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ABSTRACT

When a conventional starting, lighting and ignition (SLI) lead acid battery is exposed to a high rate partial state of charge
(HRPSoC) cycling, it would experience a build-up of irreversible PbSO, on the negative plate, resulting in capacity loss and
electrode damage. The addition of certain graphites to the negative paste mix has proven to be successful in reducing this effect.
This study looked at using statistical design of experimental (DoE) principles to observe interactions between two graphite
types and a nanocarbon together with other additives, such as BaSO, and Vanisperse, to a negative paste mixture. The response
factors considered were in relation to their effect on the battery’s cold cranking ability (CCA) at 18 °C, the HRPSoC and its
active material utilization. Typical flooded nominal 8 Ah test cells were assembled in a reverse ratio build,with three positive and
two negative plates, with three types of added carbons (flake graphite, natural graphite and nanocarbon) added to the negative
paste mixture at a two-level design. The study showed the usefulness of a statistical DoE approach in the effective use of additives
that are included to the negative plate paste mixture, where there are interactions between the amounts of added carbon, BaSO,
and Vanisperse, with respect to the responses of CCA and HRPSoC, that do not necessarily act independently — based on their
amounts — on the performance of the active material. The study also showed that there are correlations between certain response

factors, such as the number of achievable cycles within a HRPSoC test sequence, and the type of added carbon.
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1. Introduction

The new demands made on the Pb-acid battery by automotive
manufacturers and others in terms of its ability to supply
extended periods of power without being fully recharged, have
placed considerable strain on the battery’s capabilities of provid-
ing reliable capacity performance under ahigh rate partial state
of capacity (HRPSoC)."” The main failure in the Pb-acid battery
that was subjected to such testing criteria, was shown to be the
excessive sulphation that occurred on the Pb negative plate,
thereby causing irreversible cell-capacity failure.* Extensive
work was done, in order to reduce the sulphation effect, and to
improve the HRPSoC ability of a Pb-acid battery, by the addition
of various types of graphites and other additives to the negative
plate.* The understanding so faris that the addition of primarily
conductive graphite to the negative paste mixture improves the
active material’s conductivity, and thereby reduces the effect of
irreversible sulphation.

Also, with graphite addition, the PbSO, tends to preferentially
form smaller particles dispersed throughout the active material,
rather than to form larger conglomerates, thereby reducing the
irreversible sulphation effect.® The presence of larger PbSO,
crystals in the discharged active material - upon recharge — had
difficulty in converting back to Pb. This,in turn, resulted in a
higher current density with a higher electrode overpotential,
which effectively promoted the electrolysis of water, and not
necessarily the conversion of the insulating layer of PbSO, back
to the Pb active material.

The addition of graphite, that was spread uniformly through-
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out the active material, resulted in better conductivity, and
allowed for a more uniform potential gradient to exist across the
material’s active surface. This, in turn, lowered the overpotential
of the electrode, allowing the smaller PbSO, crystals to convert
more easily back to the Pb active material during the recharge
step.®

Much work was done in varying and optimizing the amount
and types of graphites, in order to extend the HRPSoC of a
battery with very little being reported on the graphite’s influ-
ence, and any possible interaction with the other negative
plate’s expander additives.” The use of a design of experiment
(DoE) approach in the study of additives to mixtures is exten-
sively used in the chemical industry to optimize processes and
formulations."” These designs can often become complex, where
multi-component designs are used to optimize the concentra-
tions and indicate possible interactions between the compo-
nents —to give certain desired properties."

This study made use of an experimental design approach to
evaluate the addition of various components (expanders) to the
negative plate’s paste mixture, where the extent of their interac-
tion, dependency and independency on the cell’s electrochemical
properties was carefully studied. This was especially in relation
to the improvement of the battery’s ability to work under
HRPSoC conditions. The aim of the study was not to optimize
the amount of added carbon that included the graphite or other
additives to a negative paste mixture, which would require
several more experiments, butinstead to use a two-level factorial
design that would consider from a statistical point of view, the
significance of varying the amounts of certain additives — or not
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Table 1 A summary of the high and low variable concentrations
(weight%) for the different additives used in the statistical experimental
design.

Cell number Vanisperse/% BaSO,/% Added carbon */%
1 0.2 0.25 1.5
2 0.2 0.25 0.5
3 0.2 0.5 15
4 0.2 0.5 0.5
5 0.4 0.25 1.5
6 0.4 0.25 0.5
7 0.4 0.5 1.5
8 0.4 0.5 0.5

* The added carbons were: flake graphite, natural graphite and a nanocarbon.

— on the particular electrochemical response of a Pb-acid cell,
such as the cold-crank ability (CCA) and HRPSoC.

2. Experimental

2.1. Electrode Preparation and Experimental Design

The negative plates were made by following a general paste-
mixing recipe and varying the added carbon (flake graphite,
natural graphite and nanocarbon) concentrations with some of
the other common additives, such as Vanisperse (Borregaard
Vanisperse A) and BaSO, (Solvay Blanc Fixe, brilliant grade)
(Table 1). The flake graphite, natural graphite and nanocarbon
were supplied by Willard Batteries. A standard expander recipe
used in the Pb-acid battery industry also contains a small
amount of carbon black (Degussa Corax N330). In this study,
carbon black, also referred to aslamp black, was included in all of
the negative paste mixtures prepared, and was kept constant, at
0.15 weight%. Its role in the paste mixture is considered to
contribute primarily to the formation of the active material; and
it will have a lesser influence on the discharge performance and
the cycle-life of the battery.

