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Abstract. The effect of carbon nano- and micro-particle additives on performance of lead-acid battery (LAB) was
studied by considering two different carbon blacks, both having low electrical conductivity. Full-scale 150 Ah floodedelectrolyte stationary batteries were prepared in a battery manufacturing unit and subjected to deep discharge cyclic
conditions at depth-of-discharge (DOD) *65%. We report that carbon particle size played a significant role in LAB
performance. In comparison to nano-size, micron-scale particles demonstrated better results and this was completely in
accordance with Pavlov’s findings. Moreover, an improvement in LAB charging regime and its charge return percentage
was observed by the inclusion of multi-walled carbon nanotubes (MWCNTs) in negative active material (NAM).
Intriguingly, upon testing with 100 Ah deep discharge traction battery by replacing 0.075 wt% of micron additive with
MWCNTs, the battery back-up time was increased by half an hour roughly (during C5 discharge with 100% DOD), while
its charging time was reduced by 15–25 min, which seems to be significant. Such enhancement in LAB’s charge–
discharge efficacy can be attributed to high specific surface area and electrical conductivity of MWCNTs, which with its
tubular morphology was helpful in establishing an effective conductive network within NAM. The microscopic analysis
confirms the useful dispersion and structural stability of MWCNTs in NAM.
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Introduction

Owing to the rapidly changing technical world, the global
lead-acid battery (LAB) industry is dealing with a crucial
need for advancement in battery performances for various
modern energy applications of the 21st century. The LAB
testing standards vary from country to country due to nonstandardization of energy storage media. The market of
stationary batteries useful for telecom, railway sector and
uninterruptible power supplies (UPS)/inverter applications,
etc. comes under this segment. Also, the renewable energy
storage sector (mainly solar and wind energy) and e-vehicles industry are emerging out as new attractive application
areas of it [1]. According to a report, the global inverter
battery energy storage industry is expected to reach $40
billion by 2025 from $21.61 billion in 2018 with a compound annual growth rate (CAGR) of 10.5% [2]. Taking
into consideration of Indian LAB market ($4.2 billion in
2015–2016), the Indian Energy Storage Alliance has estimated the growth of 13–14% CAGR for the period
2016–2020 with approximately 60% revenue share of stationary and motive batteries [3].

Presently, LAB is posing a tough challenge to Li-ion
battery industry on the basis of cost, safety and material
recyclability. Automotive, stationary and traction/e-vehicle
battery are its three major application-based categories,
which are struggling with several serious issues like lead
sulphation, slow charging rate, limited cyclic life, etc. [4–8]
for their future existence. A great deal of research work is
available regarding the first one, which brings out carbon in
various forms as a useful mysterious ingredient for the
electrochemical performance. Especially, nano-structured
carbons, e.g., multi-walled or single-walled carbon nanotubes (MWCNTs/SWCNTs), graphene, reduced graphene
oxide, etc. with their high specific surface area (SSA) and
aspect ratio have been reported as useful carbon additives
for automotive LABs [9–15]. However, one cannot claim
the same results with stationary and traction-type batteries
since their configuration and working conditions or application areas are different. As both are usually designed for
deep discharge performance, electrodes of such batteries are
thicker as they carry more significant amount of dense
active mass. Even though during function, their charge–
discharge process occurs at a more uniform and steady rate
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but depth-of-discharge (DOD) is usually higher (can be up
to 100%). It largely affects their cyclic performance by
causing stress accumulation in the active mass, which
ultimately results in shedding of mass [16,17]. Moreover,
due to inadequate recharge facilities in rural and remote
areas, they usually undergo the conditions of partial state of
charge. Under such state, as LAB’s cycles proceed, a
number of lead sulphate (PbSO4) crystals of discharge state
undergo an undesired irreversible conversion from the
amorphous structure (an active form) to crystalline structure
(a passive form) causing the LAB capacity to degrade
prematurely [8,18] ultimately results in low cyclic
performance.
A full-scale flooded stationary LAB subjected to deep
cycling has hardly been taken to study the relative effect of
particle size, SSA and conductivity of carbon additives on
the battery performance. It may be due to its time-intensive
experimentation process. In this work, we have considered
two types of carbon black (CB) with different particle sizes
and MWCNTs additive having high SSA and electrical
conductivity specifically; to study their influence on the
12 V deep-cycle stationary LAB (DCSLAB) with C20 rated
capacity of 150 Ah. Moreover, a combination of the above
additives was tested on 12 V, 100 Ah traction battery at
100% DOD.

