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Abstract: In a lead acid battery, the negative active material isthe spongy lead and the positive active material isthe lead dioxide.
Carbon materials are widely used in the negative active material to improve the lifecycleand alsoto increase the charge acceptance of
the battery. Carbon material helpsin reducing the hard sulphation of the negative plate during cycling over a period of time. In this
study, negative plates were made with different carbons having different surface areas.The following four readily available carbons
were selected for the experiments: a) Graphene with a surface area of 300 m?/g b) Activated carbon with a high surface area of
1400m?/g c) Activated carbon with a medium surface area of 800 m%g d) Conductive carbon with a surface area of 89 m%g e) The
negative plates were made with these four types of carbon (0.15%) which were added individually in addition to the existing (0.15%)
carbon black (Surface area 40 m%g).The results of the carbon combinations on the negative plate were compared with those of the
standard negative plates without additional carbon.. A comparison table along with spider plots were made to determine the best carbon
combination for African weather conditions.

Keywords: Negative plate, Active material, Lead acid battery, Carbon additives, Surface area, Dynamic charge acceptance, Life cycle,
Water loss, Automotive battery

Glossary and Nomenclature

AGM: Absorptive Glass Mat

BET: Brunauer-Emmett-Teller
CC: Constant Current
Cv: Constant Voltage

CCA: Cold Crank Ampere
CHA: Charge

COsS: Cast-On-Strap
DOD: Depth-of-Discharge
DCA: Dynamic Charge Acceptance

DCH: Discharge

DCNT: Discrete Carbon Nanotube

DM: De Mineralized

EN : European Norms

EAC: Electrochemically Activated Carbon

EOS: End Of Step

IEC: International Electrotechnical Commission
HER: Hydrogen Evolution Rate

HRPSoC: High Rate Partial State of Charge
MWCNT: Multi Wall Carbon Nanotube

NAM: NegativeActiveMaterial
PAM: PositiveActiveMaterial

PAU: Pause

RPT: Repeat

SEM: Scanning Electron Microscopy
SOC: State Of Charge

SLI: Starting Lighting Ignition

SG: Specific Gravity

SWCNT: Single Wall Carbon Nanotube
LAB: Lead Acid Battery

HRPSOC: High Rate Partial State of Charge.
VRLA: Valve-Regulated Lead Acid.

XRD: X-Ray Diffraction
3BS: Tri Basic Lead sulphate
4BS: Tetra Basic Lead sulphate
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1. Introduction

In LAB, both positive and negative active materials were
continually upgraded in order to meet the requirements of
the current automotive industry.

Recent automotive batteries were used for start stop, micro
hybrid in mild hybrid vehicles. In those applications, the
lead acid battery must beable to accept the charge faster in
order to perform cycling, further, it must be able to operate
at HRPSoC conditions and also have less water loss. When
lead acid batteries work under these extreme applications,
lead sulphate crystals were progressively accumulated over
the lead surface, thereby increasing the internal resistance
and this leads to battery failure.

In order to avoid progressive accumulation of lead sulphate
on the negative plate, different types of carbon were used [1-
13]. Carbon materials were able to improve the overall
electrical conductivity of the negative plate [11]and to
improve the recrystallisation of PbSO,but this effect
depends upon the carbon particle size and concentration of
the negative active material [12]. This carbon material also
builds a conductive network inside the negative active
material [15]. Because of the conductive network, the PbSO,
reduction takes place easily in two different phases:

1) Lead phase

2) Carbon phase

This is known as parallel mechanism of charge [13]which
was clearly shown in Figurel.
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Figure 1: Schematic illustration of Faradaic reaction taking place in negative plates on both lead and carbon surfaces:
Courtesy T. Rogachev, P. Nikolov, G. Petkova, et. al [13]

Carbon acts as a capacitor, which stores the charge for a
minimal period and then transfers it to the negative active
material. By this way the amount of charge can be utilised to
a maximum extent [21].

The main disadvantage of carbon is that it has a catalytic
effect on the charge reaction. The hydrogen over potentialof
the secondary reaction is lower on the carbon/H,SO,
interface [6] [16]. Carbon optimization is a key factor for
preventing water consumption. New carbon materials such
as DCNT, SWCNT, MWCNT were added at a very low
concentration for improving the performance [17-20].

