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While the low cost and strong safety record of lead-acid batteries make them an appealing option compared to lithium-ion technologies
for stationary storage, they can be rapidly degraded by the extended periods of high rate, partial state-of-charge operation required
in such applications. Degradation occurs primarily through a process called hard sulfation, where large PbSOy4 crystals are formed
on the negative battery plates, hindering charge acceptance and reducing battery capacity. Various researchers have found that the
addition of some forms of excess carbon to the negative active mass in lead-acid batteries can mitigate hard sulfation, but the
mechanism through which this is accomplished is unclear. In this work, the effect of carbon composition and morphology was
explored by characterizing four discrete types of carbon additives, then evaluating their effect when added to the negative electrodes
within a traditional valve-regulated lead-acid battery design. The cycle life for the carbon modified cells was significantly larger than
an unmodified control, with cells containing a mixture of graphitic carbon and carbon black yielding the greatest improvement. The
carbons also impacted other electrochemical aspects of the battery (e.g., float current, capacity, etc.) as well as physical characteristics
of the negative active mass, such as the specific surface area.
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Valve-regulated lead-acid (VRLA) batteries are a mature recharge-
able energy storage technology. Low initial cost, well-established
manufacturing base, proven safety record, and exceptional recycling
efficiency make VRLA batteries a popular choice for emerging energy
storage needs.”> VRLA batteries are employed in stationary storage
applications such as: utility ancillary regulation services, wind farm
energy smoothing, and solar photovoltaic energy smoothing.® Sta-
tionary applications may require short duration, high-rate, and partial
state-of-charge cycling (HRPSoC).* Under HRPSoC duty, conven-
tional VRLA cells fail prematurely from irreversible PbSO,4 formation
within the negative plates.’ Regular cycling to 100% state-of-charge
(SoC) mitigates PbSO, crystal formation and growth. However, reg-
ularly cycling to 100% SoC is not viable for many stationary storage
applications. Large PbSO, crystals are not easily reduced back to
metallic lead during HRPSoC charging, reducing cycle life. Reduced
cycle life of VRLA batteries increases the operating cost, thereby
limiting their practicality for stationary applications.

VRLA battery HRPSoC cycle life can be increased with carbon
modification of the negative active material (NAM).5'® Adding car-
bon to the negative plate inhibits PbSO, crystal formation and/or
limits PbSOy crystal growth.!'-!3 The underlying mechanism respon-
sible for reducing PbSO, formation/accumulation is dependent on the
size of the PbSO, crystallites. Controlling PbSO, microstructure has
been found to be difficult while maintaining low cost. Other methods
exist to limit PbSOy crystal size; including utilization of a carbon hon-
eycomb structure instead of traditional cast or punched grids.'* For
example, Kelly et al. have developed carbon foam-based grid tech-
nology that has demonstrated improved cycle life over conventional
VRLA batteries.'> This technology has limited commercial success
due to increased manufacturing cost of carbon foam plates compared
to conventional technology.

Recent work evaluated the impact of various carbon additives
in the NAM of a VRLA battery, including novel nano-carbon
materials.®7-1113:16-25 Researchers have hypothesized that carbon
contributes in one or more different aspects of battery performance.
Chemical reactivity and surface area are important if the material is
electrochemically active.®?! Carbon may also improve electrical con-
ductivity within the NAM.' In this case, a conductive carbon network
is important, benefitting from smaller particle diameters.'* Certain car-
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bon materials can act as a pseudo-capacitor absorbing excess charge
and therefore enhancing electrochemical activity at the Pb/H,SO,
interface.%?® Additives may also work as an electro-osmotic pump
transporting H,SO, deep within the electrode, increasing utilization
of the NAM.® Increasing the specific surface area of the NAM may
boost performance by allowing more H,SO, in the NAM.!6:21:27:28
Finally, carbon may reduce pore diameter within the NAM.!!

