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Chapter 1 Introduction

1.1 Nickel Metal-Hydride Battery

1.1.1 Overview of Nickel Metal-Hydride Battery

Nickel metal-hydride battery has been widely used from small- to large-scaled
applications for digital cameras, personal computers, or hybrid vehicles since it has been
invented in 1970s [1]. In the secondary batteries, nickel metal-hydride battery has the
relatively high capacity and is stable for the large current discharge operation. As the
secondary battery using nickel oxyhydroxide, nickel cadmium battery had been widely
used. Nickel metal-hydride battery has the same cathode and electrolyte as nickel
cadmium battery, but hydrogen absorbing alloy is used for the anode material because
cadmium (anode material of nickel cadmium battery) has the environmental loading and

should be removed.

1.1.2 Electrode Materials of Nickel Metal-Hydride Battery

For the electrode materials of nickel metal-hydride battery, nickel oxyhydroxide and
hydrogen absorbing alloy are used for the cathode and anode active materials, respectively.
9M potassium hydroxide solution is used as electrolyte. Electrochemical reactions for
nickel metal-hydride battery are shown below. Nickel metal-hydride battery can be

regarded as the battery to utilize the reversible proton transfer.

Cathode: NiOOH + H,O + e~ 2 Ni(OH), + OH™
Anode: MH+OH 2 M+ HO +e”
% M represents the hydrogen absorbing alloy. Right direction describes discharge

reaction and left direction describes charge reaction.

1.1.3 Nickel Oxyhydroxide
For the cathode active material of nickel metal-hydride battery, nickel oxyhydroxide

(NiOOH) is used. NiOOH has the two polymorphs, i.e. B-phase and y-phase [2]. B-phase



is categorized as hexagonal crystal, although the crystal structure of y-phase has not been
clarified yet. Bode’s diagram [3-11] for NiOOH is shown in Fig. 1-1. At the discharged
state, cathode active material exists as B-Ni(OH).. When B-Ni(OH), is charged, it
transforms into B-NiOOH. But when B-Ni(OH); is overcharged and desorption of proton
occurs to some extent, B-NiOOH transforms into y-NiOOH. And due to the less stability
of 0-Ni(OH), in the potassium hydroxide solution, it transforms into y-NiOOH
immediately [3]. The difference between -NiOOH and y-NiOOH is mainly detected by
XRD measurement. y-NiOOH has the characteristic peak in 26 = 10 ~ 15°, which is not
observed for B-NiOOH [12].
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1.2 Lead Acid Battery

1.2.1 Overview of Lead Acid Battery

It has been over 150 years since lead acid battery was invented by Plante et al., and still
now, it is widely utilized for the energy storage device of vehicles or back up power
supply for the virtue of its low cost, high power density and safety [13,14]. About 30% of
gross product of secondary battery is occupied by lead acid battery, and no-idling
operation for recent automobiles enhance the importance of corrosion of current collector
(CC) during the rest time. Furthermore, for the power source of photovoltaic power
generation or wind power generation, the demand for lead acid battery would be increased

because of its low cost.

1.2.2 Electrode Materials of Lead Acid Battery

For the electrode materials of lead acid battery, lead oxide and lead are used for cathode
and anode active materials. For the practical lead acid battery, lead alloy is generally used
as current collector for cathode side and about 30wt% sulfuric acid is used as electrolyte.
When the battery is discharged, lead oxide and lead changes into lead sulfate. Because
lead sulfate does not have the electric conductivity, crystallization of lead sulfate affects
the battery performance critically, and this phenomenon is called as sulfation. Chemical
reactions for lead acid battery are shown below. To prevent sulfation caused by lead
sulfate, the product of discharge, to keep the state of charge in the high region is suitable

for the operation of lead acid battery.

Cathode: PbO2+ 4H" + SO+ +2 ¢~ 2 PbSO4 + 2H,0
Anode: Pb+ SO 2 PbSOs +2e”
% Right direction describes discharge reaction and left direction describes charge

reaction.



1.2.3 Lead Dioxide

Lead dioxide has the high electric conductivity and has the two polymorphs, i.e. a-phase
and B-phase [15]. The features of a-phase and B-phase are shown in Table 1-1, and the
crystal structures are shown in Fig. 1-2. The crystal symmetry of a-phase is orthorhombic,
while that of B-phase is tetragonal. Therefore, a-phase and B-phase show the different
XRD patterns, and a-phase has the characteristic peaks in 26 = 28° and 45°. For the pH
region, a-phase is stable in high pH region while B-phase is stable in low pH region. At
the inside of lead acid battery, because sulfuric acid is used as electrolyte, lead dioxide
should exist as B-phase which is stable in low pH condition. However, in the cathode of

practical lead acid battery, a-phase and B-phase coexist in spite of the low pH condition.

Table 1-1 Characteristics of o and p phases of lead dioxides [,

a-phase B-phase
Color brown black
Crystal system orthorhombic tetragonal
pH region high low
Resistivity (€ * cm) 102 4x1073
Capacity (Ah/g) 0.12 0.16




(a) (b)
Fig. 1-2  The crystal structure of (a) a-PbO, and (b) f-PbO, !

1.3 Local Cell Reaction

All of the materials have the different potential, and especially when the different two
metals touch, current flows at the interface of two metals due to the difference of
electrochemical potentials. This chemical reaction is called local cell reaction (LCR).

One practical example of LCR is galvanized iron and tinplate as shown in Fig. 1-3. For
tinplate, because the surface of iron is coated by tin which has the higher potential than
iron, the corrosion of iron occurs. On the other hand, for galvanized iron, because iron is
coated by zinc which has the lower potential than iron, zinc is ionized and the corrosion
of iron inside is prevented.

