Perovskite oxides with Pb at B-site as Li-ion battery anodes
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Perovskite ceramic oxides (ABO3) have emerged as strong contenders against graphite anodes in non-aqueous
metal-ion batteries. Exploring perovskites, we studied lithium insertion in barium lead oxide (BaPbO3) and
strontium lead oxide (SrPbOs) perovskites, where lead Pb*h) occupies the B-site. BaPbO3 and SrPbOs, mass
produced by solid-state or solution-combustion route, delivered reversible capacities upto 333 mAh/g and 339
mAh/g corresponding to 4.3 and 4.9 lithium uptake, respectively at room temperature. Among them, BaPbO3
showed stable cycling for 50 cycles. Furthermore, at 50 °C, BaPbOs delivers a first charge capacity of 382 mAh/g

(or 5.6 lithium per formula unit) maintaining excellent stability beyond 50 cycles. Ex situ diffraction and mi-
croscopy studies confirm charge storage occurs via initial conversion (Pb'V/Pb" — Pb®) followed by reversible
(de)alloying (Li-Pb) reaction. These results showcase perovskites as a promising family of Li-ion battery anodes.

1. Introduction

In the current scenario of increased environmental pollution and
thriving dependency on pocket-sized flexible devices, Li-ion batteries
with high energy and power density are of prime research interest
around the globe [1-3]. In 1991, SONY® commercialized the Li-ion
battery with graphite as an intercalation anode. However, issues with
the graphite anode such as low theoretical capacity of 372 mAh/g, risk
of Li plating at high currents and poor capacity retention present major
hurdles for achieving high-energy-density batteries [4-6]. Better batte-
ries can be built by tailoring anodes to employ additional de(alloying)
and conversion mechanisms [7-10]. The alloying based metallic anodes
such as Sn show large capacities (4.4 Li per Sn atom) that causes high
volume change creating cracks and loss in electrical contact, resulting in
poor cycle life performance. In this regard, Sn-based amorphous tin
composite oxide (ATCO) glass having two times gravimetric energy
density of graphite with cycling performance better than Sn metal, was
reported by Miyasaka and was commercialized by Fujifilm Celltech Co.
Ltd. as “STALION” cells [9,10,11-13]. Following this, investigations on
Sn-based perovskite (CaSnO3) anode showed improved cycling perfor-
mance by accommodating large volume changes of the Li-Sn alloying
reaction inside a buffer matrix (CaO/Li3O) resulting from irreversible

structure decomposition during the first cycle [14]. Thereby, Sn has
been studied as the robust anode in various structural forms such as
spinel, hollandite and other perovskites based on conversion-alloying
reactions [15-19].

Perovskites are a class of compounds used in energy storage with the
general formula ABXs, where X is oxygen (O) or halogen anions posi-
tioned at the face center, B-cations are present at the corners with
octahedral coordination and A-cations are situated at the body center
with 12-fold O coordination. By altering the A and B cations, the ma-
terial redox behavior and performance can be tuned [20,21]. Thus,
unlike the Sn-based perovskite, Ti-based perovskite (LigsLagsTiO3)
stores lithium by insertion mechanism via Ti redox, delivering a capacity
of 225 mAh/g [5,22]. However, Nag sBio 5TiOg stores sodium through a
conversion-alloying mechanism involving Bi centre [23]. Similarly, the
well-known organic-inorganic lead halide perovskites for solar cell can
store lithium by Pb alloying involving breakdown of the framework,
showing poor structural and cycling stability [24-27]. Recently, our
group introduced Pb-based inorganic perovskites PbTiO3 and PbZrOj3 as
conversion-based anodes for Li-ion and Na-ion batteries accompanied by
Pb-alloying center inside perovskite framework [28]. While one may
raise concern over toxic nature of Pb, the toxicity associated with
Pb-based materials can be circumvented by appropriate materials
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handling/ packaging along with recycling as practiced in case of com-
mercial Pb-acid batteries. It is further reduced in moisture and air stable
perovskite frameworks.