This research work is aboutconstant loading of 0.15% of
four different surface area carbons in addition to 0.15%
standard carbon black (40m?g). The plate characterization
such as XRD, SEM, BET surface areas were done on the
cured and formed plates. The electrical characterizations
such as capacity, reserve capacity, CCA, DCA, water
consumption and life cycle were also carried out.

2. Experimental Methodology

The experimental methodology consists of preparation of
negative plates, positive plates, assembling the battery,
charging the battery and analysing the plate. Overall
methodology remains the same hence the negative plates

were prepared with four different types of carbon as
explained in the abstract. The results were analysed and
compared with standard negative plate without special
carbon.Finally, the best combinationwas selected for battery
production.

2.1 Preparation of negative plate

Negative plates were prepared from different carbons with

different surface areas and tested for performance

enhancement. The carbons selected for the experiments

were:

1) Graphene with a surface area of 300 m/g

2) Activated carbon with a high surface area of 1400m?/g

3) A(z:tivated carbon with a medium surface area of 800
m-/g

4) Conductive carbon with a surface area of 89 m?/g

These four types of carbon (0.15%) were added individually
in addition to the existing (0.15%) Carbon black (Surface
area 40 m?/g) and the negative plates were made with all the
combination of carbons. The results were compared with the
standard negative plate without speciality carbon.

2.1.1 Using Graphene additive

Negative pastewasprepared by addition of 0.15%
Graphenewitha surface area of 300 m?/g along with 0.15 %
carbon black, 0.175 % Vanisperse A, 0.2 % poly propylene
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fibre, 0.5 % barium sulphate, 11.5 % water. Wet mixing
ofthe additive was done for 2 minutes for uniform
dispersion. Oxide with a degree of oxidation of 75 % PbO
was added to the wet additive mix. After the oxide addition,
it was wet mixed for 2 minutes.Sulphuric acid (9.0%, SG
1.4) was added at the rate of 9 kg/min. Once the acid was
added and the final mix was done, the density of the paste
and moisture content of the paste were checked. Throughout
the mixing process, peak temperature was maintained below
58°C and the dump temperature was maintained below 45°C.
80g of paste was pasted on the Pb-Ca grid (CAN alloy from
RSR) with a surface area of 110mm x 145mm. After pasting

this over the surface of the grid, the plate was taken to the
curing chamber. Curing/drying schedule is tabulated in
Table 1.

Table 1: Curing/Drying

Stage | Temperature(°C) | Humidity (%) | Hours
Curing 55 100 12
Curing 55 80 6
Drying 70 0 12

Paste morphology analysis and material characterization of
the plate, which is listed in Table 2 and Table 3.

Table 2: Paste morphology analysis

Parameter Grzaphene 300 Activatzed Carbon Activazted Carbon Condugtive Carbon Standz_ird

m</g (0.15%) | 1400 m/g (0.15%) 800 m“/g (0.15%) 89 m/g (0.15%) Negative
Oxide free Lead (%) 25% 25% 25% 25% 25%
Paste Density(g/cc) 4.42 4.41 4.40 4.41 4.40
Moisture (%) 10.2 10.1 10.2 10.1 10.2
Paste free Lead (%) 12.2 11.9 12.0 12.2 125
Free Lead after curing(%) 2.9 2.8 2.9 2.7 3.0
After Curing Moisture(%) 0.8 0.9 0.8 0.9 0.8

Procedure for XRD/BET/SEM:
The procedure given below, has been followed throughout
the experiment.

XRD: A spatula was used to remove pieces of active
materials from the middle and four corners of the formed
plates and were ground using a mortar and pestle. The
material was pressed into a standard polycarbonate PXRD
sample holder. It ensures that a limited preferred orientation
was induced onto the sample surface.

BET: A spatula was used to remove pieces of active
materials from the middle and four corners of the formed
plates. Samples were weighed out (2 — 4g) and inserted into
BET sample tubes. These weighed samples were degassed
with a constant flow of nitrogen at 90°C for 2 hours and at
110°C overnight.

SEM: A spatula was used to remove pieces of active
materials from the middle of the formed plates. The samples
were placed on a sample holder and gold plated.