A pre-weighed amount (2.5 kg) of Barton Potlead oxide powder
(free-Pb approximately 22 % by weight) was added to a variable-
speed paddle mixer, followed by the pre-weighed amounts of
the additives as indicated in Table 1, which also included the
lamp black at a fixed amount. Water (250 mL) was added to the
mixture to form a workable paste, before the addition of
sulphuric acid (SG 1.400). The acid was added at a slow rate of
approximately 8 mL min™ to produce a consistent homogeneous
paste within approximately 10 min. Additional water was added
where necessary to specific batches of the sample — to make a
workable stiff paste; and the consistency thereof depended on
the amount of expanders added. It was observed that the paste
with a higher added-carbon content required more water, in
order to obtain a workable paste. The paste density (g cm™) was
measured by using an industrial standard density cup and filling
it with the mixed paste to the brim of the cup.

Approximately 50 g of the active material paste was applied to
one side of a 1.3 mm thick pre-cut expanded type grid (109 mm
by 62 mm) made from a calcium-tin-based lead alloy. Care was
taken to ensure that the paste was evenly distributed on both
sides of the plate, which was then roll-pressed with a
light-weight polyester non-woven material (14 gm™) on both
sides of the pasted plate. The polyester material gives additional
structural support to the surface of the plates during capacity-
cycling applications. The pasted plates were then placed into a
curing oven set at 35 °C and 85 % humidity for 48 h. The dry
cured plates from a specific group of additives were subse-
quently formed in a bath containing sulphuric acid (5G of 1.160)
for 91 h at a relatively low constant current.

Complete formation of the electrode material was confirmed
by powder X-ray diffraction, thereby ensuring thatless than 5 %
PbSO, by weight was present in the active material. The formed
plates were assembled into a five-plate design (reverse-ratio
built design with three positive and two negative plates) with
standard automotive polyethylene separators. The positive
plates used in this study were cut from standard manufactured
automotive 1.5 mm expanded grid type plates. The cells were
filled with 1.280 SG sulphuric acid and subjected to a range of
electrochemical tests described below.

In total, 32 cells were assembled with three variables (addi-
tives) and three responses (electrochemical tests) on which
linear multiple regression tests were done to determine the
significance of the low and high concentrations of the variables
and theirinteractions to particular responses that are common to
the Pb-acid battery. This was done by using ANOVA regression
analysis in Microsoft Excel®.

2.2. Electrochemical Tests

The following sets of electrochemical tests (responses) were
performed on a flooded five-plate cell design with an estimated
theoretical capacity of about 8 Ah at the C,, rate (Table 2).

2.2.1. Standard Cell Capacity and the Peukert Relationship

The cells were capacity cycled three times at the C,; rate, ensur-
ing that the cells were fully charged with little variation in the
discharge capacity between the second and third discharge
tests. The cells were subsequently discharged at current rates of
0.05C,), 0.10C,, 0.2 C,,, 0.30 C,,, 0.40 C, and 1.0 C,, respectively,
followed by a standard recharge step that consisted of an 18 h
charge at a voltage limit of 2.4 V, followed by a 600 mA charge of
1 h with no voltage limit. The discharge voltage limit for all tests
was kept at 1.7 V; and the same recharge cycle steps were used
for all of the electrochemical testing done in the study. This
ensured that sufficient capacity would return to the discharged
cell with a suitable upper voltage limit that would limit the water
electrolysis and positive grid corrosion. The recharge capacity
would vary and be dependent on the preceding discharge rate
and achievable capacity. The recharge capacity would typically
vary between 111 % to 116 % of the preceding discharge capacity.

Table 2 Summary of responses used in the experimental design.

Description

Responses

CCA

Material utilization at certain capacity rates (Ah g”/theoretical Ah g™')

Peukert constants
HRPSoC test

Time to achieve 1V (s)

% Material utilization at the C,

% Material utilization at the C,,

% Material utilization at the CCA

n

Cycle number in each loop sequence
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Figure1 A typical charge and discharge profile at different current rates for cell number one made with flake graphite in the negative active material.

Table 3 Discharge and re-charge capacities of cell number one that
contained flake graphite in the negative active material.

Discharge current Discharge capacity Re-charge capacity
/mA /Ah /Ah *
400 11.19 12.65
400 11.02 12.30
800 10.83 12.16
1600 10.66 11.82
2400 10.38 11.49
3200 10.06 11.68
8000 8.05 9.19

* Includes the 0.6 Ah boost charge.

As an example, the sequential charge and discharge profile for a
typical Peukert test is shown in Fig. 1. Table 3 summarizes the
respective discharge capacities and the successive total re-
charge capacity.

The Peukert relationship was determined by plotting the log
time (t) versus log current (I) and from the slope of the
straightline graph, the Peukert constant (n) was determined.
Using the Peukert constant and the graph intercept, the respec-

tive true C, and C,, discharge capacities and currents were then
determined. All capacity results were reported with respect to
the negative electrode’s active material, since this was the limit-
ing component in this cell, and the material utilization was de-
termined by using the total active material excluding the grids
relative to the theoretical achievable capacity of Pb. The % capac-
ity utilized with respect to the theoretical capacity of the
weighed active material was then determined for the C,, C,;and
CCA rates, respectively.

