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It is known that negative plates of lead-acid batteries have low charge acceptance when cycled at high
rates and progressively accumulate lead sulphate on high-rate partial-state-of-charge (HRPSoC) operation
in hybrid-electric vehicle (HEV) applications. Addition of some carbon or graphite forms to the negative
paste mix improves the charge efficiency and slows down sulfation of the negative plates. The present
investigation aims to elucidate the contribution of electrochemically active carbon (EAC) additives to the
mechanism of the electrochemical reactions of charge of the negative plates. Test cells are assembled with
four types of EAC added to the negative paste mix in five different concentrations. Through analysis of the
structure of NAM (including specific surface and pore radius measurements) and of the electrochemical
parameters of the test cells on HRPSoC cycling, it is established that the electrochemical reaction of
charge Pb%* +2e~ — Pb proceeds at 300-400 mV lower over-potentials on negative plates doped with EAC
additives as compared to the charge potentials of cells with no carbon additives. Hence, electrochemically
active carbons have a highly catalytic effect on the charge reaction and are directly involved in it. Consequently,
the reversibility of the charge/discharge processes is improved, which eventually leads to longer battery
cycle life. Thus, charging of the negative plates proceeds via a parallel mechanism on the surfaces of both
Pb and EAC particles, at a higher rate on the EAC phase. Cells with EAC in NAM have the longest cycle life
when their NAM specific surface is up to 4m? g~! against 0.5m? g~! for the lead surface. The proposed
parallel mechanism of charge is verified experimentally on model Pb/EAC/PbSO4 and Pb/EAC electrodes.
During the charge and discharge cycles of the HRPSoC test, the EAC particles are involved in dynamic
adsorption/desorption on the lead sulfate and lead surfaces. Another effect of electrochemically active
carbons is also evidenced namely that, above a definite concentration, some EAC forms reduce the mean
pore radius of NAM. When it diminishes to less than 1.5 wm, access of sulfuric acid into the pores is
impeded and PbO forms instead of PbSO, in the pores of NAM during discharge. Thus, it may be presumed
that electrochemically active carbons change the overall electrochemical reaction of charge and discharge
of lead-acid cells when operated under HRPSoC cycling conditions.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Operation of valve-regulated lead-acid batteries (VRLABs) under
high-rate partial-state-of-charge (HRPSoC) conditions leads to pro-
gressive accumulation of PbSO4 on the negative plates, which limits
the cycle life of the batteries. Nakamura, Shiomi and co-authors [1,2]
have established that introduction of carbon black to the negative
active material retards substantially the sulfation of the negative
plates during the simulated HRPSoC test of batteries for hybrid-
electric vehicle (HEV) applications. Later, Hollenkamp et al. [3] have
studied the build up of PbSO4 on the negative plates by subject-
ing batteries to simulated HEV cycling at 2C rate for 3-4 cycle-sets
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between 50% and 100% DOD. One cycle-set comprised cycling until
pre-set upper limit (e.g. end-of-charge voltage of 2.83V per cell)
and lower limit (e.g. end-of-discharge voltage of 1.83V per cell)
is reached. The batteries were set to capacity-recovery charging
(to 100% SoC) and then the next HEV cycle-set followed. After 3-4
cycle-sets the negative plates were irreversibly sulfated and the bat-
teries reached their end-of-life [4]. Newnham et al. [5] have found
that the specific surface area of NAM is an important parameter as
it sustains the potential of the negative plates below the hydrogen
evolution potential. However, not all carbon forms that increase the
specific surface of NAM contribute to improvement of battery cycle
life on HRPSoC operation.

Moseley et al. [4] have summarized the hypotheses proposed
in the literature for the action of carbons on the HRPSoC perfor-
mance of the batteries as follows: (a) carbon enhances the overall
conductivity of NAM [1,3]; (b) carbon facilitates the formation of
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small isolated PbSO,4 particles easy to dissolve and restricts PbSO4
crystal growth [2]; (c) some carbon forms contain impurities which
impede the reaction of hydrogen evolution and hence improve the
efficiency of charge [6,7]; (d) carbon acts as an electro-osmotic
pump that facilitates acid diffusion in the inner NAM volume at the
high rates of charge and discharge [7]. Lam and co-authors have cre-
ated the ultra battery with a conventional PbO, positive plate and
a negative plate comprising two parts: half of it is a carbon elec-
trode and the other half is a regular negative plate (with sponge
lead active material [8,9]. In the ultra battery design, carbon is in
electrical, but not in physical contact with the negative active mate-
rial. It has been speculated that only those mechanisms of carbon
action which could still operate when the carbon is isolated from
the lead active mass can be considered as candidates for providing
the major benefit to charge efficiency and impeding negative plate
sulfation [6].

Each of the above-mentioned mechanisms exerts its influence
on the charge acceptance of negative plates containing carbon
and/or graphite additives.

The cycle life of the batteries is determined by the degree of
reversibility of the processes that proceed during charge and dis-
charge. In HRPSoC duty the cycle life of the battery is limited by the
low charge acceptance of the negative plates. Charging of the neg-
ative plates proceeds through the following elementary processes:

¢ Dissolution of PbSOy4 crystals.

e Diffusion of the formed Pb%* ions to the metal surface.

e Electron transfer from the metal surface to Pb%* ions and forma-
tion of Pb atoms.

¢ Surface diffusion of Pb atoms to lead growth fronts and incorpo-
ration of these atoms into the growing Pb crystal lattice.

If any of the above elementary processes is impeded, the whole
charge process is retarded and certain amounts of PbSO4 in the
plates are not reduced to Pb within the programmed charging time.
Consequently, lead sulfate accumulates in the plates. Processes of
recrystallization occur yielding big PbSO,4 crystals difficult to dis-
solve, which eventually leads to sulfation of the negative plates of
lead-acid cells.

The aim of the present investigation was to establish the effect
of various types of carbons, added to the negative active material in
different concentrations, on the electrochemical reactions of charge
of VRLA cells in HRPSoC duty. The cycle life performance of the
test cells was evaluated in correlation with the specific surface area
and the median pore radius of the formed NAM. These experiments
aimed at disclosing the mechanism(s) by which carbon additives
are involved in the electrochemical processes of charge of the neg-
ative plates in HRPSoC duty.

2. Experimental
2.1. Carbon forms added to the negative active mass
To be able to contribute to the electrochemical reactions of

charge, the carbon material added to the negative plate should have
the following characteristics:

Table 1
Activated carbons under investigation.