LCR occurs in the practical use of the battery. Electrode materials of practical batteries
consist of some different chemicals and when the battery is not charged or discharged,
LCR between the different chemicals should occur.

The studies during the rest time period of the battery seem to be quite few compared
with the reports about the charge-discharge process of the battery. Therefore, in this study,
LCR during the rest time period and the effect of LCR on the performance of the battery

were mainly investigated.
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Fig. 1-3 Mechanism of local cell reaction. (a) Galvanized iron and (b) Tinplate.
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Chapter 2 Effect of Local Cell Reaction on the Performance of Nickel
Metal-Hydride Battery

2.1 Introduction

Nickel metal-hydride battery is taking a great attention as the most practical secondary
battery for the power sources of hybrid vehicles due to its relatively high discharge
capacity and safety [1]. In addition, it is still useful for the back-up power sources or
portable devices. However, it has been well known that nickel metal-hydride batteries
reduce the capacity after the shallow charge-discharge cycles [2-4], which is sometimes
referred as memory effect [5-7]. Before the development of nickel metal-hydride battery,
the widely used was nickel cadmium battery, in which the battery degradation due to
shallow charge-discharge cycles has also been the critical issue [8-10]. Huggins ascribed
the degradation of the nickel cadmium battery to the passivation of cadmium anode
[11,12]. However, even after nickel metal-hydride battery with different anode (hydrogen
absorbing alloy) had been developed, such a degradation has been still reported [7,13-15].
Consequently, B-NiOOH of the common cathode material of nickel cadmium battery and
nickel metal-hydride battery has been thought to be the cause of the degradation. Sato et
al. ascribed the battery degradation to the formation of y-NiOOH, which is an oxidant of
B-NiOOH (Though the precise valence of nickel for f and y phases are not defined, the
valences are thought to be 2.8~3.2 for B phase and 3.6~3.67 for y phase, respectively.)
[16,17], at the interface between current collector (CC) and cathode active material (p-
NiOOH) [5-7]. However, the detailed mechanism of the y-NiOOH formation at the CC
side instead of electrolyte side has not been revealed. The local cell reaction is thought to
be the major factor of the transformation of B-NiOOH, since the reaction occurs between
cathode active material and CC in the open circuit [18]. In the present chapter, the phase
formation and the cell performance were compared by employing various metals as CC

focusing on the local cell reaction between cathode active material and CC.

2.2 Experimental
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2.2.1 Synthesis of Cathode Active Material

B-NiOOH of the cathode active material was synthesized by oxidizing nickel hydroxide
(Aldrich Chemical Co., Inc) as the reported procedure [19]. 0.4 g of nickel hydroxide was
mixed with 10 mL of distilled water to make a slurry, into which 10 mL of an aqueous
solution of sodium hypochlorite was then added to oxidize nickel hydroxide. The solution
was kept at 20 °C for 1.5 hours to proceed the reaction. The product material was
thereafter separated by vacuum filtration, washed by distilled water and dried for 1 day
at 40 °C. After the processes above, black solid of f-NiOOH was obtained.

2.2.2 Charge-Discharge Cycles with Rest Time

The cathode was fabricated by mixing powder of the synthesized B-NiOOH as the active
material, acetylene black as a conducting additive and PTFE as a binder at the ratio of
80:15:5 in weight. Platinum plate and Ag/AgCl electrodes were used as counter and
reference electrodes, respectively. The electrolyte used was an 8 M potassium hydroxide.
Three kinds of current collectors (CC) of nickel, gold and platinum meshes were
employed to compare the local cell reaction with the active material. Focusing on the
local cell reaction between the pure B-NiOOH and CC, zinc or cobalt hydride was not
added which is used for the commercial battery to improve the battery performance. For
each CC, six kinds of charge-discharge cycles below (Ex. 1, Ex. 2 (A), (B), (C), and EXx.
3 (A), (B)) were conducted.

For Ex. 1, the cell was at first discharged to the cutoff voltage of 0.19 V (vs. SHE,
Standard Hydrogen Electrode), followed by charging for 6 hours to achieve the full
charged state. The cell was then discharged for 50 mAhg™? of NiOOH, which is about a
half of the cell capacity. After that, the circuit was opened for 1 day for nickel mesh and
3 days for gold and platinum meshes. This open circuit period is referred as rest time
hereafter.

For Ex. 2, the cell was initially discharged to the cutoff voltage 0f 0.19 V (vs. SHE) and
charged for 6 hours, the cycle of which has been repeated for 3 times to stabilize the cell
reaction. After the cycles of stabilization process, the charge-discharge cycle tests have

been carried out. Three types of potential regions as (A) 20 — 40% of the state of charge
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(SOC), (B) 40 — 60% SOC and (C) 80 — 100% SOC are selected. In these charge-
discharge processes, 2 hours of rest time were inserted every end of charge and discharge
processes to investigate the local cell reactions occurring at the open cell circuit.
Additionally, the charge-discharge cycle tests without rest time were conducted for 40 -
60%SOC region in Ex. 2(D) for the comparison with Ex. 2(B).

After the experiments of Ex. 2 (A) and (B), Ex. 3 was conducted for the degraded cells
with nickel mesh CC. Full charge (6 hours of charging) and discharge (down to cut-off
voltage of 0.19 V vs. SHE) were carried out for 10 times to observe the recovery of the
battery.

All of the charge-discharge cycles were conducted at a current density of 30 mAg™.

