of nickel/cadmium battery, which is under the fire of
environmental protectionism. To meet with the new power
demands of HEV and other high-power applications, much
of improvement for Ni/MH batteries, especially concerning
with high specific power performance, have to be done. The
critical technique is to develop hydrogen storage alloys with
superior rate capability.
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For the commercial use of LaNis-type hydrogen storage
alloys, multi-component alloying is one of the most effective
techniques to tailor properties so as to meet the requirement
of Ni/MH batteries [5-7]. Some studies showed that by
deviating LaNis-type compound composition from stoichio-
metry ratio [8—10] and the addition of boron [11] are very
efficient to enhance the rate capability of LaNis-type hydro-
gen storage alloys. In the recent, we have systemically
studied the influence of boron additive on the high-rate
dischargeability of non-stoichiometric La-rich MmNij ss.
Cog.75Mng 4Alg 3B, (x = 0, 0.05, 0.1, 0.2, 0.3; Mm is mis-
chmetal) hydrogen storage alloys [12]. The results show that
the addition of boron enhances the activation performance
and significantly improves the high-rate capability. Boron-
containing double-phase non-stoichiometric hydrogen storage
alloys are very promising in some high-power application
fields of the Ni/MH battery. However, the pure boron is
very expensive and unpractical to be used as additive. B-Ni
and B-Fe alloys are cheaper and the transitional metal Fe
can substitute for Ni of LaNis-type hydrogen storage alloy.
Besides, B-Ni and B-Fe alloy have much lower melt point
than that of pure B and facilitate the homogeneity of alloys.

The objective of this work is to study the phase structure,
thermodynamic and electrochemical performances of La-
rich MmNi; 55Coq 75sMng 4Aly 3B 3 hydrogen storage alloys
using the cheap B-Ni or B-Fe alloy rather than pure B as
additive. At the same time, the influence of different rare
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earth composition on these performances of MmNij ss.
Cog.7sMng 4Aly 3B 5 alloys has been studied.

2. Experimental

The MmNij 55C0g75sMng 4Alg3Bos hydrogen storage
alloys were prepared by a radio frequency levitation melting
processing in a copper crucible under an Ar atmosphere. The
button ingots were re-melted three times to ensure homo-
geneity, then the ingots were annealed at 950°C for 6 h under
Ar atmosphere. For convenience, Bs, B¢, and B, are used as
the representation of alloys corresponding to Ce-rich Mm
with pure B as additive (MmNi3 55Cog75sMng4Al3Bo 3),
La-rich Mm with B—Ni alloy as additive (MmNi3 55C0q 75sM-
ng4Alp3Bg3), La-rich Mm with B-Fe alloys as additive
(MmNi3427Feo_23C00_75Mn0A4A10_3B03) in this paper. For
comparison, the performances of B, alloy [12], MmNij 55.
Cogy.7sMng 4Aly 3B 3 using La-rich Mm and pure B as
additive, are also cited in this paper. The La-rich Mm
contains 61.7% La, 27.4% Ce, 2.5% Pr, and 8.4% Nd.
The Ce-rich Mm contains 31.2% La, 47.4% Ce, 5.0% Pr,
and 16.4% Nd. B-Ni alloy contains 18.86% B. B-Fe alloy
contains 17.24% B. The B addition amount is calculated
based on B content in the B-Ni or B-Fe alloy, accordingly
the Ni or Fe will occupy the Ni-site in the LaNis-type alloys
of MmNi; 55C0¢.75Mng 4Alo 3B 3.

The as-prepared alloys were mechanically pulverized into
fine powders with an average size of @ 38-75 pm and less
than @ 38 pm for the electrochemical and X-ray diffraction
measurements, respectively.

Crystallographic characterization of the hydrogen storage
alloys was carried out by an X-ray diffractometer (Philips
X'Pert MPD, Cu Ka). The pressure—composition isotherms
were measured with a Sieverts-type apparatus at 333 K by
desorption of H, gas from the hydride.

