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Abstract

Understanding the temperature dependence of phase transitions occurred in electrode materials
is crucial for improving the low-temperature performance of Li-ion batteries. In this work, we
find an unusual temperature dependence in the phase transition of TiO> nanoparticles on
dynamic Li" intercalation, with a decrease in temperature resulting in the formation of a
supersaturated solid solution phase. Kinetic analyses reveal that Li redistribution is facilitated
at high temperature while limited at low temperature. This difference manifests as a
thermodynamically-controlled phase separation at high temperature and a kinetically-
controlled formation of a supersaturated solid solution phase at low temperature. Facilitating
the phase separation by enhancing the interfacial kinetics proves effective to improve the low-
temperature performance. This study provides a comprehensive and in-depth understanding of
the temperature dependence of the lithiation-induced phase transition, which has important

implications for the development of the next generation of all-climate rechargeable batteries.

Keywords: phase transitions, interfacial kinetics, lithiation, temperature dependence, Raman
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1. Introduction

Rechargeable Li-ion batteries (LIBs) are widely used in digital devices, electric vehicles,
stationary energy storage wells, and the aerospace industry [1-4]. In addition to the
requirements of a high energy density and extended life cycles, LIBs must provide a stable
output and rapid charge/discharge capabilities over a wide range of temperatures, especially

when powering electric vehicles or hybrid electric vehicles [5-7]. The application of LIBs is



severely restricted, however, because they often experience significant capacity loss at low
temperatures [5,8-11]. Studies of the failure mechanism at extended temperature ranges have
generally suggested that a decrease in Li-ion transport kinetics in both electrolytes and active
materials is responsible for capacity deterioration at low temperatures [10,12-15]. One study of
the electrochemical properties of layered Li-rich oxides at 25 °C and 0 °C also suggested that
the lattice contractions caused by a decrease in temperature may be responsible for the capacity
loss [16]. Another study found that reducing the particle size of the LiFePO4/C electrode can
improve its performance at low temperatures [17]. These findings indicate that the temperature
influences the electrochemical performances of LIBs by changing the physical characteristics
of the electrode materials. The nature of the electrode material directly determines its
phase/structure evolution during the charging/discharging process, a process upon which
electrochemical performance is highly dependent [18,19]. However, phase transitions of
electrode materials at extended temperature ranges remain poorly understood, due in part to
difficulties associated with the direct monitoring of the electrode system in its operating
environments. Thus, few studies have investigated temperature-dependent phase transitions
during electrochemical (de)lithiation. Meethong et al. examined the effects of temperature on
the miscibility gap between LixFePO4 and Lii.yFePO4 phases and found that the miscibility gap
in LiFePO4 contracted systematically as temperature increased [20]. Delacourt et al. found
experimental evidence for a temperature-driven solid solution phase of LixFePO4 (0 <x < 1) at
450 °C despite the well documented two-phase nature of LixFePO4 at room temperature [21].
In contrast, Mai et al. revealed the formation of intermediate solid solution phases between
LiFePO4 and FePO4 during lithiation/delithiation at low temperatures, and proposed that the
formation of the intermediate phases was due to the reduced Li ion diffusion coefficient in
LixFePOs which resulted in accumulation of overpotential at the phase boundary of
LiFePO4/FePO4 and strong polarization at low temperatures [22]. They further investigated the
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phase transition of Na3V2(POs); at various temperatures and demonstrated that during
desodiation the phase evolution process was a one-phase solid solution reaction, rather than a
traditional two-phase transition, at low temperatures, and found that the diffusion coefficients
of Na ion in Na3V2(POs)3 decreased by reducing the temperature [23]. Interestingly, both high
and low temperatures can induce the formation of the intermediate solid solution phase.
Notwithstanding these pioneering studies, understanding of the fundamentals of the dependence
on temperature of lithiation-induced phase transition, which is critical for the design of all-

climate rechargeable batteries, still remains seriously limited.

In this study, we aim to address this limited understanding by examining the phase transition
of anatase TiO> upon Li" ion intercalation across a range of different temperatures. Anatase
TiO2 shows promise as an intercalation-type LIB electrode because of its low volume expansion
upon lithiation, fast charging capability and potentially high capacity when cycling between
0.01-3V [7,24], and is an ideal model electrode for this research. Operando Raman
spectroscopy reveals an unusual temperature dependence in the phase transition of anatase TiO2
nanoparticles on dynamic Li" intercalation, with a decrease in temperature resulting in the
formation of a supersaturated solid solution phase. Thermodynamic analyses show that
increasing temperature narrows the two-phase miscibility gap, which is contrary to the observed
temperature dependence. Kinetic analyses illustrate that Li redistribution is facilitated at high
temperature but limited at low temperature as a result of the sluggish Li transportation across
the electrolyte-electrode interface. This difference is seen to manifest as the particle-to-particle
phase separation at high temperature and the formation of a supersaturated solid solution phase
at low temperature. Enhancing interfacial kinetics and creating an interconnected electrode
architecture proves to be an effective means of weakening the temperature dependence,
facilitating phase separation, and improving low-temperature performance of LIBs. Our

findings provide, for the first time, a uniquely comprehensive and in-depth explanation for the
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temperature dependence of lithiation-induced phase transitions, which can be used to

understand the phase transitions at various temperatures of other electrode materials.

