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a b s t r a c t

The negative plates of lead-acid batteries subjected to partial-state-of-charge (PSOC) operation fail
because of the development of an electrically inert film of lead sulfate on their surfaces. It has been
found that carbon additives to the negative active material can significantly increase their cycle life in
this type of operation. In this paper we show that various types of carbon, including graphite, carbon black
eliminate the surface development of lead sulfate and that, in their presence, the lead sulfate becomes
homogeneously distributed throughout the active material. Examination of active material by energy
dispersive spectroscopy after extensive cycling shows that lead formed during charge of lead sulfate
preferentially deposits on the carbon particles that have been embedded in the active material. Electro-
chemical studies have been carried out on a number of types of carbon additives having a wide range
of properties. These included flake, expanded and synthetic graphite, isotropically graphitized carbon,
carbon black and activated carbon. We have investigated their effect on the resistivity and surface areas
of the negative active material and also on such electrochemical properties as active material utilization
and cycle life. Most of the carbon additives increase the utilization of the active material and impressive
increases in cycle life have been obtained with over 6000 capacity turnovers having been achieved. How-
ever, at this time, we have not been able to correlate either the type or the properties of the carbon with

capacity or cycle life. Further work is needed in this area. The increases that have been achieved in cycle
life provide evidence that the lead-acid battery is a viable low cost option for hybrid-electric vehicle use.
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. Introduction

When VRLA batteries are used in a partial-state-of-charge
PSOC) mode, as in hybrid electric vehicles, an electrochemically
assive film of lead sulfate is formed on the surface of the neg-
tive plates [1]. This becomes thicker with further cycling and
auses a progressive reduction of capacity leading to premature
ailure. Furthermore, this film cannot be reduced to lead by con-
entional recovery cycling. Interestingly, this finding is one of the

ew instances where lead-acid battery life is limited by the neg-
tive electrode. This phenomenon does not occur in the positive
late nor does it appear to be a function of oxygen reduction since

t also occurs in flooded batteries [2].
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Recent work, primarily supported by the Advanced Lead-Acid
Battery Consortium (ALABC) [3] has shown that this problem can
be eliminated by addition of higher than usual levels of carbon to
the negative active material. Different types of carbon have been
found to be effective such as carbon black and graphite. This work
has been confirmed by battery manufacturers in full-sized, com-
mercially built batteries [4] where cycle lives of up to 300,000 PSOC
cycles have been achieved. Without the carbon additives the life is
reduced to only 25,000 cycles.

The reasons why carbon is so effective are not understood. This
may be because there has been no organized, systematic study of
how the various chemical and physical properties of carbons affect
PSOC cycle life. This is understandable since the beneficial effects
have only recently been discovered and there are many forms of

carbon (carbon black, activated carbon, graphite, etc.) whose prop-
erties span a wide range of physical differences, making it a lengthy
task to investigate all of them. Additionally, within each class of
carbon there are wide ranges of properties. For example different
types of carbon black show wide ranges of:
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Fig. 1. Influence of carbon black properties on function. DBPA: dibutyl phthalate

particle size distribution;
aggregate size and shape (structure);
surface area;
electrical conductivity;
porosity;
surface functionality.

Each of these properties, either separately or in combination,
ay have an influence on the electrochemical behavior of the neg-

tive plate. Some of these influences are shown in Fig. 1.
There are also several types of graphite, some of which have

lready been evaluated [5]. These include natural flake, synthetic
nd expanded varieties. Differences in cycle life have been reported
rom these materials [6].

Activated carbons, although not presently used in lead-acid bat-
eries, have also been considered as candidate materials since they
ossess properties that promote reactions on their surfaces. An
xample of this is their use in catalytic converters in automo-
iles. Recent unpublished work, carried out in our laboratories, has
hown that they also have the capacity to improve cycle life in PSOC
peration.

Before a specification for carbon can be defined, there must be
mproved understanding of how the different types, and variations

ithin those types, influence the behavior of negative electrodes
n PSOC operation. Fortunately, previous work has yielded impor-

ant clues, particularly that certain forms of graphite and carbon
lack are very effective in improving PSOC cycle life. We now need
o define the critical characteristics of these materials so that the
ptimum choice can be made for the VRLA battery in hybrid electric
ehicles.

able 1
elected physical properties of carbon additives used in Task 1 studies.

Additive Surface area (m2 g−1) Mean particle size

Carbon black Grade: N134 143 18 nm

Purified Flake Graphite Grade: 2939APH 9 28 �m
ption; NSA: nitrogen surface area (BET); STSA: statistical thickness surface area.

Scholz et al. [7,8] have suggested that direct electrochemical
reduction of lead compounds in hydrochloric acid can take place
in the solid state on graphite paste electrodes and that the reduc-
tion takes place through epitactic solid state conversion without
any dissolved intermediates. A similar mechanism may occur dur-
ing reduction of lead sulfate in sulfuric acid. More recently Pavlov
et al. [9] have proposed that electrochemical reduction of lead ions
to lead in sulfuric acid takes place preferentially on the surface of
electrochemically active carbon. The beneficial properties of car-
bon make it worthwhile to carry out further work to optimize its
properties and to elucidate the mechanism by which it increases
PSOC cycle life.

This paper describes a program of work to evaluate several types
of carbon, including graphite, activated carbon and carbon black in
the negative electrodes of VRLA batteries undergoing PSOC cycling
to determine which properties are the most important in achieving
long service life. It involves determining the effects of these mate-
rials on the conductivity of lead sulfate and NAM, electrochemical
testing and studying the effects of the materials on the morphology
of the active material before, during and after cycling.

2. Experimental approach

Two separate studies have been carried out. In the first of these
(Task 1), only two types of carbon were studied, carbon black and

purified natural flake graphite. The carbon materials that were
selected are shown in Table 1 with some of their physical prop-
erties.

The carbon black was chosen because of its relatively high spe-
cific surface area, long chain length and small particle size while

Conductivity (�−1 cm−1) Supplier

100 S. D. Richardson Company, 3560 W. Market
Street, Suite 420, Akron, OH 44333, USA

100 Superior Graphite Co., 4201 W. 36th Street,
Chicago, IL 60632, USA
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Fig. 2. SEM image of N134 carbon black. Magnification: 1000×.
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than the amount of charge removed by the previous discharge step.
Therefore the capacity declines gradually due to accumulation of
lead sulfate. The number of cycles achieved in a cycle set, there-
fore, is a measure of the charge acceptance of the electrode. The
Fig. 3. SEM image of 2939APH graphite. Magnification: 1000×.

he graphite was chosen because it had shown encouraging prop-
rties in ALABC Project N 1.2 and is used in lithium-ion battery
lectrodes.

SEM images of the carbon black and graphite are shown in
igs. 2 and 3. As can be seen in Fig. 2 the N134 carbon black is pel-
etized in the non-milled form. The extent to which the granules
re broken down with milling during preparation of the test mix-
ures is unknown since carbon black cannot be identified by SEM.
hese materials were added to the negative active material as com-
onents of expanders having the compositions shown in Table 2.

