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ABSTRACT

Microstructure and electrochemical characteristics of Lag7Ceq3Nisz75Mng35Alp15Cug75-x(Feo43Bos7)x
hydrogen storage alloys have been investigated. XRD indicates that Lag 7Ceg 3Ni375Mng 35Alo.15Cug 75 alloy
consists of a single LaNis phase with CaCus structure. The alloys containing FeB are composed of LaNis
phase with CaCus structure as matrix phase and La3Ni;3B; phase as secondary phases, and the abundance
of the secondary phase gradually increases with increasing FeB content. As x increases from 0.00 to 0.20,
maximum discharge capacity of the alloy electrodes monotonically decreases from 314.0 to 290.4 mAh/g.
Cycling stability of the alloy electrodes increases with increasing x value. High-rate dischargeability at
the discharge current density of 1200 mA/g first increases from 51.4% (x=0) to 57.2% (x=0.10), and then
decreases to 52.7% (x=0.20). The improvement in electrochemical characteristics is ascribed to the sec-
ondary phase La3Ni;3B;, which improves the electrochemical activity of electrode surface, as well as to
the phase boundary in multiphase structure, which decreases the lattice distortion and strain energy and
enhances the anti-pulverization property of the alloy electrodes.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

ABs-type hydrogen storage alloys are widely used as the
negative electrode materials in commercial nickel/metal hydride
(Ni/MH) rechargeable batteries by virtue of their advantages, such
as good activation ability, high capacity, high resistance to over-
charging and over-discharging, capable of performing a high rate
charge/discharge, long cycle life and environmental friendliness,
etc.[1-3].However, in recent years, Ni/MH batteries have been con-
fronted with the rapid development of high-power devices, rapidly
developing towards the lower cost and the high performance. Espe-
cially, the high-rate dischargeability (HRD) is a critical criterion of
evaluating properties of hydrogen storage alloys used as negative
electrode materials of high-power batteries. Thus, it is very imper-
ative to further lower the cost and improve the HRD of ABs-type
hydrogen storage alloys.

Multi-component alloying is effective to tailor electrochem-
ical performances of hydrogen storage alloys. To decrease the
cost of ABs-type hydrogen storage alloys, it seems greatly sig-
nificant to investigate the substitution of cheap Fe for expensive
Ni or Co. Wei et al. [4] have pointed out that cycle stability
of LaNig g5_xAlg45Mng sFex (0 <x <0.5) alloy electrodes increased
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with the increase of Fe content, but maximum discharge capacity
of the alloy electrodes decreased from 334.8 (x=0) to 292.8 mAh/g
(x=0.5). Vivet et al. [5] have studied electrochemical hydrogen
storage properties of MmNig g7Mngg3Alg2Cog4_xFex (0<x<0.4)
alloys and found that Fe-containing electrodes behaved as well
as Co-containing electrodes in terms of cycle life with a slight
capacity reduction. Zhao et al. [6] observed that cycling stability of
Mm(NiMnSiAl)43Cog_xFex (x=0-0.6) alloy electrodes increased
with increasing x value, but maximum discharge capacity and high-
rate dischargeability decreased. Yang et al. [7] have investigated
that cycling stability of LaNi3 55Mng 35C0g 20Alp20Cug g5_xFex alloy
electrodes enhanced significantly from 77.6% (x=0.10) to 89.9%
(x=0.60), but the maximum discharge capacity and high-rate dis-
chargeability decreased. Obviously, cycling stability of the alloy
electrodes can be improved by the substitution of Ni, Co or Cu by
Fe with the decrease of the other electrochemical properties. Fur-
thermore, some work focuses on improving the HRD of ABs-type
hydrogen storage alloys by introducing B in the alloy. Zhang et al.
[8] have investigated low Co ABs5-type MmNi3 gCog4MnggAlg2Bx
alloys composed of CaCus-type main phase and a small amount
of CeCoyB-type secondary phase and pointed out that the addi-
tion of B improved cycling stability and activation performance,
high rate discharge capability. The substitution of B for Ni in
MmNis3 79_xMng 35C0g goAlp.25Bx alloys has been studied and found
that the alloys with B had LaNis phase and the secondary phase
with CeCo4B-type structure, which improved the activation ability


dx.doi.org/10.1016/j.jallcom.2011.11.122
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:bzliu@hpu.edu.cn
mailto:b_z_liu@163.com
dx.doi.org/10.1016/j.jallcom.2011.11.122