2.2.3 X-ray Diffraction Measurement

After the charge-discharge experiments, Ex. 1, EX. 2, and EXx. 3, the cathodes with CC
were mounted on a X-ray diffractometer (RINT-TTR, Rigaku) and X-ray analyses were
conducted. XRD patterns were collected from 10° to 70° in 20 at a rate of 2° per minute
with 0.04° step width by using CuKa radiation. The tube voltage and current were set to
30 kV and 200 mA, respectively.

2.3 Results and Discussion

Fig. 2-1 (a), (b) and (c) represent the XRD patterns after Ex. 1 for nickel mesh, gold
mesh and platinum mesh CCs, respectively. For nickel CC in (a), a weak XRD peak was
observed around 13° in 26, although such a peak was not for the case of (b) gold or (c)
platinum CCs even for the longer rest time in comparison with the nickel CC. When the
global circuit is opened, the possible reaction to occur is local cell reaction between the
cathode active material (B-NiOOH) and CC. Considering that the employed electrolyte
and B-NiOOH are common for all the experiments in Ex. 1, the reaction between the
electrolyte and B-NiOOH should not be ascribed. Comparing the potential of CCs, nickel
(-0.26 V vs. SHE) has the lower potential than that of 3-NiOOH (0.48 V vs. SHE) [20-
23], while gold (1.50 V vs. SHE) or platinum CC (1.12 V vs. SHE) has the higher ones.
Therefore, B-NiOOH and nickel CC should act as cathode and anode, respectively during

12



rest time by local cell reaction. Although y-NiOOH shows diffraction peak around 26 =
13° for CuK, radiation [5,19], it should not be formed by the local cell reaction since the
potential stable for y-NiOOH is higher than that for B-NiOOH. Assuming that y-NiOOH
can be derived from B-phase by the different stacking of the NiO2 layers or intercalation
according to the Bode’s diagram (Fig. 2-2), similar derivatives can be expected [24-31].
To distinguish from the higher potential phase y-NiOOH, this reduced product obtained
by above experiment is referred as y’-NIOOH hereafter. The XRD peak around 13° is d
=7 A, which corresponds to 001 lattice spacing of y-polymorphs [32-35]. y’-NiOOH is
thought to have the intermediate structure of y-NiOOH and a-Ni(OH). in the Bode’s
diagram as shown in Fig. 2-2. When B-NiOOH is overcharged at the high potential around
0.5V (vs. SHE), potassium ion and water molecule intercalate between the NiO: layers to
transform into y-NiOOH. For the structure of a-Ni(OH)., only water molecule intercalates
[36]. The XRD peak of y’-NiOOH differs from that of a-Ni(OH)2 and the rest potential
is lower than 0.5V (vs. SHE) [37]. Therefore, it is considered that y’-NiOOH has the
intermediate potential between y-NiOOH and a-Ni(OH)2, and that y’-NiOOH is formed
when nickel ion is intercalated to reduce B-NiOOH at the lower potential than 0.5 V due
to the local cell reaction.

It is widely known that battery degradation would occur only when the battery is left
open circuit after charging or discharging to the intermediate SOC regions [5-7]. Since
the battery is discharged about 50%SOC in above Ex. 1, formation of y’-NiOOH is
thought to cause the battery degradation. To confirm the relationship between the battery
degeneration and formation of y’-NiOOH, and to clarify the SOC regions of y’-NiOOH
formation, the shallow charge-discharge experiments were conducted at restricted SOC
regions in Ex. 2.

As the fundamental electrochemical property, full discharge curves after charge of 6
hours to 10 cycles are shown in Fig. 2-3. For the cycleability of Ni(OH), stable charge
and discharge are repeated for all CCs after 3 cycles. On the other hand, for the capacity
of the cell, when the gold or platinum mesh are used, the discharge capacity and the
potential are both higher than the case of nickel mesh. High potential and conductivity of

gold or platinum mesh is assumed to cause these results. Considering the results, 3 cycles
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are enough to stabilize the cell and 3 cycles of full charge and discharge were conducted
for the stabilization process in Ex.2 and Ex.3.

Discharge curves during charge-discharge cycles with rest time and XRD patterns for
Ex. 2 (A) (20 — 40%SOC region) are shown in Fig. 2-4 and Fig. 2-5, respectively. Only
for nickel CC, the cell degradation occurs after 40 cycles and the small characteristic
diffraction peak of y’-NiOOH at 13° in 26 was detected after the cycle test. On the other
hand, for gold or platinum CCs, no degradation can be seen after 50 cycles and any trace
of diffraction peak around 13° is not detected. Even for 40 — 60% SOC region, which
corresponds to Ex. 2 (B), only the battery using nickel CC degenerate after 40 cycles, on
which XRD peak of y’-NiOOH has been detected as Figs. 2-6 and 2-7. Accordingly, only
when the nickel CC is employed, battery degradation and formation of y’-NiOOH are
observed. On the other hand, charging and discharging at relatively higher SOC region
between 80 — 100% which corresponds to Ex. 2 (C), such a battery degradation does not
occur up to 50 cycles and no XRD peak of y’-NiOOH is detected, which are shown in
Figs. 2-8 and 2-9. Therefore, battery degradation due to the shallow charge and discharge
in the SOC region of 20 - 60% is closely related to the formation of y’-NiOOH, which
occurs only for nickel CC.

To prove the y’-NiOOH phase grows during the rest time, the similar experiment in the
SOC region of 40 — 60% are conducted without rest time in Ex. 2 (D). The results are
represented in Figs. 2-10 and 2-11. Even for nickel CC, battery degradation did not occur
even after the 100 cycles of charge discharge process, and diffraction peaks of y’-NiOOH
phase did not appear. This indicates that y’-NiOOH phase grows at the rest time.
Considering the results of Ex.1 and Ex.2, it is clarified that y’-NiOOH forms during the
rest time, and is not the oxidant of B-NiOOH but the reductant because the reduction of
B-NiOOH occurs in the local cell reaction.