While carbon additions have a favorable impact on HRPSoC cycle
life, they can negatively impact other aspects of battery performance.
Carbon displaces active material within the NAM, reducing initial
cell capacity. Also, under normal operating conditions, carbon has
a low hydrogen evolution over-potential.>* This could increase the
magnitude of parasitic side reactions such as water reduction, poten-
tially increasing the rate of self-discharge and reducing the efficiency
of charging. Finally, large specific gravity differences and poor grid
adhesion may result in a non-uniform carbon dispersion within the
NAM.6:16,17.21.23.28

In this work, VRLA battery cells were constructed with negative
plates containing a series of different carbon additives, along with
an unmodified control within a commercially available VRLA bat-
tery case, using standard fabrication processes. The carbon materials
were selected such that a range of carbon morphologies and produc-
tion methods were captured. Carbon additives were structurally and
chemically characterized. Once the negative plates were formed, their
physical properties were evaluated. Batteries were assembled using
the control and carbon modified negative electrodes, along with a
standard positive electrode. The electrochemical performance of the
control and carbon-modified cells was then characterized using a se-
ries of standard protocols to determine their cycle life as well as overall
behavior.

Experimental

Preparation of VRLA cells.—Negative VRLA cell plates were
prepared using a standard commercial process and the associated
equipment. Three carbon-modified NAMs were prepared, along with
a standard control (i.e., no excess carbon). The carbons were selected
to capture a range of different chemical and physical properties, in-
cluding varying surface area and electrical properties, an underlying
goal being to establish if one form or morphology was more ben-
eficial than another. The carbons explored included an electrically
conductive acetylene black, an activated carbon, and a combination
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of carbon black and graphitic carbon. Once combined, pasted, and
cured, the raw electrodes contain a mixture of PbO, PbSO,, Pb°,
expanders, and carbon. The carbon content of the NAM in the con-
trol battery was approximately 0.17 wt% (based upon the mass of
PbO), the activated carbon loaded NAM material contained 1.5 wt%,
the acetylene black carbon loaded NAM contained 1.0 wt% and the
mixed graphitic/carbon black loaded NAM contained 2 wt% graphite,
and 2 wt% carbon black.

All negative plates were electrochemically formed externally us-
ing standard commercial processes, prior to assembly of the battery.
The control and carbon modified plates were assembled into batteries
using an existing sealed six cell VRLA battery case design produced
by East Penn Manufacturing. Each cell consisted of three negative
plates and two positive plates. Between each positive and negative
plate was a standard absorbed glass mat (AGM) 250g/m? separator
(1.56 mm thick at a pressure of 10 kPa, tested per BCIS-03A (BCI
Recommended Test Methods for VRLA-AGM Separators)).?> The
negative plates were 4.56 in (11.56 cm) high, 4.5 in (11.43 cm) wide,
and 0.066 in (0.17 cm) thick, with a total of 67 g of unformed NAM
per plate. The positive plates were the same width and height, but
were 0.110 in (0.28 cm) thick, with a total of 108.0 g of unformed
positive active material (PAM) per plate. A stack pressure of 57.7 kPa
(23.2% compression) was used for the batteries. The plate geometry
and count within each cell resulted in an estimated initial capacity of
10 Ah. While the entire six cell commercial battery case was popu-
lated with plates, only a single cell was filled with electrolyte. The fill
electrolyte was H,SO, with a starting specific gravity of 1.295 g/cm?,
increased to 1.302 g/cm3 through the addition of Na,SO4. Once the
cell was filled, the battery case was sealed, and the cell connected
to external leads. As such, the electrochemical results reported here
represent the behavior of a single cell containing three negative plates
and two positive plates.

Physical characterization.—Scanning electron microscopy
(SEM) was used to evaluate the physical structure of the carbon addi-
tives and battery plates. X-ray diffraction (XRD) was used to evaluate
crystal structure of the carbon additives. Brunauer, Emmett, and Teller
(BET) surface area measurements were performed on the carbon ad-
ditives and battery plates. The acid-soluble impurity content within
carbon additives was assessed using inductively coupled plasma-mass
spectroscopy (ICP-MS). Water soluble anions were detected via ion
chromatography. Acid soluble contaminants were extracted in 6N
HCI. Anions were extracted by sonicating a known quantity of each
carbon in high purity water and analyzing the leachate.

