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A La and Nb co-doped BaTiOs3 film with positive-
temperature-coefficient of resistance for thermal
protection of batteriesy
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Battery safety is the number one priority for consumers and manufacturers, particularly for large-scale
applications like electric vehicles and distributed energy storage systems, where the consequences of
thermal runaway events can be devastating. Here we propose a novel approach to prevent battery
thermal runaway by using La and Nb co-doped BaTiOs. The material is incorporated into a battery
system as a thin film, having no effects on the room temperature operation, but rapidly switching off the
battery current at high temperatures due to the positive temperature coefficient of resistivity (PTCR)
exhibited by doped BaTiOs. La and Nb as co-dopants of BaTiOs are found to be critical to ensure good
room temperature conductivity combined with a significant PTCR effect. This work demonstrates the
use of a purely inorganic PTCR material for thermal runaway protection for the first time. The high
mechanical and chemical stability of the BaTiOsz-based material proposed here makes it an
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1. Introduction

Thermal runaway of lithium-ion batteries is, by far, the most
common cause of battery accidents. Thermal runaway is trig-
gered by forcing the battery to operate outside of its specifica-
tions, for instance via the application of mechanical abuse
(crush or penetration), electrical abuse (short-circuit or over-
charge) or thermal abuse (overheat).>® The abuse induces
degradation reactions inside the battery, and when the rate of
heat generation induced by the degradation of the battery
exceeds the rate of heat dissipation, then the increase in
temperature of the battery accelerates. Thermal runaway is the
increasing temperature loop and it can lead to battery fires and
explosion.

Multiple safety strategies have been developed to prevent
thermal runaway, like the incorporation of external devices,
such as thermal fuses or safety vents, that cut the current flow
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advantageous competitor to current polymer-based protective switches.

through the battery.”® Additionally, battery material compo-
nents producing thermal runaway protection have also been
developed, such as thermal shutdown separators, temperature-
sensitive electrodes, or thermally polymerizable electrolytes.®
These systems are particularly advantageous because the
protection is achieved directly inside the battery, without time
delays or complications associated with the transmission of the
temperature wave to an external device. Indeed, previous
studies have found that the internal temperature of commercial
prismatic cells vastly exceeds the external surface temperature,
even before fire."®'® However, these internal safety components
also have some shortcomings: thermal shutdown separators
can ‘meltdown’ at high temperatures, thus shorting the elec-
trodes and producing violent reactions;**° temperature-
sensitive electrodes usually require complex materials or elec-
trode preparations; and thermally polymerizable electrolytes are
not always fully compatible with the battery electrodes.”"*
Thus, the incorporation of additional protection measures is
required to ensure safety in large-scale applications.

The core mechanism of internal safety protection against
thermal runaway is based on the incorporation of a battery
component whose resistivity dramatically increases with
temperature, and thus significantly reduces the current flow
through the battery. This effect is called ‘positive temperature
coefficient of resistivity’ (PTCR) and PTCR materials for battery
protection have been successfully demonstrated using a range of
functional polymer composites.'>**** However, purely inorganic
PTCR materials have never been applied inside the batteries to
prevent thermal runaway, although the mechanical and high
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temperature chemical stability of inorganic materials offers
advantages over polymer composites (ESI, Tables S1 and S2).%*

Here we demonstrate, for the first time, the use of a doped
BaTiO; thin film as an internal PTCR material for battery
thermal runaway protection. The PTCR effect in BaTiO; has
been widely used in external devices such as thermistors.
BaTiO; is an insulator, but donor doped BaTiO; exhibits semi-
conducting behaviour at room temperature, and an increase in
resistivity (PTCR effect) is observed near the Curie temperature,
during which a phase transition from a ferroelectric tetragonal
to a paraelectric cubic phase occurs.** The PTCR in BaTiO; is
a grain boundary effect that can be explained by the Heywang-
Jonker model.>*® According to this model, the existence of
a potential barrier along the grain boundary is responsible for
the increased resistivity of the grain boundary compared to the
grain interior. This barrier is generated by a layer of acceptor
states at the grain boundary, which attracts electrons from the
bulk grain to form an electron depletion layer.*” The acceptor
states are formed by oxygen vacancies, barium vacancies,
segregated titanium and/or dopant cations, which can act as
electron traps at the grain boundary.’***** At room tempera-
ture, ferroelectric BaTiO; exhibits a spontaneous polarization
along the tetragonal crystal axis, which decreases the height of
the potential barrier at the grain boundary, leading to a low
resistivity. Above the Curie temperature, BaTiO; transitions to
a cubic paraelectric phase, the spontaneous polarization
vanishes, and the potential barrier becomes fully effective
resulting in a rapid increase in resistivity.*

The very dramatic change in resistivity exhibited by BaTiO;-
based materials due to the PTCR effect makes them highly
promising to stop the current flow through a battery in a thermal
runaway event. However, the materials reported previously
exhibit either insufficient room temperature conductivity, or high
room temperature conductivity but insufficient PTCR effect
within the temperature range of battery failure.>® Here we report
the use of a La and Nb co-doped BaTiO; thin film as an internal
PTCR material for battery thermal runaway protection. A solid-
state-based synthesis method is developed to produce robust
self-standing films with a good room temperature conductivity
and significant PTCR effect. The effects of La and/or Nb doping
on the microstructure, morphology and electrochemical proper-
ties of the film are systematically investigated. The optimised film
is incorporated into LiFePO,-graphite and LiCoO,-graphite
batteries, in between the cathode and the spacer in coin cells. Our
results show that the film provides efficient protection during
overheating and overcharging without compromising the battery
room temperature performance. This study demonstrates that
the use of inorganic PTCR materials is a promising internal
thermal protection approach, which can reinforce battery safety
under abuse conditions.

