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Abstract: Effects of Al content on the comprehensive electrochemical performance of Ce-rich MmNi,_ Coy;Mng;Al,
(x=0, 0.1, 0.2, 0.3) hydrogen storage alloys, particularly the low-temperature and high-rate capacity have been
systematically investigated. At room temperature, both the discharge capacity and cycling stability of the
electrode increase with the Al content increases, but the high-rate dischargeability seriously deteriorates. The
discharge capacity still increases with the increase of Al content at =20 °C, but gradually deteriorates when the
temperature drops down to —40 °C. Electrochemical kinetics results demonstrate that the high-rate capacity
recession of the high-Al alloy at room temperature is contributed to the deterioration of the charge-transfer
process. When the temperature drops down to —40 “C, Al deteriorates both the surface catalytic ability and the
bulk hydrogen diffusion ability, leading to the severe drop of discharge capacity and potential of the high-Al
alloy. Based on the comprehensive electrochemical properties of the electrodes, the optimal composition of

MmNi,_ Cog;Mng;Al, is obtained when x=0.2.
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0 Introduction

Nowadays, in order to cope with global warming
and air pollution, as well as the growing needs of
mobile or stationary power supplies for portable
electronics, electric vehicles and power grids, the
development of rechargeable batteries has caught wide
attentions to researchers. Nickel/metal hydride (Ni/
MH) batteries have evolved quickly as popular energy
storage systems, particularly in the high-power market,
such as portable power tools, hybrid electric vehicles
(HEV). As of January 2017, global hybrid sales are led
by the Prius family, with cumulative sales of 6.036 1
million units (excluding plug-in hybrids) representing
60% of the 10 million hybrids sold worldwide by Toyota
and Lexus!. Ni/MH battery dominates HEV applica-
tions through a combination of desirable performance
attributes such as high energy and power, an excellent
range of operating temperatures, and low cost. In the
last three decades, Ni/MH batteries have achieved
great progress in the limits of the low self-discharge™,
long life cycle®™, low cost'®”, high energy®, and wide
temperature performance™!. For practical applica-
tions, especially in HEV, modern military electronic
devices, space applications and gelid areas, it is
necessary for Ni/MH batteries to work satisfactorily at
the temperature down to —-40 C'5. MH electrode
alloy, as the key material in Ni/MH battery generally
becomes to the main limits of the batterys charge/
discharge behavior at lower temperatures, because of
the severe deterioration in electrochemical kinetics.

Generally, the electrochemical kinetics of the MH
electrode mainly contains two aspects: the charge-
transfer process on the alloy surface and the hydrogen
diffusion process in the bulk of the alloy"". The
charge-transfer process is generally related to the
surface state of the electrode. By now, various feasible
economical approaches, such as electrolyte adjust-
ment""", nano-nickel powder additives" and duplex
surface hot-alkali treatments™, have been employed to
accelerate charge transfer process. Meanwhile, multi-

alloying of the alloys™"**! is normally regarded as an

efficient approach to adjust both the inherent
thermodynamic stability and electrochemical kinetics.
Al is regarded as an essential element of the hydrogen
storage alloy for commercial Ni/MH battery, due to its
good thermodynamic property, excellent corrosion
resistance at room temperature[zﬂ. And the amount of
Al substitution is generally controlled in the range of
0.1~0.3. However, the electrochemical kinetics of the
alloy electrode will be impeded by the formation of
the Al oxide film on the metal hydride surface®. This
may make the low-temperature and high-rate
dischargeability of MH electrode severely deteriorate.
Therefore, the adjustment of the Al content is critical
to the optimization of the low-temperature and high-
rate performance of the MH electrode.