2. Results and Discussion
2.1. Operando Raman spectroscopy for phase identification

Operando Raman spectroscopy was developed to characterize the phase transition of anatase
TiO2 nanoparticles during electrochemical (de)lithiation at various temperatures. Anatase TiO>
has a tetragonal crystal structure (o phase), which is transformed into an orthorhombic structure
(B phase) via lithium intercalation (Fig. la) [25]. Through comparative analyses between
operando XRD and operando Raman spectra, we demonstrated that, in the case of TiO, the
Raman spectra information was sufficient and effective for phase identification during
(de)lithiation, as shown in Figs. S1-S4. By tracing the evolution of the E; peak at ~144 cm™! of
TiO2 (a(Eg)) and the Bz, peak at ~163 cm™' of LixTiO2 (P(Bz)), phase transition during
(de)lithiation was monitored as a function of time. Fig. 1b clearly shows the evolution of the
a(E;) peak and the P(Bz) peak during discharge/charge cycling. The gradual
disappearance(appearance) of the a(E,) peak and the appearance(disappearance) of the B(B2g)
peak correspond to the phase transition. With Li" insertion, the a(Eg) peak of the anatase phase
shifted to higher frequencies (Fig. 1c-d). A linear relationship can be assumed between the
Raman shift of a(E,) peak and the Li concentration (Fig. 1d). If there are certain peaks with
Raman shifts which are higher than that of a(E,) but lower than that of B(B2y), it then indicates
the existence of phases with Raman shifts that deviate from those of a and 3 phases, and these
phases are named as the supersaturated solid solution phase in current study (Fig. 1d), which is
characterized by the intensity in Raman spectrum between the a(E,) and B(B2¢) peaks (Fig. S4).

The supersaturated solid solution phase is such a phase that the Li concentration in this phase



exceeds the Li concentration limit of TiO; at equilibrium and takes a similar atomic structure
to that of TiO>. When discharge potential reaches the plateau region, the coexistence of two
peaks reflects the coexistence of two phases. Further lithiation resulted in the disappearance of
the a(E,) peak, so that only the B(B2e) peak could be found, indicating that the a phase was
completely transformed into the B phase. During Li* extraction, reverse spectra evolution was

observed, which indicated the reversible phase transition from the § phase to the a phase.
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Fig. 1. Crystal structure and Raman spectra of TiO> during lithiation. (a) Crystal structures of
Ti0O; and LipsTiOs. (b) Operando Raman spectroscopic monitoring of the phase transition of

TiO> during lithiation and delithiation. (c) The evolution of the Raman peak at ~ 144 cm™! with



Li concentration. (d) The Raman peak positions of a phase, § phase and the supersaturated solid

solution phase during 1C lithiation.

2.2. Temperature dependence of lithiation-induced phase transitions

In general, the (de)lithiation transition of bulk TiO; proceeds through a nucleation and growth
process with a fixed thermodynamic miscibility gap. The transition was reflected in the
operando Raman spectra as the diminishment of the a(E,) peak and the enhancement of the
B(B2e) peak, or vice versa. Meanwhile, a distinct gap with very low intensity should be identified
between the peaks, as illustrated in Fig. S5c. Fig. 2a-c and Fig. S7 show the two-dimensional
intensity mapping of the operando Raman spectra of TiO» nanoparticles during 1C
discharging/charging at 0 °C, 25 °C, and 40 °C respectively. Fig. 2a-c detail the evolution of
the a(Eg) and B(B2e) peaks. At all temperatures, it was found that the intensity distribution
between the a(E,) peak and the B(B2¢) peak during lithiation was greater than the background
intensity. The emergence of the greater intensity distribution between the two peaks indicated
the formation of phases or structures that differed from both the a phase and the B phase, which
was not caused by the possible pseudo-capacitive effects while the Li ions would be stored on
the surface region of the nanoparticles, because there was no intensity distribution with Raman
shifts higher than that of the a phase in the initial stage of discharge. Previous studies have
repeatedly demonstrated that a higher discharging current density will result in the appearance
of an intensity distribution between two correlative X-ray diffraction peaks of two endmember
phases of LiFePO4, and this intensity distribution represents the formation of the supersaturated
solid solution phase [26-29]. Further comparison of the operando Raman spectra of the TiO»
nanoparticles lithiated at 1C and 0.1C (Fig. S8) at 25 °C revealed that the intensity distribution

between the a(E,) peak and the B(B2¢) peak at 1C was higher than at 0.1C. We can thus attribute



the intensity distribution between the two Raman peaks to the formation of a supersaturated
solid solution phase. When the TiO> nanoparticles were lithiated at 1C and 40 °C, as shown in
Fig. 2c, the intensity distribution between the a(E.) and B(B2) peaks was weaker than the
distribution observed when lithiation occurred at 1C and 25 °C. However, when the temperature
was decreased to 0 °C (Fig. 2a), a stronger intensity distribution was observed between the two
peaks during lithiation, indicating that a decrease in temperature favors the formation of the
supersaturated solid solution phase during lithiation of TiO, nanoparticles. This phenomenon
contrasts sharply with the well-established knowledge that an increase in temperature results in
an increase in the solid solution limit and thus favors the formation of the solid solution phase

at higher temperatures.

