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ARTICLE INFO ABSTRACT

Keywords: Lead-based perovskites (PbTiO3 and PbZrOg3) are introduced as novel anode materials for non-aqueous M-ion
Battery rechargeable batteries (M = Li, Na, K). These compounds were scalably prepared by conventional solid-state
Anode materials (dry) and combustion (wet) routes. Charge storage in these perovskites involves a standard conversion (Pb"
lﬁz;(;‘g:lte — Pb?) followed by reversible Li-Pb/Na-Pb/K-Pb (de)alloying reaction. The oxide matrix (M50, TiO, etc.) phase

is crucial for reversibility of Pb alloying reaction, as pristine PbO fails fast. The conversion-alloying reaction
mechanism has been verified by ex situ electron microscopy (TEM) study. PbTiO3 delivered 410 mAh/g capacity
in the first charge vs. Li/Li" and Na/Na*, while around 180 mAh/g capacity was observed vs. K/K". Particularly,
PbTiO3 forms a robust anode for sodium-ion batteries with maximum charge extracted under low voltage (below
0.8 V vs. Na/Na', 275 mAh/g). Similar electrochemical activity was also noticed for other perovskites like
PbZrOj3 that confirms Pb-based (simple and mixed) perovskites can form a potential class of battery anode

materials.

1. Introduction

The quest to ‘build better batteries’ has unveiled many (post graphite)
anode materials using (de)intercalation, conversion and (de)alloying
reaction. Just 3 years after SONY®’s commercialization of the Li-ion
battery (circa 1991), Miyasaka group reported an Sn-based amorphous
tin composite oxide (ATCO) glass as a robust anode delivering four times
volumetric and two times gravimetric energy density than graphite
[1-3]. Based on this idea, a new company Fujifilm Celltec Co. Ltd. came
up to develop and produce a new generation of lithium batteries named
the STALION (aka Sn-based Li-Ion) cells and related products [4]. It
triggered a wave of research activity over the next decade to study Sn-
based compounds with alloying reaction. Some such materials are Sn-
based borate-phosphate/ silicate glasses, spinels [5], hollandites [6]
and ASnXs perovskite type phases with diverse A elements [7-12]
storing lithium by a conversion-alloying reaction.

It is key to note the application of perovskites in energy storage.
Perovskites (ABX3) have oxygen (O) or halogen anions in the X positions
at face center, small B cations at corners inside 6 fold O coordination
(Octahedra cavity) and big A cations at body center inside 12 fold O
coordination (CubOctahedra) [13]. They are widely used in dielectric,
ferroelectric, piezoelectric and photovoltaic applications. In addition to
Sn-based perovskites (e.g. CaSnOs), some studies exist on Ti-based pe-
rovskites. For example, Lip sLag sTiO3 is a topotactic Li insertion anode
(225 mAh/g) operating on the Ti redox [14,15], while Nag sBio5TiO3
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uses a soft Bi alloying center to store Na ions by conversion-alloying
process [16]. Organic-inorganic lead halide (photovoltaic) perovskites
CH3NH3PbX3 (X = I, Cl, Br) can also store lithium ions involving
framework breakdown-Pb alloying albeit with poor pristine structure
stability [17]. Recently, various organic-inorganic and all-inorganic
halide perovskite compounds have been reported as high capacity
anode materials for (non)aqueous batteries [18-22].

On another note, like Sn, Pb alloying center can be exploited for
charge storage. Pb alloying center was also tested in Pb0:0.35 B203:0.35
P,05 glass matrix similar to Fujifilm’s ATCO glass [23], where aggre-
gation rate and equilibrium cluster size were found larger for Pb than for
Sn possibly due to Pb’s softer polarizable nature. However, Pb con-
taining simple perovskites have not been tested so far in secondary
batteries. In the current work, we have combined the concepts of ‘Pb
alloying center’ and ‘perovskite framework’ to present PbTiO3 and
PbZrOg perovskites as anodes in a march to set up perovskite PbBX3 or
Pb(B'B"”)X3 sub-class of battery anode materials. It marks the first report
on usage of simple Pb-based perovskites to reversible store charge from
alloying reactions of Pb with Li, Na or K that can store upto 4.4 Li
(Lingbs, 568 mAh/g), 3.75 Na (Na15Pb4, 485 mAh/g) or 1 K (KPb, 129
mAh/g) per Pb atom, while only 1 Li/K can be held by 6C (LiCg, 372
mAh/g) or 8C (KCg, 279 mAh/g) atoms. Further graphite anode cannot
intercalate Na ions preventing it’s use in sodium-ion batteries, while a
large amount of Na (as high as 406 mAh/g, 4.6 Na/PbTiO3) can be
stored in the perovskite PbTiOs. These low-voltage, high-capacity
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perovskite anodes (PbTiO3 and PbZrOs) can be scalably prepared and
are extreme stable under ambient conditions unlike its organic-
inorganic lead halide counterparts or non-perovskite PX-PbTiO3 pha-
ses. Besides, these phases are weatherproof, and non-toxic than pristine
lead metal or lead oxides. This report paves the way for usage of all lead-
based compounds with simple perovskite ABX3 and their derivative
frameworks as anodes for high energy density rechargeable batteries.