2.2.2. Cold-crank Test (CCA)

The CCA test was done by placing the cells in a freezer for 24 h
at-18 = 1 °C prior to analysis. Since the study was comparative
by nature for the size and configuration of the cells, a relationship
was determined between the actual C,, capacity of a particular cell
and the extrapolated CCA current. This was done by taking the
specifications of the CCA current ratings for different battery sizes
and comparing them with their respective C,, rated capacity. A
relatively good linear relationship between the CCA currentand
the C, rated capacity was observed for some of the international
rating specifications; and the DIN European specification was
chosen in this study (Fig. 2). This relationship was expressed as a

Figure 2 A comparison and relationship between the different CCA currents (A) versus the rated C,, (Ah) for a number of international accepted

battery-testing specifications
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Figure 3 A typical capacity cycle sequence of a HRPSoC test at room temperature. After each loop sequence, a recharge sequence was used, followed

by another cycle sequence test at partial state of charge.

straightline equation between the CCA (A) to the rated C,,
capacity (Ah) as CCA = 4.2 C,. This would allow for the compar-
atively high current testing of small cell designs, where the
current used would depend on the actual C,, capacity achieved
for a cell, since the C,, capacity for the different cells in the study
could vary, due to the electrode’s active material mass and
density. The discharge currents ranged between 40 A and 55 A,
depending on the cell's actual C,, capacity; and these were
discharged to alower voltage limit of 1 V, followed by a standard
recharge step sequence at room temperature.

2.2.3. High Rate Partial State of Capacity Test

In this study, a slightly modified test sequence was used that
was similar to the one described by Valenciano et al. ' This
required a discharge to 50 % of the actual capacity of the cell at
the C, rate. This was followed by a one-minute charge and a
one-minute discharge at the C, rate, respectively (Fig. 3). This
sequence was repeated until the cell reached the lower
discharge voltage of 1.75 V, with no upper voltage limits on the
recharge step. Once this lower voltage was reached, the cell
would be recharged, using the normal recharge sequence
described previously that was based on the 18 h recharge at a
constant voltage of 2.4 V, with a current limit of 1.8 A. The
number of cycles achieved in this sequence would be described
as loop sequence one. After the cell was recharged, the partial
state of cycling would be repeated until the cells indicated that
they were no longer able to maintain the C, rate of discharge to
50 %depth of discharge (DoD), or until the number of cycles
within a loop count was below three cycles.

The experiment for this cell would be terminated; and the
cause of the cell failure would then be determined by disassem-
bling and analyzing the active material on the negative plate
by PXRD and SEM, to determine the extent of the sulphation.

The shapes of the discharge and charge profiles between the
first two loop sequences were slightly different. Notably, the end
of the voltage after the recharge step and during the first
sequence, quickly increased to 2.7 V,and continued to increase to
2.9 V — with a corresponding decrease in the discharge voltage
until it reached the limit of 1.75 V. The cycle profile was slightly
differentin the second loop sequence, with the cells maintaining

a relatively low recharge voltage over a large number of cycles,
before climbing to 2.9 V.

In this study, none of the cells was able to achieve any signifi-
cant cycle numbers (more than 3) in the third cycle sequence;
and most of them showed similar charge and discharge profiles
for the first and second loop sequence.

2.3. Powder X-ray Diffraction (PXRD) and Scanning Electron
Microscopy (SEM)

Phase identification of a crystalline material was determined
by PXRD by using a Bruker D8 diffractometer. Phase quantifica-
tion was done by Rietveld refinement, using Topas V3.1. A scan
range of 5-70 ° 20 was used at 1 5/0.2 °steps for all PXRD analysis.
For the cured and formed active material taken from the plates,
samples were ground by using a mortar and pestle, and the
powder mounted in standard polycarbonate sample holders,
before the PXRD analysis. The SEM analysis was done on a
Joel JSM 6380 microscope. Samples were prepared by placing a
small amount of sample onto the aluminum sample holder,
using a carbon paste; and subsequently, a gold-sputter coating
was applied to increase its conductivity.

3. Results and Discussion

3.1. Design of Experiment

The different electrochemical responses for the cells made
with the various high and low concentrations of the additives
Vanisperse, BaSO, and the different added carbon types, are
summarized in Table 4. The densities of the negative plate oxide
paste before application to the grid current collector are also
shown.

The results were analyzed by using a linear multiple-
regression model that included more than one independent
variable (factor) for each response. This could be expressed in the
following general format:

Y = b, + b,Vanisperse + b,BaSO, + b,Graphite +

b,(Vanisperse xBaSO,) + b, (Vanisperse x Graphite) +

by(BaSO, x Graphite) + ¢, (1)

where Y refers to the response; by is the intercept; b; to b are the
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Table 4 Summary of electrochemical responses and paste densities determined of the cells containing negative plates made with various additives

and added carbon types.