2.
2.1

Experimental
Carbon additives with characteristics

The experimental process has been divided into four different batches. Table 1 shows the batch-wise description of
carbon additives and their weight percentage used in negative active material (NAM) of LABs. Since tubular and flat
plate types of DCSLABs are widely used for energy
applications, so were considered alternately for testing
Batch 1–3. While for Batch 4, particularly, a flat plate
traction battery of 100 Ah was considered for experiment
with a different testing profile. Batches 1 and 2 were initiated simultaneously, whereas Batches 3 and 4 with similar
carbon additive composition were started after the results of
previous two batches. In Batch 1, to understand the effect of
particle size on the performance of deep-cycle duty LAB,
the two carbon additives C1 and C2 were considered. The
particle size of C1 (Philips carbon black) was in micron
range, while that of C2 in nano range with their other
structural parameters like SSA, mean pore diameter and
total pore volume were almost similar. The C2 was a kind
of carbon black, which was synthesized at the laboratory
level by using open diffusion flame technique (with LPG as
fuel) and collected in the form of carbon soot (detailed in
supplementary information). Figure 1 with scanning electron microscopy (SEM) images show their structural morphology. The clusters of spherical shape particles are
visible. From transmission electron microscopy (TEM), it is
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clearly evident that particle clusters are larger in C1 as
compared to C2. Their conductivity values were measured
by using 4 probe testing (at room temperature) on powder
sintered pellets. The C1 and C2 were introduced as a part of
expander ingredients in dry form in the preparation of NAM
of LAB1 and LAB2, respectively. Thus, two full-scale
150 Ah tubular inverter (deep-cycle) batteries were prepared for comparing their electrochemical performance,
having negative electrodes made of the Pb–Sb alloy grid
pasted with NAM (flat plates), while positive electrodes in
the form of polyester bags (Gauntlets) having tubular slots
filled with positive active material (PAM).
Further, to understand the effect of electrical conductivity
and SSA of carbon, two 150 Ah flat plate DCSLABs were
prepared, named LAB3 and LAB4 (table 1, Batch 2). In the
former one, additive C1 was incorporated while LAB4 was
loaded with a 1:1 ratio of C2 and MWCNTs to induce a
high SSA and conductivity factor. MWCNTs (purity:
[99%) having average inner and outer diameter 25 and
35 nm, respectively, with average length 20 lm, having
high SSA and electrical conductivity was procured from
BT-Corp, Jharkhand, India (for details on SEM and highresolution TEM analysis of MWCNTs, see supplementary
information).
It is to mention that LAB model used in Batch 2 was
carrying both negative and positive electrodes of flat plate
type (pasted with active material). Such type of LAB has a
limited cyclic life in comparison to the tubular battery (as
used in Batch 1) because in the later one, a major LAB
problem of shedding of PAM (due to working of positive
electrode under a highly oxidizing environment) is restricted by tight packing of active material in Gauntlets [8].
It is further to mention that all the batteries loaded with
C1 only (LAB1, LAB3 and LAB6) were considered as
controlled LABs.