Physical structure of the carbon-modified and control plates was
assessed in both the raw and formed conditions. In all cases the center
negative plate was characterized to avoid complications from plate
position. Cross-sections were taken from each sample at the top, cen-
ter, and bottom, mounted using traditional metallographic techniques,
and imaged in the SEM. Lead sulfate distribution within the struc-
ture was evaluated by cathodoluminescence (CL). A Zeiss variable
pressure secondary electron (VPSE) detector captures SEM features
that light up via CL. When impacted by an electron beam, PbSO,
will luminesce. Metallic lead does not luminesce, allowing for easy
detection of PbSO,. As the intensity of the luminescence was not
characterized, CL was used to qualitatively identify when PbSO, was
present, rather than to quantify the amount of PbSO, present. Mercury
porosimetry was used to evaluate the overall degree of porosity and
the pore size distribution within each plate in the as-received, formed,
and cycled conditions. Cycled values were obtained after 1 k cycles,
10 k cycles, and upon cell death. Samples for both mercury porosime-
try and BET surface area were taken from the center of the plate,
adjacent to where the center cross section described above was taken.
The locations where each sample was taken are shown schematically
in Figure 1. It should be stressed than only a single example of each
cell was evaluated at each cycle count, and as such the data should
be considered qualitatively as the uncertainty associated with each
measurement could not be quantified.
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Figure 1. Center plate cross section locations. Locations 1, 2, and 3 were used
for SEM imaging of the active material structure. Location 4 was removed
for Hg porosimetry and location 5 for BET surface area measurements. The
negative plates were 4.555 in. (11.56 cm) high, 4.5 in. (11.43 cm) wide, and
0.066 in. (0.17 cm) thick, with a total of 67g of unformed NAM per plate.

Electrochemical measurements.—Baseline electrochemical per-
formance measurements.—Baseline electrochemical performance of
each cell was evaluated. The cell was charged at 2.3 V (with a maxi-
mum current of 1C) until the current fell to 75 mA. After a one-hour
rest at open circuit, the cell was discharged at 1C to 1.75 V. The total
electrical charge passed during discharging was recorded. After an-
other hour-long rest at open circuit, the cell was recharged to 108% of
the discharge capacity. After another rest, each cell was discharged at
1C to 1.75 V. This second discharge capacity was logged as the initial
capacity, and used as a baseline. The open circuit voltage (OCV) and
impedance of each cell was measured.

Float current measurements.—The float current is a measure of
the rate of reactions which occur during the overcharge of the bat-
tery. These reactions include oxygen evolution and potentially grid
corrosion at the positive plate, along with oxygen recombination and
hydrogen evolution at the negative plate.’ Float currents of each cell
type were measured at five voltages. Cells were first charged at 2.45
V for 24 hours, then allowed to stabilize for 48 hours. Each cell was
then held at 2.27 V for ten days and the final current measured. This
process was repeated at potentials of 2.30 'V, 2.35V, 2.40 V, and 2.45
V for periods of 72 hours, 24 hours, 12 hours, and 6 hours respectively.

Hybrid pulsed power characterization measurement.—The hybrid
pulsed power characterization (HPPC) test, as defined in the Freedom-
CAR Battery Test Manual®® was performed on pristine (i.e., untested)
examples of each cell type. The HPPC test aims to establish the ability
of a battery to deliver power or accept charge as a function of SoC
over the useable voltage range.

Six month self-discharge measurement.—The rate at which the
control and carbon-modified cells self-discharge was evaluated. An
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Figure 2. SEM images of (A) acetylene black, (B) carbon black, (C) activated
carbon, and (D) graphitic carbon. Legends differ and are shown in the lower
left hand corner of each image (100 nm, 100 nm, 20pum, 1pm respectively).

example of each cell type was charged to full capacity using the
procedure described above. After charging, each cell sat without any
externally applied load for a period of six months under ambient
laboratory conditions. At the end of this six-month rest period, the
capacity was measured again and compared to the initial capacity.