Cells and CCAtimeat1V/s Peukertconst. (n)  Material utilization at rates HRPSoCCC Paste density/g cm™

graphite types CCA/%  C1/% C20/% Loopl/cycles Loop 2/cycles

Flake 1 148.8 1.129 10.90 46.83 62.70 5729 6272 4.41
2 146.3 1.138 10.42 44.86 61.20 7390 5553 445
3 125.9 1.106 9.25 49.39 62.92 2330 2090 4.01
4 121.0 1.139 8.75 44.88 62.01 3276 2996 4.22
5 120.3 1.149 8.63 4445 61.66 883 1175 4.10
6 119.8 1.158 8.76 43.96 62.62 1630 2206 4.29
7 132.7 1.117 9.83 48.50 63.35 299 131 413
8 137.0 1.116 9.60 45.83 60.09 277 334 4.32

Nat 1 137.5 1.108 9.29 45.64 57.90 1578 2036 3.92
2 145.0 1.112 10.44 48.19 61.73 3567 3539 4.43
3 227.1 1.179 13.40 50.60 54.16 1677 1377 3.87
4 207.7 1.197 9.27 38.26 42.88 2569 3230 4.29
5 142.0 1.095 9.62 47.29 58.08 552 534 3.83
6 204.7 1.094 13.94 47.98 58.39 289 411 4.23
7 172.6 1.082 11.29 47.02 56.06 286 295 3.88
8 152.6 1.060 10.38 51.02 58.34 194 356 418

Ncarb 1 132.1 1.148 10.21 48.46 66.25 9443 5944 3.06
2 119.6 1.201 8.98 43.70 64.38 1209 7010 3.48
3 63.6 1.272 4.68 40.92 63.15 5222 1263 2.95
4 62.0 1.347 4.23 34.35 58.45 7498 2570 3.73
5 88.2 1.258 5.43 35.22 52.83 2857 1173 2.85
6 106.9 1.168 8.22 47.34 65.95 4938 8311 3.50
7 99.3 1.109 7.39 52.17 63.81 1280 1119 2.89
8 144.4 1.123 11.08 50.71 65.78 6455 4436 3.49

estimated coefficients for the variables and their interactions;
and ¢ is the experimental error.

The null hypothesis (H,) concerning a specific coefficient b, is
usually stated as H :b, = 0. This hypothesis (H,) states that there
is no influence of the variables (graphite, Vanisperse and BaSO,)
on the particular electrochemical response. A test was done to
determine whether the estimated coefficient was significantly
different from zero. This testing was done by making use of
statistical P-values. Based on the P-value obtained from the
regression analysis,the null hypothesis was then either accepted
or rejected. If a high P-value (above 0.05) was obtained, H, was
accepted and it was confirmed that the values for the coefficients
b, (n = 0 to 6) could be considered as experimental noise and
equal to zero. For a low P-value (below 0.05), H, was rejected;
and it could be accepted that the respective values forb, (n = 0 to
6) were not noise; and that the particular variable and/or their
interactions had had a significant effect on the response.

By a process of elimination, the variables and/or the respective
interactions that had a high P-value could be excluded in subse-
quent regression analysis, thereby giving a better refinement of
the remaining data to be reconsidered in terms of the same H...

As an example, the regression analysis for the response
factor CCA, the time in seconds to discharge to 1V for the cells
made with the flake graphite,are shown in Table 5.

The example shows that the variables of Vanisperse and BaSO,
— and their interactions were significant on the electrochemical
response of CCA discharge time. A P-value of 0.05 was obtained
for the Vanisperse-BaSO, interaction, but it showed a large
P-value for the variable of flake graphite, and its possible
interaction with the other variables in the electrode material,
implying that the change in the flake graphite amount had no
significant influence on this particular response.

Notably, once the interactions with a large P-value were

removed from the statistical regression analysis, the respective
P-values of the relevant variables and their interactions
improved considerably, where a value of 0.002 was obtained,
thereby showing that there was significant interaction between
the Vanisperse and BaSO, concentrations, irrespective of the
flake graphite amount. However, the variable of flake graphite
in the final analysis, even with a high P-value, was not removed
from the statistical regression analysis, since it was still presentin
the cell’s chemical make-up. This shows that with regard to this
particular response, changing the flake graphite amounts from
0.5 % by weight to 1.5 % by weight had no effect on the achiev-
able CCA discharge time (in s) for this particular set of cells made.
The determined coefficients in the final analysis give an indica-
tion of whether the change in the variable amounts have a
positive or negative effect on the particular response. Interest-
ingly, in this analysis, the coefficients for both the Vanisperse
and BaSO, were negative, but their interaction was positive,
implying thatboth are importantin the active material - to give a
positive increased response for the cell to discharge under
CCA conditions.

This can be represented graphically by taking the calculated
coefficients into consideration within the limits of the design,
where the effects of changing the variable (Vanisperse and
BaSO,) concentrations and their interaction have on the CCA
response, in terms of the time taken to discharge to 1V (Figs 4
and 5).

For the cells made with nanocarbon, even though the P-value
for Vanisperse was 0.06, a good approximation could be
achieved by remembering that the model is not ideally refined,
since the coefficients of the nanocarbon with a high P-value were
kept in the final subsequent refinements (Table 6).

The most suitable combination of Vanisperse and BaSO, was
for both of them to have the lower concentration within the
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Table 5 Regression analysis for the CCA response factor with the variables BaSO,, Vanisperse and flake graphite.