Table 3: Material Characterization XRD/BET

Parameter Graphene 300 Activated Carbon Activated Carbon Conductive Carbon Standard
m?/g (0.15%) | 1400 m%g (0.15%) | 800 m/g (0.15%) 89 m%/g (0.15%) Negative
Pb(%) 0.01 0.08 0.12 0.11 0.15
3PbO. PbSO,.H,0 95.23 95.16 94.62 93.57 94.57
A-PbO(%) 4.23 4.50 4.92 4.47 4.98
PbO. PbSO, (%) 0.41 0.26 0.34 0.76 0.30
Hydrocerusite(%) 0.13 ND ND 0.11 ND

2.%.2 Using Activated Carbon with surface area of 1400
m-/g

Negative paste was prepared by the addition of 0.15%
activated carbon with a surface area of 1400 m?/g along with
0.15 % carbon black, 0.175 % Vanisperse A, 0.2 % poly
propylene fibre, 0.5 % barium sulphate, and 11.5 % water.
Wet mixing ofthe additive was done for 2 minutes for
uniform dispersion. Oxide with a degree of oxidation of 75
% PbO was added to the wet additive mix. After the oxide
addition, it was wet mixed for 2 minutes.Sulphuric acid
(9.0%, SG 1.4) was added at the rate of 9 kg/min. Once the
acid was added and the final mix was done, the density of
the paste and moisture content of the paste were
checked.Throughout the mix, peak temperature was
maintained below 58°C and the dump temperature was
maintained below 45°C.

80g of this paste was pasted on the Pb-Ca grid (CAN alloy
from RSR) with a surface area of 110mm x 145mm. After
pasting over the surface of the grid, the plate was taken to

the curing chamber. Curing/drying schedule is tabulated in
Table 1.

Paste morphology analysis and material characterization of
the plate, which is listed in Table 2 and Table 3.

2.}.3 Using Activated Carbon with surface area of 800
m/g

Negative paste was prepared by the addition of 0.15%
activated carbon with a surface area of 800 m?/g along with
0.15 % carbon black, 0.175 % Vanisperse A, 0.2 % poly
propylene fibre, 0.5 % barium sulphate, and 11.5 % water.
Wet mixing ofthe additive was done for 2 minutes for
uniform dispersion. Oxide with a degree of oxidation of 75
% PbO was added to the wet additive mix. After the oxide
addition, it was wet mixed for 2 minutes.Sulphuric acid
(9.0%, SG 1.4) was added at the rate of 9 kg/min. Once the
acid was added and the final mix was done, the density of
the paste and moisture content of the paste were
checked.Throughout the mix, peak temperature was
maintained below 58°C and the dump temperature was
maintained below 45°C.
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80g of this paste was pasted on the Pb-Ca grid (CAN alloy
from RSR) with a surface area of 110mm x 145mm. After
pasting over the surface of the grid, the plate was taken to
the curing chamber. Curing/drying schedule is tabulated in
Table 1.

Paste morphology analysis and material characterization of
the plate, which is listed in Table 2 and Table 3.

2.%.4 Use Conductive Carbon with surface area of 89
m-/g

Negative paste was prepared by the addition of 0.15%
conductive carbon with a surface area of 89 m?/g along with
0.15 % carbon black, 0.175 % Vanisperse A, 0.2 % poly
propylene fibre, 0.5 % barium sulphate, and 11.5 % water.
Wet mixing ofthe additive was done for 2 minutes for
uniform dispersion. Oxide with a degree of oxidation of 75
% PbO was added to the wet additive mix. After the oxide
addition, it was wet mixed for 2 minutes.Sulphuric acid
(9.0%, SG 1.4) was added at the rate of 9 kg/min. Once the
acid was added and the final mix was done, the density of
the paste and moisture content of the paste were checked.
Throughout the mix, peak temperature was maintained
below 58°C and the dump temperature was maintained
below 45°C.

80g of this paste was pasted on thePb-Ca grid (CAN alloy
from RSR) witha surface area of 110mm x 145mm. After
pasting over the surface of the grid, the plate was taken to
the curing chamber. Curing/drying schedule is tabulated in
Table 1.

Paste morphology analysis and material characterization of
the plate, which is listed in Table 2 and Table 3.