Analysis of the individual Raman spectra collected during cell operation revealed more
evidence of these phenomena. Fig. 2d shows an obvious intensity band between the two peaks
in the selected Raman spectra. Furthermore, a decrease in temperature was seen to enhance the
intensity band. Fig. 2e shows the peak-fitting of a selected Raman spectrum collected at 0 °C
using a Gauss-Lorentz profile. As can be clearly seen, the peak-fitting is good only if an
additional peak (phase) is taken into consideration, and the additional peak is derived from the
supersaturated solid solution phase. Without consideration of this additional phase, as shown in
Fig. S9, the experimental spectrum and the fitted spectrum display distinct differences. By
fitting the Raman spectra with o and B two-phase coexistence, it is found that the supersaturated
phase can be identified in all the spectra, as shown in Fig. 1d. Besides, the evolution of the full
width at half maximum (FWHM) and the mole fraction of the supersaturated phase exhibits
similar trend (Fig. S10), that they first increased and then decreased with time. This trend also
demonstrated that the intensity distribution between the a(E,) and B(B2e) peaks was not caused
by the possible pseudo-capacitive effects. The non-constant FWHM, especially the very large

ones (e.g., > 20 cm™), indicates that the supersaturated phases should have various Li
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concentrations (the fitted Raman peak belonging to the supersaturated phase should be
composed of several peaks of smaller FWHM), which is in line with previous observation of
the continuous solid solution phases in LiFePO4 by XRD measurements [26]. Fig. S11 shows
the peak position evolution of the a(E,) and B(Bz,) peaks during 1C lithiation-delithiation at
various temperatures. A decrease in temperature shifted the peak positions of both phases to
higher frequencies during lithiation, and the difference between the peak positions of the two
phases (Araman sni) Was nearly constant across a range of temperatures. Therefore, the
emergence of the intensity distribution between the two peaks is therefore not induced by a
decrease in Araman shifi- In contrast to the lithiation process, the delithiation transition was seen
to seemingly independent of temperature, as shown in Fig. 2a-d. The intensity distribution
between the a(E,) and P(B2,) peaks during delithiation was nearly the same at various
temperatures, and no difference could be seen between the peak positions (Fig. S11). This
finding implies that the lithiation and delithiation transitions of TiO» are asymmetrical and
probably differ in their reaction mechanism. A similar asymmetry between lithiation and
delithiation has also been observed in LiFePO4 [26, 30], and could be attributed to spatial
heterogeneities in reaction rates, which are amplified during delithiation, but suppressed during
lithiation [30]. To clarify the underlying mechanisms of the distinct and unusual temperature
dependence of the phase transition during dynamic Li" intercalation, systematic thermodynamic

and kinetic analyses were conducted.
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Fig. 2. Operando Raman spectroscopy. (a-c) Two-dimensional normalized intensity mapping
of operando Raman spectroscopy of TiO2 nanoparticles during 1C lithiation-delithiation at (a)
0 °C, (b) 25 °C, and (c) 40 °C. The spectra intensities were normalized to their individual
maximum of each spectrum. (d) Comparison of selected Raman spectra at various temperatures.
(e) Fitting of the selected Raman spectrum at 0 °C, with consideration of the supersaturated

solid solution phase.

2.3. Thermodynamics during lithiation at different temperatures

To reveal the thermodynamics of the lithiation of TiO2 nanoparticles, Raman spectra of a

lithiated TiO» electrode at equilibrium were collected via a mapping function at various

10



temperatures. Based on the mapping results (Fig. S12), the selected area’s phase constitution
distribution was determined by /+/Ip (Where I« is the intensity of the a(E,) peak and Iz is the
intensity of the B(B2g) peak in a single Raman spectrum), as shown in Fig. 3a-c. The average
value of 1o/ in the selected area at 25 °C, 0 °C and —10 °C 1s 0.93, 0.98 and 0.99, respectively,
which indicates that the volume fraction of  phase slightly decreased and volume fraction of a
phase slightly increased as temperature decreases. This is also reflected in the color change in
Fig. 3a-c. The evolution of the intensity ratio /o/Ipimplies that the Li concentration limit in 3
phase may increase in order to maintain a constant global Li concentration. To determine the
Li concentration limits in a phase and B phase at various temperatures, the peak positions of the
Raman spectra were analyzed. The Raman shift distributions of the a and § phases at various
temperatures are plotted in Fig. 3d-f and Fig. 3g-i, respectively. The Raman shift of the a phase
decreased as the temperature decreased, indicating that a decrease in temperature decreases the
Li concentration limit of the a phase. Meanwhile, the Raman shift of the B phase increased as
the temperature decreased, indicating that the Li concentration limit of the  phase increases at
low temperatures. Based on the Raman mapping results at various temperatures, we established
the phase diagram for the Li-TiO> system (Fig. 3j). We use the average value of the Raman
shifts of the a phase or § phase in the selected area (Table S1) to represent the theoretical Raman
shifts of the o phase or  phase when the two phases are in equilibrium at a certain temperature.
The phase diagram shows that these results are consistent with the established knowledge that
the solid solubility will be increased and the miscibility gap will be narrowed at higher
temperatures. The lithiation thermodynamics of TiO: was further analyzed using a
galvanostatic intermittent titration technique (GITT). The equilibrium potential (Ee;) during
lithiation of TiO2 nanoparticles is shown in Fig. S13. We assumed isotropic physical properties,
and that the chemical free energy density fy(X) of a particle can be modeled using regular