(a) High electroconductivity, which would make the interface car-
bon/solution electrochemically active and would allow the
electrochemical reactions to proceed at this interface.

(b) High surface area, which is achieved when the carbon particles
are of nano-sizes or porous.

(c) Strong adhesion to the lead surface, which would ensure good
contact between carbon and lead particles with low ohmic resis-
tance of the carbon/lead interface.

For the purpose of the present investigation we selected four
types of commercially available carbon materials, which meet
the above requirements for “electrochemically active carbons”
(labelled as EAC further in the text). The basic characteristics of
the selected EAC are summarized in Table 1. As evident from the
table, NORIT AZO is an activated carbon, whereas VULCAN XC72R,
Black Pearls 2000 and PRINTEX® XE2 are carbon blacks.

In an attempt to disclose the mechanism(s) by which EAC addi-
tives improve the charge acceptance of the negative plates and
extend the cycle life of lead-acid cells operated under HRPSoC
regime we studied the influence of carbon concentration in NAM on
the electrochemical behaviour of the negative plates and on the
performance of the test cells. Negative plates were prepared with
each type of EAC selected for the investigation, varying its amount
in 5 different concentrations, and these plates were tested. In this
way we varied the electrochemically active surface area of NAM
and followed the resultant changes in the electrochemical param-
eters of the negative plates of lead-acid cells cycled under HRPSoC
conditions.

2.2. Test lead-acid cells

2.2.1. Negative paste preparation

The negative pastes were prepared using H,SO4 (1.4 sp.gr.) and
leady oxide (LO) in 4.5 wt.% ratio. The degree of oxidation of the
LO was 76%. Barton oxide from battery plant “Monbat”, Bulgaria,
was used. The expander formulation was: 0.2% Vanisperse A, 0.8%
BaSO4 and EAC additives varying in the range from 0.2% to 2%.
A batch of paste without carbon was also prepared and used for
assembling a reference cell. All effects of the addition of differ-
ent types of EAC are discussed in comparison to the reference cell
with no carbon. A total of 21 different paste batches were prepared.
These pastes were used for production of negative plates for the test
cells.

The pasted plates were cured under the following conditions:

e 48 h at 35°C and 98% relative humidity, followed by
e 24 h at 60°C and 10% relative humidity.

All plates were formed under identical conditions: in H,SO4
(1.06 sp.gr.) for 18 h, employing a formation algorithm devel-
oped in this laboratory. The formation process was completed
with twice higher quantity of electricity than the theoretical
capacity of the plates. After formation, samples of the negative
active material were characterized by XRD, chemical analysis, BET
surface measurements, mercury porosimetry and SEM examina-
tions.

Product Manufacturer Type of material Signature Specific characteristics:
Particle Size BET surface (m2g~1)
NORIT AZO NORIT Activated carbon EAC1 100 wm 635
VULCAN XC72R Cabot Corporation Carbon black EAC2 30nm 257
Black Pearls 2000 Cabot Corporation Carbon black EAC3 12nm 1475
PRINTEX® XE2 Degussa Carbon black EAC4 30nm 910




60 D. Pavlov et al. / Journal of Power Sources 191 (2009) 58-75

R e—

Fig. 1. Photograph of a 2V/4.5 Ah test cell.

2.2.2. Test cell design

The influence of carbon additives on the performance of lead-
acid cells was investigated using 4.5 Ah cells with 2 negative and
3 positive plates per cell. The test cell design is presented in Fig. 1
and its characteristics are summarized in Table 2.

The performance parameters of the test cells were limited by
the negative plates. Small sized plates with thick grid bars were
used to rule out the influence of plate size on cell performance.
AGM separators (H&V, USA) with a thickness of 3 mm (425 gm~2)
were used at 20% compression. The cells were filled with 75 ml of
H,S04 of 1.28 sp.gr. (the electrolyte forming a “mirror” over the
plates) and sealed. The rated capacity of the cells at 20 h discharge
rate, Cy, was calculated at 50% utilization of the negative active
material.

2.3. Electrical parameters of the test cells

2.3.1. Initial cell capacity

The initial capacity of the cells was determined at a discharge
current of I=Cy/20A. Each cell was subjected to three subsequent
capacity tests at 25°C.

Table 2
Test cell design characteristics.

Negative plate Positive plate

Grid alloy (wt.%) Pb-0.04Ca-1.1Sn Pb-0.04Ca-1.1Sn

Grid thickness (mm) 1.5 15
Grid dimensions (mm) 57 x 60 57 x 60
Plate per cell 2 3

Plate thickness (mm) 2.0 2.5

2.3.2. Peukert dependences

The Peukert dependences were obtained at C/20, C/10, C/7, C/5,
C/3,C/1 and 2Crates. Charging was conducted in two steps: first step
Ih =0.5CpA to a voltage limit of 2.45V, and second step I, = 0.2CpA

Fig. 2. SEM pictures of samples of the electrochemically active carbon powders
(EAC1, EAC2, EAC3 and EAC4) used for the investigations.
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Fig. 3. XRD patterns for electrochemically active carbons EAC1, EAC2, EAC3 and EAC4. All four carbon materials are amorphous. EAC1 contains a crystal component.

to 120% overcharge. The rest period after charge was 30 min. All
cell tests were performed using Bitrode testing equipment. The
time for discharge to 1.83 V was measured for all testing currents.
From the obtained Peukert curves the coefficients n and K for
the Peukert equation K=1I"t were calculated. The Peukert depen-
dence was used to determine the 2C cycling current for the HRPSoC
tests.

2.3.3. Cycle life test under simulated HRPSoC regime

The effect of carbon materials on cell performance under simu-
lated HRPSoC conditions was evaluated using a simplified profile
imitating the micro-hybrid driving mode. The first step in this
cycling profile was discharge at I=1CA rate to 50% SoC (C is the
capacity after 1h discharge determined from the Peukert depen-
dence). After that, the cells were subjected to cycling according
to the following schedule: charge at 2C rate for 60s, rest for 10s,
discharge at 2Crate for 60 s, rest for 10 s. During these tests, the neg-
ative plates were cycled between 50% and 53% SoC. The cell voltage
was measured at the end of the charge or discharge pulses and the
test was stopped when the cell voltage fell down to 1.83V or when
the upper voltage limit of 2.83 V was reached. The above-described
cycling steps comprise one cycle-set. If the cell is fully re-charged
(to 100% SoC) after this cycle-set, it can endure several more cycle-
sets. Let us call conditionally the first cycle-set “cycle life” of the
cell. After completing the HRPSoC cycle life test (first cycle-set) the
cells were subjected to teardown analysis.
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3. Experimental results and discussion
3.1. Characterization of carbon samples

3.1.1. Scanning electron microscopy of electrochemically active
carbons

Fig. 2 presents SEM micrographs of samples of the electrochem-
ically active carbons (EACs) used for the investigation.