2.1.5 Standard Negative plate:

Negative paste was prepared by addition of 0.15 % carbon
black, 0.175 % Vanisperse A, 0.2 % poly propylene fibre,
0.5 % barium sulphate, and 11.5 % water. Wet mixing ofthe
additive was done for 2 minutes for uniform dispersion.
Oxide with a degree of oxidation of 75 % PbO was added to
the wet additive mix. After the oxide addition, it was wet
mixed for 2 minutes.Sulphuric acid (9.0%, SG 1.4) was
added at the rate of 9 kg/min. Once the acid was added and
the final mix was done, the density of the paste and moisture
content of the paste were checked. Throughout the mix, peak
temperature was maintained below 58°C and the dump
temperature was maintained below 45°C.

80g of paste was pasted on the Pb-Ca grid (CAN alloy from
RSR) with a surface area of 110mm x 145mm. After pasting
over the surface of the grid, the plate was taken to the curing
chamber. Curing/drying schedule is tabulated in Table 1.
Paste morphology analysis and material characterization of
the plate, which is listed in Table 2 and Table 3.

2.2 Preparation of Positive Plate

2.2.1 Standard Positive Plate:

Positive paste was prepared by addition of 0.5% tetrabasic
seeding crystal, 0.3% poly propylene fibre, and 11.5%
water. Wet mixing ofthe additive was done for 2 minutes for
uniform dispersion. Oxide with a degree of oxidation of 75
% PbO was added to the wet additive mix. After the oxide
addition, it was wet mixed for 2 minutes.Sulphuric acid
(10.0%, SG 1.4) was added at the rate of 9 kg/min. Once the
acid was added and the final mix was done, the density of
the paste and the moisture content of the paste were
checked.Throughout the mix, peak temperature was
maintained below 58°C and the dump temperature was
maintained below 45°C.

100g of paste was pasted on the Pb-Ca-Sn grid (009 Alloy
from RSR) with a surface area of 110mm x 145mm. After
pasting over the surface of the grid the plate was taken into
the curing chamber. Curing/drying schedule was tabulated in
Table 4.

Table 4: Curing/Drying

Stage | Temperature(°C) | Humidity (%) | Hours
Curing 75 100 12
Curing 55 80 6
Drying 70 0 12

Paste morphology analysis and material characterization of
the plate, which is listed in Table 5 and Table 6.

Table 5: Paste morphology analysis

Parameter Standard Positive plate
Oxide free Lead (%) 24%
Paste Density(g/cc) 4.28
Moisture (%) 115
Paste free Lead (%) 19.5
Free Lead after curing (%) 2.4
After Curing Moisture (%) 0.8

Table 6: Material Characterization XRD:

Parameter Standard Positive plate
B-PbO(%) 4.14
3PbO. PbSO,4.H,0 6.65
4PbO. PbSO, 59.79
A-PbO(%) 29.42
PbO. PbSO, (%) ND
Hydrocerusite(%) ND

XRD graph & SEM image for the six plates

1) Graphene with a surface area of 300 m/g

2) Activated carbon with a high surface area of 1400m?/g

3) A(z:tivated carbon with a medium surface area of 800
m-/g

4) Conductive carbon with a surface area of 89 m?/g

5) Standard Negative

6) Standard positive

Were shown in Figure 2 and Figure 3 respectively.
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Figure 2: XRD pattern for the positive and negative Cured Plate. Carbon Peak around 26.5°(26)

e wie W S— B0 VY e S8

Graphene 300 m°/g Activated Carbon 1400 m°/g

Volume 9 Issue 12, December 2020

WWW.ijsr.net
Licensed Under Creative Commons Attribution CC BY

Paper ID: SR201130102455 DOI: 10.21275/SR201130102455 75



International Journal of Science and Research (1JSR)
ISSN: 2319-7064
SJIF (2019): 7.583

PR NI ) N e -
", el

 Standard Negative Standard Positive
Figure 3: SEM image for positive and negative plate. Uniform 3BS crystal structure with size of 2 to 3 micron seen on the
negative plate and uniform 4BS crystal structure with crystal size of 5 to 7 micron seen on the positive plate.