solution formulation (Note S3). The chemical free energy density fr(X) was then plotted as a
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function of the mole filling fraction X of a regular solution of Li atoms and available vacancies
on the TiO; lattice, as shown in Fig. 3k. The mole filling fraction X; and X> at the two minima
in the free energy curve correspond to the solid solution limit in the a phase and the solute
concentration limit in B phase, respectively, and the difference between X; and X> is the two-
phase miscibility gap at equilibrium. Raising the temperature slightly narrowed the two-phase

miscibility gap, which is consistent with the phase diagram shown in Fig. 3j.
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phase at various positions at (d) 25 °C, (e) 0 °C, and (f) —10 °C. (g-1) Raman shift of the B phase
at various positions at (g) 25 °C, (h) 0 °C, and (i) —10 °C. (j) Phase diagram of Li-TiO> system
obtained from Raman mapping results. The Li concentration in the a and B phases at 25 °C
were set to 0.03 and 0.6 according to the literature [31]. (k) Free energy versus mole filling
fraction X of a regular solution of Li atoms and available vacancies on TiO; lattice at different

temperatures.

Ab-initio molecular dynamic (MD) simulations were also conducted to elucidate the
influence of temperature on the lithiated TiO> in thermodynamic equilibrium. A simulated
Li,Ti16032 supercell was relaxed with n values ranging from 1 to 10. Fig. 4a shows the lattice
constant changes for LigTi16032 (x = 0.375 in Li,TiO2) over time at 260 K, 300 K and 800 K,
respectively. The relaxation of the Li,Ti116032 supercell can be treated as the spinodal
decomposition of a supersaturated solid solution phase (Fig. 4b). Generally, the supersaturated
phase will separate to an o phase and a 3 phase after relaxation. When the temperature was set
to 260 K or 300 K, phase separation occurs. However, when temperature was 800 K, the
structure of Lio.375Ti02 unceasingly changed between phase separation and supersaturated solid
solution phase, implying that the phase separation could be suppressed at 800 K or above. The
average lattice constants after relaxation are plotted in Fig. 4c-d. The difference between lattice
constants a and b decreased with an increase in temperature, suggesting that the relaxed
structure at high temperature was closer to the crystal structure of the a phase (¢ = ). XRD
measurements were further conducted on a lithiated TiO; nanoparticle electrode (with two-
phase coexistence and Li concentration being 0.258) under various temperatures, as shown in
Fig. 4e. The XRD patterns at 173 K and 300 K show that the electrode had two phases. When

the temperature was raised from 173 K to 800 K, three peaks corresponding to the  phase
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disappeared and the remaining two B phase peaks at ~44.2° and ~51.6° gradually shifted to
lower angles. The XRD pattern at 800 K was first indexed by using the Winplotr software and
then fitted with the XFIT software to obtain the peak profile. Finally, the Chekcell program was
used to conduct the space group assignment. The above analysis suggested the formation of a
new intermediate phase, and the new phase crystallized in the tetragonal system and may have
a space group of I41acd (Fig. 4e) or P42nnm (Fig. S17). Precise determination of the crystal
structure of the new phase requires more comprehensive and accurate measurements and
calculations. Nevertheless, it can be reasonably assumed that the new intermediate phase
formed at high temperatures has a crystal structure closer to the room-temperature o phase
(crystal system: tetragonal. Space group: I41amd), rather than the B phase (crystal system:
orthorhombic. Space group: Imma) [25]. In light of this, the ab-initio MD simulation and XRD
results indicate that increasing temperature should favor the formation of the solid solution
phase. Thus, it can be concluded that the influence of temperature on the equilibrium
thermodynamics was not the reason for the formation of the supersaturated solid solution phase

during the lithiation transition of the TiO2 nanoparticles.