Refinement matrix for one response

Vanisperse (A) BaSO, (B) Graphite (C) AB BC AC Response CCA/s
0.2 0.25 15 0.05 0.375 0.3 149
0.2 0.25 0.5 0.05 0.125 0.1 146
0.2 0.5 1.5 0.1 0.75 0.3 126
0.2 0.5 0.5 0.1 0.25 0.1 121
0.4 0.5 15 0.2 0.75 0.6 133
0.4 0.5 0.5 0.2 0.25 0.2 137
0.4 0.25 15 0.1 0.375 0.6 120
0.4 0.25 0.5 0.1 0.125 0.2 120

Initial regression refinement

Coefficients Standard error t-statistic P-value
Intercept 226.5 9.95 22.764 0.027948
Vanisperse -302.5 28.06 -10.78 0.058890
BaSO, 248 22.45 -11.05 0.057473
Graphite 11.5 6.54 1.759 0.329116
Vanisperse-BaSO, 780 60 13 0.048875
BaSO,-graphite —4 12 -0.333 0.795167
Vanisperse-graphite -30 15 -2 0.295167
Final regression refinement

Coefficients Standard error t-statistic P-value
Intercept 237 9.98 23.740 0.000164
Vanisperse -332.5 30.95 -10.74 0.001726
BaSO, 252 24.77 -10.17 0.002023
Graphite 1 1.957 0.510 0.6447
Vanisperse-BaSO, 780 78.32 9.96 0.002154

Figure 4 3D-graph of the interaction effect of the Vanisperse and BaSO, with respect to the CCA discharge time (s) for the cells made with flake
graphite added to the negative active material.
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Figure 5 3D-graph of the interaction effect of the Vanisperse and BaSO, with respect to the CCA discharge time (s) for the cells made with nanocarbon

added to the negative active material.

design. For the sake of completeness, the added carbons were
still present in the chemical make-up of the cell, even though
statistically, the null hypothesis was true,in that its influence on
the response was primarily noise and equal to zero. Note that
these results do not suggest an optimized concentration of the
additives, but rather show that there is a trend, and more impor-
tantly, an interaction between the amounts of BaSO, and
Vanisperse, respectively.

For each of the added carbon types studied, the influence of
changing the Vanisperse, BaSO, and the added carbon concen-
trations —and their possible interactions to a particular response
— are summarized in Table 6. The respective coefficients of the
variables and their P-values for the particular response are
shown, bearing in mind that even if the variable (added carbon)
would show a large P-value, it was not excluded, since it still
formed part of the cell’'s composition. Better statistical results
could be obtained by excluding the added-carbon variable from
further refinements. However, the aim of the study was not
to optimize the amount of additives in the active material to a
particular response, but rather to consider if there was a signifi-
cant influence and possible interaction with the other additives
in a two-level design.

The effect of the interaction between the Vanisperse and BaSO,
that was observed for the flake graphite and nanocarbon on
the CCA discharge time was not observed for the cells made with
natural graphite. The average discharge times for the respective
CCA tests were slightly higher when compared with the cells
made with the nanocarbon and the flake graphite (Table 4). This
can also be seen in the % efficiency determined at the CCA rate,
where the cells with the natural graphite had on average higher
values than the corresponding cells with nanocarbon and flake
graphite.

There could be a number of reasons for this effect, where the

cells with the natural graphite had a slightly higher average
paste density than that from which the electrodes were made
(Table 4). The study did not consider other influences that could
play a role in the one with added carbon, to perform better than
the other for a particular response. Factors, such as paste density,
active surface area, porosity and metal impurities can influence
the overall performance of the electrodes, especially at the low
temperature and high currents employed.

The study considered only the possible influences of varying
the additives to the response within the limits of the experiment.
The study did show that because of the observed interac-
tion,which showed a positive correlation, that both additives
should be present in the negative plate, in order to get an
increased positive response.

The study examined the effect of changing the additive
amounts of Vansiperse, BaSO, and the various graphite types on
the Peukert constant (n). The constant may be considered as an
indication of the expected change in the capacity of a particular
cell design with change in the discharge rate."! The results
showed that there was a correlation for the cells made with
the natural graphite and the interaction of the Vanisperse and
BaSO, on the Peukert constant (n). Relatively low P-values were
observed for the corresponding coefficients (Table 6).

This effect was, however, not observed for the cells made with
the flake graphite. The results are unusual in showing the influ-
ence of additives on the Peukert constant. Most of the literature
showed little or no variation in the constant for the samples
made with differentadditives; and the small variations observed
were seen as acceptable within experimental error. ' > However,
the results of this study showed that the slight variations of the
(n) constant observed for cells with different amounts of the
additives are not necessarily due to experimental error, where-
upon statistical analysis the null hypothesis would have to be
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Table 6 Summary of the coefficients and statistical P-values obtained from the regression analysis for the Vanisperse, BaSO, and the three
carbon-type additives to the various electrochemical responses.