Cycle testing measurements.—Examples of each cell type were
cycled under HRPSoC duty, simulating ancillary regulation services
for a wind farm energy smoothing application.’! HRPSoC cycle tests
use 10% discharge cycles centered around a 50% SoC. Cycling is
performed at a rate of 1C to 2C, providing maximum power and
energy performance. At 1 k and 10 k cycles, batteries were destruc-
tively disassembled and plate structure was evaluated. Batteries were
disassembled within a glove box containing an inert (i.e., nitrogen)
atmosphere. Immediately after being removed from the battery case,
the plates were rinsed with deionized water and allowed to dry within
the glove box. Once dried, samples were taken from each plate for
analysis, as illustrated in Figure 1. A portion of the battery cells eval-
vated in this study contained a Hg/Hg,SO, reference electrode in
the VRLA electrolyte. Half-cell potentials were found and utilized to
pinpoint effects of HRPSoC duty on positive versus negative active
materials.

Remaining cells were cycled to irreversible failure. Cells were cy-
cled per the procedure defined above until failure, with failure defined
as a reduction in capacity to below 80% of initial capacity, and then a
recovery charge was employed. Each recovery charge involved charg-
ing to 108% initial capacity and served to decrease PbSO, presence.
After multiple recovery charges, the cells could not be recovered,
and were considered irreversibly failed. BET surface area and Hg
porosimetry was performed at the first failure and after multiple re-
covery charges.

Results and Discussion

Structural and chemical analysis of carbons.—There are many
types of carbon, each with unique physical features. Even within a
carbon type wide variations exist, such as: particle diameter, aggrega-
tion size/shape, BET surface area, porosity, contaminants, etc.!” These
properties influence VRLA performance and NAM structure. To draw
conclusions about effects of carbon-modification, precursor materi-
als were characterized. Physically, acetylene black (Figure 2A) and
carbon black (Figure 2B) are similar. Both consist of approximately
20-30 nm diameter aggregates. The activated carbon (Figure 2C) con-
sisted of micrometer-sized particles with a glassy appearance. Glassy
appearance is consistent with high-temperature activated carbon.*
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Graphitic carbon (Figure 2D) contains numerous graphite platelets
with a typical particle size on the order of tens of microns.

X-ray diffraction patterns for each of the carbon additives were
used to characterize the crystallinity and structure of each carbon ad-
ditive. Graphitic carbon is well-ordered hexagonal graphite (type 2H).
The pattern for activated carbon was consistent with an amorphous
structure; supporting the visual observation of a glassy appearance.
The patterns for acetylene black and carbon black were similar to that
of graphite, with significant peak broadening and larger d-spacing.
Shift in spacing and considerable peak broadening suggest a fine
crystal size. The XRD spectra from both materials are a mixture of
nano-crystalline and amorphous peaks. This was most easily observed
in carbon black which had two different peak profiles. Acetylene black
peak profile fitting resolved two discrete peaks, but peak broadening
made peak location and broadening difficult to determine.

Based upon their similar particle size, the acetylene black and
carbon black were expected to have the same specific surface area.
BET specific surface areas of acetylene black and carbon black were
found to be 75.0 #+ 0.2 and 73.7 & 0.1 m? g~!, respectively. The
graphitic carbon exhibited a lower specific surface area than either
the carbon black or acetylene black, at 6.84 + 0.2 m? g~!. Activated
carbon yielded a specific surface area of 2060 4= 4 m? g =, significantly
larger than the other three. The reason for this large difference is the
microscopic structure of the activated carbon. Being derived from
wood, it is highly porous, and thus the actual surface area is vastly
larger than the macroscopic particle size.

Acid and water soluble contaminant species are of particular in-
terest due to the H,SO, electrolyte within VRLA cells. Detrimental
species, such as iron, may act to poison electrochemical reactions.
Both acetylene black and graphitic carbon had minimal acid or water
soluble contaminant present. The carbon black contained a significant
quantity of sulfate and sodium present, but no species were noted
that would adversely impact battery performance. Activated carbon
had a variety of contaminants present, including 100 ppm Fe (poten-
tially detrimental), as well as significant concentrations of sodium and
phosphate. As the activated carbon was derived from wood, soluble
contaminants were anticipated.

