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Abstract

The shear-phase compound TiNb,O; has recently emerged as a safe and high-volumetric
density replacement for graphite anodes in lithium ion batteries. An appealing feature of
TiNb,O5 is that it retains capacity even at high cycling rates. Here we demonstrate that
phase pure and crystalline TiNb,O; can be rapidly prepared using a high-temperature mi-
crowave synthesis method. Studies of the charging and discharging of this material, including
through operando calorimetry, permit key thermodynamic parameters to be revealed. The
nature of heat generation is dominated by Joule heating, which sensitively changes as the
conductivity of the electrode increases with increasing lithiation. The enthalpy of mixing,
obtained from operando calorimetry, is found to be small across the different degrees of

lithiation, pointing to the high rate of lithium ion diffusion at the origin of rapid rate per-

formance.
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1 Introduction

Fast charging electrical energy storage devices with high energy density, compact size, and
long-life have received significant research interest driven by the remarkable increase in de-
mand for portable consumer electronics and electric vehicles (EV) [1-4]. In this context,
lithium-ion batteries (LIBs) with high energy density and low environmental impact have
received particular attention [5]. Graphite has been widely used as an anode material in LIBs
owing to its low cost, structural stability upon cycling, and high energy density [6,7]. How-
ever, graphite anodes suffer from performance degradation over time caused by the formation
of a passivating solid-electrolyte interface (SEI) layer due to its low operating voltage of 0.1
V (versus Li/Lit) [8,9]. Furthermore, the plating of lithium on the SEI layer degrades the
kinetics of the redox reaction thus limiting the charging rate of the LIBs [10,11]. Therefore,
graphite anodes are not suitable for fast charging applications. To address the challenges
associated with graphite anodes, many alternative transition metal oxides have been devel-
oped including TiOy [12,14], LiCrTiO4 [15,16], and LiyTizOq5 [17-19]. In fact, Li;TisO12
features an operating potential plateau of approximately 1.5 V (versus Li/Li*) and has been
a leading candidate due to its relatively abundant and non-toxic elements and its structural
stability upon cycling [20]. However, LiyTi5O;, features relatively low specific capacity (~160
mAh/g) [11]. Recently, TiNbyO7 has been proposed as an alternative anode material [21].
Based on five lithium insertion per formula unit, TiNb,O7 has a theoretical specific capacity
of 388 mAh/g and a theoretical volumetric capacity of 1680 mAh/cm?, i.e., twice as large
as that of graphite [22]. TiNboO7 has been synthesized through different solid-state [21,23]
and hydrothermal [24] methods. Unfortunately, these methods require long heat treatments.
For instance, the conventional solid-state method requires heat treatment at temperature >
1000 °C for approximately 24 hours [21,23] while the hydrothermal method requires heat
treatment at temperature > 1100 °C for 12 hours [24].

The present study aims to develop a fast, simple, and cost-effective synthesis method
of TiNbyO; for LIB anode electrodes. The materials synthesized and the associated elec-

trodes were characterized by high-resolution synchrotron X-ray diffraction (XRD), conven-
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tional electrochemical methods, and potentiometric entropy measurement technique. Fi-
nally, operando calorimetric measurements were used to deepen our understanding of the
lithiation/delithiation process in TiNbyO electrodes and to investigate the associated heat

generation upon cycling at high C-rates.

