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Abstract : [ Background] Lead-acid batteries (LABs) have been widely adopted as one of the most reliable and cost-effective energy
storage solutions for stationary applications, including grid energy storage and backup power for telecommunication systems. Their
high safety standards, low cost, and high recyclability make them a favorable option, especially when compared to other types of
batteries like lithium-ion systems. However,in applications where ILABs are integrated into renewable energy storage systems., they
often operate in a high-rate partial state of charge (HRPSoC). This operational mode exposes LLABs to rapid and incomplete charging
and discharging cycles, which accelerates the formation of large, insoluble lead sulfate (PbSO,) crystals on the negative active
material (NAM). These crystals significantly reduce the charge acceptance of the negative plate, leading to capacity degradation,
water loss.and ultimately, the premature failure of the battery. Addressing the challenge of irreversible sulfation in the negative plates

is critical for improving the performance and extending the life cycle of LABs in demanding energy storage applications. particularly
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within the context of renewable energy integration. [ Progress] Recent researches have identified several strategies to combat the
irreversible sulfation of the NAM in LLABs. Among these, incorporating carbon-based additives into the negative plates has emerged
as one of the most effective methods for improving battery performance. Carbon materials, such as graphene,activated carbon, carbon
nanotubes, and carbon black, contribute to the formation of conductive networks within the NAM, which enhances electrical
conductivity and reduces the formation of large PbSO, crystals. Moreover, carbon materials help create a porous structure that allows
for better electrolyte penetration and promotes the dissolution of PbSO, , facilitating more efficient electrochemical reactions.
Furthermore, carbon additives exhibit supercapacitor-like behavior, providing additional capacity during high-rate charge/discharge
cycles,and exert steric hindrance effects to prevent the growth of large sulfate crystals. Despite these benefits, the use of carbon
materials is not without challenges. One significant issue is the promotion of the hydrogen evolution reaction (HER) at the negative
plate, which can lead to battery inefficiencies and water loss. To address this, researchers have explored hybrid approaches, such as
the introduction of metal oxides (e. g. , BizO;, In,O; ) alongside carbon and doping of carbon with heteroatoms like nitrogen and
phosphorus, which have been shown to suppress HER and further improve the charge acceptance and cycle life of 1LABs. These
innovative approaches hold great promise for extending the operational lifespan of LABs under HRPSoC conditions, making them
more competitive in the renewable energy storage market. [ Perspective] Looking forward, further research is needed to optimize the
performance of LLABs, particularly through the refinement of carbon-based additives and their interaction with the NAM. One
promising direction is the development of lead-carbon composites, which combine the benefits of carbon’s conductivity and porosity
with lead’s chemical stability. These composites have the potential to significantly improve the cycle life and performance of 1LABs
while minimizing the drawbacks associated with pure carbon additives,such as HER. Another key area for future exploration is the
use of biomass-derived carbon materials, which offer sustainable and cost-effective solutions with high surface areas and well-
structured porosity. These materials could further enhance ILAB performance by providing better ion transport pathways and
facilitating more efficient electrochemical reactions. However, challenges remains, including ensuring uniform distribution of additives
within the NAM, preventing material aggregation, and developing scalable production methods. Overcoming these obstacles will be
crucial for the large-scale industrial application of advanced ILAB technologies, helping to meet the growing demand for efficient,

durable,and environmentally friendly energy storage solutions in the renewable energy sector.

Keywords: lead-acid battery; failure mode of negative plate;irreversible sulfation;carbon additive

R G fifk A R AT T 0 X8 A A R B A
H i HL X H L 3E TR il | Tl AR 7 A L X T il
FH TR I T T ) PP A R R TR SR, K BH e
PR IX S AT F AR RE IR A Ak Fl PR HC ] A 190 ) 1 A
BUPE, 45 8 ) R e ny A SR e i R 1 kAL hy 3 iR ix
—XERR, FL A RE T AR IETE A I DR ) R e E
(OGS TR

TEMRZ HL T i BB AR o 45 1R %5 Lt (lead-acid
battery, LAB) AT M B A . Mt e m i 4
PR R iR AR ] A R SEE F R A L,
HAEREHL % 2 )y T W] AN 2, (B 7 [ 7 Ak B 10 P 4
35, LAB X 3G 250 I, LAB #5 R 7R
FASE ] 2 A R S 4TS o AN nT Bl ) = S b

SR, 76 T P-4 RE T 42 A it g 38 40 1 B B it e
K, LAB 7EHF & 4508 T 7 278 A5 38 4y i /.
(high rate partial state of charge, HRPSoC) #Yiz 175
AN LAES . AT 78750 R 2 i ] 4 HLAS R
15 25 o 5 | R B0 AR R T P ) BT A A AT A R Ak T
R WA S 1Y) 7 F 32 52 R 0 5 DT 3 1l b it B ) 25
TR R R K AR B S . H R X RO 2R

SRR AL B AR T LAB fE A
[ALE LB IR

A SCEFXT LAB TEA#RE N FH o AA 7E 1 A 06 V)
Jii (negative active material, NAM) /0] 386 i fig 3h 1k
[ FEA TR AR s TEAN 73 A H AR SO A 5 [ G4
UTAESR ARG ST HE i, I 48 th S AT 58 rh AT AE7E Y
B/, 5 7 A AR 7T RE U Ak SR s R BRI 9 O 1) i A
UINERNEER

| AR 8 N B 6 R S A

A FE L) FEICH S R Y B AR Al I ) R
W ER-DUEWLHIZEST Pb 5 PhSO, TG 1L . 78
L R A — AR I AR PhSO, bR I 7 i B IR
P (D 158 Po* 9 B A 3R T, b2 id
J5 ok Pl 2(2) 1 Bifi e iE AR AR SR 7= A 1) H iR R 3 61
Wb . 5 SO 2 RO A AL Ho SO, [ (3) ], ZE#EFT LA 13
AR A FRIN B #EF T2 PhSO, A A FE4E o

PbSO,—~Pb*" +S0,* (D

Pb** +2e —Pb, (2)



51 SIS TS R SRR MR AT B RR £R Ak 5 . 65 .
2H* +S0,* —H,S0,. (3)
T E SRR O HEL i B2 P NAME H Ph (19 1E 37 R
L= R A /N ) PhSO, Bk, B AT B &, i 2 5
SIS AL SRR, AT, AP 1 R e [ PR | | o || ot |
HRPSoC 44 5 19 K it ik L il #2 v, P %728 o — LS MBWFESS. | RIS A
s X s SRR A
PO RYEASI . IF 55 SO iR R Ll T4l - HAAH POECHPREZI) | WCHEHBALAN, P,
WRARARRY SO, 1) 16 £ 9 J5t N 3B AL B A 47 10 R 4% L R 7 FRERSE [ BEAET
18, SN 1 HL SO, We B T B [l IR sl | AECHHE L sttt
PL** I PhSO, ShHRRIA: K JEIRECRA) PhSO M L wgere ;le‘fb”cz it
RIFUTALT NAM B B Ak 2= 16 PR i 4 Pb 3R R

i L0,

BT SO Al R A T L

Fig. 1 Formation mechanism of negative irreversible sulfation
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Fig. 3 Influence of carbon additives on negative plate under HRPSoC™*!
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