Electrochemical performance.—Open circuit voltage (OCV) and
internal impedance (Table I) were nominally identical between the
cells. Average discharge capacity of each of the cell type was mea-
sured for 15 batteries. Control cells, which are based on optimized
production processes, have the tightest distribution of capacities, as
illustrated in Figure 3 and Table I. Carbon-modified batteries have
greater distribution and lower initial capacity. Carbon displaces some
of the active material, thus reducing overall active material within
the cell. Carbon-modified batteries increase capacity upon cycling
except for activated carbon, discussed later. The increase in capacity
observed upon cycling indicates that the carbon additives inhibited
charge acceptance during formation.

Float current measures the electrochemical activity during over-
charge of the cell. As discussed above, the reactions that contribute
to the float current may include oxygen evolution and grid corro-
sion at the positive electrode, along with oxygen recombination and
hydrogen evolution at the negative plate.® In all cases, float current
increases upon carbon-modification of the NAM, as shown in Ta-
ble I. The increase is likely the result of the parasitic side reactions
discussed above. Oxygen recombination serves to chemically dis-
charge the negative plate while it is being electrochemically charged.*?
This depresses the negative plate potential and causes an incomplete
charge.** Increasing average float current with carbon modification
agrees with depressed initial cell capacity documented in Table 1.

Hybrid Pulse Power Characterization (HPPC) testing establishes
the ability of the battery to deliver power or accept charge as a function
of the SoC. The test was performed on new/uncycled cells. All four
cell types behave similarly under HPPC conditions, as illustrated in
Figure 4.

Carbon modified cells typically have a higher electrochemically
active surface area. While this is beneficial under HRPSoC conditions
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Table I. Key electrochemical performance data for each cell type studied here.
Impedance Average Initial Average 10,000 Cycle Float Current Average Cycles
OCV (V) (L2) Capacity (Ah) Capacity (Ah) at2.45V (mA) to Failure
Control 2.147 £ 0.002 1997 £ 30 11.8 £0.2 11.1 £ 0.1 127+ 6 17372 £ 5793
Acetylene Black 2.141 £ 0.008 2015 £ 36 11.6 £ 0.3 12.1+£0.2 199 £17 46172 + 13430
Activated Carbon 2.158 £0.003 2038 + 36 11.0 + 0.4 103403 159 +2 29255 + 5737
Graphitic Carbon and Carbon Black ~ 2.146 + 0.005 2114 + 20 10.6 £ 0.4 12.20 £ 0.04 166 + 10 50796 =+ 13741
-I‘ trol and activated carbon batteries (see Table I). Conversely, acetylene
= 29 & 2 : [ SR | e 2 -‘ black had slightly higher capacity at 10 k cycles than initial. Graphitic
< L I A v i"l‘ = b d carbon black substantially i d ity at 10 k
> 10— M YV vovo carbon and carbon black substantially increased capacity a cy-
S g cles. Increased capacity at 10 k cycles demonstrates resilience under
§ 8 A HRPSoC duty. Average cycle life for each cell type is summarized in
o Table 1.
2 6
2
2 4
a ® Control
£ 2q 1% ﬁce.ty'ene Black Structural analysis of negative plates.—The impact of carbon-
c ctivated Carbon . . . .
- v Graphitic Carbon & Carbon Black modification on the structure of the NAM was studied by taking metal-
0= T T T T T T T T lographically prepared cross sections and evaluating them in the SEM.
0 2 4 6 8 10 12 14 Figure 6 contains images from each plate type. Cylindrical/fibrous ma-

Cell Number

Figure 3. Initial 1C discharge capacity for the control and each of the carbon
containing cell types.

to extend life; a disadvantage is that the carbon can serve as cathodic
surface area within the NAM, increasing self-discharge. The control
cell lost 22 £ 2% of its initial capacity due to the six-month self-
discharge, the smallest loss of all batteries tested. Acetylene black,
activated carbon, and graphitic carbon and carbon black containing
cells lost 30 &= 5%, 25 &+ 6%, and 39 + 6%, respectively. The electro-
chemically active carbon within the carbon modified cells serves as a
local cathode within the NAM, driving lead dissolution and contribut-
ing to the increased self-discharge rates.