2 Background

Four main phenomena contribute to heat generation in LIBs including (i) Joule heating, (ii)
reversible entropic heat generation, (iii) heat of mixing, and (iv) undesirable side reactions
[25-28]. Joule heating corresponds to irreversible resistive losses in the battery with an
associated heat generation rate expressed as Q(x,t) = Ry(x)I? where R;(z) is the battery
internal resistance at lithium composition x. Alternatively, Q J(x,t) can be expressed as
a function of the applied current I and the battery overpotential defined as the difference

between the operating voltage V (x,t) and the open circuit voltage Uy, (2, T), i.e. [25-28],
Os(a1) = I[V(2,£) — Upe(r, T)]. 1)

The overpotential in the device can be interpreted as the voltage drop due to the LIB’s
internal resistance. The latter is influenced by many factors and their effects have been
discussed extensively in the literature [34]. In brief, the battery internal resistance is known to
increase with (i) increasing number of cycles [32,33], (ii) increasing charge-transfer resistance
[35], (iii) decreasing ionic conductivity [35], and (iv) increasing electrolyte viscosity [37].
Additionally, the impact of changes in the state of charge (SOC) on the internal resistance
upon lithiation/delithiation varies significantly with cell chemistry since the battery materials
often experience phase transitions. The internal resistance of LIBs can be measured for
different lithium compositions using ez situ techniques [38]. Even though these methods can
be used to evaluate the changes in internal resistance at different SOC, it cannot capture
the change in internal resistance during cycling. Operando calorimetry offers an alternative

technique to evaluate the LIB’s internal resistance during cycling.



The reversible entropic heat generation rate Qrev(x,t) due to entropic changes in the
electrode upon lithiation/delithiation can be expressed as [25-28]

3Uocv(:r: T) ITE(x, T)

Qrev(xa t) =1IT 8T nF

(2)

Here, 5(x,T) = nFOU,e(x,T)/0T is the partial molar entropy of the cell, T is the tem-
perature of the cell, n is the number of electrons transferred by a single ion, and F' is the
Faraday constant. Note that the derivative OU,,(x,T)/0T is often termed as the entropic
potential and varies significantly with the SOC and any phase transitions in the cell upon
lithiation/delithiation [28].

The heat of mixing also known as enthalpy of mixing Qmm(m,t) associated with ion

concentration gradients caused by mass transfer resistance in the system can be written

s [25-27]

Gnes) == [ Sl ) 20, 1) v )

Here, V., is the volume of the cell, h;(x, T) is the partial molar enthalpy of species i evaluated
at the volume-averaged concentration at time ¢, and ¢; is the local concentration of species i.
For LIBs, the enthalpy of mixing can be further divided into four different contributions as-
sociated with ionic concentration gradients (i) across the electrolyte due to mass transfer, (ii)
across the electrode due to non-uniform current distribution, (iii) within lithium vacancies in
the electrode due to electrochemical reactions, and (iv) within the lithium ions intercalated
into the electrode from electrochemical reactions [39,40]. Among these different contribu-
tions, the enthalpy of mixing caused by the concentration gradient of the intercalated lithium
ions within the electrode is the most significant [27]. Note that Qi (,t) is often negligible
at low C-rates. However, Qmm(x, t) has to be considered for fast charging battery applica-
tions since it can be significant at high C-rates [26]. In fact, a previous study [39] reported
that the energy dissipated as enthalpy of mixing in a cell consisting of LiAlg,Mn; sO4_sFg -
as the cathode, LiPFg in EC:DMC 1:1 v/v as the electrolyte, and lithium metal as the anode
represented about 1.3% of the total energy dissipated as heat at C-rate of C/3. However, it

reached to 52% at C-rate of 2C. Therefore, the enthalpy of mixing must be accounted for



when considering heat generation in fast charging batteries.
Finally, the heat generation due to undesirable side reactions er(w, t) can be expressed
as [25-27]
er (z,t) Z AH;r(t (4)

where AH; is the enthalpy of reaction of chemlcal reaction ¢ occurring at reaction rate 7;(t).
Previous studies on heat generation in LIBs have neglected Q,,(z,t) [25-28]. In fact, the
aging process of LIBs occurs at relatively slow rates [25] and the magnitude of Q. (z,t) is
much smaller than that of Q(z,t), Qrev(,t), and Qumiz(z,t) under normal operation [26].
Overall, the total instantaneous heat generation rate Qr(z,t) (in W) in the entire cell can

be written as sum of all those four terms, i.e. [25-28],

QT(:U, t) = QJ(JJ, t) + Qm,(x, t)+ Qmm(x, t)+ er(x, t) (5)

Here, QT(x, t) is positive when heat is released by the cell and negative when heat is absorbed

by the cell.