2. Experimental
2.1. Materials synthesis and characterisation

The undoped, La-doped, Nb-doped and La-Nb-co-doped BaTiO;
samples with various doping amounts were synthesized via
a solid-state method. The precursors were BaCO; (=99.999%
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purity, Sigma Aldrich), TiO, (=99% purity, Sigma Aldrich),
La,0; (=99.99% purity, Sigma Aldrich) and Nb,O5 (=99.99%
purity, Sigma Aldrich). The compositions have the formula
(Ba;_,La,)(Ti;_yNb,)O3;, where x = y = 0 for undoped BaTiO;
sample (denoted as BTO); x = 0.003, 0.006, 0.009 and y = 0 for
La-doped BaTiO; samples (denoted as BTO-L3, BTO-L6, BTO-
L9); x = 0 and y = 0.002, 0.004, 0.006 for Nb-doped BaTiO;
samples (denoted as BTO-N2, BTO-N4, BTO-N6); x = 0.003 and y
= 0.002, 0.004, 0.006 for La-Nb-co-doped BaTiO; samples
(denoted as BTO-L3N2, BTO-L3N4, BTO-L3N6). All the precur-
sors were dried and dehydrated before being fully mixed by
grinding in acetone and ball milling in deionized water. The
mixture was dried, ground and sieved, then pressed into
a pellet, and pre-fired at 1150 °C for 2 h in air. The pre-fired
pellet was ground in acetone, and the obtained powder was
fully mixed with 0.5 at% BaCO; and 0.05 at% SiO, by ball
milling in deionized water, then dried and sieved to achieve fine
powders. After that, the fine powder was mixed with polyvinyl
butyral, dibutyl phthalate, tributyl phosphate, trichloroethylene
and  ethanol in a  weight ratio of about
1:0.1:0.1:0.05:0.6:0.9 to form a slurry. The slurry was cast
onto a tungsten substrate using a doctor-blade method, then
the formed sheet was dried at room temperature and cut into
circular discs with thickness of ~200 pum. The discs were heated
at 430 °C for 2 days in air to remove the binder and organics,
then sintered at 1350 °C for 2 h under 5% H, in N,. The sintered
discs were finally re-oxidised at 800 °C for 1 h in air to obtain the
undoped and La and/or Nb doped BaTiO; PTCR films.

X-ray diffraction measurements were carried out with
a Bruker D2 Phaser with Cu-K,, radiation. Rietveld analysis was
performed using the GSAS package.*” Raman spectroscopy
measurements were carried out with a Renishaw inVia confocal
microscope, and the data were analysed using the WiRE 4.1
software. Scanning electron microscopy (SEM) micrographs
were collected on a JEOL SM-54220LNT operated at 15 kV, and
images were analysed using the Image] software and Gaussian
function. Electrochemical tests were performed with a Biologic
potentiostat. The conductivities and PTCR effects were deter-
mined from the current-voltage measurements on undoped
and La and/or Nb doped BaTiO; discs with diameters of
~11 mm and thicknesses of ~200 pm, and with a ~20 nm gold
coating evaporated onto each side of the discs. Current-voltage
plots were collected at 20 mV s~ " over the range of —0.3 to +0.3 V
at different temperatures.

2.2. Battery fabrication, electrochemistry and safety
evaluation

LiFePO, and LiCoO, electrodes were prepared by mixing
LiFePO, or LiCoO, (Tatung), conductive carbon black (Super
C65, Timcal) and polyvinylidene difluoride (PVDF 5130, Solvay)
with a mass ratio of 92 : 4 : 4 in N-methyl-2-pyrrolidone (NMP,
anhydrous, =99.8% purity, Sigma-Aldrich). The slurry was cast
onto an Al foil (40 um thick, =99% purity, Advent Research
Materials) and dried at 120 °C under vacuum for 12 h. The foil
was cut into circular discs with a diameter of 11 mm and
pressed at 2 tons to obtain LiFePO, or LiCoO, cathodes.

This journal is © The Royal Society of Chemistry 2022
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Swagelok cells were assembled in an argon-filled glove box with
LiFePO, or LiCoO, cathodes, lithium foil (Rockwood Lithium)
anodes and separators (glass microfiber filter, GF/F grade,
Whatman or Celgard 2400 monolayer microporous membrane)
soaked in the 1 M LiPF; in ethylene carbonate/ethyl methyl
carbonate (EC:EMC = 3:7 in volume) electrolyte (PuriEL,
Soulbrain). Similarly, graphite electrodes for use in full lithium-
ion cells were prepared by mixing the graphite (MAGE3, Hita-
chi), carbon black and PVDF with a mass ratio of 94: 3 : 3 in
NMP. The slurry was cast onto a Cu foil (50 pm thick, =99%
purity, Advent Research Materials) and dried at 120 °C under
vacuum for 12 h. The foil was cut into circular discs and pressed
at 2 tons to obtain graphite anodes. Coin cells (CR2032) were
assembled in an argon-filled glove box with LiFePO, or LiCoO,
as cathodes and graphite as anodes. The La-Nb-co-doped
BaTiO; PTCR film (thickness ~200 pm) was placed in between
the cathode and the spacer (in coin cell) or between the cathode
and the cathode plunger (in Swagelok cell). This robust self-
standing PTCR film exhibited enough mechanical strength to
resist the pressure in the coin/Swagelok cells without breaking.