On the other hand, it was observed that the time cost for phase separation at 260 K is longer
than at 300 K (Fig. 4a). This implies that once the supersaturated solid solution phase was
formed, it was relatively more stable at low rather than high temperatures. This observation is
consistent with the changes in free energy obtained at different temperatures using GITT (Fig.
3k). We can see that the phase transition at —10 °C was more prone to go through a metastable
route instead of a stable phase separation route than at 25 °C, which is similar to the
supersaturation model proposed by Mai et al. to illustrate the phase transition mechanism of
FePOs to LiFePO4 at different temperatures [22]. To continuously explore the inherent
mechanism of the formation of the supersaturated solid solution phase, we then examine the

influence of temperature on the kinetics during the dynamic lithiation of the TiO, nanoparticles.
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temperature 7;. (c) The average lattice constants a, b of the Li, TiO structure over the 4-6 ps
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Lio375TiO2, m: b of Lig.375TiO02, A: a of LipsTiO2, A: b of LiosTiO»). (d) The average lattice
constant ¢ of the Li,TiO, structure after 4 ps simulation at different temperatures (e®: ¢ of
Lio.0625T102, m: ¢ of Lip375Ti02, A: ¢ of LigsTiOz). (¢) The XRD patterns of lithiated TiO»
nanoparticles collected at various temperatures. The black and purple vertical bars mark the
observed peak positions and calculated peak positions based on I41acd space group for the

XRD pattern measured at 800 K, respectively.
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2.4. Kinetics during dynamic lithiation at different temperatures

It is worthy of note that the evolution of the Raman intensity ratio (/,/Ig) shown in Fig. 3a-c
is not synchronous at various sites of the electrode (e.g., site 1 and site 2 in Fig. 3a). A similar
phenomenon was observed during the galvanostatic discharging of the TiO» nanoparticle
electrodes. It was expected that the TiO; electrode would constantly transform from the a phase
to the B phase during the lithiation process due to the constantly increasing Li concentration.
Interestingly, however, the reverse transition was observed during the lithiation process of the
TiO; nanoparticle electrodes, as indicated by the marked rectangular region in Fig. Sa.
Additionally, the Raman spectra shown in Fig. 2a indicate that the o phase still remained at the
end of the lithiation process. The survived o phase gradually disappeared during the delithiation
by absorbing more lithium ions on the initial delithiation, which was possible because the
thermodynamic equilibrium state with the overall Li content, at the end of the lithiation process
or at the beginning of the delithiation process, should be in the § phase. The supersaturated solid
solution phase or the particles of f phase with higher Li concentration would be the possible Li
sources for these particles of the survived o phase. These phenomena reflect the Li
redistribution within the electrode, and we propose that the phenomena are caused by the inter-

exchange of Li" between different particles.

To demonstrate this hypothesis, we conducted EIS measurements with a TiO, nanoparticle
electrode discharged for 0.5 h at a current density of 1C without relaxation at different
temperatures. The results are shown in Fig. 5b-c. Unlike the EIS spectra collected at open circuit
potential (OCP) before discharging (Fig. S18), the inclined straight line disappeared, and
obvious inductive loops appeared in the spectra at higher temperatures. Fitting the EIS spectrum

using the model proposed in Fig. S19 further confirmed the existence of inductance. Inductance
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is defined as the propensity of an electrical conductor to produce a reverse electromotive force
that opposes a change in the current flowing through the circuit [32]. Two mechanisms —
adsorption/desorption of Li" and interparticle Li" transportation — were ever reported
accounting for the inductive loop in EIS spectra [32,33-37]. The adsorption/desorption
mechanism implies that the appearance of the inductive loop should be independent of the Li
concentration. However, our results (Fig. S18b) showed that there was no inductive loop when
the cell was discharged for only 10 min. Thus, the inductive loop, resulted from the generation
of an electromotive force superimposed upon the Li* intercalation during discharging, could be
attributed only to the interparticle Li transportation generating a field that opposes the field
caused by the global electrochemical discharging [32,37]. This will result in such a scenario
that, although the global Li concentration of the electrode increases constantly during
discharging, the Li concentration of certain particles may decrease while that of others will
increase due to the interparticle Li transportation, causing the Li redistribution in the electrode.
The SECM (Fig. 5d-f) images show that the surface conductivity of the electrode decreased
nonuniformly at different positions during lithiation, which further indicates a redistribution of

Li within the electrode.

In the many-particle electrode (Fig. 5g), different particles will reach slightly different depth
of discharge (DOD) during Li" intercalation due to physical or structural heterogeneities (e.g.,
difference in electronic conductivity and particle size) [38]. Under this condition, simulations
and experiments have shown that because of the small particle size, phase separation will occur
between different nanoparticles rather than within a single nanoparticle at a constant
temperature like room temperature [38-43]. Nanoparticles with higher DOD within the spinodal
region have a larger driving force to be lithiated, while others tend to be delithiated [38]. As a
result, the TiO2 nanoparticles reach either an almost fully lithiated B phase or an almost fully

delithiated a phase, which is illustrated in the high temperature route in Fig. 5g. Instead of the
17



constant lithiation of each single particle, Li redistribution occurs as a result of thermodynamic
relaxation and dominates the dynamics of the phase separation [38]. Therefore, the operando
Raman spectra of the TiO, nanoparticle electrode during lithiation collected at high

temperatures (Fig. 2b-c) exhibit more distinct two-phase character.

