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Synopsis: Barite (BaSO,) is a common additive in lead-acid batteries for promoting reversible formation and dissolution of PbSO, during battery cycling.
However, little is known about the molecular-scale mechanisms that control these processes over battery’s lifetime. Here, we explore responses of the barite
(001) surface to cyclic changes in Pb concentration in 100 mM sulfuric acid solution using in-situ atomic force microscopy and high-resolution X-ray
reflectivity.l'l We find that PbSO, epitaxial films readily nucleate on the barite surface even from solutions that are undersaturated with respect to bulk PbSO,.
These experimental results are compared with theoretical models, which reveal reduced strain and interfacial energies that stabilize the overgrowth phase.
These insights into non-stoichiometric heteroepitaxy will enable better predictions of how barite affects PbSO, nucleation and growth in battery environments.

Background and Motivation Materials and Methods (001)
Lead acid batteries = Barite: naturally occurs as large single crystals
- Widely used for pulsed power applications and industrial power systems. — Basal (001) plane: most dominant surface
- Cost efficient: attractive for emerging long-term duration storage applications. - Equal numbers of Ba** and SO,* groups
- Need for increased cycling ideally at greater depth of discharge. » X-ray reflectivity
- Requires understanding of controlling mechanisms at the atomic-scale. —- probes electron-density distribution at the interface.
Barite (BaSO,): common additive promoting nucleation and stability of PbSO, = Atomic force microscopy
- A major route toward tailored or directed PbSO, crystal growth. - visualizes surface morphological evolution during
- High effectiveness generally attributed to its identical crystal structure to the cyclic changes in solution composition.
crystalline PbSO, phase, anglesite. » Density functional theory
- However, molecular scale interactions between PbSO, and barite are poorly - determines interfacial energetics at various stable |
understood in sulfuric acid solutions that are relevant to lead-acid batteries. configurations. g%':t)ofntir;fsd(rgcl)1??&?53?&232?

Results and Discussion

1 Sorption structure of Pb on barite  Reactivity of monolayer PbSO, films on barite 1 Theoretical model for film stability
= Structural changes at the barite-acidic = |n-situ AFM observations of barite (001) reacted with 9 uyM = DFT calculations
aqueous solutions with and without Pb%* Pb(NO,), in 100 mM H,SO, (Fig. 2)
were monitored by in-situ XR (Fig. 1). - Growth of secondary PbSO, films from the step edges of the L5, PURLRLRLRY,
» Pb2* jons directly exchange with Ba2* ions barite (001) surtace. | L P e v e
: - These films grow only laterally and stop advancing when they SSESESECESS. X
to create mixed (Ba,Pb)SO, surfaces. TR LRane A |
reach the subsequent steps. SERPRRORL RUAUGUONAY, WEERERREGEC TEREALELEES

- Dominant Pb uptake occurs in the topmost

barite layers. the substrate (i.e., epitaxy)
- A small fraction of Pb incorporates into the . -S., epliaxy). L
- No multilayer growth or bulk precipitation.

surface (~1O A IN depth). Figure 3. DFT-based thermodynamic model for the stability of
strained overgrowth films. Schematic representation of the slab
surface models for (a) BaSO,, (b) strained PbSO,, (c) monolayer of
PbSO, on BaSO, and (d) bi-layer of PbSO, on PbSO,. Au: excess
chemical potential for strained growth. Ao: solution saturation index to
drive growth with respect to PbSO, monolayer (e.g., >0: less stable,
i 0 i.e., higher [Pb] and [SO,] required). Green, gray, yellow and red
spheres represent Ba, Pb, S and oxygen, respectively.

- Film growth and stability is facilitated by structural similarity to
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4 Interfacial evolution during cycling

a. Barite surface after four lead cycles
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Figure 4. (a) AFM image of the barite
(001) surface after four cyclic
exposures to lead solution and lead-
free H,SO,, showing retained islands.
Selected step edges are outlined in
white, to enable easier comparison to
subsequent subfigures. (b) AFM
image after ~6 min exposure to 100
mM nitric acid, which removed
retained islands and caused retreat of
barite steps to expose the fresh barite
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Figure 1. High-resolution XR at the barite-acidic aqueous solution

interfaces. (Top) Experimental setup for in-situ XR measurements at
Advanced Photon Source (APS) and the thin-film sample cell. K; and