54 B. Liu et al. / Journal of Alloys and Compounds 516 (2012) 53-57

and the HRD of alloy electrodes [9]. Ye et al. [ 10] have reported that
Mm3 55Cog 75 Mng 4Alg 3Bg 3 alloy containing a principal CaCus-type
phase and a small amount of CeCo4B-type secondary phase had
good activation performance and high-rate dischargeability. The
addition of Bin the alloys has been proved to be effective to enhance
the activation performance and markedly improve the high-rate
dischargeability.

It is inferred that cheap Fe is effective to improve the cycling
stability, and B is effective to improve the high-rate discharge-
ability of hydrogen storage alloys. Moreover, the new La-Fe-B
alloys with multiphase structures including LaNis, LazNiy3B, and
(Fe, Ni) phases exhibited good activation characteristics, high-
rate dischargeability and low-temperature dischargeability [11].
Therefore, it is possible that the combined substitution of Fe
and B for Cu in ABs-type hydrogen storage alloys can improve
discharge capacity, high-rate dischargeability and cycling sta-
bility. Fortunately, commercial FeB alloy has more advantages
than the pure Fe and B, such as cheaper cost and lower melt
point, etc. Thus, Lag7Ceq3Ni375Mng 35Al0.15Cup.75-x(Feo.43Bo.57)x
alloys are chosen as objects. And correspondingly, phase struc-
ture, electrochemical properties and kinetics performances of
Lag 7Ceq3Ni3 75Mng 35Alg,15Cug 75_x(Feg43Bos7)x alloys as well as
the relationship among them are investigated.

2. Experimental procedures

Lag.7Ceo3Ni3 75Mng35Al0.15Cuo.75-x(Feo.43Bos7)x (x=0-0.20)alloys were synthe-
sized by induction melting of the metal elements (La, Ce, Ni, Mn, Al, Cu: 99.9% in
purity and commercial FeB alloy contains 57.0% B and the other is Fe and trace
impurities) under argon atmosphere and then annealed at 1223 K for 10 h.

The phases of the alloy powders were determined by X-ray diffraction (XRD)
using a Rigaku D/max 2500PC powder diffractometer with Cu Ko radiation. The
phase structures of alloys were analyzed using Jade-5 software.

All the alloy electrodes for test were prepared by cold pressing the mixture
of 0.15¢g alloy powders of 200-400 meshes and 0.75g nickel carbonyl powders
into a pellet of 10 mm in diameter under 15 MPa, investigated by an electrochemi-
cal charging/discharging method. Electrochemical measurements were performed
at 298K in a standard tri-electrode system, consisting of a working electrode
(metal hydride), a counter electrode (Ni(OH),/NiOOH), and a reference electrode
(Hg/HgO) with 6 mol/L KOH solution as electrolyte. Each electrode was charged
for 7h at 60 mA/g and discharged to —0.6V vs. Hg/HgO at 60 mA/g at 298 K. After
every charging/discharging, the rest time was 10 min. In evaluating the high-rate
dischargeability, discharge capacity of the alloy electrode at different discharge cur-
rent density was measured. The high-rate dischargeability HRD (%) was defined as
Cq/Cmax x 100%, where Cq is the discharge capacity at the discharge current density
I4 (I4 =60, 300,600,900 and1200 mA/g) and Cnax is the maximum discharge capacity
at the discharge current density /=60 mA/g.

The electrochemical impedance spectrum (EIS), the linear polarization curve
and potential-step measurement were obtained by on PARSTAT 2273, respectively.
At 50% depth of discharge (DOD), the electrochemical impedance spectrum (EIS) was
tested in the frequency range of 100 kHz to 10 mHz. Linear polarization curves were
obtained by scanning the electrodes from —8 to 8 mV (vs. open circuit potential). For
potential-step measurement, the electrodes in fully charged state were discharged
with potential steps of 0.5V for 3600 s.