Fig. 5b-c show that the inductive loops are more obvious at high temperature. Meanwhile,
the frequency where the inductive loops appear decreases at lower temperature. This means that
raising temperature can enhance the interparticle Li transportation (Li redistribution), while
decreasing temperature makes the interparticle Li transportation very sluggish so that Li
redistribution was limited at low temperature like 0 °C [32]. The sluggish interparticle Li
transportation at 0 °C result from the deceleration of the Li diffusion across the electrolyte-
electrode interface. This is evidenced by the significantly enlarged charge transfer resistance
with temperature decreasing from 40 °C to 0 °C (Fig. 5b), which is also consistent with the
change of the overpotential with temperature. As marked in Fig. 5b, the voltage decreased to
0.93V after discharging for 0.5h at 0 °C, much lower than at 25 °C and 40 °C. Fig. S22 also
shows that the discharging voltage profile at —10 °C deviates more from the equilibrium
potential profile than that at 25 °C. The decrease in temperature significantly retarded the Li
diffusion across the electrolyte-electrode interface, making the interparticle Li transportation
extremely difficult. Thereby, we concluded that the formation of supersaturated solid solution
phase at low temperature originates from the limited Li redistribution as a result of the sluggish
interparticle Li transportation. In this condition, the particle-to-particle phase separation is
suppressed [38], and the constant lithiation prevails in a single particle [26-28,44-46]. This
results in the emergence of much higher intensity distribution between the a(E,) and B(B2e)
peaks at lower temperature (0 °C in Fig. 2). Meanwhile, the sluggish Li diffusion kinetics and
suppression of phase separation resulted in the degradation of the electrochemical performance

at low temperatures.
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Fig. 5. Li redistribution and particle-to-particle phase separation. (a) Two-dimensional
normalized intensity mapping of the operando Raman of TiO: nanoparticles during 0.1C
lithiation at 25 °C. (b) EIS spectra collected after the cell assembled using TiO> nanoparticles
was discharged at a current density of 1C for 0.5 h at various temperatures. (c) Enlarged view
of (b). (d-e) In situ SECM mapping of the TiO, nanoparticle electrode (d) before discharging
at open circuit potential (OCP) and (e) after discharging to 1.5V. (f) The decrement of the tip
current (it) after discharging from OCP to 1.5V. (g) Schematic illustration of lithiation of

nanoparticles in the electrode at various temperatures.
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2.5. Kinetic approach to improve low-temperature performance

Our results reveal that the Li redistribution is boosted at high temperature but suppressed at
low temperature as a result of the sluggish Li" transportation across the electrolyte-electrode
interface, which is the origin of the temperature dependence of the phase transitions and
formation of supersaturated solid solution phase at low temperatures. This crucial finding
inspires us that the enhancement of low-temperature performance of LIBs can come from
promoting Li transportation across the electrolyte-electrode interface and Li interexchange
among the active materials to facilitate the phase separations. Following the protocols described
above, here we transformed the TiO nanoparticles into TiO» nanowires (Fig. S20) and
compared their performance at 25 °C and —10 °C (Fig. 6). The nanoparticles and nanowires
were both composed of anatase phase (Fig. S21) and exhibited typical discharge/charge
potential profiles for anatase TiO, anodes at 25 °C and —10 °C (Fig. S22). Significantly, the
capacity of the nanowire anode at —10 °C reached 64% of its capacity at 25 °C, doubling the
value for the nanoparticle anode. When the temperature was elevated from —10 °C to 25 °C, the
nanowire anode regained its original high capacity and exhibited excellent battery performance
for a wider temperature range. Fig. 6a compares the R¢; and Ea¢; of the nanowire anode and the
nanoparticle anode. The R¢: of the nanowire anode was significantly lower than that of the
nanoparticle anode at all temperatures, while the Ea ¢ of the nanowire anode was around 20
meV lower than that of the nanoparticle anode. This means that Li transportation across the
electrolyte-electrode interface was significantly enhanced by the nanowire anode, reducing the
overpotentials for lithiation. The enhanced interfacial kinetics are expected to weaken the
temperature dependence of the phase transitions during lithiation and boost the Li redistribution

(i.e., facilitate the phase separation), which are evidenced by the operando Raman and EIS
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results. Fig. 6¢-d show the operando Raman spectra of the TiO> nanowires during 1C
discharging/charging at 40 °C and 0 °C. The intensity distribution between the a(Eg) and B(B2g)
peaks during both lithiation and delithiation appeared to be nearly the same at different
temperatures. Fig. 6e shows obvious inductive loops in the EIS spectra of the TiO> nanowire
anode at both 40 °C and 0 °C after discharging, which contrasts with the straight lines observed
at OCP (Fig. S24) and is more prominent than those observed for nanoparticle anode (Fig. 5b-
c). Furthermore, the inductive loop appeared at the same frequency at different temperatures,
indicating the same degree of difficulty for the Li redistribution. From the morphological and
structural points of view, the nanowires may form a three-dimensional interconnected porous
network through wire-to-wire connection which boosts the Li redistribution among the
nanowires [47,48]. In comparison with the nanoparticles, the nanowires might provide faster
electron or/and ion transfer channels, thereby lowering the charge transfer resistance. These
experimental findings suggest that optimizing the multi-particle kinetics involved in the
electrolyte-electrode interface and designing the electrode architecture are important for

improving the low temperature performance of LIBs.
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Fig. 6. Lithiation of TiO2 nanowires. (a) Re¢t of the nanoparticle electrode and nanowire
electrode at various temperatures and corresponding charge transfer energy barrier E,, . (b)
Comparison of the electrochemical performance of nanoparticle electrode and nanowire
electrode at 25 °C and —10 °C at a current density of 0.1C. (c-d) Two-dimensional normalized
intensity mapping of the operando Raman spectra of TiO2 nanowires during 1C lithiation-
delithiation at (c) 40 °C and (d) 0 °C. (e) EIS spectra collected after the cell assembled using
TiO2 nanowires was discharged at a current density of 1C for 0.5 h without relaxation at

different temperatures.