Based on above, the Ce-rich mischmetal was
employed to ensure the thermodynamic stability of the
low-temperature hydrogen storage alloy. MmNi,_Cop;
Mng;Al, (x=0, 0.1, 0.2, 0.3; Mm: Ce-rich mischmetal,
consisting of Ce, La and Pr) alloys were designed to
optimize low-temperature and high-rate performance of
the electrode. The effects of Al content on the comp-
rehensive electrochemical performance, particularly
the low-temperature and high-rate capacity were

systematically studied.
1 Experimental

The active material MmNi,_,Cog;Mng;AlL(x=0, 0.1,
0.2, 0.3) alloys were prepared by arc melting techn-
ology. The purity of all the starting elemental metals
in this experiment was over 99.5%(w/w). The samples
were arc-melted into button-shaped ingots under argon
atmosphere and re-melted for four times to ensure
compositional homogeneity. Part of the as-cast ingot
were mechanically crushed and ground into powders.
Alloy powders with a dimension of 200-mesh (<75
mm) were used for electrochemical tests, and those
with a size of 400-mesh (<38 mm) were used for X-
ray diffractometer (XRD) analysis. Crystallographic
characteristics of the alloys were examined by XRD

(DX-2600 equipment with Cu Ko radiation at a sweep
rate of 0.04°-s™", A=0.015 418 nm, U=35 kV, =25
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mA, 260=20°~80°).

Each metal hydride electrode was prepared by
cold-pressing the mixture of 0.12 g of alloy powder
with 0.36 g of nickel powder (1255, CAN. INCO) into
a pellet (d=10 mm, h=1 mm) under a pressure of 65
MPa. Electrochemical measurements were performed
in a half-cell consisting of the metal hydride working
electrode, a sintered Ni(OH),/NiOOH counter electrode
and a Hg/HgO reference electrode immersed in 6
mol -L.™" KOH electrolyte. Each electrode was fully
activated at room temperature with a 0.2C (60 mA - g™)
charge/discharge current density. The discharge cut-
off potential of the electrode was —0.6 V (vs Hg/HgO),
except when the temperature reached —40 °C, or the
discharge rate was above 5C (1 500 mA -g™), it was
-0.55 V (vs Hg/HgO). For the low-temperature elec-
trochemical measurements, electrodes were charged
under 0.2C at room temperature and sustain for 7 h
and then discharged at =20 and —-40 °C with 0.2C,
respectively, after keeping the testing system at a
constant temperature for 4 h by using a low-
temperature equipment (DWB 202).

Electrochemical impedance spectra (EIS) were
measured using a sine perturbation signal of 5 mV in
the frequency range of 10 kHz ~5 mHz. Exchange
current density (I,) was measured by linear polarization
(LP) curves, scanning electrode potential at the rate of
0.1 mV+s™ from =5 to 5 mV. Prior to all of the elec-
trochemical kinetics analysis (performed by Parstat-
2273 electrochemical potentiostat), the electrodes
were discharged to 50% depth of discharge (50%
DOD) and then rest for 2 h. Hydrogen diffusion
coefficient (D) was estimated by the constant potential
step  (CPS) method, and the test electrodes were
discharged at a constant potential of E=-0.6 V (vs

Hg/HgO) for 3 600 s after 100% charge state.
2 Results and discussion

2.1 Microstructure

Details of the effects of Al on the crystal
structure characteristics of the ABstype hydrogen
storage have been previously reported™®. Here, a
revisiting of XRD test is necessary to ensure the basic
phase composition, and the actual measured XRD
patterns and lattice parameters of the alloys are shown
in Fig.1 and Table 1, respectively. As shown in Fig.1,
the diffraction peaks of all the alloys are completely
appointed to those of LaNis phase with a hexagonal
CaCus crystal structure. The lattice constant a and ¢
increase with the increase of Al content, and corres-
pondingly leads to the increase of unit-cell volume.
The reason is that the metallic radius of Al (0.143 nm)
is litter larger than that of Ni (0.124 nm). In addition,
the anisotropy (ratios of c¢/a) increases via Al substitu-
ting, which means higher cycle stability for the high-
Al alloy according to our previous work™. All of the

results have a good consistency with reports else-

where™?\,
l { J x=0.3
x=0.2
l ' J\ H x=0.1
x=0
T ¥ T T T T
20 30 40 50 60 70 80

20/
Fig.1 XRD patterns of the MmNi,_Coy;Mng;AlL(x=0, 0.1,
0.2, 0.3) hydrogen storage alloys

Table 1 Lattice parameters of MmNi, ,Co,;Mn,;Al,(x=0, 0.1, 0.2, 0.3)