3 Materials and methods

3.1 Microwave synthesis of TiNb,O;

In this study, TiNb,O; particles were synthesized using a fast and simple method consisting
of a single heating step in a microwave oven under ambient atmosphere. First, the precursor
powders TiOs (Aldrich Chemical Company, 99%) and NbyO5 (Materion, 99.95%) were thor-
oughly ground together in stoichiometric quantities (1:1) using an agate mortar and pestle.
The ground powder was then pressed into 250 mg to 300 mg pellets using a hand-operated
arbor press. The pellets were placed on a small sacrificial powder layer of the same ma-
terial inside of a 10 mL alumina crucible. This crucible was then nestled into a larger 20
mL alumina crucible filled with approximately 7 g of activated charcoal covered in alumina
fiberboard insulation, and placed off-center in a 1250 W microwave oven (Panasonic). This

stack was heated at 90% of the total microwave power (i.e., 1125 W) for 7 to 8 minutes
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reaching temperatures around 1200 °C, as observed with a laser thermometer, immediately
upon reaction completion. The insulation was removed and the pellets were allowed to cool
to room temperature. The produced crystalline TiNbyO7 particles required no additional
processing prior to fabricating the electrode. Additional background on general microwave

sample preparation can be found in Ref. [29].

3.2 Structural characterization

High resolution synchrotron X-ray diffraction measurements of the synthesized TiNbyO7
powder were collected at room temperature at the Advanced Photon Source at Argonne
National Laboratories on beamline 11-BM-B using an average wavelength of 0.457856 A.
The TiNbyO7 powder sample was loaded into a Kapton capillary and both ends were sealed
with clay. Rietveld refinement was performed with TOPAS [41] while VESTA [42] was used

for crystal structure visualization.

3.3 Electrochemical testing

The electrodes were cast on copper foil using an 80:10:10 (wt%) ratio of active mate-
rial (TiNbyO7), conductive carbon (TIMCAL SuperP), and polyvinylidene fluoride (Sigma
Aldrich). The active material was ball-milled for 30 minutes in a 2 cm? canister with SuperP.
This mixture was added to PVDF dissolved in 1-methyl-2-pyrrolidinone (Sigma Aldrich) to
form a slurry and was mixed in a FlackTek speed mixer at 2000 rpm for 30 minutes. The
slurry was cast onto a copper foil using a doctor blade set for 150 pm. Then, the film was
dried overnight at 110 °C in a vacuum oven. The fabricated electrode was then punched into
10 mm diameter discs resulting in an active material loading of 5.6 mg/cm? and assembled
into a coin cell configuration (MTI parts, 2032 SS casings) with 1 M of LiPFg in EC:DMC
1:1 v/v (Sigma Aldrich) as electrolyte and polished lithium metal (Sigma Aldrich) as the
counter electrode with a 50 pm thick polypropylene/polyethylene separator (Celgard C380).
Cyclic voltammetry (CV), galvanostatic cycling (GC), and galvanostatic intermittent titra-

tion technique (GITT) were performed on the coin cell in the voltage range of 1.0—3.0 V
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using a high accuracy potentiostat (Biologic, VSP-300). During GITT, each current pulse
was applied for 1 minute followed by a relaxation period of 30 minutes to measure the open
circuit voltage U,e,(x,T) as a function of composition z in Li, TiNbsO7 at constant temper-
ature T' = 20 °C. All potentials in this study are reported relative to Li*/Li, and C-rates
are defined with respect to the reduction of one electron per transition metal, e.g., 1C = 233

mAh/g.