3. Results and discussion
3.1. Crystal structure

Fig. 1 presents XRD patterns of Lag7Ceg3Niz75Mn
0.35A10.15CU0A75_x(F60.43BO.57)X alloys. It can be seen that
Lag7Ceq3Ni375Mng35Al015Cug75 alloy has a single CaCus-type
LaNis phase, and the alloys containing FeB consist of two phases,
the matrix phase LaNis and the secondary phase LazNij3B,. The
abundance of La3zNij3B, phase increases with the increase of x
value. The calculated lattices parameters of LaNis; phase in all
alloys are listed in Table 1. The calculated lattice constant c and c/a
ratio of LaNi5 phase increases with the increase of x value.

LaNi, phase
= LaNi B, phase

1372
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Fig. 1. XRD patterns of Lag;Ceo3Ni375Mng35Alo.15Cuo.75_x(Fep.43Bo57 )x alloys.

Table 1

Lattice parameters of Lag7Ce3Nis 75 Mng 35Al0.15Cug75_x(Feo43Bo 57 )x alloys.
X a(A) c(A) V(A3) cla
0 5.0269 4.0489 88.6070 0.8054
0.05 5.0290 4.0510 88.7271 0.8055
0.10 5.0291 4.0544 88.8051 0.8062
0.15 5.0253 4.0590 88.7715 0.8077
0.20 5.0208 4.0635 88.7108 0.8093

3.2. Activation capability and discharge capability

The number of cycles (N;) needed to activate the
electrodes and maximum discharge capacity (Cmax) oOf
Lag 7Ceq3Ni3 75Mng35Alg.15Cug 75_x(Fep43Bos7)x alloy electrodes
are given in Table 2. It is noted that the alloys containing FeB are
easily activated to reach the maximum capacity within 2-3 cycles,
but the alloy without FeB needs 4 cycles. It indicates that the
substitution of FeB for Cu improves the activation performance
of the alloy electrode. Generally, the activation performance of
the alloy electrode is related to surface characteristics and phase
structure of the alloy [12]. Due to the low surface energy of Fe, the
oxidation of Fe on the alloy surface forms easily. The oxidation film
becomes thick with the increase of x value, which is unfavorable
to activation property. Fortunately, the formation of the secondary
phase increases the number of phase boundaries, which provides
extra tunnels for the diffusion of hydrogen atoms and is buffer
area of the releasing of the stress formed in the process of hydro-
gen absorbed [8,13]. The increase of LazNij3B, secondary phase
causes the increase in the phase boundary, which can decrease
the lattice distortion and strain energy formed in the process of
hydrogen absorption. Therefore, the improvement of activation
performances is mainly attributed to the La3zNi;3B; secondary
phase in the alloys. The Cnax of alloy electrodes monotonically
decreases from 314.0mAh/g (x=0) to 290.4mAh/g (x=0.20).
Generally speaking, Cmax is related to the phase structure and
electrochemical kinetics. The effects of the secondary phase

Table 2

Electrochemical properties of Lag 7Ceg3Ni3 75 Mng 35Al0.15Clg75_x(Feo.43Bo 57 )x alloys.
X Cmax (mAh/g) N, b HRD1200 ? (%) S100 (%)
0 314.0 4 514 76.4
0.05 308.7 3 54.8 77.8
0.10 301.5 2 57.2 79.5
0.15 296.2 2 53.1 80.4
0.20 290.4 2 52.7 81.6

2 The high-rate dischargeability at the discharge current density of 1200 mA/g.
b The number of cycles needed to activate the electrode.
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Fig. 2. Cycling stability of Lag7Ce3Nis75Mng 35Al0.15Cug 75 x(Feo.43Bo.57 )x alloy elec-
trodes.