It is assumed that y’-NiOOH would be re-oxidized to transform into g-form at higher
potential region. Ex.3 was finally conducted to confirm whether y’-NiOOH disappears by
the full charge and discharge of the cell after the degradation due to the charge-discharge
cycle test in the region of SOC 40-60% and 20-40%. Fig. 2-12 shows the XRD pattern
after the full charge-discharge cycles in Ex. 3. The XRD peak of y’-NiOOH was not
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detected for both Ex. 3 (A) (SOC 40-60% region) and Ex. 3 (B) (SOC 20-40% region). It
is considered that y’-NiOOH disappeared by the full charge of the cell. Fig. 2-13 shows
the discharge curves for the full charge-discharge cycles. As the full charge process is
repeated, the capacity of the cell was regained.

Considering the results in this chapter, the mechanism of the battery degradation due to
the shallow charge-discharge (memory effect) is thought to be the formation of the
reductant of p-NiOOH which occurs by the local cell reaction at the SOC region of 20 -
60%. To prevent the local cell reaction, although the employment of gold or platinum
CC is not appropriate for the practical use, alternation to other higher potential material

for CC, alloying of nickel, or surface coating of CC are supposed to be effective.

(c) Pt mesh

Intensity / a.u.

() Ni mesh

10 20 30 40
201 deg. (CuKc)

Fig. 2-1 X-ray diffraction patterns of cathode surface after the shallow discharge for Ex.1.
(a), (b) and (c) show the results for nickel mesh, gold mesh and platinum mesh CCs,
respectively.
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Fig. 2-2 Bode’s diagram for the structures of a-Ni(OH)2, B-Ni(OH)., B-NiOOH and y-
NiOOH, respectively [17].
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Fig. 2-3 Discharge curves for Ex.2(A) of 20 — 40 % of SOC region during the charge-
discharge cycles with rest period. (a), (b) and (c) represent the results for nickel mesh,
gold mesh and platinum mesh CCs, respectively.
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Fig. 2-4 X-ray diffraction patterns of cathode surface after the shallow discharge for
Ex.2(A) of 20 — 40 % SOC region. (a), (b) and (c) show the results for nickel mesh,
gold mesh and platinum mesh CCs, respectively.
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Fig. 2-5 Discharge curves for Ex.2(B) of 40 — 60 % of SOC region during the charge-
discharge cycles with rest time. (a), (b) and (c) represent the results for nickel mesh,
gold mesh and platinum mesh CCs, respectively.
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Fig. 2-6 X-ray diffraction patterns of cathode surface after the shallow discharge for
Ex.2(B) 0of 40 — 60 % SOC region. (a), (b) and (c) show the results for nickel mesh, gold

mesh and platinum mesh CCs, respectively.

20



05 T T T T T T T T
(a)Ni mesh

L

% 0.4

g

>

=03l 1st discharge

g 10th discharge

L 30th discharge
02 50th discharge

L
T
n
@
>
>
E 03 L 1st discharge
g 10th discharge
E 30th discharge

02 50th discharge

1 1 1

0.5 T T T T T T T T
W (c)Pt mesh
w' o4 \
[%2]
>
> L
~ \M
S 03} 1st discharge
% 10th discharge
o 30th discharge

0.2 50th discharge

" 1 " 1 " 1 "
0 5 10 15 20

Discharge Capacity / mAhg'l

Fig. 2-7 Discharge curves for Ex.2(C) of 80 — 100 % of SOC region during the charge-
discharge cycles with rest time. (a), (b) and (c) represent the results for nickel mesh,
gold mesh and platinum mesh CCs, respectively.
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Fig. 2-8 X-ray diffraction patterns of cathode surface after the shallow discharge for
Ex.2(C) of 80 — 100 % SOC region. (a), (b) and (c) show the results for nickel mesh,

gold mesh and platinum mesh CCs, respectively.
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Fig. 2-9 Discharge curves for Ex.2(D) of 40 — 60 % of SOC region during the charge-
discharge cycles without rest time. (a), (b) and (c) represent the results for nickel mesh,
gold mesh and platinum mesh CCs, respectively.
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Fig. 2-10 X-ray diffraction patterns of cathode surface after the shallow discharge for
Ex.2(D) of 40 — 60 % SOC region. (a), (b) and (c) show the results for nickel mesh,
gold mesh and platinum mesh CCs, respectively.
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Fig. 2-11 X-ray diffraction patterns of cathode surface after the deep discharge for
Ex.3(A) of40 — 60 % SOC region and Ex.3(B) of 20 — 40 % SOC region for nickel

mesh CC.
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Fig. 2-12 Discharge curves for the full charge-discharge cycles in Ex.3(A) of 40 — 60 %
of SOC region and Ex.3(B) of 20 — 40 % of SOC region for nickel mesh CC.
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2.4 Conclusion

In this chapter, the local cell reaction between the cathode active material and CC was
investigated. When CC with lower potential than B-NiOOH is used, the degradation of
the cell capacity and XRD peak around 13° were observed after the shallow charge-
discharge experiment with the rest time. On the contrary, when CC with higher potential
than B-NiOOH is used, the degradation of the battery and XRD peak around 13° were not
observed. This peak indicates the reduction of B-NiOOH to y’-NiOOH since the
performance of the battery was regained after the full charge (oxidation process) of the
cell. Consequently, higher potential materials for CC would work to prevent the formation
of y’-NiOOH and the degradation of the battery. It is concluded that f-NiOOH is reduced
to y’-NiOOH to degrade the performance of the battery due to the local cell reaction

between CC and the cathode active material.
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Chapter3 Effect of Local Cell Reaction on the Performance of Lead Acid
Battery