2. Material and methods

Lead titanate (PbTiO3), and lead zirconate (PbZrO3) were prepared
by conventional solid-state (dry) and solution combustion (wet)
methods. The respective oxides (Litharge PbO, SDFine, 98%; TiOs,
Merck, 99%; and ZrOs, Merck, 99%) were hand mixed, pelletized, and
calcined at 600° or 900 °C for 24 h (in air) with intermediate grinding
after 12 h. Combustion synthesis was carried out using nitrate oxidizers
(O) (Pb(NO3)2, SDFine, 99.5%; in-house prepared TiO(NOs)s [24]), and
glycine fuel (F) (CoHsNOg, Merck, 99.7%) in 1:1 O/F ratio over an ice
bath. The intermediate product was pelletized and calcined at 400 °C for
2 h (in air). Phase identification was performed using a Cu Ka X-ray
source (A = 1.54 f\) with a Bruker D8 Discover X-ray diffractometer
(operating at 40 kV/35 mA). Rietveld refinement [25] was performed
using the GSAS software [26]. The powder samples were dispersed in
isopropyl alcohol (CsHgO, Merck, >99.5%), sonicated for 10 min and
drop cast onto carbon film mesh copper grids (EMS). They were used for
transmission electron microscopy (TEM) employing an FEI Tecnai
T20ST microscope operating at 200 kV.

Active material, Super P carbon black (Alfa Aesar, 99+%), and So-
dium CarboxyMethyl Cellulose salt (Sigma) (CMC) were taken in an
80:10:10 ratio (100 mg total dry weight per batch), hand mixed after
adding distilled water (500 pl per batch) to form grey electrode ink that
was dropcast on precut SS304 or battery grade Cu foil. After drying at
60 °C to remove water, the electrodes were dried under vacuum at
120 °C (Biichi Glass Oven B-585) overnight and transferred into Ar-filled
glovebox (MBraun LabStar GmbH, O, and H3O levels <0.5 ppm). The
coatings were used against respective M (Li/Na/K) metal foils as counter
electrodes to assemble CR2032 type coin cells or half-inch SS304 Swa-
gelok cells. 1 M LiPFg dissolved in 1:1:3 v/v % of ethylene carbonate/
propylene carbonate/dimethyl carbonate (EC/PC/DMC) was used as the
lithium electrolyte (Chameleon Reagent). 1 M NaPFg or 0.5 M KPFg
dissolved in 0.45:0.45:0.1 v/v% EC/PC/DMC was used as electrolytes in
sodium and potassium ion batteries. The current given was one Faraday
charge, per unit mole of active material in 20 h (C/20, i.e. 4.4 mA/g and
3.87 mA/g for PbTiO3 and PbZrO3 respectively). Cells were cycled with
a Neware BTS4000 battery tester in a voltage window of 0.01 V to upper
cut off (0.8, 2, 2.5 or 3 V), without any rest time in between charge and
discharge.

For ex situ analysis, cycled swageloks were disassembled inside
glovebox and the recuperated electrodes were washed using Dimethyl
Carbonate (DMC, anhydrous, >99%). Electrode materials, scratched
from the washed electrode, was dispersed in anhydrous DMC. It was
drop cast on TEM grids inside the glovebox and dried overnight in Biichi
B-585 glass oven before examination.