2.2

Electrode preparation for LAB

In the preparation of NAM, the carbon additive with
0.15 wt% of Pb/PbO powder (basic ingredient) was added.
The dry mix of carbon with Pb/PbO powder, polyester fibre
and other expander components (Vanisperse A and barium
sulphate) were stirred for 10–15 min. After that, an electrolyte solution of H2SO4 and water having specific gravity
1.4 was added gradually while stirring. In this way, a
homogeneous NAM paste with required density of 4.45 ±
0.05 g cc-1 was achieved. For Batch 1, the Pb–Sb alloy
grids with dimensions of 251.5 9 165 9 2.8 mm were
pasted with NAM. The pasted flat-type negative electrodes
were then cured in a humidity chamber maintaining a
temperature of 25°C and 80% humidity for 24 h. Whereas,
positive tubular electrodes for both LAB1 and LAB2
(tubular batteries) were taken from regular production. For
this, Gauntlet having 22 tubular slots (each of diameter
6.2 mm) and holding Pb–Sb alloy spines of length 260 mm

Philips
NITJ Lab
BT Corp

Carbon black
Carbon black
Multi-walled
Carbon
Nanotubes

Type of
material

C1
C2
MWCNTs

Signature
0.3–0.4 lm
91 nm
Inner dia. 25 nm
Outer dia. 35 nm
Length *20 lm

Size
73
85
189

BET
surface
(m2
g-1)
4.95 (Low)
5.37 (Low)
2.389103
(High)

Electrical
conductivity
(S cm-1)

Characteristics

5.421
5.575
5.703

Mean
pore
diameter
(nm)
0.098
0.119
0.260

Total
pore
volume
(cm3
g-1)

Batch # 3
Batch # 4

Batch # 2

Batch # 1

C1
C2
C1
C2?MWCNTs (1:1)
C1?MWCNTs (1:1)
C1
C1?MWCNTs (1:1)

Carbon additives
used

Carbon additives with their structural characteristics and batchwise test description, incorporated in the NAM of LAB.

Manufacturer

Table 1.

0.15
0.15
0.15
0.15
0.15
0.15
0.15

Weight
percentage
(wt%)

Batch wise

Tubular, 150 Ah, 12 V (LAB1)
Tubular, 150 Ah, 12 V (LAB2)
Flat plate, 150 Ah, 12 V (LAB3)
Flat plate, 150 Ah, 12 V (LAB4)
Tubular, 150 Ah, 12 V (LAB5)
Flat plate, 100 Ah, 12 V (LAB6)
Flat plate, 100 Ah, 12 V (LAB7)

Type of flooded deep cycle
LAB
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Figure 1.

Bull. Mater. Sci. (2021)44:52

SEM images of (a) C1 and (b) C2 additives. The insets display their respective TEM image.

Figure 2. Schematic presents the structural view of (a) flat plate and (b) tubular plate. Also shows the (c) stacking arrangement of
positive and negative electrodes in a 2 V LAB cell.

was filled with PAM. Figure 2a and b provides the schematic representation of the structure of flat and tubular plate
electrode, respectively. In this way, six LAB cells (each of

2 V and 2 Ah, consisted of 3 negative and 2 positive
electrodes) were assembled and connected in series to form
a 12 V, 150 Ah tubular battery. Furthermore, after filling
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with electrolyte of specific gravity 1.4, the electrochemical
process of battery formation was carried out.
In Batch 2, for NAM of LAB4, C2 and MWCNTs with
0.075 wt% each were taken to make a total of 0.15 wt%
carbon additive. Pb–Sb alloy grids used for negative and
positive electrodes of LAB3 and LAB4 were of dimensions
143 9 110 9 1.8 mm and 143 9 110 9 2.8 mm, respectively. The required positive flat plate electrodes were taken
from the regular production batch. Each cell was made up
of 9 positive and 10 negative electrodes separated by microporous polyethylene separator. Six such cells were used to
form a 12 V, 150 Ah flooded flat plate DCSLAB (of Batch
2) for conducting tests. The stacking arrangement of positive and negative electrodes in a cell is shown schematically
in figure 2c.