.1. Preparation of test mixtures

Before preparation of the test mixtures the carbon black was
illed in a ball mill for 30 min to break down the pellets. The

dditive mixtures were prepared by weighing the materials into

ontainers and then ball milling for a further 30 min. In the cases
here only one component was involved no ball milling was car-

ied out. These additive mixtures were used to make experimental
aste batches of 22.7 kg using a conventional negative paste for-

able 2
ompositions of additives to the negative active material.

Additive Concentration in NAM (by weight)

Barium sulfate 0.8%
Vanisperse A 0.2% 0.4% 0.6%
Carbon black 0 1% 2%
Graphite 0 1% 2%
ources 195 (2010) 4470–4493

mula. The experimental plan for the additive mixtures is shown in
Table 3.

In every case we were able to make paste successfully, using
a Wirtz orifice pasting machine and pasting paper, although the
paste characteristics were significantly changed in a number of
cases, particularly in those pastes containing large amounts of addi-
tive. Variable amounts of water were added and paste mixing times
were adjusted to produce material that could be pasted. Although
all the paste mixes could be pasted, sometimes with difficulty, it is
clear that considerable changes to paste formulations and to past-
ing processes will be necessary when high dosage levels of carbon
additives are used.

The BET surface areas of the additive blends and the formed
negative plates and their average weights are shown in Table 4.

A wide range of surface areas is observed depending on the com-
position of the additive and, as expected, additive mixtures with
the highest surface area give higher surface area negative active
material. Plate weights can be seen to vary from 54.86 to 49.12 g.
The lowest weight was obtained from Run 1 which contained the
greatest amount of carbon additive (4%). This probably reflects the
amount of water that had to be added to make the paste workable.

2.2. Electrochemical testing

The electrodes were assembled into the three-plate VRLA cells
(two positives and one negative) shown in Fig. 4. These cells were
designed to hold the electrodes in the horizontal position to elim-
inate the possibility of electrolyte stratification and were strongly
negative limited with 4.35 and 1.74 Ah of positive and negative
capacity respectively at the C/1 rate. They were formed using a
formation protocol provided by the plate manufacturer, North-
Star Battery Company. These cells were cycled with the same PSOC
protocol used previously by Hollenkamp and Newnham in ALABC
projects N 1.2 and C/N 1.1. This was done to ensure that our data
could be compared to that obtained previously. The NAM was
characterized before and after cycling using EMP, XRD, cathodo-
luminescence and BET surface area measurements

The test protocol is shown in Table 5. Steps 4–8 are termed
a cycle set. Since a unity charge factor is used in these steps the
amount of charge accepted by the negative plate is slightly lower
Fig. 4. Fixture for electrochemical evaluation of negative plates containing additive
mixtures.
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Table 3
Experimental plan for carbon additive mixes. Percentage loading and weights are for a 22.7 kg paste batch.

Run Barium sulfate Vanisperse A Carbon black N134 Graphite 2939APH

% g % g % g % g

1 0.8 181.44 0.6 136.08 2 453.6 2 453.6
2 0.8 181.44 0.2 45.36 0 0 2 453.6
3 0.8 181.44 0.6 136.08 0 0 0 0
4 0.8 181.44 0.2 45.36 2 453.6 2 453.6
5 0.8 181.44 0.6 136.0
6 0.8 181.44 0.2 45.3
7 0.8 181.44 0.6 136.0
8 0.8 181.44 0.2 45.3

Table 4
BET surface areas of additive blends, BET surface areas of formed negative plates and
plate weights.

Run BETSA of additive
blend (m2 g−1)

BETSA of formed negative
plate1 (m2 g−1)

Plate weight (g)

1 77.95 3.28 49.12
2 22.43 1.23 51.20
3 0.17 1.36 50.97
4 84.33 3.11 50.42
5 10.29 1.61 51.20

r
o
s
a
n
d

2

t
d
a
r
s
c
w
G
a
c

2

t

◦

6 0.17 1.00 52.35
7 124.57 2.99 54.24
8 147.04 2.93 54.86

ecovery charge at the end of a cycle set measures the effectiveness
f the additives in facilitating reduction of the accumulated lead
ulfate to lead. Cycle sets are repeated until the capacity following
recovery cycle has dropped to 70% of its initial value. The total
umber of cycles obtained before the capacity has fallen to 70% is
esignated as the cycle life.

.3. Capacity testing

Results from the initial capacity tests are shown in Fig. 5.
The blue bars show the initial capacity obtained after 10 condi-

ioning cycles while the red bars show the peak capacity reached
uring cycling. These data have been expressed as mAh g−1 to take
ccount of the different active material weights in the plates as a
esult of various concentrations of additive. Each data point repre-
ents the average of four cells. In test groups 1, 2, 3, 4, 5 and 6 the
apacity increased during cycling before declining at the end of life
hile the capacities of test groups 7 and 8 declined from the start.
roups 1, 2, 4, 5, 7 and 8 contained carbon black and/or graphite
s a conductive additive while test groups 3 and 6 contained no
arbon additives.
.4. Cycle life testing

Cycle life data are shown in Fig. 6. Groups 1, 2 and 4 achieved
he longest cycle lives, 109,461, 149,116 and 139,570 respectively.

Table 5
HRPOC cycling procedure.

Step Procedure

1 Cell formation using NorthStar Battery Comp
2 Capacity test at C/1 rate (1.74 A). Recharge an
3 Recharge to 100% SOC. Remove one cell of ea
4 Discharge to 50% SOC at C/1 rate (0.87 Ah).
5 Cycle at 2C rate (3.48 A); discharge 60 s, rest
6 Cycle until end-of-discharge voltage ≤1.70 v
7 Recharge to 100% state-of-charge
8 Capacity test at C/1 rate and recharge.
9 Remove one cell of each variable for physica

dropped to 90%, 80% and 70% of initial value
8 0 0 2 453.6
6 0 0 0 0
8 2 453.6 0 0
6 2 453.6 0 0

Following failure, the cells from Runs 1, 2 and 4 were taken apart
and examined. It was found that the cells were dry, indicating
loss of water during cycling. Furthermore, the cell from Group
4 had a severely corroded contact. These observations showed
that the primary causes of failure were from factors not asso-
ciated with sulfation. The cells were rebuilt with the original
plates and new separators, were filled with 1.280 s g. sulfuric acid
and then placed back on cycling. Considerable recovery of the
capacity was obtained showing that the negative plates were still
serviceable. Clearly, much longer cycle lives should be expected
from commercially produced cells with better seals and valve
design.

The compositions of the additives in tests 1, 2 and 4 are:

Run 1: Vanisperse A—0.6%, Carbon black N134—2.0%, Graphite
2939APH—2.0%

Run 2: Vanisperse A—0.2%, Carbon black N134—0, Graphite
2939APH—2.0%

Run 4: Vanisperse A—0.2%, Carbon black N134—2%, Graphite
2939APH—2.0%.

An obvious feature of these data is that the best performing additive
mixtures all contained 2% graphite 2939APH although test group
5, which also contained graphite, only achieved 6276 cycles. We
attribute this an assembly defect. Test group 6, which achieved
8517 cycles, is very similar to a standard commercial expander
commonly used in VRLA batteries. This can be considered as a con-
trol test. The increase in PSOC life as a result of the addition of higher
levels of carbon to the plates is very significant.