3. Results and discussion

Phase-pure PbTiO3 was obtained via combustion synthesis (as well as
solid-state route). TEM micrograph indicates the formation of sub-
micron particle size (Fig. 1a). HRTEM shows (001) planes with an
interplanar spacing of 4.06 A (Fig. 1b). SAED pattern was indexed to
zone axis [-133] (Fig. 1c) confirming the crystallinity of desired
product. Rietveld refinement of powder XRD pattern was performed
using GSAS software (Fig. 1d) [26]. It confirmed the formation of
tetragonal (s.g. P4mm, #99) framework with lattice parameters: a =b =
3.9027(6) /0\, c = 4.1404(6) A along with acceptable goodness of fit
(Table S1). Single-phase PbTiO3 and PbZrOs; end-members were also
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Fig. 1. (a) Representative bright field TEM micrograph, (b) HRTEM image, (c)
SAED pattern, and (d) Rietveld refinement of XRD (Cu K,) pattern of PbTiO3
synthesized by solution combustion route (400 °C, 2 h). Experimental data
points (grey filled circles), calculated pattern (red line), their difference (blue
line), and Bragg reflections (black sticks) of tetragonal P4mm phase are shown
in (d), inset shows the crystal structure (Pb = black balls, O = red balls, TiOg =
distorted blue octahedra). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

obtained via solid-state synthesis. Unlike PbTiOs, perovskite PbZrOs
assumed an orthorhombic (s.g. Pbam, #55) crystal structure (Table S2,
Fig. S1).

The combustion synthesized PbTiO3 was tested in lithium half-cell
architecture. Fig. 2 depicts the respective electrochemical perfor-
mance. The redox mechanism follows two-steps.

First — irreversible conversion step [PbTiOs + 2 Li* 4 2e™ — Pb +
TiO5 + LisO]: Here, two electrons are used (Pb%** to Pb?) as the parent
structure breaks down slowly into constituent alloying element(s) (here,
Pb) and Li5O. Oxides of any spectator non-alloying element (here, TiO5)
are formed, which like Li;O, are preferred over elemental form due to
high bond strength with oxygen [7]. In-situ formation of TiO2 matrix was
confirmed from diffuse rings in the SAED pattern (Fig. S6b) of a partly
discharged region at 0.5 V with PbTiOj3 (spots) as major phase (Fig. S6a).
The growth of new phases generates a flat two-phase voltage plateau at a
value related to the stability of the parent structure (Fig. 2a). Here, it
occurs at 0.74 V compared to the 1.4 V flat profile for PbO, which in-
dicates the PbO framework is more stable than the PbTiO3 structure
(Fig. 2¢). After structure breakdown (via conversion), Pb or LiyPb cubes
were obtained with different morphology from starting PbTiO3 phase
(Fig. 2a inset). Absence of the 0.74 V discharge peak in following cycles
rules out the reformation of PbTiOj3 at the end of charge (Fig. 2¢). Upon
formation, the Pb particles aggregate and are electrochemically active as
evidenced by sharp dQ/mdV peaks (Fig. 2c). These Pb aggregates reach
a critical size either after the conversion reaction or after few (de)
alloying reactions. Some extra capacity can arise due to electrolyte
reduction during the conversion reaction. Similar observations were
reported for Sn-based anodes [7,27].

Second — reversible (de)alloying step [Pb + xLi™ 4 xe™ < Li,Pb (x <
4.4)]: Gradual alloying reaction occurs involving Pb reversibly storing Li
in forms of intermetallic compounds that may (not) follow the
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Fig. 2. Electrochemical performance of combustion synthesized PbTiO3 vs lithium. (a) Voltage capacity plot, (b) capacity fade, (c) differential capacity curve (dQ/
mdV) of first two cycles (PbO curves greyed), (d) HRTEM micrograph, and (e) SAED pattern of ex situ samples after 1st charge at 2.5 V showing Pb particle. (Inset of
a) Left inset shows pristine particle and right inset illustrates Pb or LiyPb cubes after 1st discharge to 0.5 V.

equilibrium phase diagram. Two intermediate phases, most likely LiPb
and Liy ¢Pb, form reversibly as indicated from pairs of 0.55 V/0.64 V and
0.38 V/0.48 V peaks (Fig. 2c) [28]. Lig 4Pb forms at the end of first
discharge as confirmed by ~4.4 electron insertion after 2 electron for
Pb" — Pb° reduction (Fig. 2a).