2.3 Assembly of Battery Table 7: Charge profile
Step Current density | Hours | Input Ah/kg of
L3 Batteries were assembled with 7 positive plates and 8 (mA/cm?) (h) Dry paste
negative plates in each cell. Batteries were made with the 1 2.5 3 26
above mentioned carbon negative plate combinations and 2 8.5 4 108
standard positive plate. 3 0 0.5 0
4 8.5 3 80
. . 5 0 0.5 0
2.4 Charging of Batteries: 5 85 ) 108
All the batteries were filled with electrolyte with a specific ! 0 05 0
- . S 8 6.5 5 102
gravity of 1.120. The temperature of the acid maintained 9 0 05 0
during filling was below 10°C. After acid filling the batteries 10 55 5 36
were charged using the profile mentioned in Table 7. Total 26 510

It is clear from the graph shown in Figure4 that higher the
surface area of carbon, higher the top of charging voltage
during formation.

After charging, the plates were analysed and the batteries
were adjusted with operating specific gravity of 1.285 to
1.295 glcc, and checked for capacity, cold crank, reserve
capacity, water consumption, DCA and 17.5% DOD
cycling.
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Figure 4: Formation Voltage and current trend graph

2.5 Formed plate Analysis

Negative plates were washed with DM water and dried in a
vacuum chamberat 70°C for 12 hours and were sent
forchemical analysis,SEM, BET surface area analysis. The

After formation, the positive plates were washed with DM
water until the Ph of the plate reached between 5 to 7.The
plateswere dried at 70°C for 12 hours and were sent
forXRD,SEM, BET surface area analysis. The results are
tabulated in Table 8.

results are tabulated in Table 8. XRD and SEM image of the
formed positive plate were shown in Figure 5 and Figure
6.SEM image of the negative plate was shown in Figure 7.

Negative plate/Positive plate characterization:

Table 8: Material Characterization Material Analysis:
Parameter Graphene 300 | Activated Carbon | Activated Carbon |Conductive Carbon| Standard Negative | Standard Positive
m?/g (0.15%) 1400 m?/g (0.15%)| 800 m?/g (0.15%) | 89 m*/g (0.15%) plate(XRD) plate(XRD)

Pb(%) 89.6 91.9 914 89.2 88.9 NA
PbSO4(%) 5.6 4.1 4.2 5.8 6.0 4.39
PbO(%) 4.8 4.0 4.4 5 5.1 NA
A-Pb0O,(%) NA NA NA NA NA 24.34
B-PbO»(%) NA NA NA NA NA 71.27
BET SSA(m?/g) 1.12 2.69 1.87 0.78 0.48 5.82

From Table 8 it is clear that higher the surface area of Carbon, higherthe surface area of plate.
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Figure 7: SEM image of formed Negative plate.lt is clear from the image that higher the surface area of carbon, smaller the
size of crystal with more active surfaces.

3. Results & Discussion

Plate characterization:
Negative plateswith different carbon combinationsand the
positive plates were analysed for XRD/SEM/BET.

XRD:

Cured negative plate XRD analysis shows mostly 3BS and
the graph in Figure 2 shows a slight carbon peak on all the
four combinations. On the positive plate, XRDshows mainly
4BS on the cured plate and PbO, on the formed plate.

SEM:

The SEM analysisin Figure 3 on cured negative plate shows
uniform 3BS crystal with 2 to 3 micron. Positive plate shows
uniform 4BS crystal with 5 to 7 micron. Formed plate SEM
analysis were shown in Figure 6 and Figure 7. Figure 6

shows the uniform PbO, crystal on the positive plate. Figure
7 shows the SEM images of the negative plate with different
carbon, from this Figure 7 it is clear that higher the surface
area of carbon, finer the crystal with more active surfaces.

BET:
From Table 8 it is quite clear that the BET surface of the
negative plate was directly correlated with the surface area
of carbon. The following tests were conducted and results
were analysed to determine the best performing negative
plate.

Electrical testing:

The batteries were tested for 20 hour capacity testing,
reserve capacity andcold cranking ability test.