Cyclic voltammetry measurements used a scan rate of 0.1 mV
s~' over the voltage range of 2.5-4.1 V. Galvanostatic charge/
discharge tests were carried out at various rates of charge/
discharge (e.g. 0.1C for a theoretical specific capacity of
170 mA h g " corresponds to a specific current of 17 mA g™ )
within the voltage range of 2.5-4.1 V (vs. Li'/Li) for LiFePO,
battery (3.0-4.3 V for LiCoO, battery) at different temperatures.
Electrochemical impedance spectroscopy measurements were
collected at the open circuit potential with a perturbation
amplitude of 10 mV in the frequency range of 0.1 to 200 kHz at
different temperatures.

Overcharging tests were carried out by constantly charging
the full cells to either reaching 180% state of charge (SOC) or
exceeding 10 V voltage at 0.4C current rate, with the voltage
variations of the cell versus time being recorded by a Biologic
potentiostat. Heating tests were characterised by heating the
fully charged coin cells to 150 °C at 4 °C min~ ", and keeping the
cell at 150 °C for 60 min, with the voltage variations and
temperature changes of the cell versus time being recorded by
a Biologic potentiostat and a PicoLog TC-08 thermocouple data
logger, respectively.

3. Results and discussion

3.1. Microstructure, morphology and electrochemical
properties of La/Nb-doped BaTiO; PTCR materials

The undoped, La-doped, Nb-doped and La-Nb-co-doped BaTiO;
samples with various doping amounts were produced via a solid
state synthesis method, to determine the effect of element
doping on the microstructure, morphology and electrochemical
properties of BaTiO; samples. Table 1 shows the sample labels
used for La and/or Nb doped BaTiO; samples with various
doping amounts.

The XRD patterns of undoped, La-doped, Nb-doped and La-
Nb-co-doped BaTiO; samples (Fig. 1a) show that the tetragonal
BaTiO; phase (space group P4mm) has been prepared
throughout with no impurity phases detected after La and Nb

This journal is © The Royal Society of Chemistry 2022
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doping.** The shift in the 101/110 reflection positions indicates
that the La and Nb doping changes the lattice parameters of
BaTiO;. The undoped and doped BaTiO; samples exhibit
a tetragonal structure, as clearly seen by the split of, for
example, the 101/110 and 200/002 reflections as shown in
Fig. 1a.” The formation of a tetragonal structure and changes in
lattice parameters for La and/or Nb doped BaTiO; samples can
be confirmed via Rietveld fits (ESI, Fig. S1t) to the XRD data.
The obtained lattice parameters (a and c) and reliability factors
(Rwp, Rp) are listed in Table 1. The La and Nb are likely to
substitute on the Ba and Ti site, respectively, as the ionic radii of
La®* (1.36 A) and Nb°" (0.64 A) are close to those of Ba>* (1.61 A)
and Ti** (0.605 A), respectively.*** The Rietveld fits are consis-
tent with this assumption. As shown in Fig. 1b, for La-doped
BaTiO; samples, the lattice parameter a decreases with the
increasing amount of La doping from 0 to 0.9 at%, as Ba>* has
been replaced by the aliovalent La*" with smaller ionic radius.
The value of c/a has been used to denote the degree of
tetragonal distortion, also known as tetragonality.”” Tetragon-
ality is an important parameter in defining the PTCR charac-
teristics of doped BaTiO;, directly affecting the Curie
temperature and the magnitude of the PTCR jump.*®* The
increasing c¢/a value suggests that the tetragonality of the crystal
structure increases with the amount of La doping. For Nb-doped
BaTiO; samples, the lattice parameter a increases with the
increasing amount of Nb doping from 0 to 0.6 at%, as the Ti*"
has been replaced by the aliovalent Nb>" with slightly larger
ionic radius, while the lattice parameter ¢ decreases. The
resultant decreasing c¢/a value suggests that the tetragonality of
the crystal structure decreases with the increasing amount of
Nb doping. For La-Nb-co-doped BaTiO; samples, the La doping
amount remained at 0.3 at%, while the Nb doping amount was
increased from 0.2 to 0.6 at%. Comparing with the undoped
BaTiO; sample, the lattice parameter a decreases after co-
doping with 0.3 at% La and 0.2 at% Nb, then increases after
increasing the Nb doping amount from 0.2 to 0.6 at%.
Accordingly, the tetragonality of the crystal structure increases
after La and Nb co-doping, then decreases with the increasing
Nb doping concentration. This trend is consistent with the
results obtained from the Nb-doped BaTiO; samples. For La-
Nb-co-doped BaTiO; samples, the crystal structure of BaTiO;
has been affected by both La and Nb doping, and the BaTiO;
with 0.3 at% La and 0.2 at% Nb co-doping exhibits the highest
tetragonality.