3.1 Introduction

In the long history of study of lead acid battery over 100 years, for the improvement of
the performance of lead acid battery, the development of current collector (CC) with high
corrosion-resistance was investigated to avoid the corrosion of CC which considerably
shorten the battery life [1]. To prevent the anodic oxidation of CCs caused by the
overcharge of the battery, various alloys, e.g. Pb-Ca-Sn or Pb-Sb-Sn systems, was
developed for the CC of the cathode [2]. Furthermore, as it appears to be difficult to
prevent the corrosion completely as far as lead was used [2,3], lead-free CC such as Ti-
SnO> was explored. As for the corrosion mechanism of CC, while several studies were
reported on the corrosion process occurring during charge-discharge cycles [4-6] or on
the self-discharge and passivation phenomena [7,8], relatively few researches focused on
the local cell reaction during the rest time. When the circuit is open, local cell reaction
(LCR) between the electrode material and the CC will occur. It is newly found that LCR
plays an important role on the performance of the battery [9]. In this chapter, the effect
of LCR on the cathode material of lead acid battery was investigated. Cathode active
material for lead acid battery is B-PbO>, which has higher potential than lead. When lead
is used as CC, it is considered that B-PbO, works as anode and that the lead works as
cathode due to LCR at the rest time. On the other hand, when a material which has higher
potential than B-PbO- is used as CC, the polarity will be reversed, i.e. B-PbO, works as
cathode and that CC works as anode. Gold and platinum meshes are presently employed
for higher potential CCs than p-PbO,. The discharge capacity and the resultant phase of
B-PbO: were compared by employing lead, gold and platinum as CC materials, and

investigated the cell degradation mechanisms of lead acid battery during the rest time.

3.2 Experimental
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3.2.1 Sample Preparation

Two-electrode glass cell was constructed for charge-discharge experiments as shown in
Fig.3-1. The cathode paste has been prepared by mixing the purchased p-PbO2. powder
(A Johnson Matthey) as an active material, acetylene black as a conducting additive and
PTFE as a binder at the ratio of 80:15:5 in weight. Cathode was then fabricated by
pressing the paste on a current collector (CC). The typical electrode area is 3 ~ 4 cm?.
Three kinds of CCs which are stable in the 30 wt% sulfuric acid were employed, i.e. lead
plate, gold mesh and platinum mesh. Lead plate and 30 wt% sulfuric acid (H2SOa,) were

employed as counter electrode and electrolyte, respectively.

C.E. W.E.
1
( Joint
LN r Current
L Collector
Electrolyte
[ (H,SOy)

Fig.3-1 Two electrodes glass cell.

3.2.2 X-ray Diffraction Measurement

To investigate the products by LCR, X-ray diffraction measurements were carried out
after charge-discharge tests. Cathode was mounted on a diffractometer (RINT-TTR,
Rigaku) and subjected to CuKa radiation (30 kV, 200 mA). Diffracted X-ray was
collected in the 20 range from 20° to 90° with 0.01° step for 10 second dwell time in each
step.
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3.2.3 Electrochemical Cycle Test

At first, the cell was discharged at 9 mAg™! for 30 minutes and charged at 180 mAg’!
for 20 minutes, which was cycled for 20 times to make the charge-discharge reaction
stable. The cut off voltages is selected as 0 V when the cell is discharged. The process is
referred as the stabilization process hereafter. Then the following experiments are
conducted, Ex.1 and Ex.2. For Ex.1, after the stabilization of the cell reaction, the cell
was deeply discharged down to 0 V at 9 mAg™' and opened the circuit for various rest
time periods from 0 hour to 48 hours. For Ex.2, after the rest of 24 hours of Ex.1, the cell
was once charged at 180 mAg™! for 1 hour, thereafter discharged at 9 mAg™ for 30 minutes
and charged again at 180 mAg™ for 20 minutes, which were cycled for 20 times to study

the effect of products on the cell performance.

3.3 Results and Discussion

The results of Ex.1 including charge-discharge curves and the XRD measurements are
represented from Fig.3-2 to Fig.3-5. In Fig.3-2, charge-discharge curves for the
stabilization process are shown for (a) lead plate, (b) gold mesh and (c) platinum mesh
CCs. After the first 10 cycles, charge-discharge curves became stable between 1.0 and 3.0
V for all cells. For the charge-discharge curves, any significant difference was not
detected among the materials of CC. Fig.3-3 shows the XRD patterns of the cathode after
the stabilization process for (a) lead plate, (b) gold mesh and (c) platinum mesh CCs
below 35° in 20, since any apparent difference is not observed for higher 20 region. For
XRD patterns after the stabilization, the difference due to the CC was not detected. Fig.3-
4 shows the charge-discharge curves after the stabilization process and the deep discharge
down to 0 V for (a) lead plate, (b) gold mesh and (c) platinum mesh CCs, and Fig.3-5
shows the XRD patterns in the open circuit after the deep discharge. The rest time periods
were selected as (i) 0 hour, (i1)) 6 hours, and (iii) 48 hours. The difference of charge-
discharge curves was not detected for all CCs. However, for the lead plate CC as shown
in Fig.3-5(a), a diffraction peak around 28° in 20 identified as a-PbO> [10] is not detected
for (i) but is for (ii) and (iii). Therefore, a-PbO2 should grow in the rest time period. Fig.3-
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5 (b) and (c) represent the results for gold mesh and platinum mesh CCs, respectively,
where the peak around 28° of a-PbO: is not detected even after 48 hours of the rest period
for both CCs. Among the two polymorphs of PbO2, it has been reported that a-PbO: is a
reductant of B-PbO> [1]. Creation of a-PbO> has been thought to be through the anodic
oxidation of lead oxide in the cathode of lead acid battery as the following model [4].
Lead sulfate crystals grow at first by the reaction between the cathode active material and
sulfuric acid electrolyte to cover the surface of the cathode, and consequently, pH is
increased to form lead oxide in the region between lead sulfate and the CC. The formed
lead oxide is then oxidized into a-PbO> by the oxygen in sulfuric acid at the charge
process of the battery. However, anodic oxidation should not occur to form a-PbO- during
the rest time period, since the current cannot flow in the condition of open circuit. Since
the diffraction peak of a-PbO, grows larger with increasing the rest time period as
observed in Fig.3-5 (a), a-PbO. formation should occur due to LCR. Moreover, as
observed in Fig.3-5 (b) and (c), a-PbO- does not form for noble CC materials, which also
supports the LCR model. Namely, only when the lower potential CCs such as lead plate
is adopted, the reduction of B-PbO; occurs due to LCR during rest time period.