Lattice constant

Sample Cell volume / nm?
a/ nm b/ nm ¢/ nm
x=0 0.496 4(0) 0.401 2(5) 0.080 8(2) 0.085 63
x=0.1 0.496 7(2) 0.402 0(3) 0.080 9(3) 0.085 89
x=0.2 0.497 3(8) 0.403 5(2) 0.081 1(4) 0.086 45
x=0.3 0.497 4(8) 0.404 9(4) 0.081 4(9) 0.086 75
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2.2 Electrochemical performance
2.2.1 Room-temperature electrochemical behavior
The room-temperature electrochemical properties
of the MmNi,_CogsMng;Al, (x=0, 0.1, 0.2, 0.3) alloys
are shown in Table 2. All the alloy electrodes can be
fully activated within 3 times at room temperature.
The maximum discharge capacity at both 0.2 and 1C
increases with the increase of Al content. This is
inconsistent with the results of previous work®?. Here,
the Ce-rich ABs-type alloys which possess lower
thermodynamic ~ stability are used for electrode
material. The poor thermodynamic stability make the
Al-free alloy hardly hydrogenate, and the charge
potential prematurely reaches the hydrogen evolution
(HER) potential

charge acceptance ability. Fig.2a and 2b illustrate the

reaction (Ku), leading to a poor
charge and discharge curves of the electrodes at 20 C
with 0.2C. The potential of the x=0 electrode polarizes
to its maximum value rapidly, and it is hard to
distinguish the hydride formation reaction (HFR)
plateau and HER plateau. According to our previous
work™!, The potential difference (Eugr—Fniaer Euide 18
the middle charge plateau potential) between the HFR
plateau and HER plateau can be used to evaluate the
charge acceptance ability. As shown in Fig.2c, the
Eryr—FE.iq. value increases gradually with the increase
of Al content, correspondingly leads to an improved
discharge capacity. In addition, the value of E,j.—FEa
(E\iaa 1s the middle discharge plateau potential) can be
used to evaluate the charge/discharge polarization of
the electrode™. As shown in Fig.2c, the E ;y.—FE,iqq
values increase from 0.051 1 V for x=0 alloy to 0.083 7
V for x=0.3 alloy. This is in good agreement with
previous report that charge/discharge polarization
increases with the increase of Al content due to the
oxide film formed by Al1®.

Fig.3 shows the high-rate dischargeability (HRD)
of the MmNi,_Coy;Mng;Al(x=0, 0.1, 0.2, 0.3) alloys
at room temperature, and the HRD value can be

calculated from the following equation:

C
HRD(I:C—dxloO%
60

Where Cq denotes the discharge capacity at the

discharge current density of 60 mA -g™, and C, denotes
the discharge capacity at the current density of 60,
300, 600, 900, 1 500 and 3 000 mA -g™. It is inter-
esting that the x=0 and x=0.1 alloys possess higher
discharge capacity at 1C than that at 0.2C. This is
related to the higher hydrogen desorption plateau
pressure in Ce-rich-based alloys, leading to poor
thermodynamic stability in MmNi,g_Coy,Mng3Al, (x=0,
0.1, 0.2, 0.3) alloys. This makes the x=0 and x=0.1

I1=60 mA-g™', =20 'C
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Fig.2 Charge curves (a), discharge curves (b) and middle
charge/discharge plateau potential and hydrogen

evolution reaction potential (c) at 20 °C
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Table 2 Electrochemical properties of MmNi, Co,;Mn,;Al(x=0, 0.1, 0.2, 0.3)
Coo / (mAh-g™) Capacity / (mAh-g™)
Sample N2 LTDyw/ % HRDyisw/ %  Se! %
20 C -20 C -40 C 1C 2C 5C 10C
x=0 2 179.2 181.8 114.8 197.7 163.6 136.7 52.1 64.1 76.3 79.2
x=0.1 3 239.6 218.4 132.7 242.6 206.6 144.9 49.5 554 60.5 91.6
x=0.2 3 298.1 252.4 112.9 267.3 253.2 166.4 51.9 37.9 55.8 92.1
x=0.3 3 306.2 250.3 28.1 278.4 232.9 162.0 30.5 9.2 52.9 95.2