The formation of a tetragonal structure and changes in tet-
ragonality of undoped, La-doped, Nb-doped and La-Nb-co-
doped BaTiO; samples can also be confirmed by Raman spec-
troscopy. As shown in Fig. 2a, the Raman spectrum of tetragonal
BaTiO; exhibits the Raman-active modes E(TO), A(TO) at
~180 cm ™', A{(TO) at ~270 cm ™', E(LO + TO), B; at ~307 cm ™,
E(TO), A,(TO) at ~515 cm™ " and E(LO), A,(LO) at ~720 cm ™},
while cubic BaTiO; is Raman-inactive.*”*° It has been reported
that the sharp peak at ~307 cm™* (shaded in Fig. 2a) is partic-
ularly sensitive to the tetragonality of the crystal structure, with
its intensity increasing when BaTiO; becomes more tetrag-
onal.””*® The integrated intensity of the peak at 307 cm™ " for
each sample relative to that of the undoped BaTiO; sample has
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Table1 Compositions of undoped, La-doped, Nb-doped and La—Nb-co-doped BaTiOz samples; lattice parameters (a, ¢), tetragonality (c/a) and
reliability factors (R, Rp) obtained from the Rietveld fits to the XRD patterns

Lattice parameter Tetragonality Reliability factor

Sample Composition a[A] c[A] cla Ryp R,
BTO BaTiO3 4.00271(9) 4.01627(11) 1.0034 0.112 0.0897
BTO-L3 (Bag.007La0.003) TiO; 4.00158(6) 4.01767(08) 1.004 0.1337 0.1063
BTO-L6 (Ba.094La0.006) TiOs 4.00018(7) 4.01844(10) 1.0046 0.1116 0.089
BTO-L9 (BAg.991La0.000) TiO; 3.99920(9) 4.02082(11) 1.0054 0.1026 0.083
BTO-N2 Ba(Ti0.00sNbo.002) 05 4.00276(6) 4.01601(08) 1.0033 0.1345 0.1063
BTO-N4 Ba(Tio.006Nbo.004)0; 4.00288(8) 4.01451(10) 1.0029 0.1096 0.0884
BTO-N6 Ba(Ti0.004Nbo.006)Os 4.00326(6) 4.01400(08) 1.0027 0.133 0.1042
BTO-L3N2 (BA.997La0.003)(Tio.008Nb0.002) O3 3.99985(6) 4.02231(08) 1.0056 0.1363 0.1088
BTO-L3N4 (BAo.997La0.003)(Tio.006NDo.004) O3 4.00083(6) 4.01978(08) 1.0047 0.129 0.1027
BTO-L3N6 (BAg.997La0.003)(Tio.004Nbo.006) O3 4.00149(8) 4.01922(11) 1.0044 0.1329 0.1025

been used to qualitatively evaluate the tetragonality after La
and/or Nb doping.**“** In Fig. 2b, the relative integrated
intensities of the peak at 307 cm
doping elements and amounts. For La-doped BaTiO; samples,
the integrated intensity of the peak at ~307 cm™ " increases with
the increasing amount of La doping, suggesting that the tetra-
gonality of the crystal structure increases after La doping. For
Nb-doped BaTiO; samples, the tetragonality of the crystal
structure decreases after Nb doping, as the integrated intensity
of the ~307 cm ™' peak decreases with the increasing amount of
Nb doping. For La-Nb-co-doped BaTiO; samples, compared
with the undoped BaTiO; sample, the integrated intensity of the
peak at ~307 cm™ ' increases after co-doping with 0.3 at% La
and 0.2 at% Nb, then decreases when increasing the Nb doping
amount from 0.2 to 0.6 at%. The BaTiO; with 0.3 at% La and 0.2
at% Nb co-doping exhibited the highest tetragonality. This
trend is consistent with the result obtained from the XRD
Rietveld analysis. Both XRD and Raman characterisations
confirmed that La and Nb have been doped into the phase-pure

-1

are plotted vs. various

BaTiO; phase with a concomitant change of tetragonality.

The grain sizes of undoped, La-doped, Nb-doped and La-Nb-
co-doped BaTiO; samples were determined from analysing SEM
images using the Image] software, and the size distributions
were obtained by fitting with a Gaussian function. The SEM
images and grain size distributions of the samples are shown in
Fig. 3a and ESI, S2,T and the average grain sizes of the samples
are presented in Fig. 3b and Table 2. The undoped BaTiO;
shows an average grain size of 1.33 pm and a wide size distri-
bution. The La and/or Nb doped BaTiO; samples exhibit slightly
smaller average grain sizes of 0.93-1.18 pum and narrower size
distributions. As shown in Fig. 3b, the average grain size of the
sample decreases with the increasing La or Nb doping
concentration. This grain size reduction with La and/or Nb,
even with a low doping concentration (<0.9 at%), could be
ascribed to the segregation of small amounts of doped donors
and generated acceptors at the grain boundary, thus retarding
the grain growth.>-%”

The variations of the room temperature conductivity and
PTCR effect of BaTiO; samples after Nb and/or La doping are
plotted in Fig. 3c. The PTCR effect was defined as the logarithm
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Fig. 1

(a) XRD patterns of undoped, La-doped, Nb-doped and La—Nb-co-doped BaTiOs samples; enlarged XRD patterns to highlight the shift in

the peak position and the split of 101/110 reflections (middle); enlarged XRD patterns of the split of 200/002 reflections (right). (b) Lattice
parameters (a, ¢) and tetragonality (c/a) against samples with various doping elements and amounts (sample labels explained in Table 1).
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Fig. 2 (a). Raman spectra of undoped, La-doped, Nb-doped and La—Nb-co-doped BaTiOz samples (peaks at ~307 cm ™ being marked as
shaded). (b). Relative integrated intensities of the Raman peak at 307 cm™?, as a function of BaTiOz samples with various doping elements and

amounts (sample labels explained in Table 1).