The ratings of the L3 Batterieswere 70Ah/550A(SAE) CCA.
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20Hour Capacity testing: C and Voltage limited to 15.9V. The results were tabulated
Batteries were discharged at 3.5A till the voltage cut off  and compared in Table 9 and Figure 8

reached 10.5V.After the test, batteries were recharged for 24

hours with CC and CV charge with current limited to 0.25%

Capacity (Ah)

734
732

73

5 728 ® Graphene 300 m2/g (0.15%
' gi ® Activated Carbon 1400 m2/g (0.15%

13 ® Activated Carbon 800 m2/g (0.15%

72 Conductive Carbon 89 m2/g (0.15%
71.8 m Standard Negative
16
714

Battery Tvpes

Figure 8: Capacity @ 20 hour rate graph showing no major difference observed on the capacity

Table 9: Basic Electrical testing ,Water consumption, DCA, 17.5% DOD cycling

Parameter Grzaphene 300 Activatzed Carbon Activazted Carbon 800 Conduzctive Carbon Standz_:lrd

m*/g (0.15%) | 1400 m/g (0.15%) m-/g (0.15%) 89 m/g (0.15%) | Negative
Capacity(AH) 72.5 73.2 726 72.1 72.2
CCA(sec) @ 6V 62.8 62.8 61.6 58.1 57.8
Reserve capacity(AH) 53.4 55.2 54.3 53.2 53.2
Water consumption(g/Ah) 3.2 3.8 3.6 3 2.8
DCA(A/Ah)(Ipca) 0.58 0.63 0.61 0.51 0.39
17.5% DOD @ 60°C cycles 890 950 1052 1240 860

Reserve Capacity testing: hours with CC and CV charge with current limited to 0.25%

Batteries were discharged at 25A till the voltage cut off C and Voltage limited to 15.9V. The results were tabulated
reached10.5V.After the test, batteries were recharged for 16 ~ and compared in Table 9 and Figure 9

Reserve Capacity (Ah)
33 = Graphene 300 m2/g (0.15%
;.;j u Activated Carbon 1400 m2/g (0.15%
54 u Activated Carbon 500 m2/g (0.13%%
:ﬁ 533 Conductive Carbon 89 m2/g (0.13%%
53 m Stzndard Negative
32
Battery Types
Figure 9: Reserve capacity graph showing no major difference observed on the reserve capacity
Cold Cranking ability: charge with current limited to 0.25% C and Voltage limited

Batteries were cooled down to -18°C and discharged at  to 15.9V. The results were tabulated and compared in Table
550A till the voltage cut off reached6V. After the test, 9 and Figure 10
batteries were recharged for 16 hours with CC and CV
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Battery Tvpes

A

CCA(zecymov

u Graphens 300 m2/g (0.15%)

u Activated Carbon 1400 m2/g (0.13%2)
Activated Carbon 300 m2/g (0.15%)
Conductive Carbon 30 m2/g (0.15%%)

u Standard Negative

Figure 10: CCA (SAE) graph showing little difference on the cold cranking ability with different carbon

Water Consumption:

During water consumption,the batteries were continuously
on charge with constant voltage for 21 days. During this
charging process the following reactionstook place on the
negative plate.

PbS0Os+ H +2e —» Fb+ H30 (1)
Fb + HS(r4 —— PbhS0Os+H*'+2e (2}
IH*+2e — H; f 3)

In the negative plate, lead sulphate is reduced to lead during
the charge reaction (1), and lead is oxidized to lead sulphate

during the discharge reaction (2). The third possible reaction
in the negative plate is related to HER, and this occurs in
overcharge  conditions or  during  self-discharge
processes.HER is directly linked to float current on the
overcharge.hydrogen gassing inside the battery increases
with increased float current which leads to high water
consumption.This water loss provokes the electrolyte
saturation and leads to final battery failure. Water
consumption test was conducted on all four different
carbonwith different surface areas and the results were
tabulated in Table 10

Table 10: Water Consumption data

Parameter Grzaphene 300 Activatzed Carbon Activazted Carbon Conduzctive Carbon 89 Standr?\rd

m-/g (0.15%) | 1400 m“/g (0.15%) | 800 m/g (0.15%) m-/g (0.15%) Negative
Water Bath Temperature(°C) 40 40 40 40 40
Battery Float voltage(V) 14.4 14.4 14.4 14.4 14.4
Battery Float Current after 7 Days(A) 0.65 0.75 0.72 0.62 0.58
Battery Float Current after 14 Days(A) 0.56 0.63 0.6 0.49 0.46
Battery Float Current after 21 Days(A) 0.4 0.48 0.44 0.33 0.29
Water Loss after 21 Days (g/Ah) 3.2 3.8 3.6 3 2.8

Based on the water consumption results in Table 10 it is
clear that higher the surface area of carbon, higher the float
current which leads to higher water loss.