2.3

Charge–discharge testing profiles

After the formation process, LABs were subjected to lifecycle testing (LCT). For LABs of Batches 1–3, a steady
cyclic profile providing a full state of charge with DOD
more than 65% (testing profile I) was adopted with the
testing temperature of 30 ± 5°C.
Testing profile I:
a. Discharge with 30.11 A for 2 h (C3 discharge, rated
capacity 90 Ah).
b. Charge with constant current (CC) of 18.9 A till battery
voltage reaches to 14.8 V (set as gassing voltage for
flooded battery) and then charge with constant voltage
(CV) 14.8 V for the remaining period. Total duration of
CC ? CV mode of charging = 6 h.
c. Repeat step (a) and (b) till voltage in step (a) becomes
10.5 V.
d. Charge 110% of rated capacity at I10 rate.
e. Record C10 capacity.
f. Again charge 110% of rated capacity at I10 rate.
g. Repeat step (a) to step (f), till capacity measured at step
(e) becomes 70% of rated one.
After analysing the outcomes of Batch 2, it was decided
to run Batch 4 along with Batch 3 and to test it on a more
stern profile (testing profile II) having 100% DOD. This
particular test could have been helpful in finding out more
about the positive effects of MWCNTs. A 100 Ah flat plate
deep discharge traction battery (widely used for e-rickshaw
and other motive applications) was considered for testing on
this subsequent profile.
Testing profile II:
a. Discharge with 14 A till battery reaches to cut-off
voltage 11.1 V (C5 discharge, rated capacity 70 Ah).
b. CC charge with 9 A till three constant readings of LAB
voltage.
c. Every month-end 200 W constant power discharge
(CPD) test.
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d. Repeat step (a) to step (c), till capacity measured at step
(a) becomes 50% of initial C5 capacity or battery reaches
50% of its initial month-end 200 W back up test
capacity, whichever is earlier.
It is to mention that considering the safe limit set up by
most of the e-rickshaw battery manufacturers; a cut-off
voltage of 11.1 V was taken in this testing profile.

3.

Results and discussion

Regarding experimental outcomes of Batch 1 testing,
figure 3a shows the graph of end-of-discharge voltage with
respect to cycle number. From the start of cycling, a significant difference in the discharge voltage values of LAB1
and LAB2 was observed. For both batteries, there was a
noticeable sudden cyclic variation in these end values,
which was very unusual. Most likely, under continuous
deep discharge cycling, a passive layer of PbSO4 was
building up on grid of negative plate, which is usually not
stable and gets dissolved in few successive charges. This
phenomenon of passive layer build-up and its breakage may
lead to higher or lower resistance to the current flow from
NAM to grid surface, causing irregularity in resultant endof-discharge voltage. This was prevailing more in LAB2
(containing C2 particles of nano-metric diameter) as can be
observed with more abrupt fluctuations as compared to the
controlled LAB1 (containing C1 particles of micron range).
LAB2 was able to complete 1737 cycles only since attained
cut-off voltage of 10.5 V, in comparison to 2401 cycles of
LAB1. It was probably due to faster irreversible sulphation
in NAM of LAB1. The SEM analysis of the same confirms
the presence of large rigid crystals of PbSO4 (figure 3b).
Moreover, although equal ampere-hour (Ah) was drawn
from both the batteries, a lower charge return was observed
in LAB2 (under 6 h of charging) as shown in figure 3c.
Around the 1175th cycle, a rise was observed in charge
return. It may be due to somewhat better electrical conductivity of C2, which was now showing its effect in the
regions of hard sulphation. Eventually, the lower cyclic life
and end-of-discharge voltage, as well as overall lesser
charge return of LAB2, may be attributed to the hindrance
to the flow of electrolyte which was offered by C2 nanodimensional particles by filling up the small pores of NAM.
It has been mentioned by Pavlov et al [19,20] as a possible
reason for causing such a drop in LAB performance. This
phenomenon eventually promotes the undesired hard sulphation in LAB’s active material.
Results of Batch 2 testing: LAB4 containing a 1:1 ratio of
C2 and MWCNTs was also noticed with considerably low
end-of-discharge voltage than controlled LAB3 (figure 4a).
It attained its discharge cut-off voltage after merely 566
cycles in comparison to 649 cycles of LAB3. It shows that
even being reduced in amount, zero-dimensional particles
of C2 were still exhibiting their detrimental effect.
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Figure 3. (a) End-of-discharge voltage outcomes of LAB1 and LAB2 during cyclic testing. (b) SEM image of NAM of LAB2
(completed 1737 cycles) shows large crystalline PbSO4 structures as analysed after test completion. (c) Charge return percentage of
LAB1 and LAB2.