of the conductivity drop above the Curie temperature of
~135 °C, with respect to room temperature, and it is denoted as
12(0 max/Fmin)- The conductivities listed in Table 2 are calculated
from the current-voltage plots shown in ESI, Fig. S3.7 For La-
doped BaTiO; samples, the 3 at% La-doped BaTiO; sample
(2.28 x 107* S em™") exhibits a much higher conductivity than
undoped BaTiO; (4.05 x 107 S cm ') at room temperature.
This has been attributed not only to the donor-doping elec-
tronic compensation of the La®" substituted Ba®" to create
electronic defects (La,O; — 2Lag, + 200 + 0.50, + Ze/), but also
to the formation of oxygen vacancies to release free electrons
(00— Vg + 0.50, + 2¢').%%%° The dramatic increase in the room
temperature conductivity is generally accompanied by
a decrease in PTCR effect as the bulk grains become more
conductive and the contribution from the grain boundaries,
where the PTCR effect mainly originates, is reduced. However,
even though the PTCR effect decreases after 0.3 at% La doping,
it still maintains a significant conductivity drop of 2.11 orders of
magnitude above the Curie temperature, because the formed
oxygen vacancies can act as electron traps at the grain
boundary.®*® As shown in Fig. 3c, the room temperature
conductivity decreases dramatically with increasing La doping
amount to 0.6 and 0.9 at%. This has been ascribed to the
change of the electronic compensation to ionic compensation
via the formation of ionic defects including immobile cation
vacancies (La,03; —2Lay, + Vg, + 300).°*° The BaTiO; sample
with 0.3 at% La doping exhibits the highest conductivity with
a significant PTCR effect. For Nb-doped BaTiO; samples, lower
Nb doping concentrations (<0.6 at%) have been applied to
avoid the conductivity drop due to the change from electronic
compensation to ionic compensation beyond a critical doping
concentration (~0.6 at% for La doping in this research).®* The

This journal is © The Royal Society of Chemistry 2022

Nb-doped BaTiO; samples exhibit much higher conductivities
(=2.19 x 10° S ecm ') than undoped BaTiO; (4.05 x
1077 S em ') at room temperature (Fig. 3c). This has been
ascribed not only to the donor-doping electronic compensation
of the Ti*" substituted by Nb>", which leads to the creation of
electronic defects (Nb,Os— 2Nby; + 400 + 0.50, + 2¢'), but
also  to the formation of  oxygen  vacancies
(00— Vg +0.50, + 2¢'), and subsequent reduction of some
Ti*" to Ti**.*>% The PTCR effect weakens after Nb doping, but
a significant conductivity drop of =2.01 orders of magnitude
above the Curie temperature was retained as the oxygen
vacancies can act as electron traps at the grain boundary.®® The
BaTiO; sample with 0.3 at% La doping exhibits the highest
conductivity with a significant PTCR effect among the La-doped
BaTiO; samples, and the BaTiO; samples with Nb doping
amounts between 0.2 and 0.6 at% show similarly improved
conductivities and significant PTCR effects. Therefore, 0.3 at%
La and 0.2 to 0.6 at% Nb doping amounts have been selected for
La-Nb-co-doped BaTiO; samples. As shown in Fig. 3c, the
conductivity and PTCR effect of BaTiO; have been affected by
both La and Nb doping, and the BaTiO; with 0.3 at% La and 0.2
at% Nb co-doping exhibits the highest conductivity of 2.71 x
10 S em ™' at room temperature with a significant PTCR effect
of 2.23 orders of magnitude above the Curie temperature.

3.2. Application of PTCR films for thermal protection of
lithium-ion battery materials

The La and Nb co-doped BaTiO; composition with the best
combination of conductivity and PTCR effect (BTO-L3N2) was
selected for battery testing. A co-doped BaTiO; film (thickness
~200 pm) was placed between the cathode and the spacer (in
coin cells) or between the cathode and the electrode plunger (in
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of various doping elements and amounts. (c) Room-temperature conductivity and PTCR effect of undoped, La-doped, Nb-doped and La—Nb-

co-doped BaTiO3z samples (sample labels explained in Table 1).

Swagelok cells) of a battery with a LiFePO, cathode and a Li
anode. The effects of the inorganic BaTiOz-based PTCR film on
the thermal and electrochemical performances of the battery
were evaluated by cyclic voltammetry, galvanostatic charge/
discharge and electrochemical impedance spectroscopy at
different temperatures.

At room temperature, the LiFePO, half cells with and
without the film exhibit nearly identical cyclic voltammetry
curves with redox peaks at 3.26 V and 3.66 V as shown in Fig. 4a,
which indicates that the PTCR film had no adverse effect on the
performance of the battery, thanks to its high electrical
conductivity and good chemical stability. This was confirmed by
galvanostatic charge/discharge experiments at 0.1C (Fig. 4b),

1592 | J Mater. Chem. A, 2022, 10, 11587-11599

which show the same specific capacities of 153 mA h g~" and
discharge plateaus at 3.41 V, for the battery with and without
the film. The combination of sufficiently high room tempera-
ture conductivity and low film thickness results in a negligible
ohmic drop in the batteries operated at room temperature
(estimation set out in ESIt), which explains why the battery can
work in the presence of the PTCR film.