2.5. Examination of cycled plates

Plates were removed from cells according to the protocol
described in Table 6, step 9 and were washed in distilled water and

dried at 110 C. They were examined by X-ray diffraction (XRD),
scanning electron microscopy (SEM) and an electron microprobe
(EMP). Identification of phases by XRD was done by compari-
son with a library of standard patterns while the amount of each
phase was determined by intensity comparison with weighed

any procedure.
d repeat for 10 cycles.
ch variable for physical/chemical characterization.

10 s, charge 60 s, rest 10 s.
pc

l/chemical characterization when capacity has
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Fig. 5. Initial capacity data from cells with carbon additives.
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Fig. 6. Cycle life of cells with c

ixtures simulating the approximate unknown compositions.
he samples were prepared by grinding the NAM to a pow-
er.

SEM was used to obtain images of samples that showed the mor-

hology, size, surface roughness, pore structure and the chemical

dentification of individual grains. Generally, rough samples were
sed which were imaged at magnifications ranging from 50× to
00,000×.

able 6
roperties of graphite materials used in Task 2.

Additive BET specific surface
area (m2 g−1)

Mean particle
size, D50 (�m)

Supplier

Graphite 2939APH 7.72 10.0 Superior Graphite
Graphite AGB1010 23.5 9.8 Superior Graphite
Graphite IGC 9390 16.1 22 Superior Graphite

Graphite TIMREX MX 15 9.50–10.9 9.0 Timcal, Ltd.
black and graphite additives.

The different magnifications showed different features of the
sample. The usual technique was used of observing the sample in
vacuum after a conducting coating was added. The instrument used
was a filament-source JEOL JSM-5800LV. This machine allowed

digital imaging to about 6000×. An energy dispersive (EDS) X-
ray detector incorporating a thin-window allowed identification
of all elements (C and heavier) within any phase within the image
with an analytical volume of several microns. X-ray imaging of flat,

Degree of
crystallinity
(Lc nm)

Interlayer distance
(nm)

Description

Co. >200 0.3355 Purified natural flake graphite
Co. ∼40 0.3355 Purified expanded graphite
Co. – ∼0.338 Purified isotropic graphitic carbon.

This is resilient and shows
conductivity along and across the
planes. Does not exfoliate when
intercalated with sulfuric acid.

>200 0.3354–0.3358 Primary synthetic graphite, high
conductivity, moderate surface
area.
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olished samples was carried out using this X-ray detector. These
-ray maps showed the distribution of elements within the imaged
urface. Because some elements can indicate certain phases (e.g. S
ill indicate PbSO4 in a mixture of PbSO4 and Pb), these were inter-
reted as phase distribution maps. Because detection is done with
n EDS detector, the detection level of an element is on the order
f 2% precluding minor or trace element mapping.

Like the SEM, the electron microprobe was used for imaging
ither rough or polished samples. The microprobe incorporated
avelength dispersive spectrometers (WDS) and high incident

urrents for X-ray detection with a lower detection limit. Two-
imensional elemental images were obtained for elements with
oncentrations down to about 0.5 wt% at magnifications from about
0× to 3000× with ∼0.5 �m spatial resolution. In addition, stage

canning allowed large area digital X-ray, backscattered electron,
nd secondary electron images. We also took advantage of quan-
itative cathodoluminescence (CL) instrumentation which allowed
he collection of light emitted during electron irradiation. For bat-

Fig. 7. Composite EMP and XRD images of neg
urces 195 (2010) 4470–4493 4475

tery studies this is useful because PbSO4 is a cathodoluminescent
phase and a CL image rapidly shows the distribution of this phase
for polished samples. The purpose of this work was to show which
materials were most effective in overcoming the progressive for-
mation of passive surface lead sulfate films during PSOC cycling.

Composite EMP images of negative plates recovered from cycled
cells show a range of features. Figs. 7–10 show typical changes tak-
ing place in the negative active material composition during cycling
in the absence of graphite. There are three images in each figure,
marked S, Pb and CL. The S image shows the distribution of sulfur.
In the color images the greater the S concentration the more yellow
is the image. Lower S concentrations are characterized by a darker
red coloration. The grids are very evident in these images as black
rectangles (no sulfur). In the black and white images high sulfur

concentrations show as light colored areas. The Pb image shows
the distribution of lead which is indicated by a light grey color. The
grids appear as light grey rectangles with the surrounding NAM a
darker shade. The CL image shows the presence of cathodolumi-

ative plate cross section after formation.
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Fig. 8. Composite EMP images of negati

escent phases, the most predominant being the lead sulfate since
ulfur is luminescent. This is characterized by a light grey color in
reas where the sulfur concentration is elevated.

The images of the formed plate (Fig. 7) show a film of lead sulfate
n the surface, probably due to incomplete formation. As cycling
rogresses this film becomes thicker with its highest concentra-
ion at the edges of the plates. After 2139 cycles (Fig. 9) the lead
ulfate zone has progressed into the interior of the plate. In con-
rast, Fig. 10 shows similar images of a negative plate containing 2%
raphite after 3596 cycles. It can be seen that very little lead sulfate
as accumulated during cycling and that this is evenly distributed
hrough the plate. This shows that the 2939APH graphite/N134 car-
on black mixture can eliminate the problem caused by buildup of

ead sulfate films on the negative plate surface.

.6. Lead sulfate nucleation studies

It is clear from the previous work that addition of graphite and
ixtures of carbon black and graphite to the negative active mate-

ial have the ability to suppress the formation of a lead sulfate layer
n the plate surface. Consequently, a further study was carried out
o determine the effect of the 2% 2939APH graphite/2% N134 carbon
lack mixture on lead sulfate nucleation behavior.

Additional test cells were made with negative plates containing
mixture of 2% carbon black (N134) and 2% graphite (2939APH).

hese were formed as previously described and then the cells were
ischarged to various depths of discharge as follows.

1) Control cell with no discharge No. 2-5-6
2) Nucleation test—10% discharge No. 2-2-6
3) 10% discharge then recharged No. 2-2-7
4) Nucleation test—20% discharge No. 2-3-6
5) 20% discharge then recharged No. 2-3-7

6) Nucleation test—40% discharge No. 2-4-6
7) 40% discharge then recharged No. 2-4-7

The purpose of the samples in groups 1–7 was to investigate
ucleation of lead sulfate in the NAM during high rate discharge and
te cross section after 1479 PSOC cycles.

charge (2C) and were expected to provide demonstrable images
of the distribution of lead sulfate following varying amounts of
discharge/charge and then show the ability to transform the lead
sulfate to lead on recharge.

2.6.1. Sample preparation procedure and data collection
Each sample was examined as a plate segment from which

a sample of approximate dimensions 2 cm × 2 cm. was cut. Each
sample was then embedded in epoxy to allow sampling of the
active material/grid approximately normal to the plate surface.
Each sample was then cut using a slow-speed saw to provide a
surface sampling of four grid bars with three active material pel-
lets between these grid bars. This surface was then ground using
600 mesh SiC paper and then polished using 9 �m and finally 1 �m
diamond compound. This preparation technique has been found
to minimally damage the active material and provide a reflective
surface sufficient for electron microprobe analysis. Cleaning of the
surface, mainly to remove oil retained after polishing, was done
by immersion of the polished surface in petroleum ether, a solvent
which effectively removes oil but does not affect epoxy at least in
this time span. The sample was then dried at approximately 50 ◦C
for several hours. To ensure electrical conduction, approximately
200 Å of carbon was evaporated onto the polished surface. During
evaporation in vacuum, residual oil was occasionally visible on the
surface; if so, the cleaning procedure was repeated.