To investigate the effect of a-PbO. formation on the performance of the lead acid battery,
further charge-discharge cycles were conducted after the rest time periods in Ex.2. Fig.3-
6 (a), (b), and (c) shows the charge-discharge curves after 48 hours of rest using lead plate,
gold mesh and platinum mesh CCs, respectively. Since the cell with lead CC (a) has
almost lost the charge-discharge ability after the rest time, 20 times of charge-discharge
cycle have accomplished within 80 seconds due to the cut-off voltage. On the other hand,
for gold or platinum mesh CC, the cell still shows the charge and discharge ability after
48 hours of the rest time period as (b) or (¢). Fig.3-7 shows the XRD patterns of cathode
after the charge-discharge cycles of Fig. 3-6. Diffraction peak of a-PbO> is detected only
for (a). Considering that a-PbO> has the electronic conductivity, the formation of a-PbO>
is not likely to become the direct reason of battery degradation. Surface corrosion of CC
to form a-PbO. might induce the cell degradation.

Summarizing the present chapter, it is found that a-PbO> formation due to LCR and the

consequent battery degradation occur for employing lead plate CC which has the lower
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potential than B-PbO.. For further understanding of the reaction during the rest time
period, the oxidation condition of lead at the interface between the cathode active material
and CC was investigated with XPS analysis and the impedance measurements before and

after the battery degradation were conducted. The results are shown in the next chapter.
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Fig.3-2 Charge-discharge curves of the lead acid battery for the stabilization process
using (a) lead plate, (b) gold mesh and (c) platinum mesh as CCs.
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Fig.3-3 XRD patterns of cathode surface after the stabilization process. (a), (b) and (c)
show the results for lead plate, gold mesh and platinum mesh, respectively.
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Fig.3-5 XRD patterns of cathode surface. (a), (b) and (c) show the results for lead plate,
gold mesh and platinum mesh, respectively. The selected rest time periods are (i) 0 hour,
(i1) 6 hours, and (iii) 48 hours.
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Fig.3-7 XRD patterns of cathode surface after the further charge-discharge cycles. (a),
(b) and (c) show the results for lead plate, gold mesh and platinum mesh, respectively.
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3.4 Conclusion

In this chapter, the degradation mechanism of lead acid battery caused by the local cell
reaction was investigated. After deeply discharging the cell with various CCs followed
by leaving the circuit open within 48 hours, X-ray diffraction patterns of cathodes were
measured and the charge-discharge ability was examined. Only when the material with
lower potential than B-PbO: is used as CC, a-PbO2 phase appears and the cell no longer
possesses the charge-discharge ability. It is considered that the reduction of B-PbO:
occurs due to the local cell reaction to form a-PbO2, which is different from the previously
proposed a-PbO> formation model due to the anodic oxidation. The major reason to lose
the battery performance is the corrosion of CC due to the local cell reaction.
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Chapter 4 Analysis of the Chemical Change of Cathode Material of Lead
Acid Battery before / after Open Circuit

4.1 Introduction

In the previous chapter, the reaction occurred in the cathode of lead acid battery during
the rest time was investigated and the performance of the battery was compared by using
lead, gold and platinum current collectors (CCs) with different potentials, i.e. the former
is lower potential than B-PbO; while the latter two are higher. By means of XRD
measurements, it has been clarified that the formation of a-PbO> occurs after a prolonged
rest time only when the lead CC was used. The a-PbO. phase creation should be the
anodic oxidation of lead oxide in the cathode of lead acid battery as the following model.
As the lead sulfate crystals grow to cover the surface of the cathode, and consequently,
pH would be increased to form lead oxide in the region between lead sulfate and the CC.
The formed lead oxide is then oxidized into a-PbO- by the sulfuric acid during the charge
process of the battery. Nevertheless, according to this model, anodic oxidation should not
occur to form a-PbO> during the rest time, for no current flown in the condition of open
circuit. Considering the diffraction peak of a-PbO2 grows larger with increasing the rest
time, the local cell reaction (LCR) should bring about the formation of a-PbO2. To
investigate the consistency of above LCR model for a-PbO, formation, XPS
measurement, SEM observation and impedance measurement were conducted after the

deep discharge with the rest time period.