3. Conclusion

In this study, we provide a comprehensive and in-depth interpretation for the unusual
temperature dependence of lithiation-induced phase transition using TiO; electrode as a model.

We first revealed that the phase transition of TiO» nanoparticles during dynamic Li"
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intercalation was clearly dependent on temperature and a supersaturated solid solution phase
formed at low temperatures, which seemingly runs contrary to the traditional understanding of
thermodynamics. Afterwards, thermodynamic analyses showed that, despite the narrowing of
the two-phase miscibility gap that results from an increase in temperature, the supersaturated
solid solution phase was relatively more stable at low temperatures. Further kinetic analyses
demonstrated that Li interparticle exchange causing Li redistribution in the electrode facilitated
the particle-to-particle phase separation at high temperatures, however, at low temperatures, the
particle-to-particle phase separation tended to be suppressed because of the sluggish Li
diffusion kinetics across the electrolyte-electrode interface. Therefore, the constant lithiation
dominated in each nanoparticle, which kinetically induced the formation of the supersaturated
solid solution phase at low temperatures. Boosting Li transportation in the electrolyte-electrode
interface and creating interconnected active material architecture proved to be an effective
means to weaken the temperature dependence of lithiation-induced phase transitions, facilitate
the phase separation, and improve the low-temperature performance of LIBs. Our findings will
have important implications for the development of the next generation of all-climate

rechargeable batteries.

4. Experimental section

4.1. Operando Raman spectroscopy

For preparation of the working electrode, TiO2> was mixed mechanically with super P. A 5
wt% solution of Polytetrafluoroethylene (PTFE) was then added and mixed until a homogenous
slurry was obtained. The final mass ratio of TiO2, super P, and PTFE was 8:1:1. After drying,
the slurry was rolled into a thin film and then pressed onto a stainless-steel mesh that acted as

the current collector. A delicate airtight electrochemical cell with a quartz window on the
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positive case was designed and used for operando Raman spectroscopy. The cell was assembled
in an argon-filled glove box (02 < 0.5 ppm, H2O < 0.5 ppm) with lithium metal foil as the
counter-electrode. A 1 M solution of LiPF¢ in a mixture of ethylene carbonate (EC) and diethyl
carbonate (DEC) (1:1 = v/v) was used as the electrolyte. Celgard 2400 film was used as a
separator. The cell was cycled for 3 times at 1C prior to the operando Raman measurements.
The operando Raman measurements were conducted at 40 °C and 1C, followed by
measurements at 25 °C and 0 °C, respectively, using the same cell.

The Raman spectra were recorded at various temperatures using a MicroRaman system
(LabRAM HR spectrometer, Horiba) with an Olympus BX microscope. The spectra were
excited with an argon ion laser (532.05 nm). Each spectrum required a measurement time of 20
s, with two repeated accumulations. The Raman spectra were continuously collected as the
operando Raman cell was (dis)charged in a galvanostatic mode under a constant current density
of 1C or 0.1C (1C = 335 mA g!). Raman mapping acquisition was conducted at 25 °C, 0 °C,
and —10 °C. Before Raman mapping acquisition at 25 °C, the cell was discharged at 0.1C for 6
h and then relaxed for 12 h. Subsequently, the cell temperature was decreased to 0 °C, and the
cell was relaxed for 2.5 h followed by Raman mapping acquisition. This procedure was repeated
at —10 °C. The cell temperature was controlled in a temperature-controlled chamber (Linkam
Scientific) using a nitrogen-gas flow and electronic heaters (Linkam Scientific) for temperature-

dependent experiments.

4.2. Electrochemical measurement

For preparation of the electrodes, TiO: (70 wt.%), carbon black (20 wt.%), and
poly(vinylidene fluoride) (PVDF, 10 wt.%) were mixed in N-methylpyrrolidone (NMP). The
obtained homogenous slurry was pasted on a Cu foil and dried in a vacuum oven at 110 °C for

12 h. Coin cells were assembled in an argon-filled glove box (O2 < 0.5 ppm, H2O < 0.5 ppm)
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with lithium metal foil as the counter electrode, and 1 M LiPF¢ solution in a mixture of ethylene
carbonate and diethyl carbonate (1:1 = v/v) was used as the electrolyte. Celgard 2400 film was
used as a separator. The mass loading of TiO: in the electrodes was ~ 1.5 mg cm™. All EIS
measurements were carried out using a PARSTAT 4000 electrochemical workstation. A
frequency range of 10° Hz to 100 mHz and an AC voltage amplitude of 10 mV was chosen.
The cell temperature was controlled in a temperature-controlled chamber (Linkam Scientific)
and was varied between 0 °C and 40 °C (+0.1 °C) using a nitrogen-gas flow and electronic
heaters (Linkam Scientific) for temperature-dependent experiments. Galvanostatic
discharging/charging (GDC) and galvanostatic intermittent titration technique (GITT) tests
were conducted on a Landt battery tester at different temperatures. Typically, GITT
measurements consisting of a series of current pulses were applied to the coin cell at a current
density of 0.5C for 3 min, each followed by a 150 min relaxation period. The voltage window
of GITT measurement was 1.6 V to 2.2 V. Prior to the GITT measurement, the cell was

galvanostatic cycled at 0.5C for 5 cycles between 1.6 Vto 3 V.