* Cycle numbers needed to reach the maximum discharge capacity of the electrode at 60 mA -g™;

discharge current density of 60 mA -g™.
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Discharge current denstiy / (mA-g™)
Fig.3 High-rate discharge capacity of MmNi, o Cog7Mng3Al,
(x=0, 0.1, 0.2, 0.3) alloy electrodes at 20 C

electrodes  have spontaneous escape hydrogen
tendency, causing a reversible loss of capacity. At 1C,
the electrode discharge time is shorter, reducing the
loss of self-discharge capacity. With the current
density increases gradually, the discharge capacity of
each alloy declines. Although the high-rate discharge
capacity of high-Al alloy is higher than that of low-Al
alloy, the HRD value decreases with the increase of

Al content. When discharged at 5C, the discharge

1.00

. b

Maximum discharge capacity at a

capacity of x=0.3 alloy is 162.0 mAh-g™, significantly
higher than 136.7 mAh-g™ of x=0 alloy. But the value
of HRD 5y decreases from 76.3% (x=0) to 52.9 (x=
0.3). Particularly at 10C, the high-Al (x=0.3) alloy
barely discharges, and the HRDsyyis only 9.96%.
2.2.2  Low-temperature performance

Fig.4 shows the discharge curves of the MmNi,_,
CogsMng;AL(x=0, 0.1, 0.2, 0.3) alloy electrodes at —20
and -40 C. Tt can be seen from the Fig.4a that the
change trend of the discharge capacity at =20 C is
consistent with that at the room temperature, i.e., the
discharge capacity of the electrode increases with the
increase of Al content. However, it is different when
the temperature drops down to —40 °C. There is a severe
decline of discharge capacity for the high-Al alloy.
The x=0.3 alloy only can contribute a discharge capa-
city of 28.1 mAh g™ Thus the discharge capacity
decreases from 114.8 mAh-g™ (x=0) to 28.1 mAh-g™
(x=0.3). Here, the low-temperature dischargeability
(LTD), which is an important reference index for low-
temperature battery, is employed to evaluate the low-

temperature performance. It can be expressed by the
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Fig.4 Discharge characteristics of MmNi,_Coy;Mng3AlL(x=0, 0.1, 0.2, 0.3) at =20 °C (a) and —40 °C (b)
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following formula:

—40

CZO

Where Cy and C_4 represent the discharge capacity at

LTD = x100%

the discharge current density of 60 mA g™ at 20 and
-40 °C, respectively. As shown in Table 2, the values
of LTD_y decrease from 64.1% for Al-free alloy to 9.2%
for x=0.3 alloy. This indicates that the decrease of Al
content is beneficial to improve the low-temperature
performance of the alloy. In addition, as shown in Fig.
4b, there is a remarkable drop for the discharge
plateau potential. The decrease of discharge potential
is expected because the decreased temperature contri-
butes to a drop in the hydrogen desorption plateau in
gas-solid reactions. And the strong polarization turns
to the limiting factor at lower temperatures based on
the previous study™". The discharge potential decrea-
ses obviously with the increase of Al content, it decre-
ases from 0.738 1 V for the Al-free alloy to 0.617 1 V
for the x=0.3 alloy. Therefore, the low-Al design is
conducive to reducing the electrode polarization, imp-
roving the low-temperature performance of the alloy.
2.3 Electrochemical kinetics

The discharge ability of the electrode severely
decays at extreme low temperatures and high rate,
which is attributed to the following polarization: (1)
resistance polarization due to the increase in the
internal resistance (the electrolyte resistance and oxide
film impedance); (2) electrochemical polarization due
to the increase in the faradaic impedance (the charge-
transfer resistance and the hydrogen diffusion imped-
ance); and (3) concentration polarization due to micro-
area consumption of the electrolyte. Here, the alloy
electrodes were measured in a liquid-rich half-cell
with 6 mol -L.™" KOH solutions to relieve the concen-

tration polarization, and the electrochemical polariza-

tion is intensively discussed in this work.