Apart from Sn and Ti-based perovskites, Pb-based perovskites form
an interesting material system with electrochemical activity stemming
from the Pb alloying center. However, Pb containing perovskites where
Pb is in B-site of the simple perovskite have not been studied so far for
the Li-ion batteries. Herein, for the first time, we successfully demon-
strate BaPbO3 and SrPbOs; (now onwards referred as BPO and SPO
respectively) as potential anodes for Li-ion batteries. They store Li
reversibly via combined conversion-alloying mechanism, which is su-
perior to the one-step conversion or alloying mechanism. BaPbO3 anode
delivers a high specific charge capacity of 333 mAh/g (at 5 mA/g)
showing good rate performance with negligible capacity fade over 50
cycles. The current work sets up perovskite oxides (ABO3) as a versatile
structure for designing battery anode materials by placing redox active
species in both A and B sites. It can pave way to design various perov-
skites anodes for (post) Li-ion batteries.

2. Experimental section

2.1. Reagents

Lead oxide (PbO, SD Fine Chem., 99%), barium carbonate (BaCOs,
SD Fine Chem., 99%), strontium nitrate (Sr(NOs),, SD Fine Chem.,
99%), lead nitrate (Pb(NO3),, SD Fine Chem., 99%), citric acid (CgHgO7,
SD Fine Chem., 99%), barium nitrate (Ba(NO3), Sigma Aldrich, 99%),
Super P carbon black (Alfa Aesar, 99%), sodium Carboxy Methyl Cel-
lulose salt (CMC, Sigma Aldrich, 99%) were used as received.

2.2. Synthesis of BaPbOs and SrPbO3

Barium lead oxide (BaPbOs), and strontium lead oxide (SrPbOs3)
were synthesized using conventional solid-state (dry) and solution-
combustion (wet) methods. For solid-state method, stoichiometric
amounts of PbO, BaCOs, and Sr(NOs3); were intimately mixed using
mortar and pestle. This mixture was pelletized and was annealed inside a
muffle furnace at 900 °C for 4 h (in air) (heating rate = 5 °C/min)
without any intermediate grinding. For solution-combustion route,
stoichiometric amounts of nitrate oxidizers Ba(NO3)s, Sr(NO3)s, Pb
(NOs)2, and citric acid (C¢HgO7) as fuel were dissolved in distilled water.
This mixture was heated at 120 °C leading to the evaporation of excess
water, citrate-nitrate complexation, and eventual formation of the
combustion intermediate product. It was ground in mortar and pestle
and was annealed inside a muffle furnace at 700 °C for 2 h (in air)
(heating rate = 2 °C/min) to yield the final products. The overall re-
actions for the solid-state (SS) and solution-combustion (SC) routes can
be written as:

Sr(NOs3)2/BaCOs + PbO — SrPbO3/BaPbO3 + NOy/COx (SS)

Sr(NO3)2/Ba(NO3)2 + Pb(NO3), + CsHgO7 — SrPbO3/BaPbOs + NOy +
COy + H0 (SC)

2.3. Physical characterizations

X-ray powder diffraction was performed with a Panalytical Empy-
rean X-ray diffractometer equipped with a Cu K, source (A = 1.5405 A)
(operating at 40 kV/30 mA). Inorganic Crystal Structure Database
(ICSD) was used as reference. Rietveld analysis was performed using the
GSAS software with EXPGUI graphical interface [29]. VESTA-3 software
was used for the structural illustration [30]. The powder morphology
was inspected using a field emission scanning electron microscope
(FESEM) (Ultra55, Carl Zeiss AG) equipped with a thermal field emission
source (W) operating at 0.1-30 kV. Gold sputtering was carried out (for

120 s) on the electronically insulating powder sample to ensure elec-
tronic conductivity. Further, high-resolution transmission electron mi-
croscopy (HRTEM) images, selected area diffraction patterns (SAED)
and high-angle annular dark field-scanning transmission electron mi-
crographs (HAADF-STEM) of powder samples were collected employing
an FEI Tecnai TITAN Themis microscope operating at 300 kV. Scanning
transmission electron microscopy energy dispersive X-ray spectroscopy
(STEM EDS) was acquired for the elemental mapping of the
as-synthesized sample in HAADF-STEM mode. For TEM analysis, pow-
der samples were dispersed in hexane, sonicated to ensure homogeneous
dispersion and drop cast onto carbon film mesh copper grids (EMS).
Fourier transform infrared (FTIR) spectrum was recorded in the spectral
range of 4000-650 cm™ with a PerkinElmer instrument in attenuated
total reflectance (ATR) mode. Simultaneous thermal analysis (ther-
mogravimetry coupled with differential scanning calorimetry or
TGA-DSC) of intermediate powder of BPO and SPO was performed with
a Perkin Elmer STA-8000 unit in the temperature range of 30-900 °C
(heating rate = 10 °C/min under N, flow at rate of 50 ml/min).