4.3. Ab-initio molecular dynamic (MD) simulations

All density functional theory (DFT) calculations were carried out under the generalized
gradient approximation with the Perdew—Burke—Ernzerhof functionals [49,50] as implemented
in the Vienna ab-initio simulation package [51]. Ab-initio molecular dynamic simulations [52]
were carried out ina 2 x 2 x 1 supercell of LiyT116032 (n =1, 2, 4, 6, 8 and 10) anatase phase at
260 K, 300 K and 800 K, with a timestep of 2 fs to observe the phase transition to the lithium
titanate phase. Pressure was constantly maintained at 1 atm using the variable cell approach
[53]. The Parrinello-Rahman (NPT) scheme was used with a Langevin thermostat as
implemented in VASP [54]. For the detailed setting of the Langevin dynamics, the friction

coefficient is set to be 10 ps™! for both the atomic degrees-of-freedom and the lattice degrees-
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of-freedom. All degrees of freedom were allowed to change, including lattice constants and
angles between lattice vectors. The simulation supercell and large kinetic cutoff of 520 eV made
the computations extremely expensive, therefore systems were only simulated for 10 ps to
observe the phase transition process with different lithium concentrations and temperatures.
The atomic trajectories of selected LinTi116032 supercells were displayed with the collection of
the last 2000 simulation steps using Visual Molecular Dynamics (VMD) [55] software. The
dynamic lattice constants were traced during the whole simulation to distinguish the phase
evolution. The lattice parameters of a=b =7.58 A and ¢ = 9.50 A of the pristine o phase were
initially set in all AIMD simulations of LixTiO> with different Li concentrations and the
dynamic and equilibrium lattice constants were traced during the lattice relaxation processes at

temperatures of 260 K, 300 K, and 800 K in order to investigate the phase evolution.

4.4. Temperature-resolved XRD measurements

For the preparation of the electrode, the TiO> nanoparticles were mixed with super P and
polyvinylidene fluoride (PVDF) with a weight ratio of 6:3:1 in NMP, followed by coating on
an Al foil and drying in vacuo at 120 °C overnight. The composite film was then peeled off
from the Al foil and cut into discs with a diameter of 15 mm. The discs were pressed onto a
stainless-steel mesh to form the final electrode. The electrode thus obtained was used to
assemble the coin cell as described above. The cell was cycled at 0.02 C to a certain potential
in order to form both a and § phases in the electrode. The cell was then disassembled in the
glove box, and the electrode was washed using dimethoxyethane (DME). The XRD
measurements were conducted on an X-ray Diffractometer (Rigaku SmartLab 9kW - Advance).
The electrode was placed in a vacuum temperature chamber for the temperature-resolved

measurements, and the temperature was controlled by liquid N> and an electronic heater. The
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XRD patterns were collected from 20° to 60° with a speed of 2°/min at 173 K, 300 K, 600 K

and 800 K, respectively.

4.5. In situ scanning electrochemical microscopy (SECM)

SECM measurements were carried out using Bio-Logic M470 with a four-electrode open cell
made of polytetrafluoroethylene (PTFE). The PTFE cell was filled with electrolyte, and one of
the working electrodes containing TiO2 nanoparticles, PVDF and carbon black was placed at
the bottom, with the other working electrode (15 um Pt microelectrode) sealed in glass as the
SECM tip; Li metal was used as reference electrode, and Pt served as a counter electrode. The
electrode surface tilt was corrected prior to all measurements. An area scan was performed after
the tip was positioned near the surface. Images with an area of 80 umx=80 um were taken using

a step size of 8 um along both the x-axis and y-axis.

4.6. Synthesis of anatase TiO> nanowires

The synthesis method was similar to that reported by Li et al [7]. Typically, 2 g of TiO»
nanoparticles were dispersed in 80 mL of KOH solution (10 M), and the mixture was heated in
a 100-mL Teflon-lined autoclave at 200 °C for 24 h and then cooled to room temperature. The
obtained K;TisO13 nanowires were isolated from the solution by centrifugation and washed
three times with deionized water. The products underwent ion exchange using a 0.5 M HCl
solution by agitating for 4 h and were isolated via centrifugation; this step was repeated three
times. The obtained products were washed with deionized water and dried at 60 °C for 12 h.
Finally, the products were heat treated at 500 °C in air for 10 h in a high-temperature muffle

furnace.
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