The flat, polished and conductive samples were suitable for
electron microprobe imaging. Using a CAMECA SX-50 electron
microprobe, images were obtained for each of the above listed
samples. Each image extended from grid bar to grid bar with
image dimensions of 512 × 128 pixels. The following images were
obtained simultaneously:
(1) Pb Ma—this image clearly shows the position of the grid bars
and slight but clear intensity gradients in the active material
due to changes in the Pb to PbSO4 ratio.

(2) S Ka—this image is specific in showing the distribution of sul-
fates including both PbSO4 and the minor BaSO4.
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Fig. 9. Composite EMP and XRD images of n

3) Ba La—This image is specific for indicating the presence of
BaSO4. For coarse images, the resolution is not sufficient to
resolve individual BaSO4 particles with expected sizes of about
1 �m.

4) Cathodoluminescence (CL) image—this image shows the dis-
tribution of PbSO4 which is the only luminescent phase in the
sample. Its contrast is usually much greater than a sulfur image.

For image collection, the accelerating voltage was set at 20 kV,
nd incident current of 50 nA, with a focused beam. The beam was
tationary and the sample was translated at a constant rate to give
n integration time of 30 ms pixel−1. Each pixel represented about
0 �m but the exact value was chosen to assure coverage of the
rea of interest. The digital images have an 8 bit depth.

.6.2. Results

Fig. 11 shows the data for a cell containing 2% carbon black N134

nd 2% graphite 2939APH in the negative plates. Four images are
hown including X-ray images for Pb, S, and Ba, as well as a CL image.
he area of each image is identical. The length of these images is
12 �m × 12 �m.
e plate cross section after 2139 PSOC cycles.

The Pb image clearly shows the grid bars as the very bright rect-
angular areas at either end of the image with the mottled grey
area between representing the active material. While not clearly
resolved, there are light areas, dark areas and some texture repre-
sented in this image. These textural variations were not studied in
detail since at this point we are mainly interested in the large scale
features. The second image is the S distribution; however, while
the active material is slightly bright, this is in fact due to normal
continuum radiation giving an overall background. The grid bars
also show this brightness even though no S is present. In effect
this image shows no S (sulfate) present indicating that the active
material is fully charged. The third image is of Ba. Again there is
an overall level of brightness due to background. However, there
are tiny bright specks and a careful examination shows a near 1:1
correlation of the bright pixels in the Ba image with bright pixels in
the S image. This is due to BaSO4 particles. The fourth image shows
the cathodoluminescence of the active material. Pb metal does not

luminesce making the grid bars uniformly dark while the surround-
ing epoxy appears very bright. Particularly interesting in the CL
image is the wealth of detail shown by various levels of bright-
ness suggesting sub-areas (we will refer to these again later in this
paper). Virtually all CL images show these effects and while not of
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Fig. 10. Composite EMP and XRD images of negative plate cross section after 3596 PSOC cycles.

Fig. 11. Electron microprobe images of negative plate containing 2% carbon black and 2% graphite after formation.
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ignificance here, there must be information regarding mixing, acid
eactivity, homogeneity, etc in the pasted plate.

Because active material characterization may be very impor-
ant, we illustrate additional information that can be obtained.
sing images obtained at much higher resolution and shown below,
e can use image processing to extract some textural features of

he active material. Again, using sample 2-5-6, a 256 × 256 pixel
mage was obtained where the pixel size is 0.5 �m giving an image
imension of 128 �m on a side. In the images below (Fig. 12), we
how the raw image for S and Ba, both of which show numer-
us bright pixels. Using standard image processing procedures,
inary images were produced as shown in the center images. Care-
ul examination shows that these images show a high correlation
asily interpreted as the bright pixels representing BaSO4. We thus
ave a direct illustration of the homogeneity and amount of BaSO4

n this active material. For comparison, the rightmost image shows
he Pb image where rather large Pb-metal particles are present in
he active material. These lead accretions do not appear to be caused
y inhomogeneity in the NAM since the Ba and S images show a
omogeneous active mass.
Turning now to the samples where we are especially interested
n the distribution of PbSO4 in discharged and charged samples,

e show below the image of Plate 2-2-6 which has been 10% dis-
harged (Fig. 13). As before, we show the Pb, Ba, S and CL images.

Fig. 12. Composite electron microprobe images of negative plate
urces 195 (2010) 4470–4493 4479

Again the Pb image clearly defines the components and boundaries
of the plate.

Most interesting is the S image clearly showing the presence of
PbSO4 localized near the center of the plate and not present near
the plate surface. This same distribution is shown in the CL image
where the PbSO4 luminesces. The discharge reaction of Pb → PbSO4
has taken place near the plate center, not at the surface.

Additional information indicating the mechanism of PbSO4 for-
mation can be obtained through high resolution imaging of the
active material of this same plate. Below, image processing is used
to color the distribution of BaSO4 (obtained from the Ba image)
in comparison to the distribution of PbSO4 obtained from the
CL image (Fig. 14). The image at the right shows the BaSO4 in
blue and the PbSO4 in red. Again, careful examination shows that
at the center of many PbSO4 grains, there is a grain of BaSO4,
visually confirming the nucleation of PbSO4 on BaSO4. The small
numbers of green pixels are BaSO4 particles not associated with
PbSO4.

Now we again turn to the partially discharged plates and show
the same set of images for the sample (2-3-6) representing 20%

discharge (Figs. 15 and 16). As with the 10% discharged sample, the
PbSO4 is entirely confined to the plate interior and is not associated
with the plate boundary. This is directly illustrated in both the S and
CL images below. Additional features are clearly evident in the CL

containing 2% carbon black and 2% graphite after formation.
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Fig. 13. Electron microprobe images of negative plate c

mage as discussed earlier. Here is an excellent example of how
he CL variation brings out features of the active material possibly
ot recognizable by any other technique. For this sample, whatever
auses the bright CL “stone” near the center, apparently has some
ffect on the PbSO4 distribution where the density of sulfur in the
image is lower in the region.
At this point in the discharge there are considerably more PbSO4
articles in the NAM than BaSO4 particles from the expander. This
uggests that once the BaSO4 particles are covered with PbSO4 fur-
her nucleation of PbSO4 takes place on the lead grains or perhaps
n the implanted carbon particles. This may have implications for

Fig. 14. Composite electron microprobe images of negative plate c
ning 2% carbon black and 2% graphite, 10% discharged.

expanders and suggests that higher dosage levels of BaSO4 may be
beneficial.

The following and last set of images (Figs. 17 and 18) show the
sample (2-4-6) discharged to 40%. The trend continues where the
formation of PbSO4 clearly is confined to the plate interior, and not
at the plate surface and is rather uniformly distributed. This is again

shown by both the S image and the CL image.