The EAC1 particles form the largest aggregates (1-2 jum), aniso-
metric in shape. The particles of EAC2, EAC3 and EAC4 are equi-axed
with diameters of 80-150 nm.

3.1.2. Crystal structure of electrochemically active carbons

Fig. 3 shows the obtained X-ray diffraction patterns for EAC1,
EAC2, EAC3 and EAC4. The observed halos are typical of EAC2, EAC3
and EAC4. Moreover, the EAC3 and EAC4 patterns feature segments
of a third halo in the 2@ range from 10° to 15°. This is a characteris-
tic structure for the latter two types of amorphous active carbons.
Relatively high diffraction peaks appear in the X-ray diffraction pat-
tern for EAC1, which evidence the presence of crystalline structures
in this material.

An alternative explanation for the appearance of these peaks
would be the incorporation of certain compounds left from the dif-
ferent production steps of the EAC1 material. It is worth noticing
that the content of the crystalline product in EAC1 is fairly high and
it is actually a component of the latter material.
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Fig. 4. Effect of EAC1-4 concentration on the degree of formation of the negative plates.
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3.2. Performance of lead-acid cells with negative plates
containing EAC additives

3.2.1. Efficiency of formation of the negative plates

As afirst step to elucidating the effect of electrochemically active
carbons on negative plate performance we estimated, by chemical
analysis, the degree of formation of the negative plates with differ-
ent carbon loads. Fig. 4 presents the obtained results in terms of
Pb content in the negative active material after plate formation. It
is accepted in battery technology that the negative plates are fully
formed when the Pb content in NAM is higher than 90%.

The formation process is completed for the plates with EAC1
additive, irrespective of its concentration in NAM. Addition of EAC2,
EAC3 or EAC4 to the negative paste, in concentration of 0.5 wt.%,
does not affect the formation process. EAC3 and EAC4, at concentra-
tions higher than 0.5 wt.%, decelerate the electrochemical processes
of Pb formation. A new formation technology would be needed,
supplying larger quantity of electricity, to complete the formation
process. These results indicate that the type of electrochemically
active carbon used influences the efficiency of NAM formation.

3.2.2. Initial capacity of the test cells

The initial performance tests comprised three C, capacity mea-
surements at 25°C. Fig. 5 presents the obtained results from the
third Cyg capacity test for cells with different loads of EAC1-4 in
NAM.

The cells with EAC1 or EAC2 at all concentration levels meet the
standard requirement to deliver 100% of the rated capacity during
the initial cycles. Initial capacity higher than the rated value have
also cells with EAC3 at concentrations lower than 0.5 wt.% and EAC4
at concentrations lower than 1.0 wt.%. Cells with 1.0-2.0 wt.% EAC3
or 1.5wt.% EAC4 are not completely formed. These cells need more
than three initial cycles to reach the rated capacity value.

3.2.3. Peukert dependences for cells with EAC additives to NAM

The effect of carbons on the discharge performance of the cells
at different current densities was evaluated based on the Peukert
dependences. All cells obey the Peukert equation "t =K. The calcu-
lated values for n and K are in the range from —1.23 to —1.26 and
from 0.038 to 0.049, respectively, depending on EAC concentration.
Fig. 6 presents the dependences of cell capacity on discharge current
for cells with EAC1-4 in NAM.

It is evident from the data in the figure that the discharge capac-
ity is affected by the degree of formation of NAM with EAC3 or
EAC2 additives. The capacity of cells with partially formed NAM
decreases markedly, not only at low discharge currents. The great-
est improvement in discharge capacity was observed with cells
containing 1.0 wt.% or 1.5 wt.% EAC2, or 0.2 wt.% EAC3.

3.2.4. HRPSoC cycle life test. Influence of electrochemically active
carbons on cell cycle life during the first cycle-set

A current profile simulating the micro-hybrid driving conditions
is presented in Fig. 7a.

The changes in end-of-charge (Fig. 7b) and end-of-discharge
voltages (Fig. 7c) during the above cycling test were used to evaluate
the effect of EAC on the negative plate performance.

Fig. 8 summarizes the experimental data for the end-of-charge
and end-of-discharge cell voltages during the HRPSoC test for cells
with different levels of EAC1 included in NAM.

With increase of EAC1 concentration in NAM the end-of-charge
voltage decreases from 2.56V (at 0.2wt.% EAC1) to 2.35V (at
1.0wt.% and 1.5wt.% EAC1). Hence, increase of EAC1 load in NAM
results in decrease of polarization of the negative plates during the
charging step. The cycle life of the cell with 0.5 wt.% EAC1 in NAM is
11,300 HRPSoC cycles within the first cycle-set. This is the cell with
the longest cycle life among all test cells with EAC materials added
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Fig. 7. (a) Current profile of a micro-hybrid driving test cycle; (b) end-of-charge
voltage limits cell life within one cycle-set of the HRPSoC test; (c) end-of-discharge
voltage limits cell life within one cycle-set of the HRPSoC test.

to NAM. The reference cell was highly polarized during charge. This
cell performed only 1300 micro-cycles before reaching the upper
voltage limit of 2.83 V.

The obtained cell voltage/cycle number curves for cells with
EAC2, EAC3 or EAC4 are analogous to those presented in Fig. 8.

3.2.5. HRPSoC cycle life as a function of EAC content

The obtained results for the effect of EAC concentration on the
cycle life (within the first cycle-set) of lead-acid cells operating
under HRPSoC conditions are summarized in Fig. 9.

Cells with EAC1, EAC3 or EAC4 in NAM have the best cycle life
performance, between 9200 and 11,600 cycles, at carbon concen-
tration levels below or equal to 0.5 wt.%. On further increase of the
EAC content, the cycle life of the cells decreases. Addition of EAC2
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to the negative paste in concentrations up to 1.5 wt.% results in cell
cycle life of the order of 9000 cycles.