2.4. Electrochemical measurements

The electrochemical performance was examined in CR2032-type
coin cells using the copper foil coated with active material as the
working electrode and (Li/Na) metal foils as the counter as well as
reference electrode, respectively. Electrode inks were prepared by
mixing active material, Super P carbon black and sodium Carboxy
Methyl Cellulose salt (CMC) with mortar and pestle in weight ratios of
70:20:10, using distilled water as solvent and copper foil as current
collector. Electrode inks were drop cast on precut SS304 or battery grade
Cu foil. The electrodes were dried under vacuum oven at 60 °C overnight
to remove any moisture and were transferred into an Ar-filled glovebox
(MBraun LabStar GmbH, O3 and H,0 levels <0.5 ppm). Coin-type half
cells were assembled inside the glovebox. A glass microfiber filter
(Whatman, grade GF/C) was used as a separator. 1 M LiPFg dissolved in
1:1:3 v/v% of ethylene carbonate/propylene carbonate/dimethyl car-
bonate (EC/PC/DMC) was used as the lithium electrolyte (Sigma
Aldrich, 99%). 1 M NaPFg dissolved in 0.45:0.45:0.1 v/v% EC/PC/DMC
was used as the sodium electrolyte. Cells were galvanostatically (dis)
charged with a Neware BTS-4000 (Shenzhen, China) battery tester in the
voltage window of 0.01 V to upper cut off (1.5 V) without any rest time
in between charge and discharge. Cyclic voltammograms (CV) were
recorded at a scan rate of 0.6 mV/s and potentiostatic intermittent
titration technique (PITT) was conducted at a current density of 1 mA/g
using a Bio-Logic BCS 805/810 (Claix, France) automatic battery cycler.

2.5. Ex situ analysis

For ex situ analysis, cycled swageloks were disassembled inside the
glovebox, and the recovered electrodes were washed using diethyl car-
bonate (DEC, anhydrous, >99%) followed by dimethyl carbonate (DMC,
anhydrous, >99%) and were dried inside the glovebox. Electrodes were
cut for further ex situ characterization. For TEM study, electrode ma-
terials were scratched from the washed electrode, were dispersed in
hexane and sonicated to ensure proper dispersion. It was drop cast on
TEM grids and dried overnight before examination. The oxidation states
of pristine and ex situ samples were analysed by X-ray photoelectron
spectroscopy (XPS) employing a Thermo-Scientific Ka XPS instrument
operating at 12 kV/6 mA. The binding energy of 284.6 eV of main
carbon signal was considered as the reference for the calibration. The
resulting XPS spectra were fitted using CASA software after Shirley
background subtraction. Ex situ X-ray diffraction (XRD) patterns were
recorded as discussed in Section 2.3.