While not shown, the images of the recharged plates (2-2-7, 2-3-
7, and 2-4-7) show no residual PbSO4 indicating that all the PbSO4
can be converted back to lead. Where previous studies of negative
plates in the PSOC mode have demonstrated the formation of PbSO4

ontaining 2% carbon black and 2% graphite, 10% discharged.
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Fig. 15. Electron microprobe images of negative plate

t the surface that cannot be converted back to lead on recharge, the
equence of our test results show that this effect has been reduced,
f not completely eliminated, by the carbon additives.

At this point we have shown that carbon additives to the NAM
ncrease its cycle life under PSOC conditions. Furthermore, the addi-
ives are effective in changing the distribution of PbSO4 in the

ischarged NAM from the surface to the interior.

.6.3. Work program—task two
The previous work, while demonstrating improvements to PSOC

ycle life from addition of graphite/carbon black mixtures, does

Fig. 16. Composite electron microprobe images of negative plate c
ning 2% carbon black and 2% graphite, 20% discharged.

not give any indication, from the many types available, of which
types of carbon black and graphite are optimum. Nor does it allow
prediction of how properties of various types of carbon influence
the life of VRLA batteries in PSOC operation. We therefore designed
an experiment where a wider range of carbon materials was tested
including four different types of graphite, four activated carbons

and two types of carbon black. These were chosen to have a wide
range of properties in an attempt to correlate these properties with
PSOC life. The concentrations of Vanisperse A and barium sulfate
were held constant at 0.2% and 0.8% respectively. The relevant
physical properties of these materials are shown in Tables 6–8.

ontaining 2% carbon black and 2% graphite, 20% discharged.
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Fig. 17. Electron microprobe image of negative plate containing 2% carbon black and 2% graphite, 40% discharged.

T
P

Fig. 18. Composite electron microprobe images of negative plate

able 7
roperties of carbon black materials used in Task 2.

Additive BET specific surface area
(m2 g−1)

Mean particle
size, D50 (nm)

Carbon Black N134 143 18

Carbon Black Soltex Ace Black 75 20
containing 2% carbon black + 2% graphite, 40% discharged.

Supplier Description

S.D. Richardson Carbon Co. Carbon black with moderate
surface area, high structure and
small particle size. Conductivity
100 �−1 cm−1

Soltex Synthetic Oils and Lubricants, Inc. High purity carbon black, derived
from acetylene (also known as
Acetylene Black).
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Table 8
Properties of MeadWestvaco activated carbons used in Task 2.

Additive BET specific surface
area (m2 g−1)

Mean particle size,
D50 (�m)

Micro to total pore
volume ratio

Description
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Activated Carbon MWV-A 1780 39.5
Activated Carbon MWV-B 2357 39.0
Activated Carbon MWV-C 1683 33.4
Activated Carbon MWV-D 1126 23.7

.7. Graphites

The four graphite types have very different crystalline, textu-
al and physical properties. They belong to four separate families
f graphitic carbon: natural flake graphite, expanded graphite,
sotropically graphitized carbon (IGC) and synthetic graphite.

Specific surface areas range from 9 to 24 m2 g−1, D50 particle
izes are similar (9 �m) with the exception of IGC9390 (22 �m).

.8. Carbon blacks

Two carbon black types were selected for this study, N134 as
sed in Task 1 and Ace Black, a high purity acetylene black. Previous
ork with carbon black has been reported elsewhere [1,4].

.9. Activated carbons

The four activated carbon materials were supplied by the Mead-
estvaco Corporation. These exhibit very high specific surface

reas, median particle sizes between ∼23.7 and ∼39.5 �m, and
resent mid to high micropore/total pore volume ratios. Follow-

ng the (IUPAC) recommendation we define micropores as having
idth <2 nm, mesopores having widths between 2 and 50 nm, and
acropores with widths exceeding 50 nm. Considering the radius

f the SO4
2− (0.149 nm) and Pb2+ (0.119–0.146 nm) ions, it appears

hat these species may be able to enter the micropores (if hydration
pheres are neglected).
.10. Resistivity of lead sulfate and carbon mixtures

To simulate the effect of the additives on the resistivity of dis-
harged NAM samples of the additives in a pure lead sulfate matrix
ere prepared by weighing out 0.5, 1.0, 1.5, 2.0, 3.0, 4.0 g of the

Fig. 19. Resistivity of graphite materials in lead sulfate a
0.36 Low micro porosity carbon, low impurity
0.46 High Porosity carbon, low impurity
0.37 Low micro porosity carbon, low impurity
0.90 High micro porosity carbon, low impurity

individual raw materials, or 0.25, 0.5, 0.75, 1.0, 1.5, 2.0 g of each
in the case of 2 component mixtures. Pure dry lead sulfate pow-
der (American Elements, >99% purity and D50 ∼ 5.6 �m) was then
added to each sample to make up the total weight to 100 g.

The individual mixtures were milled in a cylindrical plastic drum
(diameter 12.5 cm, height 12 cm, volume approximately 0.15 l)
using a geological rock tumbler. Ceramic milling media were used
in preference to steel balls to avoid the introduction of conduc-
tive metallic impurities. The total milling time for each sample was
30 min to ensure a homogeneous mixture. The resulting range of
mixtures had weight percent concentrations of 0.5, 1.0, 1.5, 2.0,
2.5, 3.0 and 4.0. The powdered sample was compressed at a fixed
pressure of 1655 bars to remove voids and produce a pellet. The
pellet was then placed in a Teflon cylinder between a fixed circu-
lar base plate and piston (both stainless steel) and compressed at
117 bar. The resistance was measured across a Wheatstone bridge
using a Keithly 6517A multimeter for high resistances and a Tek-
tronix TX3 for low resistances. The volume resistivity (�) in � cm
was calculated from:

� = R
(

S0

d

)

where S0 is the apparent surface area, d is the compressed sample
thickness and R is the measured resistance.

Plots of resistivity versus additive concentration allow us to
demonstrate the presence or absence of a conductive percolation
point for the additive of interest, i.e. the concentration above which
the composition becomes conductive. Plots of resistivity versus

concentration for the graphite, carbon black and activated carbon
types are shown in Figs. 19–21. Also shown are the resitivity values
of a 2% dosing of the additive in dry, unformed NAM. The graphites,
2939APH, IGC 9390 and MX15 show a percolation point between
2.5% and 3.0% dosing. The expanded graphite, ABG1010, produces

nd at 2% loading in dry, unformed active material.
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Fig. 20. Resistivity of carbon blacks in lead sulfate

ower resistivity with a progressive reduction between 1% and 3%.
he carbon blacks show a gradual reduction in resistivity with con-
entration (Fig. 20) with macro conductivity becoming evident at a
.5% dosing level. As shown in Fig. 21 the activated carbons have no
ffect on the resistivity of lead sulfate over the concentration range
tudied. The higher conductivity of carbon black-containing mix-
ures probably reflects (a) that the carbon particles are very small
nd can easily fit between the sulfate grains and (b) the number of
articles per gram is very large.