3.2.6. Teardown analysis of NAM after HRPSoC cycling

3.2.6.1. XRD and chemical analysis. Samples of the negative active
material were subjected to teardown analysis in an attempt to elu-
cidate how do electrochemically active carbons influence the cycle
life of lead-acid cells under HRPSoC operation. Before the teardown
analysis the cells were fully charged and then the physicochemical
characteristics of NAM were examined by XRD, chemical analysis
and SEM microscopy.

Fig. 10 presents the obtained XRD patterns for NAM samples
(doped with EAC1-4) from the cells with the best cycle life perfor-
mance during the first cycle-set. The results of the chemical analysis
of the same samples are also included in the figures. No chemical
analysis of the reference cell was performed.

The obtained results suggest that the state of charge of the cells
was not sufficient to convert the accumulated PbSO4 to Pb. Lead sul-
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Fig. 10. XRD patterns for samples of NAM with EAC1-4 after the first cycle-set of
the HRPSoC test.

fate diffraction peaks are observed in all XRD patterns. Apart from
PbSOy, cells with 1.5wt.% EAC2, 0.2 wt.% EAC3 or 0.5wt.% EAC4 in
NAM contain considerable amounts of a-PbO as well. Formation of
a-PbO instead of PbSO,4 indicates that during cycling the electrolyte
in the pores has become alkaline. The broad diffraction peaks of a-
PbO are an indication of small crystallite size. The results of the
chemical analysis of the samples are in good agreement with the
XRD data, despite the fact that XRD detects only the crystal phases
of NAM. The highest content of Pb is observed in the negative plate
doped with 0.2 wt.% EAC3.

The obtained experimental results pose the following questions.
Why is a-PbO phase formed in NAM during HRPSoC operation
(Fig. 10)? Why is the cell voltage low during the HRPSoC cycling
test (Fig. 8)? How do electrochemically active carbons contribute
to the electrochemical reactions of charge of the negative plates?
To answer these questions it is necessary to consider the influence
of EAC on the structural and electrochemical characteristics of NAM.

3.3. Dynamics of the Pb + EAC interface of NAM during cycling

It was interesting to obtain information about the structure of
NAM after the first cycle-set of the HRPSoC test. For the purpose,
samples from the surface layer and from the interior of the negative
plates were set to SEM examination. First, NAM samples were taken
from the cells on completion of the first cycle-set (i.e. after they
reached their end-of-life). Then the cells were re-charged to 100%
SoC and new samples were taken for SEM examination.

Fig. 11 shows SEM images of NAM with 1.5wt.% EAC2 in dis-
charged state. It is evident that the surface layer of the negative
plate (Fig. 11a and b) is highly sulfated and the NAM structure is
partially destroyed. EAC2 particles (white spots) are adsorbed on
the surface, or built in the structure, of the lead sulfate crystals thus
causing formation of numerous defects in the PbSO4 crystal struc-
ture and changing the shape of these crystals. These EAC2 particles
lose their electrochemical properties because the contact between
them and the Pb surface is interrupted.

The micrographs in Fig. 11c and d present SEM images of the
interior of NAM with 1.5 wt.% EAC2. Because of the high charge and
discharge currents employed during the HRPSoC test the charge and
discharge reactions proceed mainly in the surface layers of the neg-
ative plates. Hence, only small amounts of lead sulfate are formed
in the interior of the plates during discharge. It can be seen from the
Fig. 11d that large surface area of Pb is covered by EAC2 particles.
Lead sulfate crystals with well-shaped edges and apexes are also
observed in the interior of the negative plate. These results indicate
that crystal growth is mostly a result of recrystallization processes
that occur in the inner parts of the negative plates.

Fig. 12a and b presents SEM images of the surface layers of NAM
with 1.5wt.% EAC2 in charged state.

During charge, the major part of the lead sulfate crystals dis-
solves. The released EAC2 particles are free to adsorb on new
partially dissolved PbSO4 crystals or on the Pb surface. These pro-
cesses take place under the action of the ions and water diffusion
flows.

SEM images of the inner parts of charged NAM with 1.5wt.%
EAC2 are presented in Fig. 12c and d. The Pb surface is covered
by EAC2 carbon particles. Pb particles are organized mostly in
the skeleton structure of NAM. The big lead sulfate crystals have
partially dissolved and EAC2 particles have adsorbed on their sur-
face.

On cycling of the cells, part of Pb is oxidized and PbSO4 is formed
during discharge and then the PbSO4 crystals are reduced, partially
or fully, to Pb on charge. Part of the carbon particles covering the
Pb surface will desorb during discharge and then adsorb on the
surface of PbSO4 crystals. During charge, carbon particles will be
involved in the reverse process. Consequently, the structure of NAM
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Fig. 11. SEM images of discharged NAM with 1.5 wt.% EAC2 after the first cycle-set of the HRPSoC test: (a) and (b) plate surface; (c) and (d) plate interior.

and of the interface NAM/solution will change during the cycling
procedure and so will the number of carbon particles adsorbed on
the Pb surface.

The above-presented SEM pictures (Figs. 11 and 12) evidence
that, during cycling, the Pb + EAC interface of NAM structure under-
goes continuous changes, i.e. a dynamic state is established in the
Pb +EAC NAM structure.

The presence of two phases in the negative active mass: an elec-
trochemically active one (Pb) and a second one (EAC) enhancing
the electrochemical properties of the first one, raises the ques-
tion about the optimal quantitative proportion between these two
phases. Fig. 9 illustrates the effect of EAC type and content in NAM
on the cycle life at HRPSoC conditions. The data in the figure indi-
cate that there is a definite concentration range for each EAC type

Fig. 12. SEM images of charged NAM with 1.5 wt.% EAC2 after the first cycle-set of the HRPSoC test: (a) and (b) plate surface; (c) and (d) plate interior.
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which is able to ensure adequate battery cycle life as required for
HEV applications.

3.4. Effect of EAC additives on the structural characteristics of
NAM and on the electrochemical reactions

3.4.1. Pore volume distribution versus pore radius for NAM with
EAC1-4 additives

Fig. 13 presents the differential pore volume distribution versus
pore radius for formed NAM doped with EAC. The NAM samples
were taken from the plates after formation.

The obtained results evidence that the pores of NAM without
EAC additive have radii larger than 1.0 pm, most of the pore vol-
ume being distributed among pores with radii around 2.25 pum
(median pore radius). Similar results are also obtained for NAM
with addition of 0.5wt.% EAC1 whose particles are bigger in
size.