3.4 Potentiometric entropy measurement

The partial molar entropy s(z,T") of the TiNbyO7 half-cell was measured as a function of
lithium composition x using a potentiometric entropy measurement technique performed on
a coin cell. The lithium metal counter electrode was considered as an infinite Li™ reservoir
with no lattice rearrangement upon lithiation/delithiation [30]. Therefore, the contribution
of the lithium metal electrode to the partial molar entropy was assumed to be constant
throughout the cycle [31,44]. The entropic potential of the TiNbyO7 coin cell U, (z, T') /0T
was measured to determine the partial molar entropy §(x,T’) using Eq.(2).

Figure 1 shows the schematic of the custom-made experimental setup assembled for po-
tentiometric entropy measurements. The experimental setup consisted of a thermoelectric
cold plate (TE technology, CP-121) whose temperature was measured by a type-K thermo-
couple (Omega, GG-KI-245-200) via a data acquisition system (Keysight, Agilent 34972A).
The temperature of the cold plate was controlled by a proportional-integral-derivative (PID)
temperature controller (TE technology, TC-720). The coin cell and current collectors were
wrapped with Kapton tape to prevent electrical contact with the thermoelectric cold plate.
Thermal paste (Omega, OT-201-16) was applied between the thermoelectric cold plate and
the wrapped coin cell to ensure good thermal contact. The type-K thermocouple was secured
on top of the coin cell assembly with the thermal paste and covered by a copper tape for
accurate temperature measurements. The entire setup was thermally insulated with Styro-
foam to reduce heat losses to the surrounding and achieve precise control of the coin cell

temperature.
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Figure 1: Schematic of the experimental setup used for the potentiometric entropy measure-

ment.

The potentiometric entropy measurements consisted of imposing a series of constant
current pulses at a C-rate of 2C for one minute at 20 °C each followed by a relaxation period
of 90 minutes. During the relaxation, a step-like temperature profile was applied to the coin
cell from 15 °C to 25 °C in 5 °C increments. The resulting voltage profile was recorded with
the potentiostat (Biologic, VSP-300). Before recording the open circuit voltage Upey(z,T')
and imposing the next temperature step, we verified that the cell was in thermodynamic
equilibrium by making sure that (i) the temperature difference between the cold plate and
the top of the coin cell was less than 0.1 °C and (ii) the time rate of change of the open

circuit voltage OU,, /Ot was less than 1 mV /h.

3.5 Operando isothermal calorimetry

The instantaneous heat generation rate in the TiNbyO; half-cell was measured under gal-
vanostatic cycling using a custom-made isothermal calorimeter previously described [45].

The TiNbyO7 electrode was cut into a 1 x 1 cm? square and assembled into a calorimetric



cell with 1 M LiPFg in EC:DMC 1:1 v/v (Sigma Aldrich) as the electrolyte and polished
lithium metal ribbon (Sigma Aldrich) as the counter electrode with a 50 pm thick Celgard
C380 polypropylene/polyethylene separator. Based on the thermal analysis of a single elec-
trode described in Supplementary Materials of Ref. [45], the heat generation rate (;(t) (in
mW) at each electrode was equal to the heat transfer rate ¢/(¢) passing through the 1x1
cm? thermoelectric heat flux sensor (green TEG, gSKIN-XP) such that [45],

AV

Qi(t) = qgl(t)Az' S,

A, withi= + or — (6)

where A; denotes the footprint area of the electrode (in cm?) while S; is the temperature-
dependent sensitivity of the heat flux sensor provided by the manufacturer (in ©V/(W/m?))

wn
]

while subscript refers to either the cathode “+” or anode “—”. Here, AV is the voltage
difference measured in each heat flux sensor in thermal contact with electrode “i”. The total
instantaneous heat generation rate in the entire device was the sum of the heat generation

rate measured at each electrode, i.e., Qr(t) = QL (t) + Q_(t).