4.2 Experimental
4.2.1 Sample Preparation

Two-electrode glass cell was constructed for charge-discharge experiments. The cathode
paste has been prepared by mixing the purchased pB-PbO. powder (A Johnson Matthey)
as an active material, acetylene black as a conducting additive and PTFE as a binder at
the weight ratio of 80: 15: 5. Cathode was then fabricated by pressing the paste on a
current collector (CC). Three types of CCs i.e. lead plate, gold mesh and platinum mesh,

were employed. Lead plate and 30 wt% sulfuric acid (H.SO.) were used as the counter
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electrode and the liquid electrolyte, respectively.

4.2.2 Impedance Measurements

At first, the cell has been discharged at 9 mAg™ for 30 min and charged at 180 mAg'
for 20 min, which process was cycled for 20 times for the stabilization. Thereafter, the
cell was deeply discharged down to 0 V at 9 mAg!, and then the circuit was opened for
0 to 24 hours because it was revealed that the rest time of 24 hours are enough to form a-
PbO.. The impedance measurement was conducted after the stabilization process, deep
discharge down to 0 V, open circuit, respectively. The charge-discharge experiments and
impedance measurements were carried out using a potentio-galvanostat (HJ1001SD8,
Hokuto; VMP3, Bio-Logic).

4.2.3 XPS Measurements

To investigate the change of the oxidation state and the state of the surface of cathode
active material and CC, XPS measurement for Pb 4f emission and SEM observation were
conducted before and after the rest time period, respectively. For the XPS measurements,
cathode was mounted on a diffractometer (ESCA-750, Shimadzu) and subjected to MgK,
radiation (1253.6eV) for the binding energy range from 130 eV to 160 eV with 0.25 eV
step.

4.2.4 Scanning Electron Microscopy
To study the variation of the surface state, SEM (SU6600, Hitachi) investigation was
carried out for the interface between cathode active material and CC for (a) lead plate and

(b) gold mesh, respectively.

4.3 Results and Discussion

First of all, the charge-discharge process of cells as well as the corresponding XRD
patterns are represented to explain the formation of a-PbO; phase and cell degradation
based on the previous chapter. Fig. 4-1 exhibits the charge-discharge curves at the

stabilization process followed by the deep discharge down to 0 V for the cells using (a)
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lead plate, (b) gold mesh and (c) platinum mesh CCs. Thereafter the external circuit has
been opened for 24 hours and thereafter the charge-discharge experiment was conducted
again. While for gold or platinum CCs, charge-discharge experiments are possible after
the rest time, this process was no longer available only for the lead CC. Fig. 4-2 shows
the XRD patterns of the cathode after the deep discharge followed by 24 hours of the rest
period employing (a) lead plate, (b) gold mesh and (c) platinum mesh CCs. Only for the
lead plate CC, a diffraction peak around 28° in 26 was detected as shown in Fig. 4-2(a),
which was identified as a-PbO> [1-5]. It is thought that the a-PbO, was formed due to the
reduction of B-PbO- due to LCR between B-PbO, and CC.

Considering that a-PbO: is a slightly reduced form of f-PbO. [6-10], the charge state
of lead in the cathode active materials as well as lead CC should be evaluated. XPS spectra
of cathode active material (PbO»s) before and after 24 hours of the rest time are
represented in Fig. 4-3 for (a) lead plate, (b) gold mesh and (c) platinum mesh CCs. Only
for lead plate CC in (a), peak shift of Pb4ftoward lower energy direction can be observed,
indicating that lead in the active material has been reduced. On the other hand, any
apparent change in oxidation states was not detected for (b) gold or (c¢) platinum CCs, the
results of which are consistent with the above local cell reaction (LCR) model. Moreover,
XPS spectra for lead CC before and after the rest time are observed in Fig. 4-4. As the
peaks shift occurs toward the higher biding energy due to the rest, the lead CC should be
oxidized during the rest. Namely, it can be concluded that LCR occurs between B-PbO>
and lead CC during the rest time.

To investigate the battery degeneration mechanism due to the formation of a-PbO:
through LCR despite of similar conductivity between a- and B-PbOzs [11-15], SEM
observation has been conducted at the interface of active material and CC. Fig. 4-5
represents the SEM images of the cross-sections of cathodes (a) before and (b) after 24
hours of the rest time. While the flat active material / CC interface was observed in (a), it
changed to roughed plane after the rest time in (b). Moreover, some cracks are observed
at the interface as well as in active materials with several voids in the CC interior. These
voids should be the lead diffusion from CC toward the interface and cracks would be

introduced by the volume change for the LCR. Namely in the LCR, the lead supplied
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from CC would reduce B-PbO: into a-form, oxidizing the supplied lead forming lead
oxide. These formed cracks and voids would degrade the battery performance. On the
other hand, in the case of gold CC, apparent formation of voids in CC or the growth of
lead sulfate which is observed as white crystal were not observed as Fig. 4-6. Accordingly,
it is supposed that cracks or voids formed by LCR would cause the degradation of cathode
performance.

To investigate the electrochemical contribution of the formed cracks due to LCR,
impedance measurements have been conducted. In Fig.4-7, impedance curves before and
after the rest time period of 24 hours are shown for (a) lead plate, (b) gold mesh and (c)
platinum mesh CCs. For (b) gold mesh and (c) platinum mesh CCs, no apparent increase
in impedance was observed or only slight one due to the crystal growth of lead sulfate
can be detected. However, for (a) lead plate, drastic increase in impedance is observed in
comparison with (b) or (c). Therefore, void or cracks observed in SEM image (Fig.4-5)
would enhance the impedance due to the failure of electric contact, resulting in the
degradation of the battery.