HRPSoC cycling rapidly degrades VRLA batteries. Simulating
these conditions, HRPSoC testing was carried out on all cell types.
Figure 5 shows the negative half-cell potential on charging. The con-
trol, Figure 5A, loses charge acceptance over time. This effect is more
pronounced when acetylene black, Figure 5B, or activated carbon,
Figure 5C, were included in the NAM. No decay was noted when the
combination of graphitic carbon and carbon black were added to the
NAM, Figure 5D. It has been proposed that graphitic flakes capture
electrons which reduce PbSO, to metallic lead.,'®> and as such, the
graphitic carbon additive may be responsible for the observed increase
in HRPSoC performance.

Reduction in charge acceptance after cycling is likely from PbSO,
crystal formation. After 10k cycles, compositions began to distinguish
themselves electrochemically. Capacity loss was evident in the con-
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Figure 4. Results of HPPC (A) discharge and (B) charge on fresh cells.

terials observed in all plates are the binder. Acetylene black particles
were not visible within the structure due to their nanoscale diameter
(Figure 6B), though there were dark, carbon rich heterogeneities ob-
served, indicative of particle aggregation. Activated carbon particles
are large and readily visible within the structure, Figure 6C. More
detailed evaluation of the large activated carbon particles revealed
metallic lead within fissures and pores present in the activated carbon,
suggesting this carbon species is electrochemically active. Graphitic
carbon is visible in Figure 6D whereas the carbon black is not. As
with acetylene black, heterogeneity is indicative of carbon black ag-
gregation.

As shown in Figures 7A and 7B, both overall pore volume and
pore size, assessed via mercury porosimetry, increase as the plate is
formed. Distribution of pore size shifts to larger values for all plates
except when containing graphitic carbon and carbon black. Graphitic
carbon may add rigidity to the NAM, preserving initial pore structure.
While the overall distribution shifted to larger pores, for all of the
carbon modified plates, a portion of the distribution was maintained
in the small 1-2 pm range. Pore size distribution was also monitored
as a function of cycle life, illustrated in Figures 7C and 7D. Again,
the carbon-modified plates maintained a distribution of small pores
throughout the period monitored here, as will be discussed in more
detail below. Pore structure resilience is strongly correlated to cycle
life.2> Small diameter pores hinder the formation of large PbSO,
crystallites, resulting in a distribution of small PbSOy, crystals that are
more easily dissolved/reduced during charging. Additionally, pore
diameters below 1.5 pwm can act as a semi-permeable membrane,
restricting mass transport of SO,?~ and HSO,4~ into the pore. As
a result, the Pb>* formed during discharge of the battery in these
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Figure 5. Negative electrode half-cell during charging for (A) control, (B) acetylene black, (C) activated carbon, and (D) graphitic carbon and carbon black

containing cells.

small pores hydrolyzes, forming Pb(OH),, which then transforms into
a-PbO precipitate on the pore walls.”

Under HRPSoC duty cycling, reactions between active material
and electrolyte take place within pores.’ Decreased pore volume and
surface area is evidence of incomplete charge acceptance, reducing
cell capacity. BET surface area of each cell type was evaluated ini-
tially, after 1 k cycles, 10 k cycles, failure, and recovery. No significant
changes in overall surface area were noted for the control, acetylene
black, or graphitic carbon and carbon black NAM. Activated car-
bon containing cells exhibited decreasing surface area with cycling.
Additionally, activated carbon did not benefit from recovery charg-
ing. Decreasing surface area is likely from progressive hard surface
sulfation.