LasNi3B, on the discharge capacity of the alloy electrodes are
complicated: as mentioned above, the phase boundary of the
secondary phase La3Nij3B; increasing hydrogen diffusion in the
alloys is favorable for the discharge capability, but the hydrogen
storage capacity of LazNi;3B; phase is 157 mAh/g, which has much
lower discharge capacity than the matrix phase LaNis, which
is unfavorable for discharge capability. On the other hand, the
increase of Fe content results in the increase of surface oxide
film, which will degrade the charge-transfer reaction on the alloy
surface. Moreover, the surface oxide film decreases the activity
site on the alloy surface, and then makes the hydrogen diffuse
from the inner of alloy to the surface more difficult. The increase
of surface oxide film resulted from the increase of Fe is also
unfavorable the discharge capacity. Thus, it is reasonable that the
unfavorable factors are prominent for the decrease of the Cpax of
Lag 7Ceq3Ni3 75Mng 35Alg.15Cug.75-x(Feo.43Bo.57)x alloy electrodes.

3.3. Cycling stability

The cycle stability is an extremely important factor for the ser-
vice life of a hydrogen storage alloy. The discharge capacity of the
alloy electrode as a function of cycle number is shown in Fig. 2. The
cycling capacity retention rate, expressed as S;, (%)= C/Cmax x 100
(where C, is the discharge capacity at the nth cycle), is listed in
Table 1. It can be seen that S;gp increases from 76.4% (x=0) to
81.6% (x=0.20). It is confirmed that the fundamental reasons for
the capacity decay of the electrode alloy are the pulverization of
the alloy during charge-discharge cycle [14]. As is well-known
that pulverization of ABs-type metal hydrides during absorp-
tion/desorption of hydrogen is an inherent problem that is resulted
from the combination of volume change and their brittle nature.
The increase in c/a ratio of main-phase facilitates hydrogen atoms
from going in and out of the crystal and therefore decreases lattice
stress during charging/discharging cycles [15]. The c/a ratio of LaNis
phase increases with increasing x value, which contributes to lower
lattice stress and stronger pulverization resistance. Furthermore,
as mentioned above, the secondary phase LasNi;3B; increases the
amount of phase boundary, which releases the stress formed in the
process of hydrogen absorbing and then improves cycling stability.
Thus, the substitution of FeB for Cu can improve the cycling stability
of the alloy electrodes.

3.4. High-rate dischargeability and electrochemical kinetics

Fig. 3 shows the relationship between the high-rate dis-
chargeability (HRD) and the discharge current density of
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Fig. 3. HRD of Laoj C60_3 Nig]s MDO‘35A10_15 CUU‘75,X(F€0‘43 B0_57 )x alloy electrodes.

Lag 7Ceq 3Ni375Mng 35Al0.15Cuo 75 x(Fep.43Bo.57)x alloy electrodes.
The HRD of the alloy electrodes first increases with increasing x
from O to 0.10, and then decreases when x increases to 0.20. The
HRD at the discharge current density of 1200 mA/g is listed in
Table 2. It can be seen that HRD ;¢ first increases from 51.4% (x=0)
to 57.2% (x=0.10), and then decreases to 52.7% (x = 0.20).

Itis well known that the HRD of the MH electrodes is dominated
by the electrochemical kinetics of the charge-transfer reaction at
the electrode/electrolyte interface and the hydrogen diffusion rate
within the bulky alloy electrode, which are reflected in the value of
the charge-transfer resistance (R¢:) and/or surface exchange cur-
rent density (Ip), being a measure of the catalytic activity of an
alloy, as well as in the hydrogen diffusion coefficient (D), which
characterizes the mass transport properties of an alloy electrode
[16].

The charge-transfer resistance at the surface of the alloys is
determined by the electrochemical impedance spectrum (EIS).
Fig. 4 shows the typical electrochemical impedance spectra (EIS) of
Lag 7Ceq 3Ni375Mnq 35Alg.15Cug 75-x(Feg43Bos7)x alloy electrodes
at 50% DOD and 298 K. It can be seen that, for all alloy electrodes,
each EIS consists of two semicircles at the high-frequency region
and a straight line followed by the two semicircles at the low-
frequency region. The smaller semicircle in the EIS curve represents
the contact resistance between the alloy powder and the conduc-
tive material. The larger semicircle in the low-frequency region in
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Fig. 4. EIS of Lag 7Ceo3Ni3 75Mng 35Alo.15Cuo 75_x(Fep.43Bo 57 )x alloy electrodes at 50%
DOD.
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Fig. 5. Linear polarization curves of Lag7Ceg3Ni375Mng35Alg.15Cuo75_x(Feo43Bos7)x
alloy electrodes at 50% DOD.