H. Ye et al./Journal of Power Sources 103 (2002) 293-299

The preparation of electrodes and the setup of the tri-
electrode cell for electrochemical measurements have been
described previously [12]. All electrochemical measure-
ments were carried out at 20°C. The discharge capacity
of the electrode was determined by the galvanostatic
method. The cutoff potential for discharging was fixed at
—0.6 V versus Hg/HgO electrode. To evaluate the rate
capability, the discharge capacity of electrode at different
discharge current densities was measured. The cutoff poten-
tials for different discharge current densities of 60, 300, 900,
1500 and 3000 mA/g were set to —0.6, —0.6, —0.5, —0.4,
and —0.3 V versus Hg/HgO electrode, respectively. The
charge transfer resistance of metal hydride electrode was
characterized by electrochemical impedance spectra (EIS).
EIS was tested in the frequency range of 100 kHz to 1 MHz,
with ac amplitude of 5 mV and the electrodes were main-
tained at the open-circuit state of 50% depth-of-discharge.
Potentiostatic discharge technique was used to characterize
the hydrogen transfer behavior in the bulk of metal hydride.
Rate capability, EIS, and potentiostatic discharge measure-
ments were carried out with Solartron SI1287 Electroche-
mical Interface connected with a 1255B Frequency
Response Analyzer after the investigated electrodes being
completely activated (over 40 cycles).

3. Results and discussion
3.1. Structure characteristics

Fig. 1 shows the XRD patterns of MmNi; 55C0g75M-
ng.4Alp 3B 3 hydrogen storage alloys. As seen from Fig. 1,
all non-stoichiometric boron-contained alloys (B4, Bs, Bg
and B;) show a principal CaCus-type phase with a small
amount of CeCo,4B-type phase. Both CaCus-type phase and
CeCo4B-type phase are hexagonal system with P6/mmm
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Fig. 1. X-ray powder diffraction patterns of the MmNi; 55C0q 75Mng 4Alj 3Bg 3 alloys.
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Table 1

Cell parameter and volume of CaCus-type main phase and CeCo4B-type secondary phase and the abundance of secondary phase in the

MmNij3 55C00.7sMng 4Alg 3Bg 3 alloys

Sample Main phase Secondary phase Abundance of
secondary phase (%)
Cell parameter Cell volume, Cell parameter Cell volume,
- - V(A - - V(A
a (A) c (A) a (A) c(A)
B, 5.014 4.063 88.45 5.122 6.969 158.32 19.83
Bs 5.069 3.944 87.76 5.323 6.968 170.98 20.38
Bs 5.018 4.067 88.69 5.136 6.970 159.23 22.28
B, 5.024 4.074 89.05 5.134 6.964 158.96 24.03

space group. Table 1 lists the lattice parameter and the cell
volume of main phase and secondary phase of investigated
alloys. It is shown that the rare earth composition has a large
influence on the cell parameter of main phase and secondary
phase. Ce-rich alloy (Bs) shows larger a value and smaller ¢
value of main phase than La-rich alloy (B4); Bs also shows
larger a value of secondary phase, but it has almost same ¢
value of secondary phase. As a result, compared with La-
rich Mm, Ce-rich Mm significantly decreases the cell
volume of main phase and increases the cell volume of
secondary phase. Whereas, using B-Ni alloy (Bg) or B—Fe
alloy (B-) rather than pure B (B,) as additive only slightly
influence the cell parameter of both phases and somewhat
increase the cell volume of them. The cell volume of main
phase of B~ is a little larger than that of B¢ alloy. Since main
phase and secondary phase show same space group, it is
reasonable to roughly quantify the amount of second phase
by using the relative integral intensity of the strongest peak
(111) for CaCus-type phase and (1 1 2) for CeCoyB-type
phase. Here, ratio of integral intensity of (1 1 1) for CaCus-
type phase versus the total integral intensity of both (1 1 1)
for CaCus-type phase and (1 1 2) for CeCo4B-type phase is
used as the abundance of secondary phase in the investigated
alloys and also listed in the Table 1. As seen from Table 1,

the amount of secondary phase of B¢ and B are higher than
those of B, and Bs. This indicates that using B-Ni or B-Fe
alloy, as additive is more favorable for the formation of the
secondary phase in the hydrogen storage alloy.

3.2. Thermodynamic characteristics

The pressure—composition isotherms of hydrogen deso-
rption from hydrogenated, pseudo-binary MmNis ss.
Cog.75Mng4Al3Bgp 5 alloys at 333 K are presented in
Fig. 2. There is only one plateau for all boron-containing
alloys indicating that the secondary phase may not be a
hydride-forming phase. From Fig. 2, it is also observed that
the dehydrogenation pressure of Ce-rich Bs is much higher
than that of La-rich B4 alloy. This indicates that the hydride
stability of Bs is lower than that of B4. The absorption
amount of hydrogen for Bs is also lower than that of B, alloy.
These may mainly ascribe to the smaller cell volume of
CaCus-type phase in Ce-rich alloy. It is generally accepted
that the smaller cell volume of CaCus-type phase is unfa-
vorable for hydrogen-absorption and also decrease the
hydride formation enthalpy. The dehydrogenation pressure
of Bg is very close to that of B,, which shows that using B-Ni
alloy or pure B as additive has less influence on the
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Fig. 2. Pressure—composition isotherms of hydrogen desorption from hydrogenated, pseudo-binary phase of MmNij; 55C0q 75Mng 40Alg 30Bo 3 alloys at 333 K.
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Fig. 3. Activation profiles of MmNij; 55Cog 75Mng 4Alg 3B 3 metal hydride electrodes.