When the temperature was increased to 135 °C, the battery
without the PTCR film reached the maximum pre-set capacity of
170 mA h g~' on charge, followed by discharge with a high
discharge capacity of 138 mA h ¢~ " and a flat discharge plateau
of around 3.4 V (Fig. 4c). These results show that, without the
PTCR film, the reactions of lithium insertion and extraction

This journal is © The Royal Society of Chemistry 2022
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Table 2 Average grain sizes of undoped, La-doped, Nb-doped and
La—Nb-co-doped BaTiOsz samples, determined by using Imaged
software and Gaussian function to analyse SEM images; conductivities
at room temperature and elevated temperature of 135 °C (denoted as
O max and omin, respectively), and the PTCR effects (denoted as lg(amax/
amin)) Of BaTiOz samples with various doping elements and amounts
(sample labels explained in Table 1)

Conductivity [S cm™ '] PTCR
Average grain
Sample size [um] Omax Oimin 12(0max/Tmin)
BTO 1.33 4.05 x 1077 9.55 x 10 2.63
BTO-L3 1.18 228 x 107° 1.77 x 107°  2.11
BTO-L6 0.96 490 x 107° 2.33 x 1077 2.32
BTO-L9 0.93 7.59 x 1077 223 x 107°  2.53
BTO-N2 1.17 242 x 107° 214 x 107°  2.05
BTO-N4 1.06 2.27 X 107° 2.11 x 10°°  2.03
BTO-N6 1.01 219 x 107° 2.13 x 10°°  2.01
BTO-L3N2 1.03 2,71 x 107° 1.58 x 107°  2.23
BTO-L3N4 1.02 2,56 x 10°° 1.54 x 10°°  2.22
BTO-L3N6 0.98 2.49 X 10° 1.58 x 107°  2.20

proceed without control. In contrast, the battery with the PTCR
film showed, at 135 °C, a remarkable increase/drop in charge/
discharge voltage, which attained values of ca. 3.65 V and
3.05 V, and delivered a dramatically reduced charge/discharge
capacity of 54 and 19 mA h g ', respectively, thus showing
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that the current flow was effectively blocked. When the
temperature was further raised to 150 °C, the charge and
discharge voltage of the battery with the PTCR film quickly
reached the pre-set upper and lower limits of 4.1 V and 2.5V,
respectively, delivering practically no charge/discharge capacity.
This was attributed to the PTCR effect of the La and Nb co-
doped BaTiO; film, which was insulating above 135 °C. The
decrease in conductivity of the PTCR film at high temperature
produces a significant ohmic drop (see ESIt), which explains
the variations in charge/discharge voltage observed experi-
mentally. Notably, the batteries exposed to these drastic
thermal treatments could recover a reasonable capacity when
the temperature was changed back to 25 °C (ESI, Fig. S47),
indicating a good reversibility and electrochemical stability of
the battery with the PTCR film.

The PTCR effect of the La and Nb co-doped BaTiO; film can
also be directly evidenced by the temperature dependence of the
electrochemical impedance spectra (EIS) of the battery. As
shown in Fig. 4d, batteries both with and without the PTCR film
presented similar EIS spectra at 25 °C, with a semicircle at high
frequency and a tail at low frequency, usually ascribed to the
charge transfer or contact resistance and Warburg impedance
of Li-ion diffusion, respectively. As the temperature increased to
135 °C, the battery without the PTCR film exhibited a slightly
larger semicircle, which suggested a small rise of the charge
transfer resistance in the battery. This could be tentatively
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Fig. 4 (a) Cyclic voltammetry at scan rate of 0.1 mV s~ and (b) 0.1C galvanostatic charge/discharge plots of LiFePQO4 half cells with and without
the PTCR film at 25 °C; (c) 0.1C galvanostatic charge/discharge plots and (d) electrochemical impedance spectroscopy of batteries with and
without the PTCR film at 25 °C and elevated temperatures of 135 °C and 150 °C.
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ascribed to electrolyte degradation at high temperature, with
a thicker SEI layer formed on the surface of the lithium elec-
trode. However, the battery with the PTCR film showed
a considerably enlarged semicircle, which indicated a large
increase of the charge transfer or contact resistance in the
battery, ascribable to the dramatic increase in resistivity of the
PTCR film.

3.3. Preservation of the electrochemical performance of
lithium-ion battery materials with PTCR films

The incorporation of the PTCR film for thermal protection
should not produce any adverse influence on the electro-
chemical performance of the batteries in the operating
temperature range, either at ambient or at the elevated working
temperatures required for many applications.

First, the cycling performance of LiFePO, half cells with and
without the PTCR film were compared at the standard ambient
temperature of 25 °C, at current rates of 0.1C and 1C. Fig. 5a and
b shows that the batteries with and without the PTCR film
delivered essentially the same initial discharge capacities of
~153 and ~130 mA h g~ at 0.1C and 1C, respectively, and
excellent capacity retentions of =96.8% and 105.7% after 50
cycles. For batteries cycled at 1C rate, the increased capacity
after 50 cycles can be attributed to a slow penetration of elec-
trolyte into the electrode materials during cycling that enables
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a better contact between active materials and the electrolyte.®
Fig. S5a and b (ESI{) shows that the coulombic efficiencies of
the batteries with and without the PTCR film are essentially the
same, thus demonstrating that the PTCR film does not induce
side reactions. Fig. S6 (ESIf) shows that the differences
observed in the cells with and without PTCR film are smaller
than the reproducibility of the experiments.

The rate capabilities of the batteries with and without the
PTCR film at 25 °C were also found to be consistent at various
sequential current rates from 0.1C to 5C (Fig. 5¢c and ESI, S5eT).
The battery with the PTCR film exhibited specific discharge
capacities of 154, 152, 148, 141, 129 and 68 mA h g" ' at 0.1C,
0.2C, 0.5C, 1C, 2C and 5C, respectively, and the discharge
capacity was fully recovered when the cycling rate was switched
back to 0.1C, indicating that, along with a good rate capability,
the battery with the PTCR film possesses a high reversibility and
electrochemical stability. Longer cycling studies were conduct-
ed at 0.5C rate for 80 cycles (ESI, Fig. S5c and df), showing
a high capacity retention of =98.5% over the first 60 cycles,
albeit a drop in capacity was observed in further cycling, which
are attributed to instabilities/reactivity of the lithium metal
counter electrode during continuous cycling at high current
densities (ca. 1 mA cm ™2 in the experiments in ESI, Fig. S5c and
dT).ﬁs,GS