Here, the matrix TiO phase may also partially participate in
reversible Li storage (forming Li,TiOy). The Pb dealloying from Lis 4Pb
and Li de-insertion from Li TiO5 results in a first charge capacity of 410
mAh/g, fading to 200 mAh/g after 70 cycles, when cycled at low 4.4
mA/g current (Fig. 2b). The charge capacity is around 120 mAh/g at
very high 352 mA/g current, corresponding to 4 Li insertion in an hour
(Fig. S2). The reversible first charge capacity was 184 mAh/g for
restricted 0.8 V window (Fig. S3). Pb particles embedded in amorphous
TiO2 matrix can be clearly seen at the end of this 1st charge/dealloying
reaction (Fig. 2d, e). The matrix phase is critical to reversibility of the
(de)alloying reaction. Without a well-developed matrix, PbO cannot
handle the volume changes occuring as early as the second cycle itself
(Fig. 2¢) and fails completely within few cycles (Fig. S5a). Co-existence
of two phases (the second step) with different volumes have been re-
ported to lead to microcrack, electrode delamination and capacity fade.
Inactive Li;O oxide matrix generated in-situ during first step pins
alloying element (Fig. S7a and b), restricts massive aggregation and
provides an elastic-cushion for checking large volume expansion typical
for alloying reactions. It is reported that despite capacity loss, more
spectator ions lead to fewer aggregation of alloying element and
restricted volume change favoring less delamination and better capacity
retention [27].

Inspired by the success in Li-half cell and possibility of Pb alloying
with Na/K metals, PbTiO3 perovskite was tested for post-Li-ion (Na-ion/
K-ion) batteries (Fig. 3). In both cases, merger of conversion and alloying
steps was noticed. In addition to Na/K metals’ low voltage (w.r.t. Li),
this merger could stem from Pb’s strong alloying tendency at its
respective voltage driving the onset of initial conversion (and frame-
work rupture). In sodium half-cell, there are two plateaus during
discharge (total 7.5 electrons): one at 0.17 V likely from conversion
reaction involving framework collapse and another at 0.03 V due to
alloying reaction (Fig. 3c). During the first charge, four peaks indicate
sequential dealloying involving Na;sPbs (0.18 V) — NagPbs/NasPb,
(0.24 V) - NaPb (0.44 V) — NaPbs (0.55 V) [29]. A small capacity arises
near 1.5 V in the initial cycles, which could arise from Na (de)insertion
in TiO2 matrix. The capacity fade upon cycling can be due to damage of
TiOy by Na insertion, or the coarsening of Pb particles due to (de)
alloying that further mutilates TiO, affecting its Na insertion capability.
The matrix ensures reversibility during (de)alloying, which fail in PbO
in few cycles (Fig. S5b).

In sodium half-cell, reversible first charge capacity was 406 mAh/g
for full window (ca. 2.5 V) and 275 mAh/g for restricted window (ca.
0.8 V). It highlights another important incentive for using PbTiO3 as NIB
anode (vis-a-vis as LIB anode): a large part of the charge capacity (275
mAh/g) occurs below 0.8 V (vs. Na), which is significantly higher than
the capacity (184 mAh/g) vs. Li. This is due to lower standard reduction
potential of Na compared to Li. The dearth of non-carbonaceous anode
materials for sodium-ion batteries makes perovskite PbTiO3 a promising
high-capacity anode with low voltage operation.
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Fig. 3. Electrochemical performance of combustion synthesized PbTiO3 vs sodium and potassium. (a, b) Voltage capacity, and (c, d) differential capacity plots for the

first two cycles (PbO profiles greyed).

When PbTiO3 was tested in K-half cell, only one reduction plateau
was observed ~0.08 V yielding a first discharge capacity of 450 mAh/g
(or 5 electrons) (Fig. 3b). It involves overlapping of conversion and
alloying reaction step. Upon cycling, new peaks evolve below 0.8 V
owing to formation of KyPb phases (Fig. 3d) such as K;oPbyg (~0.42 V)
and K4Pbg (~0.6 V) [30]. At later cycles, the sharp discharge peak
~1.16 V may stem from electrolyte reaction with Pb metal or reversible
K-TiO; insertion. These events add to higher reversible capacity (first
charge) of around 178 mAh/g in the wide potential window up to 3V,
while a meagre 55 mAh/g capacity is observed below 0.8 V (Fig. 3b).
Unlike the Li and Na case, perovskite PbTiO3 was found to have poor
activity for K-ion batteries.

Simple Pb-based perovskites work as anodes for secondary Li-ion and
Na-ion batteries based on conversion-alloying reaction. In this context,
few points can be highlighted.