Flake graphite Intercept Vanisperse BaSO, Graphite  Vanisperse- Vanisperse- BaSO,-
BaSO, graphite  graphite
CCA/s Coefficients 237 -332.5 -252 1 780
P-value 0.00016 0.00173 0.00202 0.6447 0.00215
Peukert (n) Coefficients 1.170 0.035 0.056 -0.0125
P-value 7.02 x 107 0.4812 0.564 0.2382
Loop1/cycles Coefficients 21765 —-45160 -29146 -33585 55760 4705 2968
P-value 0.00262 0.00356 0.00441 0.0112 0.00617 0.0183 0.0232
Loop2/cycles Coefficients 11469 -16331 -9655 -355
P-value 0.00126 0.00524 0.0150 0.580
% Utill CCA Coefficients 16.693 -23.198 -17.353 0.2657 53.549
P-value 0.00197 0.00212 0.00259 0.168 0.00278
% Utill C, Coefficients 41.693 —4.0128 8.5082 2.4081
P-value 3.13 x 107 0.3904 0.0633 0.0447
% Utill C,, Coefficients 61.240 -1.386 0.179 1.177
P-value 539 x 10 0.742 0.957 0.209
Natural graphite Intercept Vanisperse BaSO, Graphite ~ Vanisperse- Vanisperse- BaSO,-

BaSO, graphite  graphite

CCA/s Coefficients 149.3 —56.75 130.8 7.7
P-value 0.0861 0.7007 0.2998 0.793
Peukert (n) Coefficients 0.945 0.431 0.719 0.0003 —2.034
P-value 3.05 x 107 0.0456 0.00626 0.973 0.0083
Loop1/cycles Coefficients 5469 -10088 -1260 —-632
P-value 0.0074 0.0114 0.527 0.237
Loop2/cycles Coefficients 5989 -10733 -1262 -824
P-value 0.00480 0.00824 0.5139 0.1353
% Utill CCA Coefficients 7.236 37.72 -5.44 -3.19 —48.44 -16.00 21.03
P-value 0.00777 0.00420 0.0233 0.0166 0.00699 0.00530 0.00322
% Utill C, Coefficients 42.069 9.00 1.21 2.20
P-value 0.0126 0.682 0.944 0.618
% Utill C,, Coefficients 59.85 19.67 -26.16 -0.185
P-value 0.00162 0.298 0.118 0.958
Natural graphite Intercept Vanisperse BaSO, Graphite  Vanisperse- Vanisperse- BaSO,-
BaSO, graphite  graphite
CCA/s Coefficients 317.0 -578.3 —601.6 -12.43 1747
P-value 0.0162 0.0631 0.033 0.399 0.0410
Peukert (n) Coefficients 0.782 1.353 1.468 -0.013 —4.640
P-value 0.0247 0.1013 0.0504 0.7458 0.0504
Loop1/cycles Coefficients 7375 -9803 2008 -325
P-value 0.296 0.486 0.854 0.905
Loop2/cycles Coefficients 12735 -2185 -13050 -3207
P-value 0.0183 0.767 0.0771 0.0805
% Utill CCA Coefficients 18.87 -31.15 —47.40 6.17 -3.34 150.90 —20.40
P-value 0.0073 0.0125 0.0066 0.0147 0.0498 0.0055 0.0102
% Utill C, Coefficients 35.90 22.52 343 0.168
P-value 0.0648 0.489 0.892 0.979
% Utill C,, Coefficients 65.48 —4.82 1.78 -2.13

P-value 0.003 0.830 0.921 0.638
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rejected due to the low P-value, and that the variables do have
an influence on the particular response (n).

This showed that the amount of the additives that were added
to the negative electrode could influence the discharge ability of
the cell — especially at higher currents. By comparison, the cells
made with the nanocarbon showed only slight effects and inter-
action with the Vanisperse and BaSO,. In typical cells, or battery
applications, there would be a desire to have an n value close to
one. This would indicate that the cell or battery would have little
deviation in its respective discharge capacities at different
discharge rates.

In terms of the influence or effect of the additives on the
number of achievable cycles in the HRPSoC response, the results
showed that varying the amounts of the additives, especially the
natural graphite and nanocarbon, had no effect on the number
of achievable cycles in both loop sequences 1 and 2. For the cells
made with the natural graphite, the results did show a reason-
ably small P-value for the addition of the Vanisperse with a
negative coefficient. However, this was not observed for the
number of cycles achieved in the second loop sequence.

For the cells made with the flake graphite, the P-values were all
significantly small for all the variables and their interactions.
This implies that the corresponding coefficients are significant,
and that the null hypothesis could be rejected. Noticeably, there
were even some significant correlations between the additives
in the second loop sequence, where the results showed that the
addition of Vanisperse had a significantinfluence on the number
of achievable cycles within a loop sequence in the HRPSoC test-
ing.

By considering the coefficient of the Vanisperse in both the
natural and flake graphites, the number of cycles within the
cycle testing decreased with an increase in the Vanisperse
concentration. On the other hand, varying the amount of BaSO,
and graphite types did not have any effect on the cells made
with the natural graphite.They did still have an influence on the
cells made with the flake graphite, even within the second loop
sequence of the cycling test. It must, however, be remembered
that the results only show that the amount of graphite does not
significantly influence the number of achievable cycles within
the concentration range of the experiment. Hence, this supports
the idea that a certain minimum amount of the graphite in the
paste mixture is sufficient to improve the cycle life, and that
more graphite would not necessarily improve or achieve more
capacity cycles. However, the results do indicate that the
Vanisperse amount in the paste mixture could influence the
number of achievable cycles.