Since the conductive behavior of carbons is largely attributable
o the degree of sp2:sp3 hybridization it follows that the more
morphous carbons are generally poorer conductors, but particle
ensity and size also play an important role. For example, if the
article count per unit volume is very high, as in the case of carbon
lack, then the inter-particle spacing is low and may give rise to
onductivity via electron tunneling.
Steric factors also may play a role in the degree of observed
esistivity. The basal plane of flake graphite may prove rela-
ively inert, whilst the edges of flakes expose a much more
aried electrostatic topography with much greater chemical
ctivity.

Fig. 21. Resistivity of activated
t 2% dry loading in dry, unformed active material.

2.11. Resistivity of dry unformed negative active material

The experimental matrix is shown in Table 9. Negative plates
were produced from these mixtures as previously described. After
curing, the material was detached from the lead grid, ground and
sieved (100 mesh). The resistivity was then measured as before.
The dry unformed material from pasted plates is a complex mixture
containing basic lead sulfates, lead oxide, barium sulfate, lignosul-
fonate, etc. The values determined for the unformed plate material
are plotted in Fig. 22.

As expected, the resistivity of the cured plates was high for all
that contained activated carbons. In the case of the plates that con-
tained graphite, carbon black and mixtures of these materials the
data are more complex but show lowered resistivity with values
depending on the composition of the additive. It should be recalled,
from the resistivities of the lead sulfate/additive mixtures, that

at these dosage levels only ABG1010 graphite and the two car-
bon blacks had any significant effect on resistivity. Therefore the
present result is not surprising since all the other mixtures con-
taining graphite are below their percolation point concentrations.
This suggests that, if resistivity is an important factor in PSOC cycle

carbons in lead sulfate.
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Table 9
Experimental groups and additive dosing levels for Task 2 studies.

Sample no. Mixture composition Wt% dosing in NAM

1 2939APH 2%
2 2939APH + MWV A 1%:1%
3 2939APH + MWV B 1%:1%
4 2939APH + MWV C 1%:1%
5 2939APH + MWV D 1%:1%
6 2939APH + N134 1%:1%
7 2939APH + Ace Black 1%:1%
8 N134 2%
9 Soltex Ace Black 2%

10 ABG1010 2%
11 ABG 1010 + MWV A 1%:1%
12 ABG 1010 + MWV B 1%:1%
13 ABG 1010 + MWV C 1%:1%
14 ABG 1010 + MWV D 1%:1%
15 ABG 1010 + N134 1%:1%
16 ABG 1010 + Ace Black 1%:1%
17 IGC9390 2%
18 IGC 9390 + MWV A 1%:1%
19 IGC 9390 + MWV B 1%:1%
20 IGC 9390 + MWV C 1%:1%
21 IGC 9390 + MWV D 1%:1%
22 IGC 9390 + N134 1%:1%
23 IGC 9390 + Ace Black 1%:1%
24 MX15 2%
25 MX 15 + MWV A 1%:1%
26 MX 15 + MWV B 1%:1%
27 MX 15 + MWV C 1%:1%
28 MX 15 + MWV D 1%:1%
29 MX 15 + N134 1%:1%
30 MX 15 + Ace Black 1%:1%
31 MWV-A 1%

l
t
i
u

2

m

32 MWV-B 1%
33 MWV-C 1%
34 MWV-D 1%

ife, we should obtain the best results from cells with plates con-
aining 2% Ace black and 2% ABG1010 graphite. It also suggests that
n future work 2939APH, IGC9390 and MX15 graphite should be
sed at concentrations greater than 2.5%.
.12. Experimental design for electrochemical testing

To test the effect of the additives in electrochemical cells, the
aterials of interest were incorporated into negative plates as pre-

Fig. 22. Resistivity measurements for dry
urces 195 (2010) 4470–4493 4485

viously described. The experiment was been designed as a partial
matrix, so that each of the individual raw material components
was added separately at one concentration (2%, 10 variables), and,
additionally, each graphite was combined with either, an activated
carbon, or a carbon black at concentrations of 1% each (24 Vari-
ables). The experimental design is shown in Table 10.

The dosing levels in this part of the project were fixed to limit
the number of experimental variables where the total additive con-
centration is ∼2 wt% with respect to the lead oxide quantity, with
the exception of the activated carbons where 1 wt% was used, based
on the supplier’s recommendation.

2.13. Electrical testing

2.13.1. Initial capacity
Four cells for each additive were assembled, filled and formed

as previously described. On completion of formation each cell was
cycled 10 times at the nominal C-rate (1.74 Ah was used as in pre-
vious work to aid comparison of capacity data). The 1st and 10th
discharge capacities were obtained to ensure complete formation
as shown in Fig. 23. The data represent the average capacities from
4 cells. Capacity increases were observed for all cells from cycle 1
to cycle 10, as expected, reflecting further formation of the active
material and establishment of an equilibrium acid saturation in
the plates and separators. The capacities within individual groups
were quite reproducible, while the capacity differences between
groups were far more pronounced. Notably, the control cells gave
very similar capacities, but were generally lower with a smaller
increase with cycling. The greater increase in capacity with cycling
in the cells with higher carbon loadings suggests that carbon has
an inhibiting effect on formation charge acceptance. The observed
variability between the test groups reflects not only the additive
performance but also porosity, density and saturation effects. The
much higher capacities evidenced by some carbon containing cells
is of great interest and indicates increased active material utiliza-
tion.

The cells containing flake graphite 2939APH, either alone or in

mixtures with carbon black or activated carbon, gave the greatest
first cycle capacities (first cycle capacity >65 mAh g−1) and these
also show a significant gain in capacity with cycling (all 2939APH
cells gave tenth cycle capacity >80 mAh g−1). Overall the greatest
gain in capacity is seen for the cells containing Ace Black, N134

, unformed active material samples.
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Fig. 23. First and tenth cycle capacities (average of of 4 cells) from

nd MWV-D. This result confirms the findings of Task 1. For the
ixtures containing activated carbon MWV-D, the capacities are

onsistently greater than the other activated carbons. The controls
nd the cells with isotropically graphitized carbon give the lowest
apacities.

The large capacity gains seen for NAM containing high carbon
evels may indicate that the carbon is acting in the same way as a
raditional battery expander by increasing the sponge lead surface
rea and acting as a nucleating agent. This ‘expander action’ may be
esponsible for the 1st to 10th cycle capacity increases seen for the
wo carbon blacks. These have very fine particles hence the number
f nucleation sites is much higher.

The other notable capacity increase is seen for all plates con-
aining MWV-D, an activated carbon from organic material.

.13.2. PSOC cycling
The cells from each group were placed on the PSOC cycling

est. The cycling profile was modified from that used previously
y setting the charge and discharge currents slightly higher at 5 A
2.8C-rate).

Fig. 24 shows the PSOC cycling data from the best performing
dditives compared to the control cells. The data for each addi-
ive is displayed as a series of bars where each bar represents the
umber of cycles obtained in a cycle set. The number of cycles
btained in a cycle set is a measure of the charge acceptance of
he additive during the 2.8C rapid cycling. It can be seen that the
umber of cycles obtained during a cycle set reduces as the num-
er of cycle sets increases. This shows that the high-rate charge
cceptance declines with cycling. However, the loss in capacity can

e recovered by charging showing the ability of the additives to
id recharge of lead sulfate that has accumulated in the plate as a
esult of reduced charge acceptance. Fig. 25 shows the capacity at
he end of each cycle set following a charge at 4.0 A for 5 h with a
ell voltage limit of 2.45 V.

able 10
igh rate PSOC cycling summary showing total cycles and cycle sets (in parentheses).