The porosity data for NAM with 1.5wt.% EAC2, 0.2 wt.% EAC3
or 0.5wt.% EAC4 are quite different. Judging by the pore volume

distribution curves, negative active materials doped with these car-
bon additives have median pore radius below 1.0 wm. It can be
concluded, then, that all four types of carbons under test change
dramatically the pore system of the formed NAM by reducing
strongly its pore radius.

Fig. 13 summarizes also the total pore volume values obtained
for the above-mentioned NAM samples. The lowest total pore vol-
ume is measured for NAM without EAC dopants. Addition of EAC
to the negative paste results in increase of the total pore volume
of NAM. The most noticeable effect is observed with EAC1 when
added in concentration of 0.5 wt.%.

Thus, EAC additives significantly alter the structure of NAM
by increasing its total pore volume and decreasing its mean pore
radius.

3.4.2. Median pore radius of NAM with EAC1-4 additives

The dependences of median pore radius of NAM on amount of
added carbons, as determined from the porograms, are plotted in
Fig. 14.
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Fig. 14. Median pore radius of NAM versus EAC1-4 carbon concentration.

For all studied concentrations of EAC1 in NAM the mean pore
radius is within the range 2-3 wm. Additions of EAC2, EAC3 or EAC4
to NAM reduce the median pore radius and it may drop below
1 wm at EAC loads higher than 1.0 wt.%. At concentrations of EAC2,
EAC3 or EAC4 close to 2.0 wt.%, the median pore radius decreases to
0.5 pm. Through this influence of carbon additives on the pore sys-
tem of NAM they will reduce the rate of the ionic fluxes in the inner
parts of the plate and subsequently change the electrochemical and
chemical reactions that proceed at the negative plates.

3.4.3. Correlation between HRPSoC cycle life of lead-acid cells
with EAC additives and median pore radius of NAM
Fig. 15 presents the dependences HEV cycle life versus mean
pore radius of NAM for test cells with the four types of EAC additives.
The following conclusions can be drawn on grounds of the data
in the figure:

(a) The best cycle life performance within the first cycle-set of the
simulated HRPSoC test is registered with the cells with EAC2,
EAC3 or EAC4 additives which yield NAM with mean pore radius
within the range from 0.7 um to 2.0 wm. As evidenced by Fig. 2,
these EAC particles are spheroid in shape, but have different
radii. The cells with addition of EAC1, have the longest cycle life
at NAM mean pore radius of between 2.0 pum and 2.7 pm.

(b) As indicated by the XRD data (Fig. 10), on HRPSoC cycling of
cells containing EAC2, EAC3 or EAC4 in NAM, a-PbO is formed
in the NAM beside PbSO4. The mean pore radius of these neg-
ative active masses is less than 1.5 pm. No a-PbO forms in the
NAM of plates with EAC1, where the mean pore radius is 2.5 pm.
This implies that movement of the H,SO4 flows in the NAM with
mean pore radius smaller than 1.5 um is strongly impeded. Hence,
the solution in the pores is alkalized, which results in formation
of «-PbO. Indeed, the highest amount of a-PbO is detected in
the NAM with 1.5 wt.% EAC2, which has the smallest mean pore
radius of 0.7 wm. Thus, through their influence on the mean
pore radius of NAM, electrochemically active carbons can influ-
ence also the mechanism of the overall electrochemical reaction
of charge and discharge of the negative plates, and can change
it to Pb = Pb(OH), = a-PbO.

3.5. Influence of EAC on the elementary processes involved in the
electrochemical reaction of charge of lead-acid battery negative
plates

3.5.1. BET surface area of NAM with EAC1-4 additives
The relationship between BET surface area of NAM and amount
of added carbons is presented in Fig. 16.

Depending on the type of activated carbon used, addition of
EAC can change the surface area of NAM from 0.9 m? g1 (EAC2)
to 20m? g1 (EAC3). These results indicate that the specific surface
of NAM is determined not only by the specific surface of lead (which
is 0.49 m2 g~1) but also by the specific surface of the additive, which
is 6 times higher than that of lead for EAC2 and 42 times higher for
NAM with EAC3, respectively. The highest specific BET surface area
value was obtained for the NAM with 2.0 wt.% EAC3 added to the
paste.

3.5.2. Correlation between HRPSoC cycle life of lead-acid cells
with EAC additives to NAM and BET surface area of NAM

The processes of charge and discharge of the negative plates pro-
ceed at the interface Pb/electrolyte solution in the pores of NAM.
EAC particles are electronic conductors. Adsorbed on the Pb sur-
face, EAC particles create a new electrochemically active interface:
EAC/electrolyte having the potential of the Pb/electrolyte inter-
face. Probably, electrochemical reactions proceed at this interface,
too.

In an attempt to investigate the influence of EAC on the electro-
chemical reactions at the negative plates we studied the correlation
between cell cycle life and BET surface area of NAM.

Fig. 17 presents the HRPSoC cycle life of the test cells versus the
specific BET surface area of NAM. The EAC weight percent concen-
trations in NAM are also given in the figure.

The experimental data presented in Fig. 17 give grounds for the
following conclusions:

(a) The different EAC additives have different effect on the depen-
dence HEV cycle number versus NAM BET surface. The best
cycle life performance (>9000 cycles) is observed with the cells
with NAM specific surface area of up to 4m?2 g1, Such surface
values are measured for NAM with addition of EAC1 or EAC4
in concentrations of up to 0.5 wt.%. Knowing that the specific
surface of Pb is 0.5m2 g1, it follows that the ratio EAC:Pb sur-
face should be maximum 7:1. On further increase of the specific
surface of NAM, the cycle life of the cells in HRPSoC regime
declines.

(b) Behaviour of cells with specific NAM surface lower than 4m? g
With increase of the specific surface of NAM from 0.5m? g~!
to4m? g1, the curves HEV cycles/NAM surface pass through a
maximum, Smax (for cells with EAC1 or EAC4).

(¢) Behaviour of cells with specific NAM surface area higher than
4m?g-1. The data in Fig. 17 indicate that with increase of the
NAM surface area above 4m?2 g~1, through increase of the EAC
content in NAM, the life of the cells declines. The slope of this
decline depends on the type of additive used. Thus, for example,
the cycle life of cells with EAC4 additive decreases more quickly

,‘1.
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Fig. 16. BET surface area of NAM doped with EAC1-4 as a function of carbon concentration.

with increase of NAM surface than in the case of cells with EAC3
additive.