DCA test:

The DCA Test procedure as Per EN50342-6-2016 is as
follows:

Before we start the test batteries must be pre-cycled as
shown in Table 11

Table 11: DCA Pre-cycling

o . Data acquisition | Result of measurement of
Structure | N°| Step | t [U[V]|I[A] Description frequency each step
10 | DCH >10,5| 25 RC discharge EOS RC capacity
11 [CHA |24h| Uc |5-In| Recharge voltage for flooded / VRLA EOS Ah recharged
End of charge current
12|PAU |1h Relaxation
13 | DCH >10,5| 25 RC discharge EOS RC capacity
Pre- Ah recharged
cycling 14 {CHA |24 h| Uc |5-In| Recharge voltage for flooded / VRLA End of charge current
15 |PAU |1h Relaxation
. Ce Calculate:
16 | DCH >10,5|1-In Ce discharge EOS Crch=Ce_02 - Cn
17 |CHA Uc |5:In| Recharge voltage for flooded / VRLA Stop recha_rge when Crch
[Ah] is reached
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Table 12: DCA Charge Acceptance gDCA procedure:

o _ Data Acquisition Result of measurement
Structure | N Step t UI[Vv]| I [A] Description frequency of each step
min 20 h
20| PAU max 72 h Rest phase EOS ocv
DCApp procedure Ic = integrated charge
21| DCApp (Table 12) EOS 200's
. Recharge voltage for
22| CHA 12h Uc | 5:In flooded / VRLA EOS
18,0/(0,5-In| Recharge voltage for
Charge | 23| CHA | 4h 1'48 | /5n| flooded / VRLA EOS
Acceptancel 24| pau | 1h Rest phase EOS
gDCA 25| DCH 2h In EOS
26| PAU 20 h Rest phase EOS
DCApp procedure Id = integrated charge
27| DCApp (Table 12) EOS 2005
28| DCH 2h In EOS
min 12 h
29| PAU max 72 h Rest phase EOS

Step 23: For flooded batteries, a combination of constant
voltage (CV) and constant current (CC) charging (with
“unlimited” voltage) is applied. The given voltage limit

of 18 V is meant as a safety limit.

Steps 21 and 27: The average charge current of I; and I3 was

calculated.

the integrated amount of chargeover all pulses, divided
by the total charge time as shown in Tablel2, step 21
lg - The average charge current for the 20 pulses after

the preceding discharge step 25 (lg) was calculated
from the integrated amount of charge over all pulses,

step 27

I - The average charge current for 20 pulses after
thepreceding charging step 17 (lI.) was calculated from

Table 13: The DCA,, & DCR; procedure

divided by the total charge time as shown in Tablel2,

DCA,, Part:
R - Data Result of measurement
Structure | N°| Step | T |U[V]| I [A] Description acquisition frequency of each step
30 | CHA |10s| 14,8 [33,3-In| Charge pulse EOS Increment Ic or Id by amount of charge AQi
31| PAU |30s Rest phase
DCApp 32 | DCH 20-In Discharge Stop discharge whfn AQi [Ah] is reached
procedure (x=1..20)
33 | PAU |30s Rest phase
Run steps 30 to
34 | RPT 33 20 times
DCRg part
o _— Data acquisition| Result of measurement
N Step T |UV]| [T[A] Description frequency of each step
40 | Connect the resistors
41 PAU 12h Correct Ah_balance by —0,45 % of Cn 1/h
42 DCH 30s 1-In Vehicle activation
43 DCH 3s 100 Key engine crank
44 CHA 58s | 14,4 | 33,3:In Conventional charging
CAS Case Ah_balance/Cn of:
45 DCH 30s 1,25:In >0,01
CHA 30s | 144 ] 333:In <-0,01
DCRss PAU 30s [-0,01..0,01]
Cycling . . Record amount of
Part 46 CHA 5s 15,0 | 33,3:In Regenerative charging /s charge AQI..19
47 DCH 9s 10-In Engine idle off
48 DCH ls 100 Engine restart
CAS Case Ah_balance/Cn of:
49 DCH 20s 1,25:In > 0,01
CHA 20s | 144 | 33,3:In <-0,01
PAU 20s [-0,01..0,01]
. - Record amount of
50 CHA 5s 15,0 | 33,3:In Regenerative charging 1/s charge AQ1..19
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CAS Case Ah_balance/Cn of:
51 DCH 20s 5-In >0