No second component MWV-A MWV-B

No second component Controls: 139,643 (27) 96,848 (13) 96,851 (1
2939APH 155,117 (19) 151,147 (20) 140,618 (
ABG1010 139,967 (31) 140,627 (28) 148,316 (
IGC9390 126,521 (32) 145,740 (22) 144,558 (
MX15 101,969 (19) 88,499 (12) 88,452 (1
group normalized for unformed negative active material weight.

Table 10 shows the number of cycles for each group. Several of
the groups have achieved over 150,000 cycles and up to 27 cycle
sets.

At the time of preparing this paper all of the cells are still cycling,
therefore it is not possible to select an additive that is unequivocally
superior. Because of practical issues, such as circuit availability,
cycling of some test groups began later than others therefore they
have accumulated fewer total cycles.

Impressive cycling behavior has been shown by many of the
additives. Of the graphite materials, 2939APH has given the best
result so far and excellent performance has also been obtained from
mixtures of 1% 2939APH and carbon black. Cells with 2% Ace Black
also performed very well. Care needs to be taken in interpreting
these data since the cells are still undergoing cycling and may be
capable of many more cycles. However, it is clear that additives
containing graphite and carbon black give excellent cycle life.

Further understanding of the role of the carbon additives on
PSOC cycling behavior can be gained from the relationship between
the cell voltage at the end of charge and the end of discharge
during the rapid cycling routine at 50% DOD. Fig. 26 shows the
behavior of cells containing 0.1% and 2% Ace Black in the nega-
tive electrodes. With the lower carbon loading, similar to that used
in conventional batteries, the cell voltage rises rapidly, following
the start of the rapid cycling, to 2.7 V. When the carbon loading is
increased to 2% this initial voltage increase is eliminated indicting
that the greater amount of carbon has a significant effect on the
charge kinetics. The polarization is significantly reduced showing
that the charge process has become more reversible. In the case of
the end of discharge voltages, polarization is also reduced resulting
in an increased number of cycles before the termination voltage is

reached.

The effect of adding carbon black can also be seen in Fig. 27
which shows the behavior of cells containing 2% 2939APH graphite
and a mixture of 1% 2939APH and N-134 carbon black. When the
graphite is used alone the cell voltage increases to 2.8 V shortly

MWV-C MWV-D N134 Ace Black

2) 88,494 (12) 117,916 (15) 139,738 (27) 150,588 (21)
26) 147,377 (21) 144,345 (19) 150,062 (18) 116,350 (17)
28) 138,737 (26) 152,599 (22) 146,992 (24) 136,758 (25)
21) 149,334 (28) 58,931 (10) 137,525 (24) 144,074 (26)
1) 95,559 (14) 89,324 (12) 145,816 (24) 147,013 (26)
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Fig. 24. PSOC cycling data from cells with the best performing additives compared with the control cells.

Fig. 25. Capacity of cells after recovery charging following PSOC cycling. Each bar represents a cycle set.

Fig. 26. Examples of end of charge and end of discharge cell voltages during PSOC cycling. Cells containing Ace Black.
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Fig. 27. Examples of end of charge and end of discharge cell voltage

fter cycling is started. When the graphite is mixed with carbon
lack the voltage increase is suppressed. This is an important phe-
omenon in the context of electric vehicle batteries that receive
ome of their charge from regenerative braking. At 2.8 V per cell
egenerative braking would be ineffective and the battery would
ot receive charge. Again, the effect on the discharge behavior can
lso be seen. A greater number of cycles is obtained before the cell
oltage drops to the cut-off value of 1.7 V per cell. The mixture of
% 2939APH graphite and N-134 carbon gives excellent cycle life

nd charge acceptance. The activated carbons form a much broader
houlder as seen in Fig. 28 although that for MWV-D is less pro-
ounced. The end of charge voltages are higher than those of the
939APH + N-134 carbon black mixtures.

ig. 28. Examples of end of charge and end of discharge cell voltages during PSOC cyclin
arbon.
ng PSOC cycling. Cells containing 2939APH and N-134 carbon black.

2.14. Changes to plate morphology during cycling

One cell from each group was torn down to examine the fully
formed negative plate condition before PSOC cycling. Plates were
extracted from the cell groups, washed in running water for 12 h,
then dried in an oven at 110 ◦C.

Figs. 29–31 are examples of typical crystal morphologies of
negative plates before cycling and after 100,000 cycles showing
changes that take place with cycling. It is clear that the morphol-

ogy of the formed NAM before cycling is not changed appreciably
with the choice of additive. The three examples shown all have
similar characteristics and are generally typical of formed NAM.
The lead metal is present as a network of linked grains forming a

g. Cells containing 2939APH and MWV-A, MWV-B, MWV-C and MWV-D activated
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Fig. 29. Comparison of crystal morphologies of standard charged negative plates after formation (left) and after 100,000 PSOC cycles (right). Scale bars 5 and 20 �m
respectively.
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ig. 30. Comparison of crystal morphologies of charged negative plates with 1% 293
cale bars 5 and 20 �m respectively.

ontinuous structure. The effect of the additives on the structure
fter 100,000 PSOC cycles is quite pronounced. In the case of the
tandard plate with 0.1% carbon loading a large concentration of
ead sulfate crystals is clearly visible in the cycled plate. The plate
ontaining a mixture of graphite and carbon black has virtually no
ead sulfate in the NAM. However, when activated carbon is sub-
tituted for carbon black a large amount of lead sulfate is again
vident. This correlates well with the cycle life data which shows
he longest life from plates containing both graphite and carbon
lack. This is the case whether the graphite is of the flake, expanded
r synthetic variety, or whether the carbon is oil-based or acety-
ene based. None of the test mixtures with activated carbon gave
ong life.
BET surface area measurements (Table 11) show that the spe-
ific surface areas of the active mass are decreasing with cycling,
ith the significant exception of 1% 2939APH with 1% N134, which

ontinues to increase.

ig. 31. Comparison of crystal morphologies of charged negative plates with 1% 2939AP
SOC cycles. Scale bars 5 and 20 �m respectively.
graphite plus 1% N134 carbon black after formation and after 100,000 PSOC cycles.

2.15. Electron microprobe and cathodoluminescence images

Plates from the best performing additive mixtures at 50,000
cycles were examined by a scanning electron microprobe (EMP).
This technique allows us to look for differences between areas in
the active material. Given the excellent performance from mixtures
of 2939APH graphite with carbon blacks these plates were selected
for examination.