The cell cycle life depends on the surface of NAM and the latter
is formed mostly by the surface of EAC particles. Hence, the elec-
trochemical reactions will proceed not only on the Pb surface, but
also on the surface of the EAC phase. The EAC interface contributes
to the transfer of electrons to Pb2* jons, and to the formation of
Pb atoms. So reduction of PbSO4 proceeds on the EAC surface as
well.
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3.5.3. Microstructure of NAM with EAC2 or EAC4 additives after
formation

Since the electrochemical processes take place at the interface
of NAM with the solution the coverage of NAM by carbon particles
will play crucial role in the capacity and cycle life performance of
the negative plates. Fig. 18 presents SEM micrographs of formed
NAM containing different concentrations of EAC4.

The images illustrate the coverage of the Pb surface by EAC4
particles. They are adsorbed on the lead surface. With increase
of EAC4 concentration in NAM, the Pb surface coverage by EAC4
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Fig. 17. HRPSoC cycle life of the test cells versus NAM specific surface area.
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Fig. 18. Crystal morphology of NAM doped with different concentrations of EAC4.

particles increases rapidly and the free Pb surface decreases. At
1.5wt.% EAC load, the Pb surface is almost completely covered by
EAC particles. The specific surface area of NAM becomes larger than
4m2g1.

Fig. 19. SEM images of the structure of NAM with different loads of EAC2.

This is not the case with NAM doped with EAC2 (Fig. 19).
As evident from the SEM pictures in Fig. 19, when added in
concentrations of 0.2wt.% or 0.5wt.%, EAC2 carbon particles are
randomly distributed on the Pb surface. At higher EAC2 lev-
els the lead surface is partially covered by EAC and even at
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2.0wt.% EAC2 content in NAM, large areas of Pb remain free from
EAC2 particles. The specific surface area of NAM is lower than
4m2g1.

3.6. Parallel mechanism of the charge processes at the negative
plates containing EAC additives

3.6.1. Elementary processes which limit the charging rate of the
negative plates

As described in Section 2 of this paper, the test cells comprised 3
positive and 2 negative plates, i.e. the positive plates were oversized
(0.5 mm thicker) as compared to the negatives, thus their potential
would change but very slightly during cycling. So it can be assumed
that the changes in cell voltage on cycling are due to changes of the
potential of the negative plates.

Another indication of the involvement of the EAC surface in
the electrochemical reactions is the relationship end-of-charge cell
voltage versus cycle number for all cells under test. The obtained
dependences are presented in Fig. 20.

Polarization of the reference cell with no EAC in NAM increases
by 400 mV within the first 300 cycles already. This indicates that the
electrochemical reaction of Pb2* reduction on the Pb surface is very
much impeded. The short cycle life of this cell implies that PbSO4
has accumulated rapidly during the charge/discharge processes
leading to considerable cell polarization and hence shortening of
its life to only 1300 HEV cycles.

Polarization of the cells with EAC1, EAC2 or EAC4 depends on
the concentration of the EAC added to NAM and is less than 100 mV
for EAC1 containing cells, and 50 mV for the cells with EAC2 or with
low concentrations of EAC4. Similar behaviour is also observed with
the cells with addition of EAC3 to NAM.

If EAC additives reduce the polarization of the negative plates,
then obviously they will accelerate the charge processes. Let us

see which elementary processes can be accelerated by carbon
additives.

(a) Reversible and irreversible processes of PbSO,4 formation and dis-
solution. In the HRPSoC cycling mode, discharge is conducted at
fairly high currents (2CA). This results in high oversaturation of
the solution in the NAM pores with Pb%* ions [10]. These ions
form small PbSO4 crystallites (nuclei). The latter are highly sol-
uble and will maintain a high concentration of Pb2* ions in the
pore solution (Ostwald-Freundlich equation). The elementary
process of PbSO4 dissolution on HRPSoC cycling will proceed
at a high rate and hence will not impede the charge process
(Fig. 21).

However, not all Pb2* jons formed during the charge cycle
produce small readily soluble PbSO4 crystallites. Some of the
ions are incorporated in the lead sulfate crystals already formed.
These crystals grow and become difficult to dissolve, thus part of
the Pb%* ions are excluded from the reversible charge/discharge
cycle. Sulfation of the plates proceeds at a low rate but, after a
certain number of cycles, ample amount of lead sulfate accu-
mulates, which leads to end-of-life of the cells.

Pb phase

irreversible charge-discharge reversible charge-discharge
processes Pb2* P2+ processes
Pb2* hlgh solubility

low soiubillly
recrystalllzatlon Pb

PbSO

Fig. 21. Diagrammatic representation of the reversible and irreversible

charge/discharge processes during polarization of the negative plates.
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Fig. 22. Schematic representation of the parallel mechanism of charge of the negative plate.

So during HRPSoC cycling two types of processes take place
simultaneously at the negative plates: reversible processes yield-
ing small PbSO,4 crystallites which dissolve easily and thus
maintain high charging rate, and irreversible processes during
which Pb2* ions contribute to the growth of big PbSO4 crys- (d)
tals of low solubility, which accumulate progressively and lead
to sulfation of the plates. The ratio between these two types of
processes determines the cycle life of the cells on HRPSoC opera-
tion. Electrochemically active carbon additives change this ratio
in favour of the reversible processes and thus improve the cycle
life performance. So the reason for the observed retarded charge
of negative plates with no carbon additives should be looked for
in the subsequent elementary processes of charge.

(b) Diffusion of Pb?* ions in the NAM pores. This process will also
proceed at a high rate, because of the high Pb2* concentra-
tion gradients created in the pore solution on HRPSoC cycling.
So Pb2* ion diffusion, too, will not impede the charge process
despite the short charge/discharge cycles with high currents.
This leaves the remaining two elementary processes of charge
to be held responsible for the retarded charge process.