EIS measurement is an effective approach to
study the electrode kinetics as well as the reaction
mechanism of the MH electrode. A novel explanation
of EIS response in metal hydride electrodes was
demonstrated by Yang et al.”! to study polarization at
low temperature. It found out that the bulk resistance
(Ry) of the cell increases seriously at low tempera-
tures, which accounts for the internal resistance
increase and subsequently stronger ohm polarization;
and the charge-transfer process at the alloy electrolyte
interface is limited seriously at extremely low temper-
atures. Fig.5 presents the Nyquist plots of MmNi,_Coy;
Mng;AlL, (x=0, 0.1, 0.2, 0.3) alloy electrodes at 20, =20
and —40 °C, respectively. The proposed model of the
equivalent circuit using the circuit description code
(CDC)™ is shown in Fig.5a, where R, is the bulk
resistance, which is composed of the resistance of the
separator, electrode, electrolyte as well as the contact
resistance; C, and R, are the oxide layer capacitance

and resistance, respectively; Cy is the double layer

capacitance; R, represents the charge transfer
resistance and Z, denotes the Warburg diffusion
impedance due to the diffusion of hydrogen.

ZSimpWin 3.21 software was used to fit the experi-
mental data using this CDC, and the results are shown
in Table 3 and Fig.5. The R, values increase with the
decrease of temperature. Using the x=0.3 alloy as an
example, the R, increases from 1.05 Q at 20 C to
21.51 Q at —40 °C. Yet again, the rise of R, proved
that the charge transfer process on the alloy surface is
greatly limited at extremely low temperature, which
leads to the poor LTD. In addition, the R, values
gradually increase with the increase of Al content at
20 °C and —40 °C. This can be attributed to the

accumulation of the oxidation layer via partial Al

Table 3 Kinetics parameters of electrodes at 20, —20 and —40 °C

R.1Q Il (A-g™ D/ (em+s™)
Sample
20 C =20 C -40 C 20 C =20 C -40 C 20 C -40 °C
x=0 0.47 3.13 7.72 0.172 0.056 0.034 11.8x10™"  6.27x107™>
x=0.1 0.63 3.57 10.28 0.156 0.052 0.023 12.2x10™"  5.16x1072
x=0.2 0.77 4.87 12.88 0.146 0.039 0.022 17.6x10™*  3.41x10™"
x=0.3 1.05 6.79 21.51 0.131 0.037 0.012 18.2x10™  1.12x107™2
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Fig.5 Nyquist plots of the alloy electrodes after activated: (a) at 20 °C, (b) at =20 C, (c) at —40 C

substitution, and consequently causes the stronger
polarization.

Conventionally, the exchange current density (/)
which is another method that can be used to study the
charge transfer process and the bulk hydrogen diffusion
coefficient (D) are used to study the source of LTD
and high-rate output change. Details of their compu-
ting method can be found in our previous work!™. The
Iy and D values are presented in Table 3. Obviously,
Iy severely decreases with a decrease in the tempera-
ture and the increase of Al content, which is in
accordance with the change of R,, HRD and LTD.
Therefore, Al has adverse effect on the surface charge
transfer process, consequently leads to the decline in
HRD and LTD. In addition, the D values sharply
decline at =40 °C with the increase of Al content. And
the D value of the x=0.3 alloy is only 1.12. This may
be related to the low concentration gradient of

hydrogen in high-Al alloy. The charge transfer process

of the high-Al alloy is limited, leading to barely
discharge at =40 °C. Consequently, the slight difference
in the concentration of hydrogen between the surface
and the bulk of alloy seems to offer relatively lower
driving force for the diffusion of hydrogen. Therefore,
we can confirm that both the hydrogen diffusion in the
bulk and the charge transfer process on the alloy
electrolyte interface are limited seriously at extremely
low temperatures. Increasing the Al content reduces
both I, and D at extremely low temperatures and

consequently cuts down the LTD.
3 Conclusions

In summary, the following conclusions can be
drawn:

With the raise of charge acceptance ability and
Al the

discharge capacity and cycling stability increase at

anti-corrosion property via substitution,

room temperature. However, Al adversely affects the
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surface charge transfer process, increasing the content
of Al reduces Iy, and increases R,, consequently leads
to the decline in HRD. When the temperature drops
down to =40 C, Al adversely affects both the surface
catalytic ability and the bulk hydrogen diffusion
ability, leading to the severe drop of discharge
capacity and potential of the high-Al alloy. Based on
the comprehensive electrochemical properties of the
electrodes at various temperatures, an optimum alloy

electrode is obtained when x=0.2.
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