However, LAB4 was observed with better charge return on
an average of around 11% more than LAB3 (figure 4b). To
explore the mechanism of gaining this additional charge and
its significant impact, charge–discharge cycles of LABs
were investigated. In this regard, figure 4c shows the discharge profile of the 150th and 250th cycles. During 2 h of
CC discharge, LAB4 with MWCNT was found to have a
higher voltage drop in the initial 10 min of discharge,
whereas in the remaining time its voltage drop rate was
almost equal to the LAB3. On the other side, during the CC
charging, a significant lower curvature of LAB4 charge
voltage curve (as shown in figure 4d) indicates that there
was a drop in battery internal resistance mainly due to the
presence of MWCNTs and charge was easily transferred at
lower potential. As its another benefit, there was a considerable delay of 15–20 min in reaching the gassing voltage
(14.8 V). Due to this delay, the LAB4 spent more time in
CC charging mode gaining valuable capacity (figure 4e)
with less damage to the plates. Noticeably, the capacity gain
rate was similar for both batteries during CC charging,

while during CV charging there was more capacity gain for
MWCNT LAB (figure 4f), which was probably due to nonfaradaic charge absorption (capacitive action). Some charge
was stored electro-statically and this can be attributed to
high SSA and electrical conductivity of MWCNTs, because
these two are mentioned as important factors of nanocarbon additives, complementing each other for enhancement in charge capacitance specifically [21]. Furthermore,
comparing the results of Batches 1 and 2, it has been
observed that in Batch 1, there was a drop in cyclic performance to the extent of 27% when C1 is completely
replaced with C2 whereas, in the case of Batch 2, the drop
in cyclic performance was only to the extent of 12.5% when
C1 was replaced with a combination of C2 and MWCNTs.
It evidently conveys a positive role of MWCNTs. Figure 5a
and b shows that MWCNTs with their tubular morphology
established a three-dimensional conductive network within
the NAM matrix. Although it was able to reduce the internal
resistance of NAM under the discharge state and induce
charge rapidly due to unavailability of electrolyte interface

Bull Mater Sci (2021)44:52

Page 7 of 11

52

Figure 4. (a) End-of-discharge voltage and (b) percentage of charge return data curves of LAB3 and LAB4 as subjected to deep
discharge cycling test. Comparative plots of (c) discharging, (d) charging, (e) capacity gain during CC charging and (f) capacity gain
during CV charging of LAB3 and LAB4 regarding their 150th and 250th cycles.

(under the negative influence of C2 additive), the reduction
reaction was not accomplished in some portions of NAM
or process was slow which ultimately resulted in limited

electrochemical conversion of inactive PbSO4 to active Pb.
Figure 6a presents the powder X-ray diffraction (XRD)
pattern of NAM of LAB4 cut-sectioned under fully-charged
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Figure 5. (a) Microscopic view of NAM of LAB4 loaded with MWCNTs (completed 566 charge–discharge cycles)
along with (b) magnified view of section ‘A’, which shows the useful conductive network of MWCNTs in NAM.