(c) Charge transfer and reduction of Pb%* ions. During charge of
the negative plates, the double electric layer of the inter-
faces Pb/solution and EAC/solution is charged and, when the
potential reaches a definite value, electrons transfer from the
metal surface to the adsorbed Pb2* ions and the reaction
Pb2* +2e~ — Pb proceeds. The potential at which electrons will
overcome the potential barrier of the interface depends on the
nature of the interface and on its structure. Comparing the cell
voltage curves for the cells with EAC and for the reference cell
with no carbon additive (Fig. 20) it can be seen that the potential
at which the reduction of Pb2* ions proceeds on the EAC surface
is much lower than that of the same electrochemical reaction on
the Pb surface. This means that the potential barrier that elec-
trons have to overcome at the EAC/solution interface is much
lower than at the Pb/solution interface. Hence, the electro-

Pb / (PbSO, ,4) / H,S0, interface

b2+ + ze- _r Pb

EAC | H,SO, interface

Fig. 23. Schematic representation of the charge transfer th

INRERRRRRRRAY

The reaction of Pb2* reduction proceeds on both the Pb and EAC surfaces.

chemical reaction of Pb2* reduction proceeds predominantly on
the EAC surface. The potential at which this reaction proceeds
will depend on the concentration of the carbon additives in
NAM.

Formation of Pb phase. The data in Fig. 20 evidence that with
increase of the content of EAC1 or EAC2 in NAM the over-
potential of reduction of Pb2* ions decreases. The only exception
from this tendency is the cell with EAC4, where higher addi-
tive concentrations yield higher electrode potential. Probably,
in this case Pb nucleation and crystal growth proceeds with less
hindrances on the Pb surface than on the surface of EAC parti-
cles. Lead atoms tend to be incorporated in Pb growth fronts
more easily than to form new nuclei on the surface of foreign
substrates. The SEM pictures in Fig. 18 show that at high EAC4
concentrations there is but very small free lead surface and
hence Pb atoms have to form a new phase on the EAC surface.
This would slow down the electrochemical reaction and would
increase slightly the charging potential of the negative plates,
which is actually observed in Fig. 20.

So electron transfer during the electrochemical reaction
of Pb2* reduction proceeds at much lower potentials at the
EAC/solution interface than at the Pb/solution interface. The
subsequent elementary process of incorporation of Pb atoms in
the Pb growth fronts will proceed much easier than the forma-
tion of a new phase on the EAC surface. The obtained Pb atoms
may, by surface diffusion, reach the Pb surface and be incorpo-
rated into the latter’s structure, or they may form Pb nuclei on
the surface of EAC particles, thus reducing the EAC surface area
on which the reduction of Pb%* ions proceeds.

Thus, electrode polarization will depend on the ratio between
the EAC and Pb surfaces. This correlation is supported by the
experimental results presented in Fig. 17. The best cycle life
performance is registered for the cells with EAC:Pb surface ratio
equal to 7:1 and NAM specific surface area of 40m?2 g-!. When
the specific surface of NAM is above this value, the lead surface

Pb + EAC / H,SO, interface

rough the (Pb+EAC)/H,S0;4 interface in NAM.
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diminishes, which reduces substantially the reversibility of the
processes in the cell and hence its cycle life is shortened.

Based on the obtained experimental results it can be concluded
that addition of electrochemically active carbons to the negative
active material improves the reversibility of the charge/discharge
processes on the lead sulfate electrode by creating a “parallel mech-
anism of the charge reactions”.

3.6.2. A model for the parallel mechanism of charge

Fig. 22 shows a schematic diagram of the charge and discharge
processes that take place on negative plates with NAM containing
EAC additives.

During discharge, the following electrochemical reaction pro-
ceeds on the lead surface:

Pb — Pb%* +2e-

Pb2* jons diffuse to the nearest PbSO,4 crystal and precipitate
on its surface, thus contributing to its growth. PbSO4 crystals grow
on the surface of both Pb and EAC particles (Figs. 11 and 12). The
concentration of Pb%* ions in the solution is determined by the sol-
ubility product of PbSO,4. During charge, the Pb?* ions from the
solution are reduced on the Pb surface at a rate V; and on the EAC
surface at a rate V,. When an electrochemical reaction proceeds
simultaneously on two surfaces of different nature, the electrode
potential is determined by the reaction with the higher rate. The
polarization of the negative electrode is determined by the rate V>,
as shown in Fig. 20.

Fig. 23 presents a schematic diagram of the electric charge trans-
fer through the (Pb+EAC)/H,S0O4 interface.

Besides the layer of expander molecules, a monolayer of
adsorbed PbSO4 molecules forms on the lead surface due to the
high acid concentration there. The charge transfer resistance of
these adsorbed layers of the Pb/H,SO, interface is high. No such
barrier layers are formed at the EAC/H,SO, interface and the
electron transfer through this interface proceeds with less resis-
tance. The electric current that flows through the EAC/H,SO4
interface is much higher than that flowing through the Pb/H,S04
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Fig. 24. Multi-layer model electrode design.

one. So, the adsorbed EAC particles on the Pb surface play the
role of by-pass for the electron transfer and thus accelerate
the electrochemical reaction of Pb%* ion reduction. Thus, carbon
added to the negative plate acts as electrocatalyst to the charge
reaction.

3.6.3. Experimental verification of the parallel mechanism of
charge of negative plates with electrochemically active carbons

The proposed parallel mechanism of charge was verified exper-
imentally using a model electrode (ME) analogous to the one used
in an earlier investigation of ours [11]. The modified design of the
model electrode is presented diagrammatically in Fig. 24.

The base of the Pb-0.1%Ca spine, inserted in PTFE holder, was
covered with one or two layers of different materials, thus forming
three different electrodes as follows:

¢ A layer of chemically prepared PbSO4. This ME modification,
referred to as Pb/PbSO, electrode, was used to measure the cur-
rent of PbSO4 reduction on the Pb surface.

¢ A layer of electrochemically active carbon. This ME, referred to
as Pb/EAC electrode, was used to investigate the processes on
polarization of the EAC layer in H,SO4 solution.

e Both EACand lead sulfate layers, referred to as Pb/EAC/PbSO,4 elec-
trode and used to study the processes of PbSO4 reduction on the
EAC surface.