Raw

Formed

Figure 7C and Figure 7D illustrate pore size distribution after 1 k
and 10 k cycles, respectively. After 1 k cycles, all carbon containing
batteries had pore sizes centered around 1 to 2 pwm. The control has
a portion around 3 wm and a large fraction closer to 7.5 pm. At 10 k
cycles, the control cell lost small pores and was composed primarily of
7-10 pm pores. Activated carbon behaved similarly, with most pores
around 7-10 pwm. As PbSO, crystals form and grow, pore diameters
expand to accommodate them.?’ This process of plate oxidation is
called expansion, and is a well-known failure mechanism. Contrarily,
both acetylene black and graphitic carbon and carbon black batteries
remained unchanged at 1 k and 10 k cycles, with pores around 1-2
pm, indicative of increased stability afforded to the NAM by these
carbon formulations.

Figure 6. Cross sectional SEM images of negative plates containing (A) nothing — control plate, (B) acetylene black, (C) activated carbon, and (D) graphitic
carbon and carbon black. Each plate was imaged in two forms; raw (top) and formed (bottom). Scale bars for B (top) and D (bottom) are 20 pm, all others are 100

pm.
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Figure 7. Pore size distribution of (A) raw, (B) formed, (C) 1,000 times cycled, and (D) 10,000 times cycled negative plates with different carbon additives
alongside the unmodified control.
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Figure 8. Cross sectional SEM images from each cell type after 1 k and 10 k cycles. The left column is a backscattered SEM image and the right is a CL image of
the same location. Field of view for all images is approximately 264 microns for all but the graphitic carbon and carbon black at 10 k cycles, where it is 633 microns.
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Figure 9. SEM images after failure. The left image is a backscattered electron SEM image, while the right image is a cathodoluminescence (CL) image of the
same area. Scale bars are 100 pwm for graphitic carbon and carbon black NAM and 200 wm for all other images.

SEM images of plate materials at 1 k cycles is shown in Figure 8
(left). The control cell possessed a globular structure similar to initial
images. CL showed PbSO, crystals distributed through the plate, with
athin layer on the plate surface. This is the beginning of hard sulfation.
Carbon containing cells have notably less PbSO, present on the plate
surface. In none of the carbon-modified cases was a PbSO, layer
visible on the plate surface. Graphitic carbon and carbon black had
PbSOy in the center of the plate and the surface was completely clear.

At 10 k cycles many differences between the cell types are seen,
Figure 8 (right). The control cell was within several thousand cycles
of average failure (Table I) and had significant surface hard sulfation.
Hard sulfation is accelerated under HRPSoC cycling. Activated car-
bon also had signs of hard sulfation, though not as severe as the control.
In addition, PbSO,4 appeared to form primarily near surface activated
carbon particles. Comparing to observations made via Hg porosime-
try, itis speculated that the PbSOy, is plugging smaller pores associated
with activated carbon. At 10 k cycles acetylene black was markedly
different than other batteries in terms of its physical structure, which
appeared dendritic. The plate was also clear of lead sulfate. Presum-

ably, acetylene black helped reduce PbSO, to Pb which accumulated
non-uniformly within the cell. Non-uniformity likely caused local
polarization differences and therefore the reduced half-cell charging
illustrated in Figure 5B. Although heterogeneous, no PbSO; is present
at 10 k cycles, increasing cell capacity from initial as indicated in Ta-
ble I. Graphitic carbon and carbon black appeared nominally identical
to 1 k cycles. PbSO, is visible at the center of the plate and the
surface was completely clear. This behavior is consistent with an-
other report of graphitic carbon modified cells under HRPSoC duty."”
Perhaps resilience to PbSO, formation is from synergistic effects of
graphitic carbon and carbon black. Carbon black is structurally similar
to acetylene black and should behave similarly in the NAM. Acetylene
black alone caused heterogeneous deposition of Pb, forming dendrites.
Graphitic carbon may increase NAM rigidity, resisting dendrite for-
mation. Combining graphitic carbon and carbon black yields a ‘best
of both worlds’ scenario and best performance under HRPSoC duty.
Cells were then cycled to failure. The number of cycles to failure
shown in Table I varied considerably across cell types. Graphitic
carbon and carbon black containing cells had the longest cycle life.
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This is expected as minimal electrochemical and structural changes
were observed at 1 k and 10 k cycles. Acetylene black also had a long
cycle life. Although Pb dendrites were observed, PbSO, was not. Next
longest cycle life was the activated carbon containing cells, follow
by the control. Average cell cycle life of the graphitic carbon and
carbon black containing cells was roughly twice that of the control.
Previously published reports state unmodified VRLA cells survive
about 25,000 HRPSoC cycles.!” This is within range of the control
reported here. Wide cycle life range was noted for both the control
and carbon containing batteries and is unlikely from incomplete cell
production process optimization. Incorporating recovery charges each
time a cell failed increased the cycle life of all compositions except
activated carbon, and potentially contributed to a wider distribution in
cycle life. This relationship occurs because the earlier a cell failed the
more effective the recovery is expected to be to mitigate large PbSO,
crystals.