Figure 6. XRD patterns of (a) NAM of LAB4 (illustrating the
presence of MWCNTs) and (b) pristine MWCNTs.

condition after completion of its LCT. The quantitative
analysis of data reveals that there was about 66% PbSO4
phase present, which was not taking part in the necessary
electrochemical reaction phenomenon. This considerable
percentage of NAM was unable to regain its Pb phase upon
charging. Such permanent accumulation of PbSO4 resulted
in the early failure of LAB4. The remaining proportion was
of Pb and PbO. The formation of PbO was probably due to
oxidation of some of the Pb during cut-sectioning of NAM
plate and sample preparation for analysis as was being
washed with DI water under room conditions. Figure 6b
shows the XRD of pristine MWCNTs.
Further, as mentioned already, after analysis of Batches 1
and 2 outcomes, the Batches 3 and 4 were initiated
simultaneously to examine the effect of composition
C1?MWCNTs (1:1), replacing C2 completely (see table 1).
The LCT of both subsequent batches was under progress
until this report was written. For Batch 3, only an experimental battery LAB5 (150 Ah, tubular type) was prepared
to run on testing profile I so that its results can be compared

to LAB1 and LAB2 (of Batch 1). Considering its available
data of 290 cycles, figure 7a shows that end-of-discharge
voltage curve of LAB5 loaded with C1?MWCNTs was
trending at a higher end in comparison to LAB2 (loaded
with C2 only), but specifically lower to LAB1 (having C1
only). While its charge return percentage was more than
LAB1 and LAB2 (figure 7b). The cyclic data in figure 7c
reveal that even after replacing the C2 completely, the
discharge voltage curve of battery containing MWCNTs
(LAB5) was at low relative to control battery (LAB1).
Again the difference was in initial 10 min with more voltage
drop in former one. Probably, due to availability of additional electroactive surface area in NAM of LAB5 attributed to high SSA of MWCNTs [9,20], the electrochemical
discharge reaction or sulphation rate was more for first few
minutes. And after that particular period, with the sulphation on outer interface of electrode, the further diffusion rate
of electrolyte was almost similar for both LABs and so the
discharge rate. On the other hand if we consider the results
of charging, it can be observed that LAB2 was getting
charged at higher potential as compared to LAB1 and LAB5
(figure 7d). This high internal resistance was attributed to
nano-metric particles of C2 additive, which also reflects
their negative effect on electrochemical performance of
LAB2. At the same time, the presence of MWCNTs in
LAB5 was facilitating the transfer of charge at lower
potential in comparison of LAB1 along with more capacity
gain during CC charging (figure 7e) and specific capacitive
action during CV charging (figure 7f). So, it can be said that
effect of MWCNTs was similar in both Batches 2 and 3.
Further, considering available data of 163 cycles of Batch
4, in which LAB7 (flat plate traction battery model of
100 Ah) equipped with similar composition as of Batch 3
was made to run on high DOD testing profile II (mentioned
in section 2.3). Interestingly, the measured C5 discharge
capacity of LAB7 (with C1?MWCNTs) upto reach of
specified cut-off voltage (11.1 V) was approximately 6%
more than the controlled one (LAB6) as presented in
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Figure 7. Comparison of (a) end-of-discharge voltage and (b) charge return percentage of LAB1, LAB2 and LAB5 (considering
results of initial 290 cycles). Comparative plots of (c) discharging, (d) charging, (e) capacity gain during CC charging and (f) capacity
gain during CV charging of LAB1, LAB2 and LAB5 regarding their 150th and 250th cycles.
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reaching the gassing potential of 14.8 V, which was good
for the state of health of LAB7 (data in supplementary
information). Its end of charge voltage value (corresponding
to three constant readings) was also low. There was an
average difference of 0.38 V in these end values of LAB6
and LAB7. During CC charging (with 9 A), the capacity
gain rate was very similar for both batteries as was also
observed in Batches 2 and 3 before. But a difference in total
charging time and capacity gained was observed. The data
pertaining to 50th, 75th, 100th, 125th and 150th cycles are
shown in table 2. The total charging time for LAB7 with
MWCNTs was about 2% less as compared to LAB6. Correspondingly the Ah input was also less. Evidently, under
100% DOD testing, LAB7 was efficiently delivering more
Ah output with a lesser intake of that in comparison of
LAB6. As a result, its charge return percentage was less. So,
enhancements in charge–discharge characteristics of LAB7
was significant and can be attributed to high SSA and
conductivity of MWCNTs. Apparently now, in the absence
of C2 nano-additive, the unrestricted flow of electrolyte
within NAM was able to complete the reduction process
more effectively with available high SSA and conductive
network of MWCNTs. The individual role of conductivity
and SSA in such enhancements can better be understood
with some further experiments.