thermodynamic property of alloys. Whereas, absorption
amount of hydrogen for Bg is less than that of By, this
can be attribute to the higher amount of secondary phase in
the B¢ alloy. Both of hydrogen-absorption amount and
dehydrogenation pressure of B, are lower than those of
B, alloy. The former one is ascribe to its having the highest
amount of secondary phase of four investigated alloys; the
latter one indicates Fe, induced by B-—Fe alloy additive,
increasing the hydride stability, which is consistent with the
increase of cell volume of main phase in B; alloy as listed in
Table 1.

3.3. Electrochemical characteristics

3.3.1. Activation and maximum capacity

Fig. 3 shows the activation profiles of MmNi3 55C0g 75sM-
ng 4Alg3Bg 3 electrodes. The activation was conducted with
charging/discharging cycles under the current density of
60 mA/g. The discharge capacity of all investigated metal

hydride electrodes reaches over 90% maximum capacity at
first cycle, indicating good catalytic activity. However, the
discharge capacities of all MmNij 55Cog75Mng4Al3Bg 3
electrodes under the current density of 60 mA/g are lower
than that of commercial MmNij; 55C0q7sMng 4Alg 3 hydro-
gen storage alloy. The maximum discharge capacity of By,
Bs, Bg, and B is 256, 215.8, 235.9, and 218.9 mAh/g,
respectively. The variations of discharge capacity of inves-
tigated alloys are consistent with their gaseous hydrogena-
tion/dehydrogenation performances, which are also
correlated with the microstructure characteristics of alloys.

3.3.2. High-rate dischargeability

Fig. 4 shows the high-rate dischargeability of the
MmNi3 55Cog 75sMng 4Alg 3Bg 3 electrodes, where high-rate
dischargeability of hydride electrode is expressed with the
ratio of the discharge capacity at high current density versus
the discharge capacity at 60 mA/g (Cyma/e/Cooma/g X
100%, where y is the value of discharge current density).
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Fig. 4. Relationship between the high-rate dischargeability and the discharge current density of MmNij; 55Cog 75Mng 4Alg 3B 3 metal hydride electrodes.
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As seen from Fig. 4, all investigated metal hydride electro-
des show good rate capability. The rate capability of B,
compound is a little worse than that of B, when discharge
current density is over 1500 mA/g. Both of Bs and Bg
show excellent rate capability. For example, the high-rate
dischargeabilities of Bs and B¢ under 3000 mA/g, respec-
tively, reach 90.74 and 83.30%. Both of them can even
discharge over 190 mAh/g electrochemical capacity under
3000 mA/g. This displays that both Bs and B compounds
are very suitable for high-power field with a little expense
of common-rate capacity.

The electrochemical performances of hydrogen storage
alloy are intrinsically determined by its microstructure,
thermodynamic and kinetic characteristics under the appli-
cation environment. The good high-rate dischargeability of
investigated MmNi; 55Cog 75Mng 4Al 3B 3 compounds can,
in microstructure, be ascribed to the formation of secondary
phase, which shows very good catalytic activity [11,12].
Comparing Bs and B4, we can see that the lower stability of
hydride is another large contribution to rate capability.
Optimization of Mm-side rare earth composition should
further improve the rate capability of ABs-type hydrogen
storage alloy. The good rate capability of B¢ may due to
better composition homogeneity than that of B,; the amount
of secondary phase in Bg is also higher than that of By.
Though B alloy shows highest amount of secondary phase,
but its hydride is more stable than that of B,4. Furthermore,
the variation of cell parameter of CeCoBy4-type secondary
phase may also affect its catalytic activity, which should be
studied further. In the electrochemical cell, the rate dis-
charge of metal hydride electrode is mainly determined by
the charge transfer process occurring at the metal/electrolyte
interface and the hydrogen transfer process in the hydride
bulk [13]. Their contribution will be evaluated by electro-
chemical techniques at follow sections.