A sheet of AGM separator was placed over the investigated layers
then pressed with a PTFE cap. This electrode design confines trans-
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Fig. 25. Voltammograms for the three types of model electrodes (Pb/PbSO4, Pb/EAC and Pb/EAC/PbSO4) with EAC2 or EAC3 carbon layer.
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fer of materials from the ME to the electrolyte. The experiments
were carried out in a classical three-electrode cell comprising a ME
as working electrode, an Hg/HgS04/H,S04 reference electrode and
a large Pt mesh as counter electrode. All experiments were per-
formed in excess of 1.28 sp.gr. sulfuric acid solution at ambient
temperature. Linear sweep voltammetry measurements were con-
ducted. The potential of the working electrode was swept between
—0.7V and —1.3V at a scan rate of 20mVs~1,

Fig. 25 presents the obtained voltammogrames, at the 5th polar-
ization run, for the three types of model electrodes with EAC2 or
EAC3 additives.

e Pb/PbSO, electrode. The curve profile is similar in shape to that of
the voltammogram for Pb/PbSO,4 electrode immersed in H,SO4
solution. The current is low due to the small free lead surface that
is contact with the electrolyte solution.

e Pb/EACelectrode. The obtained voltammogram resembles that ofa
double layer capacitor. The double layer of the interface is charged
and discharged and no Faraday reaction proceeds at that.

e Pb/EAC/PbSOy electrode. The PbSO,4 layer sustains a certain con-
centration of Pb%* ions in the solution filling the pores of the
PbSO4 and of the EAC layers, which is determined by the solubility
of PbSOy.

Let us first discuss the voltammogram for the Pb/EAC2/PbSO4
electrode. In the potential region between —1.3V and -0.93V, a
reaction of Pb%* reduction to Pb proceeds. This reaction proceeds
on the surface of EAC particles. In the potential region between
—0.93V and -0.7V, Pb is oxidized yielding PbSO4 and an anodic
peak appears. Possibly, some Pb(OH), is also formed in the inner
parts of the electrode where the movement of the H,SO4 flow
through the PbSO4 and the EAC layers is impeded. During the
cathodic sweep from —0.77V, cathodic current flows generated by
the discharge of the double electric layer and by the reduction of
Pb(OH),, if any. At potentials more negative than —0.93 V, reduction
of PbSO4 to Pb starts on the EAC surface, which results in a cathodic
minimum. Occurrence of both anodic and cathodic peaks confirms
the proposed parallel mechanism assuming that the electrochemi-
cal reaction of reduction of Pb2* ions to Pb proceeds on the surface
of the EAC2 particles.

Let us now consider the voltammograms for model electrodes
with EAC3 additive. The charge and discharge voltammograms for
the Pb/EAC3 electrode are similar to those for the double elec-
tric layer, but with significant hysteresis between the anodic and
cathodic curves. Probably, an electrochemical reaction of hydro-
gen evolution proceeds and the evolved hydrogen is intercalated
into the EAC3 phase. These hydrogen reactions yield increased hys-
teresis in the voltammograms. On the Pb/EAC3/PbSO4 electrode,
reactions of PbSO4 reduction to Pb and of Pb oxidation to PbSO4
proceed on the surface of the EAC3 particles. The over-potential
at which oxidation of Pb to PbSO,4 starts is —0.91V and reduc-
tion of PbSO4 to Pb commences at almost the same potential.
Above —1.20V, intense evolution of hydrogen starts. A compari-
son between the voltammograms for the Pb/EAC2/PbSO,4 and the
Pb/EAC3/PbSO4 electrodes evidences stronger currents and more
intense H; evolution for the latter electrode. These results indicate
that the electrochemical reactions that proceed on the EAC surface
depend very much on the type of the EAC additive used.

The model electrodes Pb/EAC1/PbSO4 and Pb/EAC4/PbSO4 have
analogous behaviour to the one illustrated in Fig. 25.

4. Conclusions

Within the present study it has been established experimen-
tally that the electrochemical reaction of reduction of lead ions

proceeds simultaneously on the surface of both Pb and carbon par-
ticles. For the purpose of this investigation negative plates were
prepared with addition of four types of electrochemically active
carbon materials added in 5 different concentrations. Reference
negative plates with no carbon additive were also prepared. The
obtained negative active mass was characterized in terms of spe-
cific surface area, mean pore radius, structure and morphology of
the crystals in NAM. These plates were assembled in test cells,
which were set to capacity and cycling tests under simulated HRP-
SoC conditions. The cycling program comprised 1-min charge and
discharge pulses with a current of 2CA. In the HRPSoC cycling
mode, small PbSO4 crystallites of high solubility are formed dur-
ing charge with such high currents. Hence, during the subsequent
discharge, dissolution of PbSO4 proceeds at high rate. Thus a high
concentration of Pb2* ions is sustained in the NAM pores, so this
first elementary process does not limit the rate of charge of the
negative plates. Diffusion of Pb%* jons to the surface of Pb par-
ticles is fast due to the high Pb2* concentration gradient in the
solution filling the pores resulting from the charge reaction. So
this elementary process, too, is fast and does not limit the charge
rate.

During charge, the potential of the negative plates with EAC
additives is by 300-400 mV lower than the charge potential of
plates with no carbon additives. This indicates that the transfer of
electrons for the electrochemical reaction PbZ* +2e~ — Pb on the
EAC surface proceeds with less hindrances than on the Pb sur-
face. Hence, the cycle life performance of the cell will depend on
the ratio EAC:Pb surface. The test results show that the longest
cycle life is achieved when the cells contain EAC of the type and
amount yielding NAM specific surface area of up to 4m?2 g~!. This
effect of EAC is attributed to the nature of the EAC/solution inter-
face and to the increased surface on which the electrochemical
reaction Pb2*+2e~ — Pb proceeds. Thus, electrochemically active
carbons have a catalytic effect on the charge reactions and reduc-
tion of PbSO4 proceeds via a parallel mechanism on both Pb and EAC
surfaces, which retards sulfation of the negative plates and pro-
longs the cycle life of the cells. The obtained polarization curves
and the SEM images of the surface of NAM covered by EAC par-
ticles suggest that Pb atoms tend to incorporate in the growing
Pb crystal lattice more easily than to form new nuclei on foreign
substrate.

The proposed parallel mechanism of PbSO4 reduction on the
EAC and Pb surfaces was verified experimentally using specially
designed model electrodes. Apart from the parallel electrochemi-
cal mechanism of PbSO4 reduction to Pb, electrochemically active
carbons influence also the pore structure of NAM reducing its mean
pore radius. When the pores “shrink” to less than 1.5 um, access of
H,S04 into the pores is impeded and PbO forms instead of PbSO4
during cell discharge, i.e. the overall electrochemical reaction of
charge and discharge of the negative plates changes.

Identification of the above-mechanism of action of carbon addi-
tives on the performance of lead-acid batteries operated in the
HRPSoC mode opens the way to development of new technolog-
ical processes for battery manufacture, which would improve the
reversibility of the processes during HRPSoC cycling and thus make
lead-acid batteries suitable and widely acceptable for HEV applica-
tions.
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