(1) The net electrochemical activity is dependent on particle size and
hence the synthesis route. Owing to Ostwald ripening and grain
growth, solid-state synthesis led to larger micrometric (24 pm)
particles vis-a-vis sub-micron (0.2-0.8 pm) particles obtained by
wet combustion route. For example, the solid-state made PbTiO3
delivered less capacity (368 mAh/g) than combustion prepared
PbTiO3 (410 mAh/g) due to larger particle size hindering the
initial conversion reaction. Finer microstructure of starting
perovskite is preferred for superior activity.

(2) The concept of Pb-based perovskite anode can be extended to
redox inactive transition metal-based counterparts. To illustrate

this point, solid-state made PbZrOs perovskite was tested in Li-
and Na-half cells (Fig. 4). It delivered reversible electrochemical
activity involving alloying reactions following initial conversion
reaction. As expected, due to higher molecular weight, PbZrO3
yielded lower capacity (291 mAh/g) in comparison to PbTiO3
(368 mAh/g) (Fig. 4a, c). The initial conversion reaction for
PbTiO3 occurs at 56 mV higher than PbZrOs indicating higher
stability of PbTiOs.

(3) Other Pb-based perovskites (e.g. PbZrO3) can be employed in

sodium-ion batteries as well. PbZrO3 delivered a reversible ca-
pacity of 65 mAh/g (Fig. 4b, d) involving multiple (de)alloying
steps. Two things can be concluded from changing Ti to Zr. One,
the alloy stabilization is delayed over few cycles due to heavier Zr
(Fig. S4). Second, in case of PbZrOs, capacity around 1.5 V is
significantly reduced (for both Li and Na). Thus, the small activity
~1.5 V can be assigned to Ti redox in PbTiO3 for all alkali
insertion.

(4) Although toxic, with careful handling, Pb-based compounds have

been extensively used as lead-acid accumulators in automobiles
and inverters. Pb-acid batteries offer an excellent recycling effi-
ciency as high as 99%. Both in elemental form or as oxides, the
alloying reaction of Pb with Li, Na and K is well established.
Metallic lead (Pb) and its volatile oxides (e.g. PbO) can be unsafe.
This safety concern can be mitigated by embedding Pb in
perovskite structure, which works as a reservoir for Pb metal ions
for use in (de)alloying reaction based rechargeable batteries.
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Fig. 4. Electrochemical performance of PbTiO3 and PbZrO3; made by solid-state method: (a) Voltage-capacity plot, and (c) Differential capacity plot versus lithium.
(b) Voltage capacity plot, and (d) differential capacity plot of first two cycles versus sodium.

Thus, we propose oxide perovskites as safe lead-based compounds
capable of Pb-alloying reaction to yield high voltage, high energy den-
sity non-aqueous Li-ion or Na-ion batteries. While they are promising, it
warrants future investigation to unveil (a) the detail electrochemical
reaction mechanism involving operando X-ray diffraction, (b) probing
the reaction products (Pb, TiOg, LixPb, LizO) and their distribution at
various states of (dis)charge using high-resolution electron microscopy,
and (c) calculating the reaction energetics using first-principle (DFT)
calculations.

4. Conclusions

Lead-based perovskites, PbTiO3 and PbZrOs, prepared by solid-state
(dry) and solution combustion (wet) routes, have been introduced as
anodes for variety of alkali-ion (M = Li, Na, K) batteries. First, the parent
perovskite materials undergo irreversible conversion to Pb, M2O and
other oxides at a voltage depending on stability of the parent material.
Next, in the inactive oxide matrix, Pb undertakes reversible (de)alloying
with M forming multiple intermediate line compounds (or alloys) as per
Pb-M phase diagrams. The end phases formed at the end of first
discharge are most likely Li4 4Pb, Na3 75Pb and K;Pb based on number of
M inserted per mole of starting material. Perovskite PbTiO3 yielded a
reversible (1st charge) capacity of 410 mAh/g (for Li/Na-half cell) and
180 mAh/g (for K-half cell). Highest reversible capacity under 0.8 V was
observed in Na-half cell, making PbTiO3 a promising anode for sodium
batteries. Pb-based perovskites offer a safe repository of anodes
involving Pb (de)alloying reaction. These simple perovskites and their

derivatives can realize high energy density batteries [31]. It can open
door to design suites of Pb-based perovskite anodes armed with scalable
synthesis, chemical/thermal stability, high energy density, safe
handling/usage and easy recycling.
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