the spectrum can be characterized as the reaction resistance in the
charge-transfer process [17]. As shown in Fig. 4, the radius of the
larger semicircle in the low-frequency region first decreases and
then increases with increasing x value, and the radius of the larger
semicircle is the smallest when x value is 0.10.

Fig. 5 shows the linear polarization curves of
Lag7Cep 3Ni375Mng 35Al0.15Cug.75 x(Feo.43Bos7)x alloy electrodes
at 50% DOD and 298 K. The polarization resistances Ry are calcu-
lated through estimating the slopes of linear polarization curves,
and listed in Table 3. The Rp values of the alloy electrodes first
decreases from 228.5 (x=0) to 188.2m2g (x=0.10), and then
increases to 216.5mg2 g (x=0.20), which implies that the Ry, first
decreases and then increases with the increase of FeB content.
Besides, the exchange current density Iy can also describe the
charge-transfer process. The Iy value can be calculated according
to the following formula [18].

RT

== (1)

Io
where R, T, F, Rp are the gas constant, the absolute temperature,
the Faraday constant and the polarization resistance, respectively.
The Iy are calculated by Eq. (1) listed in Table 3. It is clear that
the Iy first increases from 112.4 (x=0) to 136.4mA/g (x=0.10),
and then decreases to 118.6 mA/g (x=0.20). It is reported that the
formation of the secondary phase improves the catalytic activity
of the alloys [10,11]. As mentioned above, the secondary phase
LasNiq3B, increases with increasing x value, which is beneficial to
the electrocatalytic activity of the surface of alloy electrode and
improves the charge-transfer reaction. On the other hand, Increas-
ing Fe will cause the increase of surface oxide film and then degrade
the charge-transfer reaction on the alloy surface. Therefore, it is
reasonable to assume that, when x <0.10, the favorable effect is
chiefly responsible for the increase of the exchange current density
for alloy electrodes. However, when x>0.10, the decrease of the

Table 3
Electrochemical Kkinetic characteristics of Lag7Ceg3Nis75Mng35Alg.15Cug75-x
(Feo.43Bo.57)x alloy electrodes.

X Ry, (mQg) Io (mA/g) D (x10 ' cm?/s)
0 228.5 1124 6.89

0.05 195.3 131.5 9.04

0.10 188.2 136.4 10.0

0.15 208.4 123.2 7.99

0.20 216.5 118.6 7.40

0.0

log (i, A/g)

3.5 T T T T T T T
0 500 1000 1500 2000 2500 3000 3500

Time (s)

Fig. 6. Semi-logarithmic plots of the anodic current vs. the time response of
Lag7Cep3Nisz75Mng35Alg.15Cug75_x(Feo.43Bos7)x alloy electrodes.

exchange current density for alloy electrodes is mainly ascribed
to the disadvantageous factors. It is believed that the change of
the exchange current density for alloy electrodes with increasing x
value should be attributed to the combined effect of advantageous
and disadvantageous factors.

The diffusion coefficient of hydrogen in the alloy electrodes
is determined with the potential-step method. Fig. 6 shows the
semi-logarithmic plots of the anodic current vs. the time response
of the Lag7Cep3Ni375Mng35Al0.15Cug.75_x(Fep.43Bo.57)x alloy elec-
trodes. Zheng et al. [19] have reported that MH electrode reaction
would be controlled by the rate of hydrogen diffusion in the bulk of
alloys, when the rate of charge-transfer on the surface of alloy elec-
trodes was so fast that the hydrogen concentration nearly equal to
zero under a large anodic potential-step. Assuming that the grains
of alloys are all spherical, and the initial hydrogen concentration
in the bulk of the alloy is uniform and the hydrogen surface con-
centration is constant. When the discharge time is long enough,
the hydrogen diffusion coefficient D can be calculated by the slope
from the linear plot of log(i) vs. t using the following formula.