The EMP scans show a very interesting feature where carbon
flakes (graphite) are visible at the center of areas of lead metal.
Surrounding these areas we find lead sulfate. It would appear that
the lead is deposited on or near to the graphite flakes, proba-
bly during charge when Pb2+ ions in solution capture electrons

stored on the graphite and deposit as lead metal. This proba-
bly explains the reduction in BET surface area with cycling since
the high surface area carbon is becoming buried under a lead
metal deposit. Figs. 32–33 show cross sections of a plate con-

H graphite plus 1% of activated carbon MWV-A after formation and after 100,000
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Table 11
Negative plate BET changes with PSOC cycling.

Group # Group type BET value after formation (m2 g−1) BET value after 50k cycles (m2 g−1) BET value after 100k cycles (m2 g−1)

1 2% 2939APH 0.835 0.763 0.750
6 1% 2939APH:1% N134 1.663 1.865 2.506
11 2% ABG1010 0.989 1.112 0.842

t
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25 2% MX15 0.779
30 1% MX15:1% N134 1.765
C1 Control 1 0.784

aining 1% 2939APH graphite + 1% N134 carbon black after 50,000
SOC cycles with lead, carbon, sulfur, cathodoluminescent and
ack scattered electron images The rectangles in Fig. 32 are the
rid wires. The overall pattern is rather clear with dense sulfate
t the bottom. The color is not uniform across the active mate-
ial, showing a speckled effect. In Fig. 33 more detail is shown
f the speckled areas in the charged active material where the
ight grey areas are clearly lead clusters. Closer examination of
hese speckled areas reveals lead metal clustered around graphite
akes.
Fig. 34 illustrates the chemical composition of three dis-
inct areas imaged in the preceding figures determined using
DS (energy dispersive spectroscopy). From this it is clear
hat the central black speck is carbon, surrounded by lead

etal.

ig. 32. Plate containing 1%2939APH graphite + 1% N134 carbon black after 50,000 PSOC
lectrons.
0.735 0.686
1.886 1.571
1.079 0.775

The lead clusters can easily be seen in Fig. 32a. These are
surrounded by lead sulfate as shown in Fig. 32c and d. The backscat-
tered electron Fig. 32e again shows the lead clusters.

Fig. 34a is an EDS spectrum of a Pb-metal cluster of approxi-
mately 100 �m in length. Only Pb is present while the small C peak
is due to the conductive carbon coating used to prepare the samples.
Fig. 34b is an EDS spectrum of the dark grain within Pb block. Only
carbon is present while the small oxygen peak (0.5 keV) is prob-
ably due to contamination. Fig. 34c is an EDS spectrum from the
medium gray grain identified as PbSO4. The carbon detected here

is from the coating, O is due to oxygen in PbSO4, and the large peak
is due to both S and Pb which have almost the same X-ray energies.
Compare O peak here with O peak from Pb metal in first spectrum
(a). These images give additional evidence of the electrochemical
reduction of Pb2+ ions on the carbon additive.

cycles (a) lead, (b) carbon, (c) sulfur, (d) cathodoluminescence, (e) back-scattered
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ig. 33. Plate containing 1% 2939APH graphite + 1% N134 carbon black after 50,000
lectrons. 3 �m resolution.

.16. Discussion and conclusions

The most significant findings from Task 1 were:

(i) We have verified that the primary cause of failure of conven-
tionally designed VRLA cells in PSOC cycling conditions is the
progressive formation of inert lead sulfate that initially begins

on the surface of the negative plate and then penetrates into
the bulk of the active mass.

(ii) Addition of mixtures of carbon black and graphite to the NAM
has a significant beneficial effect on cycle life. The best per-
forming cells exceeded well over 100,000 cycles and failed
cycles (a) lead, (b) carbon, (c) sulfur, (d) cathodoluminescence, (e) back-scattered

because of factors not associated with accumulation of elec-
trochemically inactive lead sulfate on the plate surface.

(iii) Electron microprobe imaging, coupled with cathodolumi-
nescense shows that the problem of lead sulfate surface
buildup is eliminated when carbon black/graphite mixtures are
used in the NAM. Where the negative plates contained elevated
levels of carbon lead sulfate was homogeneously distributed

through the electrode.

Our data also show that carbon black and graphite have a sig-
nificant effect on initial capacity. This probably occurs as a result of
increased electrochemical efficiency of the NAM.
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ig. 34. Plate containing 1%2939APH graphite + 1% N134 carbon black after 50,000
hows a medium gray (left edge; bottom edge toward right. Dark “grains” included
a), (b) and (c) below.

The most significant findings from Task 2 were:

(i) We were able to confirm the beneficial effects of carbon addi-
tives in increasing the cycle life of VRLA cells in PSOC cycling
operation. A wide range of carbon types was employed yet all
of the test cells in Task 2 are still cycling. Some have exceeded
150,000 cycles with over 6000 capacity turnovers.

(ii) The electrical resistivity of negative active material is reduced
by addition of carbon black/graphite mixtures to the paste mix.
The lowest values are obtained with the ABG1010 expanded
graphite and the carbon blacks N134 and Ace Black. How-
ever we should note that several of the carbon materials were
used at concentrations below their percolation points there-
fore, in these cases, a significant reduction should not be
expected.

iii) Studies of the nucleation of lead sulfate in negative active
material containing 2% carbon black and 2% graphite conclu-
sively show that this additive eliminates the phenomenon of
surface buildup and promotes nucleation in the interior of
the NAM.

Given the incomplete nature of the dataset it is not yet pos-
sible to state categorically which additives perform best. In
addition, dosage level studies have not been carried out in a

systematic manner so we are unable to state the concentra-
tion at which the additives will be most effective. Nor have we
been able to correlate the performance of the additives with
their chemical and physical properties. Consequently, we can-
not predict which types of carbon or which properties will give

(v
cycles. BSE image showing Pb-metal clusters in fine Pb-meta matrix. Rare PbSO4
Pb “blocks” are carbon. Spectra from each of these grain types are shown in panels

the best result. However, there are some interesting general
trends.

(iv) Resistivity measurements of the additives in lead sulfate show
that graphite and carbon black and their mixtures produce
macro conductivity in the dosing region studied while the
activated carbons did not. Unfortunately, the dosage levels
employed in Task 2 were below the percolation points for most
of the graphite materials so we are unable to correlate cycle
life with conductivity. Dosage level studies currently underway
will resolve this question.

(v) Plate preparation with high carbon concentrations causes large
variations in paste density and active material specific surface
area. Paste rheology is also changed significantly resulting in
the need to add water to the paste mix to make it workable on
conventional equipment.

(vi) In almost every case carbon additives improve both initial
capacity and cycling performance relative to the control cells.

vii) The best PSOC cycling performance is seen for mixtures con-
taining flake graphite and carbon black. When graphite is used
alone, the negative electrode polarization during high rate
charging increases to the point where the battery would not
accept charge during regenerative braking. When carbon black
is mixed with the carbon this phenomenon is eliminated.
iii) Electron microprobe images of plates after 50,000 cycles
show the presence of lead clusters depositing around graphite
particles in the active material. This indicates that solu-
ble lead ions are electrochemically reduced on the graphite
surface.
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ix) BET surface area measurements on cycled plates show a gen-
eral trend to reduction of the internal surface area. Since a large
fraction of the NAM surface area is due to the carbon addi-
tive this suggests that the additive is becoming progressively
buried under lead and lead sulfate reaction products.
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