3.3.3. Electrochemical impedance spectra

The exchange current density (/) of metal hydride elec-
trode reaction used to character the catalytic activity for
charge transfer at the metal/electrolyte interface and it can
be obtained by the following formula [8]:

I RT 1
0= TR ey
where Ry, F, R and T are the charge transfer resistance,
Faraday constant, gas constant and absolute temperature,
respectively. The charge transfer resistance of MmNis ss.
Cogp 75sMng 4Aly 3By 3 electrodes was obtained from electro-
chemical impedance spectra (EIS).

Flg 5 shows the EIS of MmNi3_55C00_75Mn0.4A10_3B0.3
electrodes at 50% depth-of-discharge. The electrolyte resis-
tance (R,), which is mainly determined by the distance
between the electrode pellet and the Luggin capillary,
was subtracted from EIS in order to get a clear comparison
among alloys. It is observed that all EIS consist of two semi-

circles followed by a straight line at low-frequency. Using
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Fig. 5. Electrochemical impedance spectra of the MmNijz 55C0g75M-
ng 4Alo 3B 3 metal hydride electrodes measured at 50% depth of discharge.

the analysis model proposed by Kuriyama et al. [14], the
semi-circle in the low-frequency region relates to the charge
transfer reaction. The charge transfer resistance of By, Bs,
B¢, and B through fitting the low-frequency semi-circle of
EIS is 0.0754, 0.0665, 0.0575, and 0.1072 Q, respectively
and the I, of By, Bs, B¢, and B; electrode calculated using
Eq. (1) is 1116, 1265, 1464, and 785 mA/g, respectively.
Compound using B-Ni alloy as additive demonstrates the
best catalytic activity of all. The compound with Ce-rich
Mm (Bs) also shows better catalytic activity than that of By.
Though B, has more secondary phase, it shows worst
catalytic activity. This indicates that the catalytic activity
of hydride electrode is not only influenced by the amount of
secondary phase. The other reasons such as the character-
istics of main phase and the distribution of each phase can
also influence this performance.

3.3.4. Potentiostatic discharge

The potentiostatic discharge technique was used to char-
acterize the hydrogen transfer behavior in the MmNij; 55-
Cog.75Mng 4Alj 3By 5 electrodes. The investigated electrodes
were charged to 120% maximum capacity. After charging
and 30 min open-circuit lay-up, the electrode was dis-
charged with +300 mV potential-step. Fig. 6 shows the
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0 Il L L
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Fig. 6. Relationship between the discharge capacity and the discharge time
for MmNij 55C0p 7sMng 4Alg3Bo 3 electrodes under +300 mV potential-
step.
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relationship between the discharge capacity and dis-
charge time under potentiostatic condition. It is found
that the electrochemical capacities quickly discharge from
the electrode at first and then slow down with the time
going on. The capacities of electrodes nearly run out after
4000 s discharge. The discharge kinetics of investigated
electrodes is clearly exhibited in Fig. 6. For example, the
time of discharging 90% capacity of By, Bs, Bg, and B,
electrodes are 626, 269, 498, and 1590 s, respectively.
Bs compound shows the best electrochemical kinetic
property.

Zheng et al. [13] reported that metal hydride electrode
reaction would be controlled by diffusion-limited mass
transfer under a large anodic potential-step. After a long
discharge time, the diffusion current will vary with the time
according to the Eq. (2):

, 6FD n* D
logl = log <W (C() — CS)) — mzt (2)

where D is the hydrogen diffusion coefficient (cm?/s),
Cy the initial hydrogen concentration in the bulk of the
compound (mol/cm3), C, the hydrogen concentration in
the surface of the compound particles (mol/cm®), a the
radius of the spherical particle (cm), d the density of the
hydrogen storage alloy (g/cm?), ¢ the charge or discharge
time (s), and i the diffusion current (A/g). From the slope of a
plot of logi versus t, according Eq. (2), D/a* may be
evaluated, and if the radius of the particle is known, D
can be calculated. It should be pointed out that Zheng et al.
in Eq. (2) have not considered that the diffusion coefficient
generally changes with hydrogen concentration and phase.
However, with the assumption that the hydrogen-desorbing
system was a homogeneous one, we can get a qualitative
comparison of hydrogen diffusion coefficient among differ-
ent alloys.