The addition of the nanocarbon did not influence the number
of achievable cycles in the HRPSoC test, and the coefficients
observed could be considered as statistical noise, and that the
initial null hypothesis was true. The results show that the
nanocarbon within the paste mixture behaved and influenced
the cell electrochemistry significantly differently when
comparedwith the addition of flake or natural graphite. This
could be related to differences in the particle size, surface areas
and crystallinity of the various graphites, when compared with
each other and the nanocarbon.

When considering the effect of new additives to the negative
plate active material, its influence and possible interaction with
existing additives and their effect on the cell electrochemical
properties should be taken into consideration. The study
showed that the amount of Vanisperse had a significant influ-
ence on some of the more common electrochemical properties in
Pb-acid cells, such as CCA, and the ability to render capacity
cycles at a partial state of capacity (Table 6). The results showed

that the addition of various additives to improve a certain elec-
trochemical property in a Pb-acid battery does not necessarily
work in isolation, and that there was a dependency on the prop-
erties of the other additives already present.

The results also show that by using an added carbon with
considerably different chemical and physical properties — to
other types of carbon — certain electrochemical properties could
be influenced differently. For example, the use of natural or flake
crystalline graphite in comparison with the use of an amorphous
nanocarbon indicated a different interaction with the other
additives already present. The addition of such added carbons at
the laboratory scale to a paste mixture also showed that care
should be taken when adding such compounds on the larger
manufacturing scale. This was particularly observed in the
change in paste density, as the amount of nanocarbon was
increased. Additional water had to be added to the oxide
mixture, in order to maintain a workable paste. The idea that
‘more is better” is not always feasible, since in this study, it was
shown that for a number of electrochemical properties, the
increased amount of graphite or nanocarbon did not signifi-
cantly influence the response, as expected, and that the
observed changes in the response could be due to the changes in
the amounts of other additives, such as Vanisperse and BaSO,.

The results showed that the variation in the amounts within
the limits of the experiment of all three variables had no influ-
ence on the material utilization at the C, and C,, discharge rates
(Table 6). The material utilizations were relatively similar at these
rates, and showed that varying the Vanisperse, BaSO, and
graphite amounts did not significantly influence the discharge
ability, and that the null hypothesis may be accepted as valid.

The study showed that by using a design with an experimental
approach to study the variation of a number of additives within
certain limits, and determining their effect on a number of
responses, insight into the benefit of additives — or not — on
certain electrochemical properties, may be determined rela-
tively quickly. The study showed that one does not have to
consider the effect of one additive at a time, and that interactions
with other additives already present in the paste mixture can
occur. This also eliminates the important influence of precon-
ceived ideas, where the increase of a certain additive amount
does not necessarily improve the particular property,since the
interaction can be skewedby interactions with other additives.

The two-level factorial design can now be taken further to a
multi-level design,by considering only the variables that have
been shown to be significant with positive interactions. These
can then be designed in such a way as to optimize the amounts
for a particular optimum response. However, one must also keep
in mind that the benefit for one particular response can have a
negative effect on another. Hence, this study showed that a min-
imum amount of added carbon is required, and that additives,
such as the Vanisperse and BaSO, can be varied to optimize the
CCA and HRPSoC responses.

The interactions and influences of the most common additives
—in particular BaSO, and Vanisperse in the negative plate paste
mixture on the Pb-acid cell’s ability to capacity cycle — have been
reported elsewhere."” The study also showed that different types
of carbons, especially nanocarbon with the benefits of high
surface area, can result in slightly different effects on certain
responses, and that the optimization has to be independently
confirmed by their own set of experiments.

3.2. Correlations Between the Responses for Cells made with
Different Graphites
The results of the study also showed that there were possible
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Figure 6 Correlation results between CCA discharge time and the Peukert constant for the three added carbons studied.

correlations between the different electrochemical responses of
the cells that had negative plates containing different types of
added carbon. Linear stepwise regressions that were done
between the various responses and their respective R* values
indicated whether there were suitable correlations, or not
(Figs 6-8).

Asstrong correlation was observed between the response of the
CCA discharge ability and the Peukert constant (n) for the cells
made with the nanocarbon (Fig. 6). However, this was not
observed for the cells made with the flake or natural graphite.
Thelarger the n value, the lower the expected discharge capacity
at the higher rates. These values were observed indirectly for the

cell’s ability to achieve lower discharge times at the CCA rates.
This effect on the Peukert constant can also be seen in the results
of the material used for the cells that were discharged at the
C, rate (Fig. 7).

There were relatively poor correlations for the cells made with
the flake and natural graphites for this particular response,
respectively. This effect was not as prominent when comparing
the material utilization at the C,; rate vs the Peukert constant.

Good correlations of 0.95 and 0.92 were observed with a
gradient close to one for the comparison of the number of cycles
achieved in the first and second loop sequences for cells that
contained the flake and natural graphites (Fig. 8). This implied

Figure 7 Correlation results between material utilization at the C, rate and the Peukert constant for the three added carbons studied.
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Figure 8 Correlation between the number of capacity cycles achieved in the first and second loop sequences of the HRPSoC analysis.

that, on average, the cells achieved a similar number of cycles
between the first and second loop sequences. However, the
comparison between the number of cycles in the firstand second
loops for the cells made with the nanocarbon showed no correla-
tion; even though some cells that contained the nanocarbon
showed a significant number of cycles more than similar cells
made with the other graphites (Fig. 8).