3. Results and discussion

The SPO and BPO perovskites were synthesized by both combustion



and solid-state methods. Simultaneous thermal analysis (TGA-DSC)
performed on the combustion intermediate complexes of BPO and SPO
(from 30~900 °C, Fig. S1) revealed a peak around ~600 °C, indicating
the formation of the target compounds, which remained stable till 900
°C. Taking clue from the thermal analysis, the intermediate powder was
annealed at 700 °C to obtain the desired product phases [31]. The X-ray
diffraction patterns of BaPbO3 (BPO) and SrPbOg3 (SPO), prepared using
both solid-state and solution combustion synthesis, confirmed the for-
mation of the target perovskites without any impurity (Fig. S2). Rietveld
refinement of the powder XRD patterns of BPO (Fig. 1a) and SPO
(Fig. 1b) using GSAS software confirmed the formation of orthorhombic
crystal structures for both phases, with space groups Ibmm (BPO) and
Pnma (SPO) (Inset, Fig. 1a,b). The crystallographic parameters for BPO
and SPO are provided in Table S1 and S2 respectively. SEM micrographs
(Fig. S3) revealed agglomerated micrometric particle morphology, with
smaller particle sizes observed for both BPO and SPO prepared by so-
lution combustion synthesis as compared to solid-state method. The
bright-field high-resolution transmission electron microscope (HRTEM)
images of BPO (Fig. 1¢) and SPO (Fig. 1e) revealed the crystalline nature
of the materials, depicting (100) and (110) planes with interplanar
spacings of 4.32 A and 6.03 A, respectively. Their crystallinity was
further confirmed by the selected area electron diffraction (SAED) pat-
terns which could be indexed to [311] zone axis in BPO (Fig. 1d), while
showing (100) and (110) planes in SPO (Fig. 1f). Additionally, the ho-
mogeneous elemental distribution in BPO (Ba, Pb, O) and SPO (Sr, Pb,
0) was confirmed by energy-dispersive X-ray spectroscopy (EDS) anal-
ysis in high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) mode (Fig. 1g-n).

Fig. S4a,b show the X-ray photoelectron (XPS) spectra of pristine
BPO and SPO, revealing signals of Pb 4f, Ba 3d, Sr 3d, O 1s and C 1s
located at 138 eV, 780 eV, 135 eV, 531 eV, and 285 eV respectively
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Fig. 1. Rietveld refined XRD (Cu Ka, A

assuring the presence of Pb**, Pb?*, Ba?" and Sr?>* species in the BPO
and SPO perovskites. More importantly, the XPS spectra of BPO and SPO
indicate these materials are not standard A2+B4+(02')3 perovskites [32].
Instead, they are A2"B2*/4+(0%),0% as indicated from the binding en-
ergies of the O 1s peaks at 531.1 and 528.7 eV, which are close to
reference O 1s binding energies of 531.1 eV and 528.7 eV for peroxide
BaO, and oxide 02', respectively [31]. The O 1s spectra of BPO and SPO,
thus correspond to PbO, BaO; and SrO, showing characteristic features
of 0% and 0%, respectively (Fig. S4c). This variation of valence and
presence of 0% in BPO and SPO may be described by the reactions (1)
which occurs in oxides where the oxidation number of the metal ion
(here, Pb) differs by two [33]:

Pb*t + 20% & Pb%*T + 0% 6))

Fig. S4d illustrates the Ba 3ds,2 peak, which underwent deconvolu-
tion into two discernible peaks at 779.5 eV and 794.9 eV, attributed to
Ba2* in the BaPbO3 compound. In Fig. S4e, the SPO spectra displays the
Sr 3ds,2 peak resolved into two distinct peaks at 133.2 eV and 134.9 eV,
similarly confirming the presence of Sr2* ions. Fig. S4f exhibits the XPS
spectra of Pb 4f; /5 and 4f5 5 for both SPO and BPO. The Pb 4f; /5 and 4fs,
2 peaks could also be deconvoluted into two major peaks. The presence
of Pb*" was unequivocally confirmed from the Pb XPS spectra, with Pb
4f7 /2 and 4fs/» peaks detected at 137.8 eV and 142.6 eV, respectively.
Additionally, two smaller peaks at lower energies of 136.9 eV and 141.6
eV were observed, attributed to Pb>" ions, as documented in the liter-
ature [34,35].

The as prepared micrometric-sized BPO and SPO samples were tested
as anodes versus Li/Na counter electrodes within a half-cell architecture
as shown by their galvanostatic charge-discharge profiles in Fig. 2.
Notably, the first discharge curve exhibits a significant irreversible ca-
pacity, suggesting the initial step involves the irreversible conversion of

1.5405 /‘-’\) patterns of (a) BaPbO3 (BPO) and (b) SrPbO3 (SPO) perovskites. Inset shows the orthorhombic crystal structure of

BPO (space group: Ibmm) and SPO (space group: Pnma) projected along the [001] and [010] direction. PbOg octahedra, Ba, Sr and O are denoted by dark blue, wine,
pink and red colours respectively. (c,e) HRTEM images, (d,f) SAED patterns of BPO and SPO. Representative annular dark field HAADF images and the corresponding
elemental mapping revealing (g-j) BPO and (k-n) SPO having uniform distribution of all constituent elements (Ba, Sr, Pb, O).



