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Atomic-Scale Elucidation of Antimony in
Lead-Acid Battery Positive Active Material:
Insights into Stabilization Mechanism by
Synchrotron Radiation
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Abstract

The lifespan of lead-acid batteries is primarily limited by positive active material softening and shedding. Although
the beneficial effect of antimony (Sb) addition on cycle life has been recognized for decades, its mechanistic origin
remains elusive due to Sb's ultratrace concentration, which hinders conventional detection. This study combined
quantitative synchrotron X-ray diffraction (XRD) and cryogenic extended X-ray absorption fine structure (EXAFS)
spectroscopy to directly probe the structural role of Sb ions during charge-discharge cycling.

Quantitative XRD revealed that during formation, Sb ions are substitutionally incorporated into Pb sites within the
PbO: lattice. Cryogenic EXAFS further demonstrated that during discharge, as PbOz converts to PbSOa, a fraction
of Sb ions detach from the PbOz lattice, likely migrating to PbSO4 particle surfaces, thereby reinforcing inter-parti-
cle bonding. This reversible incorporation and subsequent relocation of Sb ions accounts for the observed stabiliza-
tion of the active material and suppression of softening and shedding. These findings highlight how advanced syn-
chrotron techniques provide direct atomic-scale mechanistic insight, offering critical guidance for the rational
design of next—-generation lead—-acid batteries with enhanced performance and reduced environmental impact.
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Fig. 1T End of discharge voltage curves of the
cathode with added Sb.0s.™

10



GS Yuasa Technical Report

3 BRELUER

3.1 BRILFEHE

Sb20s INNE D ¥7% % IEMR D 1 7 )V adBRic B 1
%R BEOHIE 7 Fig. 1 1IRT. EREBELIZY
A JIWHETE EBITEME T LT, 2T
T B EM 2R LTz, Sbo0s ININEM 0.3% £ Tl
BEOHEIMIENY A 7 )VEwmDE ELTED, 05%T
BECGERNEN A Uz, COMBEOMKEIE, @Rk
Sb 1T X 2 /KFEEE AKX FICHE D HAFRE DI
BLUAREMEDEZ DN, BB, WIThOEMIcE

(a)

2026468 $£23% F18]

WTHIFEE— FIZRIL - By TH - 7z
3.2 IEAEEIE DR REEIZR & XRD f#iR

600 1 7 VRIS FRIK U Tz 2 )L D IEME Y E 7% &
EHE IS SEM) TEISL IR 2 Fig. 2 1IRd.
Sb20s 72 0 L 7R W ISP E TR AL E N
ZOICK U, WU TTEE TIEAILOTE N EHE 1<
T h Tz, 2 ORI, Sb.0s DN E
WY A 7 b T 21EWERGEOLE 2 m EEE %
TRl TNS.

COZEALDERZ R %728, fE&EEB KT
Sb DRFTHEEICEH L, MEHE XRD 77— % 7% Le Bail

(c

10 um

10 ym

2 YA IVEER 600 U1 7 ) VEDEMREYIED SEM £ (a) Sb.0s SR, BK
U Sb20s A= (b) 0.1%, (c) 0.2%, (d) 0.3%, (e) 0.5%

Fig. 2 SEM images of the positive active material after 600 cycles. (a) without
Sb,0s and with Sb,0s content of (b) 0.1%, (c) 0.2% , (d) 0.3% , and (e) 0.5% .
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Fig. 3 Synchrotron XRD patterns of the positive active
material for each Sb,Os content at the fully charged
state.™
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Fig.4 (a) Unit cell constants and (b) volumes of tetragonal PbO; (3-Pb0O,) estimated from synchrotron
XRD patterns of the cathode without Sb20s and with Sb20s. Similarly, (c) Unit cell constants and (d)

volumes of orthorhombic PbO; (a -Pb05).™
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Fig.5 XAS patterns of cathode with added 0.2% Sb.0:s at various states, measured at 10 K. (a) Sb K-edge XANES.
Sb20s and Sh20s are provided as references, (b) k>-weighted EXAFS spectra. The region attributed to Sb-Pb
vibration is highlighted by a dashed red box, (c) k>~weighted Fourier transformation magnitudes of Sb K-edge
EXAFS.™
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Fig. 6 XAS patterns of the cathode with added 0.2% Sb20s at various states, measured at 10 K. (a)
k?-weighted Fourier transform magnitudes of Sb K-edge EXAFS spectra for samples at different electrochem-
ical states. (b) Sb K-edge EXAFS spectra in k-space (Re[ x (k)]) obtained by inverse Fourier transform in the R
range of 3.0-4.2 A for samples at different electrochemical states.™
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Fig. 7 Schematic representation of the mechanism of reversible incorporation and surface migration
of Sb ions that stabilizes PbO./PbSOa.™
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