Since this was not a notable trend across the cells studied, the
improvement was not observed in the complete set of cells
studied; and this finding will have to be verified by repeating the
experiment for cells with similar formulations in the negative
paste mixture, considering that there could be other factors that

might contribute to the increase in capacity cycles within a loop
sequence.

The variation of the paste density made with different added
carbon amounts (Table 4) can be compared with the different
discharge rates (C,, C,; and CCA) in terms of their percentage
material utilization (Fig. 9). The actual capacity (Ah) of a cell
made with different electrodes that had different paste densities
did vary from cell to cell. However, if the available material utili-
zation was considered in a particular built cell, where the nega-
tive active material was the limiting component, no significant
differences could be observed between the cells with varying
paste densities.

Figure 9 Variation in the percentage material utilization at different discharge capacities,based on the active material on the negative plates with
respect to the variation in paste density for the cell types containing various added carbons.
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Figure 10 (a) SEM analysis of Pb active material containing natural
graphite before capacity cycling; (b) SEM analysis of Pb active material
containing natural graphite after capacity cycling.

The results showed that the cells with the flake graphite
achieved a workable paste with a density between 4.0 and
4.5 g cm™. These cells showed that there was very little variation
in their achievable discharge material utilization at the different
rates. For the cells made with natural graphite, the paste density
varied between 3.8 and 4.5 g cm™ and showed a slight variation
in the respective material utilization capacity, but with no clear
or significant correlation.

However, for the cells made with the nanocarbon, the paste
density had to be significantly lowered and varied between
2.8t03.7 gcm™. The lower paste density was necessary for some
of the samples, in order to allow for a workable paste. The high
torque mixer was limited to the amount of strain the motor could
apply; and the paste’s rheology had to be adjusted by the addi-
tion of water, in order to allow for the material to mix effectively,
and to allow for its pasting onto the grids by hand and roller.

A stiff paste gave a significant variation in the ability of the
paste to be evenly distributed across the plate surface. Over the
range of paste densities, the results showed significant variation
in the material utilization capacity at the different rates — but
with no clear correlation. This would support the fact that the
paste densities should be controlled within a tightly controlled
range, and that the variation in capacity utilization could be due
to many other factors that were not investigated in this study.

The study did show, however, that a workable paste mixture

Figure 11 (a) SEM analysis of Pb-active material containing nanocarbon
before capacity cycling; (b) SEM analysis of Pb active material containing
nanocarbon after capacity cycling.

with slight variation in paste density can achieve similar capaci-
ties in terms of the active material utilized. However, large varia-
tions in material-utilization capacity occur when the paste
density becomes too low, and when the workability of the
material is not consistent.

3.3. Electrode-active Material Characterization after HRPSoC

The cells that were subjected to HRPSoC were disassembled
after cycle failure and analyzed for their failure mode by PXRD
and SEM. The PXRD of the negative plate showed a significant
amount of PbSO, that varied between 60 % and 80 % for the cells
studied. The SEM images of the electrode material before and
after capacity cycling showed that the large PbSO, observed
after cycling was the main reason for the cell’s failure (Figs 10 and
11).

The SEM images of the negative plate active material contain-
ing the natural graphite after formation show typical platelike
crystals of Pb (Fig. 10a). The SEM images of the Pb with natural
graphite after HRPSoC showed the breakdown of the Pb
plate-like structures, with a large amount of needle-shaped
crystals that are typical of PbSO, (Fig. 10b).

This type of crystal morphology was typical for the other
formed and capacity cycled active material containing flake and
natural graphite samples.

The formed active material made with nanocarbon showed a
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slightly different morphology (Fig. 11a). The Pb crystals were
more needle-shaped conglomerating around central nucleation
points. The SEM images of the samples containing the nano-
carbon after HRPSoC contained much finer PbSO, crystallites
interspersed in the longer needle-shaped crystals(Fig. 11b).

4. Conclusion

The study showed that the use of DoE was a useful approach
for looking at the effect of varying the amounts of additives to
plate materials in batteries on a range of electrochemical proper-
ties (responses). A two-factorial design of low and high values of
certain additives was shown to be a good way to evaluate how
they would influence certain electrochemical parameters, and
that further improvements in the design can be done by focus-
sing on the additives that showed significant interactions
and effects to the desired responses. It helps to eliminate any
‘preconceived notions’ that by increasing the amounts of certain
additives, there will necessarily be an improvement.

The study showed that the amounts of the variables,
Vanisperse and BaSO,, and their interaction had a significant
influence on responses, such as the Peukert constant (n),
CCA discharge time and the ability to capacity cycle under
partial state of charge for some of the types of graphites that
were added to the negative paste mixture. Little or no effect in
varying the amounts of the three types of added carbons added
to the particular responses was observed. However, it was still
important for the graphites to be in the paste mixture in small
amounts.

The adapted HRPSoC method was shown to be suitable to
subject a Pb-acid cell to a relatively quick comparative test
(3-5 weeks) of continuous capacity cycling with multiple-loop
sequences. The addition of small amounts of nanocarbon to
the paste mixture was shown to change the negative active
material’s crystal morphology. There was only a slight improve-

ment in partial state of capacity cycling in some cells made with
the nanocarbon, and duplicate cells would have to be made to
confirm these results.
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