T=25°C
3
a BPO sst
2 4
1
—_ O ]
=
'lf_ T T T T T
d 0 200 400 600 800
2 Specific Capacity (mAh/g)
% 3
% C SPO 1 st
> ——10th
th
0 | ——30
——40fh
——soth
1 4
O 4
0 200 400 600 800

Specific capacity (mAh/g)

20
b BPO 1st
2nd
10 3rd
- A__\
= 0
<
E
3 -10-
g
©
-20 -
-30-— ‘ ‘ ‘
0.0 0.5 1.0 1.5 2.0
Cell Voltage (V vsLi +/Li)
20
d SPO 1 st
10- —2nd
N 3rd
S 0
<
<
£-10-
>
RS
Sg-ZOf
-30
'40 T T T T
0.0 0.5 1.0 1.5 2.0

Cell Voltage (V vsLi +/Li)

Fig. 2. Galvanostatic discharge-charge profiles of (a) BPO and (c) SPO vs Li shown till 50 cycles at 5 mA/g current density. Corresponding differential capacity curve

(dQ/dV) of (b) BPO and (d) SPO shown for 3 cycles at 5 mA/g current density.

the structure and the formation of Pb metal, as described by reaction (2).
APbO;3 + 4Li" + 4e < Pb + AO; + Li»O (A = Ba, Sr) 2

Cyclic voltammetry (CV) analysis shows that the first cycle is
distinctively different from subsequent cycles (Fig. S5a). During this
initial cycle as the parent structure breaks down, Pb (IV) takes four
electrons reducing to electroactive Pb metal that disperses within the
inactive matrix of LioO and SrOy/BaO- peroxides. This initial structural
transformation plays a pivotal role in subsequent cycling as the
dispersed metal (per)oxides cushion volume expansion and prevent
particle cracking thereby preserving electrode integrity. In Fig. 2b,d, the
dQ/dV curves reveal two distinct voltage steps at approximately ~1.04
V and ~0.62V, followed by a flat plateau at ~0.17 V. The peak at ~1.04
V corresponds to the structural breakdown, while the peak at ~0.17 V
signifies the alloying reaction of Pb with Li forming Li,Pb alloys (1.0 < x
< 4.4) [36,37]. The peak at ~0.62 V is attributed to the formation of the
solid electrolyte interface (SEI) film [38], which is absent in subsequent
cycles confirming SEI formation only during the initial discharge.
Fig. 2a,d depict the discharge-charge profiles, with the first discharge
and charge capacities of BPO and SPO measuring approximately ~811
mAh/g, ~797 mAh/g and ~333 mAh/g, ~339 mAh/g, respectively,
corresponding to initial columbic efficiency of only ~41% and ~42%.
Such relatively low initial coulombic efficiencies are common in con-
version and alloying-type anodes. However, the coulombic efficiency

increases to ~95% and ~96% in the second cycle (Fig. S5b), suggesting
that the second step is solely reversible (de)alloying, as expressed by
reaction (3).

Pb + xLi" + xe” < Li,Pb (x < 4.4) 3

From the dQ/dV plot, it is evident that peaks at ~0.15 V during
discharge and ~0.37 V during charge signify the reversible formation of
LixPb and LiyyPbs alloys after first discharge. The charge capacity arises
from the dealloying reaction of Pb from LissPbs.