At the last of this paper, the contribution of the fully discharge process down to 0 V as
well as the rest time was investigated from the impedance spectroscopy. Fig.4-8 shows
the rest time variation of the impedance curves using lead CC in cathode. For the
relatively short rest time as 6 hours, increase in impedance was not observed, while the
resistance appeared to increase with rest time as 12 or 24 hours. Accordingly, growth of
a-PbO; or resulting void / crack formation were thought to proceed in the rest time. As
for the contribution of deep discharge process down to 0 V, the impedance after various
rest time was compared using the cell without deep discharge treatment. As shown in Fig.
4-9, increase in impedance was not observed even for 24 hours of rest time, indicating
that deep discharge process is necessary for the cell degradation phenomena due to the
LCR. Considering that a-PbO; is the reduced form of B-phase, some content of a-phase
is nucleated at the deep discharge, and during the rest time, growth of a-phase
accompanied by the void and crack formation would proceed.

In the present study, it was shown that LCR between PbO; and CC would occur when

the external circuit is open after the deep discharge, resulting in the battery degradation.
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In addition, the degradation mechanism was also clarified. For the actual lead acid battery,
although growth of lead sulfate at the surface of electrodes is mostly considered, to
understand the LCR mechanism during the rest is also significant to improve the battery

performance.
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Fig. 4-1 Charge-discharge curves of the lead acid battery after the stabilization process
followed by the deep discharge down to 0 V using (a) lead plate, (b) gold mesh and (c)
platinum mesh as CCs, respectively.
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Fig.4-2 XRD patterns of cathode surface after the deep discharge and the rest time period.
(a), (b) and (c) represent the results for lead plate, gold mesh and platinum mesh,

respectively. The selected rest time periods are (i) 0 hour and (ii) 24 hours.
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Fig.4-3 XPS spectra of cathode surface before and after the rest time period of 24 hours.
(a), (b) and (c) represent the results for lead plate, gold mesh and platinum mesh,
respectively.
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Fig. 4-4 XPS spectra of CC surface for lead plate before and after the rest time period of
24 hours.
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Fig.4-5 SEM images at the interface between cathode active material and lead plate CC
(a) before and (b) after the rest time of 24 hours.
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Fig.4-6 SEM images at the interface between cathode active material and gold mesh CC
(a) before and (b) after the rest time of 24 hours.
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Fig.4-7 Impedance curves of cathode before and after the rest time period of 24hours. (a),
(b) and (c) represent the results for lead plate, gold mesh and platinum mesh, respectively.
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Fig.4-8 Impedance curves of cathode using lead plate CC for the rest time of 0 hour, 6
hours, 12 hours, and 24 hours, respectively.
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Fig.4-9 Impedance curves of cathode using lead plate CC without the deep discharge
down to 0 V for the rest time of 3hours, 12 hours, and 24 hours, respectively.
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4.4 Conclusion

In this study, the reaction at the interface between cathode active material and CC was
investigated by XPS, SEM, and impedance measurements. Only when the material with
lower potential than B-PbO; is used as CC after the open circuit of 24 hours, some void
in CC and cracks at the cathodes appeared, which leads the critical increase in impedance.
It is considered that the void and crack are the major reason for the impedance increase
resulting in the critical capacity degradation of the battery. The obtained results were
consistent with the LCR model which was proposed in the previous study. It is concluded
that the local cell reaction model successfully explains a-PbO> formation on the cathode
after the deep discharge process down to 0 V and the degradation of the lead acid battery

performance during the rest time.
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Chapter S General Summary

To investigate about the chemical reactions in the battery during open circuit is as
important as to study about the performance of the battery in the charge or discharge
operation. In this study, the reactions during open circuit and the effect on the battery
performance were mainly investigated. By conducting the newly contrived cycle tests
with rest time period, local cell reaction (LCR) between the active material and current
collector (CC) was intentionally caused, and the effect on the crystal structure of active
material and on the battery performance was analyzed.

This thesis is consisted of 5 chapters and chapter 1 is the introduction part.

In chapter 2, the capacity degradation for nickel metal-hydride battery after shallow
charge-discharge cycles was investigated. Whereas the formation of y-NiOOH has been
reported to degrade the capacity, its formation mechanism has not been clarified yet. It is
thought that LCR between the cathode active material (B-NiOOH) and CC results in the
formation of y-NiOOH to degrade the capacity. By employing three types of CCs, i.e.
gold, platinum and nickel meshes, the phase change and capacity loss in terms of LCR.
Only for nickel mesh CC were compared. Additional XRD peak around 13° in 26 occurs
accompanied by capacity degradation during charge-discharge cycles, while such
phenomena do not for other CCs. This LCR reduces B-NiOOH to transform into a vy-
derivative which degrades the battery performance.

In chapter 3, the capacity fading mechanism of the lead acid battery was clarified by
focusing on LCR between the cathode active material and CC during the rest time period.
Only when the lower potential material in comparison with the cathode active material is
employed as CC, formation of a-PbO: is detected accompanied by the capacity
degradation. It was clarified that LCR of CC results in the a-PbO> formation, which
correlates with the degradation of the cell performance.

In chapter 4, the coincidence of our LCR model for the degradation mechanism of lead
acid battery was confirmed. XPS measurements were carried out to show the reduction
of B-PbO: into a-form due to the LCR employing various CCs. In addition, impedance
spectroscopy and SEM observation revealed that only after discharge down to 0 V
followed by opening the circuit, formation of void in the lead CC due to the lead diffusion
as well as occurrence of cracks in the cathode active material to form a-PbO> by LCR
result in the failure of electric contact to degrade the battery performance.

And finally, it is concluded that in the practical battery operation, it is important to

design the electrode materials considering local cell reaction. By employing the material
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which has the higher potential than the active material, the chemical reaction which

causes the degradation of battery performance during the open circuit would be prevented.
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