Analysis of the batteries at failure did not reveal conclusive evi-
dence in terms of accelerated aging. Structurally, failure showed an
increase in what was observed at 10 k cycles, as illustrated in Fig-
ure 9. In the graphitic carbon and carbon black and acetylene black
containing plates a sizeable population of large voids developed, indi-
cating plate expansion. The degree of sulfation at the plate surface, and
size of sulfate particles formed throughout the plate, appear to have
been minimized in acetylene black and graphitic carbon and carbon
black. Recovery charges cleared out PbSOy crystals within pores, as
larger pore diameters increased after recovery. Additionally, the pos-
itive plates were characterized as a function of cycles. The structure
does not become occluded or otherwise altered with cycling. Positive
plates are not responsible for cell failure as determined by SEM of
failed plates and half-cell reactions.

Conclusions

VRLA batteries were prepared using standard commercial pro-
cesses, materials, and the associated equipment. A control containing
no excess carbon and three carbon-modified NAMs were prepared.
The carbons were selected to capture a range of different chemical
and physical properties, including varying surface area and electri-
cal properties, an underlying goal being to establish if one form or
morphology was more beneficial than another. The control cells and
carbon-modified cells were evaluated under a range of conditions,
from basic electrochemical performance through HRPSoC cycling.
Physical and chemical changes within the batteries were monitored
as a function of cycles and correlated to performance. Based upon the
results of this study, the following can be concluded with respect to
carbon additions:

® All carbon additions reduced initial cell capacity, with the most
severe reduction observed for the combination of graphitic carbon
and carbon black. Capacity increased in the carbon modified cells
with cycling, exceeding that of the control battery. This effect was
likely a combination of reduced active material (displaced by adding
carbon) and that the carbon additions also inhibited initial charge
acceptance.

® All carbon modified cells exhibited an increased float current,
suggesting that the carbon increased the NAM surface area, and with
it parasitic side reactions.

® All carbon modified cells exhibited an increased self-discharge
rate. This increase was likely due to the electrochemically active area
of the carbon, serving as local cathodic sites to drive self-discharge of
the NAM.

® All carbon modified cells exhibited superior HRPSoC cycle
performance when compared to the control. Graphitic carbon and
carbon black had the most significant impact, and activated carbon
had the smallest impact.

® Charge acceptance as a function of HRPSoC cycling was max-
imized by the addition of graphitic carbon and carbon black. The
control, active carbon, and acetylene black carbon modified cells all
exhibited reduced charge acceptance with cycling, with the activated
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carbon and acetylene black undergoing a more significant reduction
than the control.

® BET surface area was constant for the control, carbon black plus
graphite, and acetylene black containing cells across their entire cycle
life. The surface area decreased with cycles for the activated carbon
containing cells, but was always much greater than the other battery
chemistries.

® The pore structure for the control, acetylene black, and activated
carbon containing cells all evolved over their cycle life, approaching a
common distribution. The carbon black plus graphite containing cell
remained relatively constant over its entire cycle life.
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