4.
Figure 8. (a) Comparative plots of discharge capacity and
battery back-up time for 163 cycles of LAB6 and LAB7.
(b) Comparison of CC charging curves of LAB6 and LAB7 for
50th, 100th and 150th cycles.

In this study, we have investigated the effect of nanodimensional carbon particles in comparison to micron size
on the performance of 12 V, 150 Ah DCSLABs. LABs were
deeply discharged under a full-charge testing profile with
more than 65% DOD. The life cycle testing and charge–
discharge characteristics reveal that the zero-dimensionality
of carbon particles is not a favourable aspect. It degrades
the LAB performance as its agglomerates of various
dimensions can obstruct the essential flow of electrolyte by
filling up nano to micron size pores of NAM. The measured
three important parameters end-of-discharge voltage,
charge return and cyclic life have been noticed to decline
considerably.

figure 8a. Accordingly, the back-up time of the former one
was 27 min more on an average for the initial 100 cycles,
while this difference can be seen decreasing after that along
with an obvious fall in discharge capacity of both LABs.
Moreover, in figure 8b, the obtained charging profiles of
50th, 100th and 150th cycles depict that LAB7 was getting
charged at lower potential throughout the charging period.
Consequently, there was an average delay of 45 min in

Table 2.

Conclusions

Charging data of 50th, 75th, 100th, 125th and 150th cycles of Batch 4.
Total charging time (in minutes)

Cycle number
50th
75th
100th
125th
150th

Capacity (Ah) input

Charge return (%)

LAB6 loaded with C1 only

LAB7 loaded with C1?MWCNTs (1:1)

LAB6

LAB7

LAB6

LAB7

797
867
851
859
777

774
850
830
840
761

120
130
128
129
117

116
127
124
126
114

160
175
170
181
167

145
154
156
166
155
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Moreover, the combined aspect of high electrical conductivity and SSA have been tested by introducing
MWCNTs in the NAM of DCSLABs as well as 100 Ah
traction battery. The result suggests that its tubular structure
is significant in establishing a useful and stable conductive
network within NAM of LAB, while working under deep
discharge conditions. In addition, the outcome reveals that
the intrinsic high SSA and electrical conductivity are two
significant aspects of nano-carbon additives, which facilitate the LAB to attain charge with more ease at lower
potential. Resulting of that, a significant delay of 15–45 min
in reaching the gassing potential is reported. Also, under
deep discharge, a new cyclic working range is observed in
case of MWCNTs loaded LAB, as its charge and discharge
potential curves both are shown attaining lower end values,
over control battery. It indicates that an alteration is
required in the conventional charge–discharge protocol.
According to which, the discharge cut-off limit can be set at
a lower than usual value of 10.5 V, whereas the charging
protocol after reaching the gassing potential can also be
changed. Furthermore, considering the outcomes of ongoing
study with 0.075 wt% of MWCNTs, the back-up time of
traction battery has been increased roughly by 27 min
(during C5 discharge), whereas its total charging time
reduced by 15–25 min. Hence, an enhancement in back-up
time and a decrease in charging time of deep discharge LAB
at 100% DOD seems a significant outcome for its existing
as well as futuristic applications. There is a possibility that
these two important parameters can further be improved by
increasing the percentage of addition of MWCNTs, which is
currently under investigation. Overall, it comes out that
structural attributes of carbon additives play an important
role towards charge–discharge efficiency of LAB.