72 D

6FD ~ .
2.303 2

da?

logi =log ( >(Co - C:)) )
where i is anodic current density (A/g), D the hydrogen diffusion
coefficient (cm?/s), d the density of the alloy (g/cm?), a the radius
of the alloy particle, Cy the initial hydrogen concentration in the
bulk of the alloy (mol/cm?3), Cs the surface hydrogen concentra-
tion of the alloy (mol/cm?3) and t is the discharge time (s). The
particle size is measured by Malvern particle analyzer Mastersizer
2000 and the average particle radius is about 13 pm. D calculated
according to the formula above is summarized in Table 3. The
D of Lag7Ceq3Ni375Mng35Alp,15Cug 75_x(Fep43Bos7)x alloy elec-
trodes first increases from 6.89 x 10~11 (x=0) t0 10.0 x 10~11 cm?/s
(x=0.10), and then decreases to 7.40 x 10~ cm?/s (x=0.20). As
mentioned above, the phase boundary of the secondary phase
LasNiy3B, increasing is favorable for hydrogen diffusion. More-
over, it is also claimed that the stability of metal hydride gradually
decreases with increasing B content x [9]. The increase of B con-
tent, induced by FeB alloy additive, will lower the stability of the
alloy hydride and then cause the hydrogen desorption easily, which
contributed to hydrogen diffusion. On the other hand, Iwakura
et al. [20] have reported that the oxidation of Fe on the alloy sur-
face limited the hydrogen transfer from the surface to the bulk
of the alloys, which is detrimental to the hydrogen diffusion. As
mentioned above, the increase of Fe content causes the increase
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Fig.7. High-rate discharge (HRD1200)as a function of excharge current density I and
hydrogen diffusion coefficient for Lag7Ceg3Niz75Mng3s5Alg.15Cug75_x(Feo.43Bos7)x
alloy electrodes.

of surface oxide film, which will degrade the hydrogen diffusion.
Thus, it is considered that both advantageous and disadvantageous
factors work on the change of the hydrogen diffusion of the alloy
electrodes.

Iwakura et al. [21,22] have reported that if the electro-
chemical kinetics at the electrode/electrolyte interface was
rate-determining, a linear dependence of the high-rate discharge-
ability on the exchange current density should be observed. In
contrast, if the diffusion of hydrogen in the alloy was rate-
determining, a linear dependence of the high-rate dischargeability
on the hydrogen diffusion coefficient should be found. Fig. 7
shows the HRDij99 as a function of the Iy and the D of
Lao,7Ce0.3Ni3,75Mn0_35Alo_15Cu0.75,x(Fe0_43B0_57)x alloy electrodes.
It is evident that the HRDq50¢ increases with the increase of the
Ip and the D, and shows a linear relationship with the Iy and the D,
respectively. This implies that both charge-transfer reaction at the
electrode/electrolyte interface and the hydrogen diffusion of alloy
electrodes should be responsible for the HRD at a discharge current
density of 1200 mA/g.

4. Conclusions

Lag 7Ceg3Ni3 75Mng 35Alg 15Cug 75 alloy has a single CaCus-type
LaNis phase, and the alloys containing FeB consist of two phases, the
matrix phase LaNis and the secondary phase La3Ni;3B;. The amount
of LagNi 3B, phase increases with the increase of x value. As the

content of FeB increases, maximum discharge capacity decreases
from 314.0t0290.4 mAh/g.S1gp increases from 76.4% (x=0)to 81.6%
(x=0.20). The improvement in cycle stability should be ascribed
to the increase of c/a and the formation of the secondary phase,
which improves the anti-pulverization property. The HRD of alloy
electrodes, exchange current density Iy and hydrogen diffusion
coefficient D first increases and then decreases with the increase of
FeB content and the alloy with x=0.10 has the highest value. Both
charge-transfer reaction at the electrode/electrolyte interface and
the hydrogen diffusion of alloy electrodes should be responsible for
the high-rate dischargeability.
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