The cycling performance of batteries with and without the
PTCR film were also studied at an elevated working temperature
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Fig. 5 Electrochemical performances of LiFePO,4 half cells with and without the PTCR film: galvanostatic cycling performances and charge/
discharge plots (insets) at a current rate of (a) 0.1C and (b) 1C at 25 °C; (c) the specific discharge capacities at various sequential rates from 0.1C to
5C at 25 °C; (d) galvanostatic cycling performances and charge/discharge plots (inset) at a current rate of 1C at 45 °C.
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of 45 °C, and these measurements were done at a 1C rate to also
evaluate the power capability. The batteries with and without
the PTCR film exhibited nearly identical electrochemical
behaviour with voltage plateaus of ~3.52 V at charge and
~3.34 V at discharge (inset in Fig. 5d). Both batteries delivered
initial discharge capacity of =131 mA h g~ " at 1C rate, and
capacity retention of =102.7% after 50 cycles (Fig. 5d), with high
coulombic efficiency of =99% (ESI, Fig. S5ft).

To further demonstrate the absence of adverse effects from
the incorporation of the PTCR films, additional experiments
were done with LiCoO, electrodes, which is one of the most
commonly used cathode materials in lithium-ion batteries.®”~*°
The cycling performance of LiCoO, half cells with and without
the PTCR film at ambient temperature were compared at
a current rate of 0.1C. Both batteries exhibited similar initial
charge/discharge plots (inset in ESI, Fig. S77), delivering
essentially the same initial specific discharge capacities of
~157 mA h ¢! at 0.1C and capacity retentions of =94.3% after
20 cycles (ESI, Fig. S77).

In summary, the BaTiO;-based PTCR film had no adverse
effect on the battery's electrochemical performance at ambient
temperature or 45 °C, which is a common operational temper-
ature range required for battery applications. The absence of
loss of capacity or rate capability under operational battery
conditions is ascribed to the high electrical conductivity of the
PTCR film at the relevant temperatures, as well as its high
chemical stability. Additional measurements were also per-
formed with the PTCR film acting as a cathode (thus
substituting LiFePO, or LiCoO, in the Li-half cells). As expected,
the PTCR film delivers very small capacity in galvanostatic
cycling and very low currents in cyclic voltammetry experiments
(ESI, Fig. S8t), demonstrating that all the capacity measured in
LiFePO, or LiCoO, half cells with the doped BaTiO; film can be
attributed to the LiFePO, or LiCoO, response. Having validated
the suitability of the incorporation of a BaTiO;-based film
without adverse effects in the battery performance under
operating conditions, the next section describes the evaluation
of the effect of the PTCR film in batteries under abuse
conditions.

3.4. Improving the safety of lithium-ion batteries under
abuse conditions with PTCR films

The effectiveness of the inorganic BaTiOs-based PTCR film in
improving the safety of practical batteries was evaluated by
assembling CR2032 full coin cells with LiFePO, or LiCoO, as
cathode and graphite as anode (LiFePO,-graphite or LiCoO,-
graphite cell), which were then tested under abuse conditions of
overcharge and overheating.

For the overcharge tests, the LiFePO,-graphite cells with and
without the PTCR film were charged at a constant current of
0.4C, until the cell either reached 180% SOC or exceeded a 10 V
potential limit. As shown in Fig. 6a, in stage I, during the
normal charging process (before 100% SOC), the cells operated
as normal, with Li-ions extracted from the LiFePO, cathode and
intercalated into the graphite anode. After the cells were fully
charged (=100% SOC, stage II), the cathode was fully

This journal is © The Royal Society of Chemistry 2022
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delithiated and no more Li-ions could be extracted, so the
voltage of the battery increased until overcharge reactions
initiated, at around 4.7 V, and the continuation of the over-
charge reactions produced a voltage plateau of around 5.7 V.
The behaviour of the batteries with and without the PTCR film
is similar in these two stages and it is also in good agreement
with previous studies on overcharge tests of lithium-ion
batteries.”*”*

In the following stage III of the overcharge process (Fig. 6a),
the cells with and without the PTCR film showed totally
different overcharge behaviours. The cell without the PTCR film
experienced rapid voltage fluctuations between 5.7 and 6.6 V.
Eventually the cell voltage suddenly increased to 13 V at 150%
SOC, and it was observed that the cell had swelled. The over-
charge tests usually produce degradation reactions such as the
decomposition of the electrolyte, SEI destruction, etc., and some
of these reactions produced flammable gases and heat, leading
to cell swelling and more accelerated degradation.***”>7® In
contrast, the cell with the PTCR film maintained a stable voltage
of about 5.7 V and the overcharge test continued until the set
limit of 180% SOC was reached. Similar phenomena have been
observed for the LiCoO,-graphite cells (ESI, Fig. S9f), which
failed when reaching 157% SOC during overcharge tests, while
the cell with the PTCR film remained stable up to 180% SOC.
Clearly, the inorganic PTCR film enabled a stronger tolerance to
overcharging.

The overcharge protection produced by the PTCR film can be
ascribed to the increase in its resistivity with temperature, as
shown in Fig. 6b and ESI, S10.T The La and Nb co-doped BaTiO3
film exhibits a low resistivity of 3.69 x 10> Q cm at room
temperature, and the resistivity starts to rise slowly from 75 °C,
then increases rapidly from around 115 °C, reaching a high
value of 6.33 x 10" Q cm at 135 °C. As schematically illustrated
in Fig. 7, as the inner pressure and temperature of the battery
increases during the overcharging process, due to the heat
generated from the side reactions like electrolyte decomposi-
tion, the thermal protection mechanism of the PTCR film would
be triggered. Its resistance would start to increase, which would,
in turn, slow down the cell reactions and restrain heat genera-
tion, thus maintaining the battery at a relatively low tempera-
ture, and keeping the battery stable.