Acknowledgements
We would like to express our gratitude to Dr Amlan Kanti
Das, Mr Thayananth and Mr Subhajit Dasgupta from
Luminous Power Technologies, Una (HP), India, for their
technical support and useful discussions on the subject
matter. Further, we also thank Dr B. R. Ambedkar National
Institute of Technology, Jalandhar (NITJ), for the Technical
Education Quality Improvement Programme (TEQIP)
financial support.

Page 11 of 11

52

References
[1] Perrin M, Saint-Drenan Y M, Mattera F and Malbranche
P 2005 J. Power Sources 144 402
[2] Global energy storage battery inverter market size and forecast 2018–2025. Available: https://www.adroitmarketresearch.
com/press-release/energy-storage-battery-inverter-market (accessed on 20/5/2019)
[3] IESA knowledge paper on India lead acid battery market
2016–2020. Available: http://www.indiaesa.info/images/pdf/
IESAKnowledgepaperonIndianLeadAcidBatteryMarket_
DebiPrasadDash_IESA.pdf (accessed on 02/12/2018)
[4] Ruetschi P 2004 J. Power Sources 127 33
[5] Cooper A and Moseley P T 2003 J. Power Sources 113 200
[6] Garche J, Moseley P T and Karden E 2015 in Advances in
battery technologies for electric vehicles B Scrosati, J
Garche and W Tillmetz (eds) (Cambridge: Elsevier Ltd) p 75
[7] The advanced lead acid battery consortium 2016–2018. Available: www.alabc.org/publications/overview-of-the-alabc-1618program (accessed on 22/12/2016)
[8] Rand D A J and Moseley P T 2015 in Electrochemical
energy storage for renewable sources and grid balancing
P T Moseley and J Garche (eds) (Amsterdam: Elsevier Ltd)
p 201
[9] Saravanan M, Sennu P, Ganesan M and Ambalavanan S
2012 J. Electrochem. Soc. 160 A70
[10] Logeshkumar S and Manoharan R 2014 Electrochim. Acta
144 147
[11] Yeung K K, Zhang X, Kwok S C T, Ciucci F and Yuen
M M F 2015 RSC Adv. 5 71314
[12] Marom R, Ziv B, Banerjee A, Cahana B, Luski S and
Aurbach D 2015 J. Power Sources 296 78
[13] Banerjee A, Ziv B, Levi E, Shilina Y, Luski S and Aurbach
D 2016 J. Electrochem. Soc. 163 A1518
[14] Banerjee A, Ziv B, Shilina Y, Levi E, Luski S and Aurbach
D 2017 ACS Appl. Mater. Interfaces 9 3634
[15] Hu H-Y, Xie N, Wang C, Wang L-Y, Privette R M, Li H-F
et al 2018 ACS Omega 3 7096
[16] Guo Y, Tang S, Meng G and Yang S 2009 J. Power Sources
191 127
[17] Newnham R H and Baldsing W G A 1997 J. Power Sources
66 27
[18] Moseley P T, Garche J, Parker C D and Rand D A J (eds)
2004 Valve-regulated lead-acid batteries (Netherlands:
Elsevier Science)
[19] Pavlov D, Rogachev T, Nikolov P and Petkova G 2009 J.
Power Sources 191 58
[20] Pavlov D and Nikolov P 2013 J. Power Sources 242 380
[21] Mahajan V, Bharj R S and Bharj J 2019 Bull. Mater. Sci. 42 21