CHA 20s | 144 | 33,3:In <-0,01

PAU 20s [-0,01..0]
52 RPT Run steps 45 to 51 19 times
53 DCH 30s 2:In
54 DCH 120s 1,05:In
55 DCH 330s 0,4182:In
56 PAU 3,33h Correct by —0,12 % of Cn Ah_balance 1/h
57 RPT Run steps 42 to 56 3 times
58 RPT Run steps 41 to 57 5 times
59 Disconnect the resistors

I, -The average regenerative charge current, I.(data from
steps 46 and 50 from Table 13) shall be calculated from the
integral amount of charge recharged in all (15V, 5 s) charge
pulses, divided by the total charge time.

I [A]—05121C+02231d+021slr 0.181
bealanl — ™ C ' c ' C '

n n n

Based on the DCA results shown in Table 14 it is clear that
higher the surface area of carbon, higher the DCA.

Table 14: DCA Testing Results

Parameter Graphene 300 m’/g| Activated Carbon | Activated Carbon | Conductive Carbon | Standard
(0.15%) 1400 m?/g (0.15%) | 800 m?%g (0.15%) | 89 m?/g (0.15%) | Negative
I.(A) 25.92 32.58 30.78 23.24 20.23
14(A) 78.48 72.18 75.48 70.48 60.46
1,(A) 101.76 108.51 104.21 95.55 74.56
Ipca(A/AN) 0.58 0.63 0.61 0.51 0.39
17.5% DOD cycling testing:
Test Procedure: Spider plot:

DCH- 4*In for 2.5 hrs.

CHG- 7*In for 2400 S

DCH- 7*In for 1800 S

Repeat step 2 and 3 till the voltage drops below 10V.The
results were tabulated in Table 9.

All electrical tests on different surface area of the carbon
was compared on the single spider plot which was shown in
Figure 11

(—8— Conductive Carbon 89 m2/g (0.13%5)
—&— Standard Negative

17.3%DOD @ 60°C cycle

DCACAAWNIDCA)

—e— Graphene 300 m2/g (0.13%) Spider Plot
—e— Activated Carbon 1400 m2/g (0.15%)
Activated Carbon 800 m2g (0.13%) Capacity(AH)

Water consumption(g/Ah)

\wccmm} @EV

Fezerve capacity( AH)

Figure 11: Spider plot for Electrical testing

4. Conclusion

L3 Flooded batteries with different surface area carbons on
the negative plate were made using standard
processes,materials, and withstandard battery manufacturing
equipment. The negative plate’sphysical and chemical
changes were monitoredand correlated withits electrical
performance. Based on theresults of this study, the following

results can be concluded with respect tothe addition of

different surface area carbon on the negative plate:

o Physical characterization of the negative plate shows that
highersurface area of carbon on the negative plate will
lead to higher BET surface area on the negative plate.

o The top of charging voltage on the battery formation was
less on the low surface area carbon compared to high
surface area carbon.
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e Initial capacity, cold crank and reserve capacity were
marginally higher on the high surface area carbon.

e The float current during water consumption tests on the
high surface area carbon was higher which leads to high
water consumption on the batteries.

e Dynamic charge acceptance on the high surface area
carbon was excellent because of the higher BET surface
area on the negative plate.

e Cyclic performance on the low surface area carbon was
high because of less float current & less secondary
reaction during the operation.

Based on the above results and spider plot shown in
Figurell, it is concluded that conductive carbon with a
surface area of 89 m?/g shows good life @17.5% DOD with
less water loss. Even though DCA is reducedwith the
conductive carbon,it was better compared to the standard
negative plate without speciality carbon. The conductive
carbon with a surface area of 89 m%/g is used in the negative
plate in order to enhance the battery life and to improve
DCA compared to the standard negative plate, especially in
the African climate. The authors were focusing their
research to increase the DCA by 1A/Ah, and to increase the
cycling to 2500 cycles @17.5% DOD, whilst reducing the
water loss to 2 g/Ah. Discrete carbon nanotubes, carbon
glass fibre and different carbons were used on both positive
and negative active materials..
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