The effectiveness of the PTCR film in enhancing battery
safety was evaluated also by performing a heating test, which is
often considered the strictest criterion for the safety evaluation
of lithium-ion batteries.”*** The fully charged LiFePO,-graphite
cells with and without the PTCR film were heated to 150 °C at
4°C min~", and kept at 150 °C for 60 min, with the voltage and
the temperature of the batteries being recorded. As shown in
Fig. 6¢, both cells showed a decrease of the open circuit voltage
from 4.1 V to around 3.3 V as the temperature increased to
150 °C. The battery without the PTCR film could only sustain
the heating test at 150 °C for ~36 min, and suddenly failed with
the voltage dropping to 0 V. Similar experiments have shown
that such drastic decrease of the cell voltage is due to an
internal short circuit of the battery as a result of the shrinking
and melting of the separator at high temperature, which can
lead to a dramatic rise of the cell temperature and fire.** In
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contrast, the battery with the PTCR film remained stable, with
an open circuit voltage of around 3.3 V after the temperature
reached 150 °C, and sustained the whole heating test, demon-
strating safe behaviour. While the cell without the PTCR film

voltage runaway
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overcharge

showed visible failure of the coin cell seal due to excess pressure
after the heating test, the cell with the PTCR film looked unal-
tered (inset in Fig. 6d). The enhanced stability of the cell with
the PTCR film can be attributed, again, to the increase in
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Fig. 7 Schematic illustrations of the electrochemical and thermal behaviours of LiFePO4-graphite and LiCoO,-graphite cells with and without

the PTCR film under abuse conditions of overcharging and overheating.
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resistivity with temperature. At the very high temperatures, the
PTCR film acts as an insulating layer and, thus, inhibits the
electron transport in the battery. The higher resistance of the
cell with the PTCR film delayed or hampered the internal short
circuit of the cell (schematically illustrated in Fig. 7) and the
heat-generating rate of the battery was greatly decreased, thus
preventing thermal runaway. To confirm the reproducibility of
the protection mechanism offered by the inorganic PTCR film,
further heating tests were conducted on ten LiFePO,-graphite
full cells with and without the La and Nb co-doped BaTiO; film
(five each). As displayed in Fig. 6d and ESI, S11,} the five
batteries without the PTCR films failed the heating test at
150 °C, showing a tolerating duration in the range 28-43 min.
Meanwhile, the five batteries with the PTCR films remained
stable for the full 60 min, demonstrating the effectiveness of the
BaTiO; film in preventing thermal runaway. Similar
phenomena were observed from heating tests performed on
LiCoO,-graphite cells (ESI, Fig. S12t). The fully charged battery
without the PTCR film could only sustain the heating test for
~32 min after the temperature reached 150 °C, and suddenly
failed with the voltage dropping to 0 V. In contrast, the battery
with the PTCR film remained stable, with an open circuit
voltage maintained at around 3.7 V at 150 °C, and sustained the
whole heating test, demonstrating safe behaviour.

As schematically illustrated in Fig. 7, under abuse conditions
of overheating and overcharging, the conventional lithium-ion
batteries without the PTCR film would generate a large
amount of flammable gases and Joule heat due to the internal
short circuit of the cell or side reactions like electrolyte
decomposition, leading to uncontrollable increases of the inner
pressure and temperature of the battery, thus accelerating the
exothermic reactions in the battery, and resulting in a thermal
runaway. However, the battery with the PTCR film showed
a high thermal stability and good safety performance under
abuse conditions. This was attributed to the PTCR effect of the
La and Nb co-doped BaTiO; film, which acted as an insulating
layer in the cell at high temperature, inhibiting the electron
transport in the battery and restraining the cell reactions and
heat generation, thus protecting the cell from thermal runaway.
The enhanced safety of the batteries with the PTCR film is
particularly important for applications such as electric vehicles,
in which it is critical that the unsafe behaviour of one of the
cells (e.g. sudden temperature rise, drastic voltage increase or
decrease) is not transmitted to the battery pack.”** Our results
show that the inorganic BaTiOjz-based PTCR film effectively
prevents unsafe voltage/temperature jumps of the batteries
under abuse conditions, thus providing an efficient battery
protection strategy.

4. Conclusion

We have developed a La and Nb co-doped BaTiO; film showing
a good room temperature conductivity and significant PTCR
effect to be employed as thermal protection layer in lithium-ion
batteries. The PTCR film was incorporated into the battery
system, acting as an insulating layer at high temperature and
inhibiting the electron transport in the battery, thus restraining

This journal is © The Royal Society of Chemistry 2022
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the cell reactions and heat generation and effectively preventing
thermal runaway. Lithium-ion batteries containing the BaTiO;-
based PTCR film exhibited not only excellent electrochemical
performance at ambient temperature but also a strong toler-
ance to overheating and overcharging. Our results provide the
first example of an inorganic PTCR system enabling efficient
thermal stability and safety performance under abuse condi-
tions and without any adverse implications for the electro-
chemical performance within the working temperature range.
Importantly, this self-standing inorganic PTCR film with high
chemical stability is not lithium-specific, it can be easily applied
in other battery systems for preventing thermal runaway.
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