It is noteworthy that commercial lithium-ion batteries (LIBs) operate
effectively within a temperature range of 20 to 55 °C globally. Fig. 3
illustrates the electrochemical performance of BPO and SPO cycled at an
elevated temperature of 50 °C. BPO exhibits a notably high first
reversible charge capacity of 382 mAh/g and a second reversible
discharge capacity of 422 mAh/g, as depicted in Fig. 3a. Similarly, SPO
demonstrates a high first reversible charge capacity of 380 mAh/g and a
second reversible discharge capacity of 400 mAh/g, as outlined in
Fig. 3c. At 50 °C, the charge storage mechanism remains consistent with
room temperature, as indicated by the dQ/dV plots of BPO (Fig. 3b) and
SPO (Fig. 3d). This consistency across temperatures underscores the
robustness and stability of BPO and SPO as potential anode materials for
high-temperature alkali-ion battery applications. Further, Fig. S5c pre-
sents the potentiostatic titration technique (PITT) curve of BPO, where
the current decay around ~1.04 V and ~0.17 V exhibits a bell-shaped
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response, corresponding to the phase change of BPO and LixPb alloy
formation [39]. The cycling stability of BPO and SPO at both room
temperature and high temperature is depicted in Fig. S6. BPO maintains
a high specific capacity of 328 mAh/g at room temperature (Fig. S6a)
and 401 mAh/g at high temperature (Fig. S6b) even after 50 cycles.
Conversely, SPO at 50 °C exhibits a performance comparable to that at
room temperature (Fig. S6¢). Importantly, BPO demonstrates excellent
cycle life performance under both room and high temperatures.

Rate capability is crucial for ensuring the superior performance of
batteries. As illustrated in Fig. S6d, the BPO electrode delivers specific
capacities of 370, 296, 259, 182, 131, and 93 mAh/g at current densities
of 0.005, 0.02, 0.05, 0.1, 0.5, and 1.0 A/g, respectively. Notably, as high
as ~306 mAh/g of reversible capacity is restored when the current
density is switched back from 1 to 0.005 A/g. With the success of the Li-
ion battery, the electrochemical performance of BPO and SPO was also
evaluated for the Na-half cell (Fig. S7). While initial activity was
observed, rapid capacity degradation was noticed from the initial
cycling. The larger size of Na' ions compared to Li* ions may induce
significant volume changes in the Na-ion battery, leading to capacity
fading and poor electrochemical performance.

The precise (de)lithiation mechanism of perovskite BPO anode was
investigated using a comprehensive set of ex situ measurements. These
included high-resolution transmission electron microscopy (HR-TEM),

selected area electron diffraction (SAED), X-ray photoelectron spec-
troscopy (XPS), and X-ray diffraction (XRD), carried out at various states
of (dis)charge spanning from 0.01 V to 1.5 V. Following the complete
discharge process (involving conversion and alloying) of BPO to 0.01 V,
the conversion of the pristine phase to Pb or LiyPb phase was confirmed
through TEM micrographs and the presence of discrete spots in the SAED
pattern (Fig. 4a-c). Additionally, the initial particles underwent trans-
formation into smaller particles, as evidenced by the SEM micrographs
of BPO discharged to 0.01 V (BPO-1D-0.01 V) (Fig. S3e). After the first
charge/dealloying of BPO (BPO-1C-1.5 V), Pb particles dispersed within
the amorphous BaO peroxide matrix were clearly observed in the TEM
analysis (Fig. 4d-f). To investigate the surface elements following post-
charge and discharge, ex situ XPS spectra were collected (Fig. 4g-i). At
the end of the first discharge (1D-0.01 V) and first charge (1C-1.5 V) of
BPO perovskite, PbO disappeared from the O 1s spectra of BPO (Fig. 4g),
while the peaks corresponding to BaOj, Li;O and Li;COs peaks
remained, confirming the conversion of the pristine phase of BPO to
BaO; and a Li;O matrix containing smaller Pb particles. Furthermore,
the Li 1s spectra revealed the presence of LizO and Li>COs, as illustrated
in Fig. 4h [40]. Electrolyte decomposition resulted in a LioCO3 peak, and
a slight shift towards higher binding energy after post-discharge and
charge, corresponding to 780 eV, confirmed the presence of BaOy matrix
as Ba2+, as indicated in Fig. 4i. Thus, the ex situ XPS studies confirmed
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the dispersion of electroactive Pb particles in BaO, and LioO matrix,
aligning with the TEM analysis. These results highlight the crucial role of
inactive matrices such as BaOjy for buffering volume changes and
ensuring high cycling stability [28]. The FT-IR spectra of cycled BPO,
recorded in attenuated total reflection (ATR) mode in open air, are
depicted in Fig. S8. The inset of Fig. S8 displays the peak at 669 cm™,
corresponding to Pb-O vibration, confirming the presence of the BPO
phase. The reactivity of Pb particles increased due to the small particle
size of Pb after cycling, resulting in the Pb-O vibration peak [41]. The
FT-IR spectra confirmed the smaller size of Pb particles, consistent with
the SEM image of BPO at the end of the first discharge.