PP e

K.: incigler?t and reflected X-ray beam vectors, Q: momentum transfer, Figure 2. AFM imaging of lead-sulfate epitaxial overgrowth on barite (001). (a) In-situ AFM surface. (c) Image of the barite
and 0: incident angle of the X-ray beam on the sample surface. height images showing the nucleation and growth of ~3.5 A thick monolayer films on the barite surface after re-exposure to 9 pM
(Bottom) /eft: Changes in XR pattern in 100 mM H,SO, in the surface. (b) Corresponding AFM phase-shift images where clear contrast is observed between Pb-100 mM HZSO4_ solution shows
absence and presence of Pb (green and red) in comparison with that the original BaSO, surface and the PbSO, overgrowth. (c) high-resolution AFM height image of regrowth of PbSO, films. These films
in barite saturated solution (BSS). Middle: The amplitude and phase three terraces: two PbSO, terminated terraces on the left and one BaSO, terminated terrace on grow rapidly across the freshly
for interfacial Pb. The values at the lowest Q correspond to the the right, with lattice resolution visible. (d) height line-profile across the three terraces shown in c, exposed barite surface, but their
sorption coverage and average height, respectively. Right: The total showing a ~0.02 nm height difference. (e) Fast Fourier transforms (FFTs) obtained from subfigure advancement slow when they f each
electron-density (black) and sorbed Pb (red) profiles at the barite- ¢, showing the matching lattice periodicities between the Pb and Ba terminated surfaces. (f) surfaces that have been previously
solution interfaces. The total profile without Pb (green) is also shown. Schematic of the indicated growth processes for strained epitaxial overgrowth monolayers. exposed to Pb.
PP : : Acknowl men
Significance and Impact On-Going and Future Studies cknowledgements
_ C . _ The authors would like to acknowledge financial support from the U.S.
= New in-depth molecular-scale observations of non- = Understanding the individual reaction processes Department of Energy’s (DOE'’s) Office of Electricity (OE) Energy
: : : . between Pb and barite in sulfuric acid solutions Storage program (under Contract No. 57558). The X-ray data were
classical behaviors at the barlte-Pb-Contammg _ Kineti d th d : trol Pb collected at beamlines 33-ID-D and 33-BM-C at Advanced Photon
acidic agueous interface prowde a much-needed _ Inetic ar][_ ermt(;]' y?-lamlc cor;hro S over Source (APS). Use of APS was supported by the U.S. DOE, Office of
: : - INcCorporation vs. thin-tfiim growtn. Science, Office of Basic Energy Sciences, under Contract DE-AC02-
understandlng of the ImpaCt of the mineral surface _ L 06CH11357 to UChicago Argonne, LLC as operator of Argonne
on the growth of Pb-enriched secondary films and * |Impact of chemical/structural heterogeneities of National Laboratory.
their stability during repeated reaction cycles. seeding materials on interfacial reactivities
— Different crystallographic planes: e.g., 001 vs. 210. R
- i . . ’ eference
The theoretlcal models develo_ped bas_ed on these - Inclusion of chemical dopants.
eXperImenta| reSUItS have a Wlde app|ICabI|Ity tO e_g_ Use Of Chemica”y mixed Surfaces (eg Sr_doped [1] Legg, B.A., Lee, S.S., Garcia, J.C., Iddir, H., Fister, T.T., and Murugesan,
: : PR . . b V., Uptake of Pb and formation of mixed (Ba,Pb)SO, monolayers on barite
yarlous SyStemS that dls.play heteroepltaX|aI grOWth barlte) to contrql the behgylor of hete_roepltaxml during cyclic exposure to lead-containing sulfuric acid. ACS Appl. Mater.
In energy storage materials. processes at mineral—acidic solution interfaces. Interfaces, 15(8), 10593-10605 (2023). DOI: 10.1021/acsami.2c18399.

Argonne National Laboratory is a %

U.S. Department (_)f Energy laboratory rgon ne

managed by UChicago Argonne, LLC. Pacific Northwest NATIONAL LABORATORY
NATIONAL LABORATORY




	Molecular Mechanisms of Nucleation and Growth on Barite Expanders for Lead Acid Batteries