Fig. 7 shows the anodic current versus time responses for
electrodes after the potential-step with semi-logarithmic

0.5

log(i) (ifA])

35+

Fig. 7. Anodic current—time responses for MmNi3 55C0g75sMng 4Alp 3B 3
metal hydride electrodes after +300 mV potential-step (solid line) and the
linear segment of log i vs. ¢ plot (dashed line).

Table 2
Ratio of D/a* and the effective hydrogen diffusion coefficient in the bulk
of MmNi3_55CO()_75MIlo_4Al()_3B0_3 alloys

Sample By Bs B¢ B,
Dla* x 10° (s 14.93 27.07 16.24 10.59
D x 10" (cm%s) 9.55 17.32 10.39 6.78

plots. It is found that during the period from 94.36 to
98.36% discharge capacity of By, Bs, and Bg, the plots
show linear segment. As to B, the linear segment of plot
lasts from 70 to 98.36% discharge capacity. When capacities
of the electrodes discharged over 98.36%, the hydrogen
retained in the bulk of these compounds is approaching to
zero and the side-reaction may lead the relationship between
current and time to disobey Eq. (2). From the slope of the
linear portion of the corresponding plot in Fig. 7, the ratios
of D/a* was estimated by using Eq. (2) and listed in Table 2.
It is observed that the value of D/a” is markedly increased
when the alloy adopting Ce-rich Mm. Bg alloy only has a
slightly higher D/a” value than that of B, and B alloy shows
the least value of D/a*. Assuming all MmNij; 55Coq 75M-
ng.4Alp3Bg 3 alloy have the similar particle distribution with
the average particle radius of 8 pm same to B4 [12], there-
fore, the effective diffusion coefficient of hydrogen through
MmNi; 55Cog 75Mng 4Alg 3Bo 5 electrodes were estimated
and also listed in Table 2. The variation of hydrogen diffu-
sion coefficient of compound is well correlated with the
hydride stability as discussed in Section 3.2. This result is
consistent with the report of Iwakura et al. [15]. The very fast
hydrogen transfer in Bs compound is due to its lowest
hydride stability and the existence of secondary phase.
The lower hydride stability facilitates the release of bonded
hydrogen. The second phase not only improves electroche-
mical interface reaction, but also provide the fast diffusion
path for hydrogen transfer during charge/discharge process.
The relatively lower hydrogen diffusion coefficient of B is
due to higher stability of its hydride. Using B-Ni alloy rather
than pure B as additive only lead to better homogeneity of
hydrogen storage alloy, but have little influence on hydride
stability, thus, shows less enhance of hydrogen diffusion
coefficient.

4. Conclusion

Non-stoichiometric La-rich MmNi3 55Coq 75sMng 4Alg 3-
B3 hydrogen storage alloys using B-Ni or B—Fe alloy as
additive and Ce-rich MmNi; 55Cog 7sMng 4Aly3Bg3 one
using pure B as additive have been prepared. The main
conclusions are the following: (1) all investigated alloys
show CaCus-type main phase and a small amount of
CeCo4B-type phase. Different rare earth (La or Ce)-rich
Mm significantly influences the cell parameter of both main
phase and secondary phase. Using B-Ni or B—Fe alloy as
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additive makes the hydrogen storage alloys more homoge-
nous and more favorable for the formation of secondary
phase than pure boron; (2) the hydride stability of Ce-rich
alloy is lower than that of La-rich alloys. Using B-Ni alloy
rather than pure B as additive shows less influence on the
thermodynamic performance. The Fe induced by B-Fe
additive increases the hydride stability of prepared alloy;
(3) the electrochemical experiments show that all MmNij; s5.
Cog.75Mng 4Aly3Bg 3 alloys have good activation perfor-
mance and high-rate dischargeability though the
electrochemical capacity is lower than that of commercial
MInNi3_55C00_75Mn0,4A10,3 alloy. The MInNi3_55C00_75M-
np.4Alg3Bg 3 alloy using B—Ni alloy as additive or adopting
Ce-rich Mm conduced to excellent rate capability of the
hydrogen storage alloys, which can discharge over
190 mAh/g capacity even under the current density of
3000 mA/g, and thus, displays their promising use in the
high-power type Ni/MH battery. Electrochemical impe-
dance spectroscopy and potentiostatic discharge measure-
ments indicate that the superior rate capability of alloys is
due to high surface electrocatalytic activity and/or fast
hydrogen transfer in the bulk of alloys. The electrochemical
performances of MmNij3 55C0g75Mng 4Aly3Bg 5 alloys are
well correlated with their microstructure, thermodynamic,
and kinetic characteristics.
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