In Fig. 5, ex situ XRD patterns obtained at various (dis)charged states
shed light on the Lit storage mechanism within the BPO and SPO
perovskite anodes. Upon initial discharge from 1.67 to 1.03 V, the XRD
peaks of the pristine material shifted to lower angles, indicating the
insertion of lithium into the BPO lattice, ultimately leading to structural
collapse between the discharge states of BPO to 1.03 V and 0.75 V, as
depicted in Fig. 5a. After the first complete discharge (1D-0.01), the
prominent signature peaks of BPO (Fig. 5b) and SPO (Fig. 5¢) dimin-
ished, while new peaks emerged, corresponding to metallic Pb and/or

various LixPb alloy formations (such as LigPbs, LipsPbs, LiPb, Li;oPbg), as
confirmed by the Li-Pb binary phase diagram [42]. For instance, the
LigPbs phase corresponds to peaks at 20 values of 62.1°, while peaks at
20 values of 31.3°, 36.2°, and 52.2° are attributed to metallic Pb or
different LiyPb phases (Fig. 5a) [43,44]. The Li-Pb binary alloy obtained
after full Pb lithiation is LiyyPbs. Additionally, at the end of the first
complete charge (delithiation) (1C-1.5 V) of BPO and SPO, the appear-
ance of peaks corresponding to metallic Pb confirmed the charge ca-
pacity attributed to the delithiation of Pb from LiyPb alloy (Fig. 5).
Electrochemical impedance spectroscopy (EIS) was examined for cycled
BPO (Fig. S9a) and SPO electrodes (Fig. S9b). The comparative Nyquist
plot of BPO and SPO at open circuit voltage (OCV), first complete
discharge (1D-0.01 V), and first complete charge (1C-1.5 V) (inset of
Fig. S9b) revealed the charge-transfer resistance (R¢t) of BPO is lower
than that of SPO at OCV, suggesting better capacity retention of BPO
than SPO. At the end of the first discharge of BPO and SPO, two
semi-circles were observed, indicating the formation of the solid elec-
trolyte interface (SEI). In contrast, only one semi-circle was observed at
the end of the first charge, suggesting that the SEI has stabilized during
the first discharge. Further, the lower charge transfer resistance is
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Fig. 5. (a) Ex situ X-ray diffraction patterns of BPO electrodes at different states of discharge and charge (where *
Li;oPbs/Pb,d LigPbs). Ex situ X-ray diffraction patterns of (b) BPO and (c) SPO electrodes after 1st discharge to 0.01 V and 1st charge to 1.5 V for Li-
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ion half-cells. Cu peaks are from the current collector substrate.

attributed to the dealloying process at the end of the first charge, as the
Li conductivity is higher after the alloying process of LiyPb [45].

4. Conclusions

In summary, two single perovskite (ABOs) oxides BaPbOs and
SrPbO3 with Pb at B-site were synthesized via solid-state and solution
combustion routes. They were demonstrated for the first time as a novel
class of conversion-alloy type anodes for Li-ion batteries. Employing
suites of ex situ diffraction and spectroscopic tools, the charge storage
mechanism was found to predominantly occur via a (de)alloying process
within BaPbO3 and SrPbO3 anodes. BaPbO3; and SrPbOs exhibited high
first reversible charge capacities of 333 and 339 mAh/g, respectively.
Notably, BaPbOs demonstrates superior high-rate performance and
excellent cycling stability at both room and high temperatures, thus
emphasizing its feasibility as a promising anode material for Li-ion
batteries. This study elucidates the potential of ABO3 perovskite ox-
ides, such as BaPbOs and SrPbOs, for charge storage via the conversion-
alloying mechanism. Complementing our earlier work on PbTiOs/
PbZrO3 perovskites with Pb in A site, the current work on perovskites
with Pb in B site opens avenues to design various (non)oxide perovskite
frameworks as potential battery anode materials for (post) Li-ion
batteries.

Appendix A. Supplementary data

Supporting information file is provided.
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