4 Results and discussion

4.1 Structural characterization

Figure 2(a) shows a high resolution synchrotron X-ray diffraction (XRD) diagram of TiNbyO5
prepared using the previously described synthesis method. The XRD pattern was consistent
with those prepared by conventional methods [23]. The pristine TiNbyO~ particles formed an
electrically insulating white powder [43]. Figure 2(b) shows a SEM image of the synthesized
TiNbyO7 particles typically less than 5 pm (see also Supplementary Material) and smaller
than the average particle size of 20 pum synthesized by solid state method [23]. Figure
2(c) illustrates the crystallographic structure of pure TiNbyO; featuring a Wadsley-Roth
crystallographic shear structure similar to those of ReOs and PNbgOgs [43]. Overall, in
stark contrast to the more conventional synthesis methods of transition metal oxide TiNbyO7

21, 23, 24], the proposed method offers a much faster alternative. In fact, in less than
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Figure 2: (a) Synchrotron X-ray diffraction pattern and (b) SEM image of the TiNbyO7
particles synthesized by the proposed microwave method, (c¢) crystallographic structure of

pure TiNb,O7.

10 minutes in a standard microwave oven, the same compound was synthesized without
necessitating any additional purification or annealing steps. An additional benefit of the

present microwave preparation method was that the shorter heating time resulted in smaller
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TiNbyO7 particles.

4.2 Electrochemical properties

Figure 3(a) shows the cyclic voltammogram of a TiNbsO7 based electrode at different scan
rates between 1.0 V and 3.0 V (vs. Li/Li"). A sharp cathodic peak at 1.58 V and an anodic
peak at 1.7 V were observed at scan rate of 0.1 mV/s. These two major peaks corresponded
to the conversion of Nb3* /Nb**+ and were consistent with previous reports [11,23,46,47]. In
addition, one pair of shoulder peaks at 1.5 V for the cathodic sweep and at 1.62 V for the
anodic sweep might be caused by different niobium states which are edge-shared octahedral
and corner shared octahedral [23,46,47]|. The pair of broad peaks in the potential range of
1.0 to 1.4 V may be caused by the Nb**/Nb3* redox couple [23,46,47]. Another pair of a
broad peaks in the potential range of 1.75 to 2.0 V was associated with the conversion of
Ti*t/Ti** [46,47]. In addition, Figures 3(b) and 3(c) show the peak current I, values
measured at differnt scan rates v for the cathodic peak, and anodic peak respectively. The
b-value of the cathodic and anodic peaks were obtained by calculating the index of the power
law fit of the L. versus scan rate v, i.e., Ieax = av’. The b-value of the cathodic peak was
found to be 0.78 and that of the anodic peak was 0.7. The b-values in the range of 0.7-0.8
suggest that the TiNby,O7 goes through a fast redox reaction with relatively low diffusion
limitations.

Figure 3(d) shows the capacity retention of TiNbyO7 at various C-rates also for a poten-
tial window between 1.0 V and 3.0 V (vs. Li/Lit). The theoretical capacity of TiNbyO7 is
estimated to be 388 mAh/g upon 5 lithium ion insertion [21]. Here, the measured reversible
capacity of the TiNbyO7 electrode was around 255 mAh/g at C-rate of 1C. At C-rate of 2C,
the TiNbyO5 electrode provided up to 60 % of its theoretical capacity while graphite anode
can only provide 22 % of its theoretical capacity for the same C-rate [48]. Furthermore,
even at rate of 10 C, the TiNbyO7 electrode maintained 40 % of its theoretical capacity and

showed impressive reversibility over a number of cycles.
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Figure 3: (a) Cyclic voltammogram of TiNbyO7 half-cell cycled with a potential window

ranging from 1.0 to 3.0 V vs. Li/Lit at different scan rates v, (b) measured peak current

Lear as a function of v for the anodic peak, and (c) for the cathodic peak, (d) specific

capacity retention of the TiNb,O7 at various C-rates in the voltage range of 1.0—3.0 V.

4.3 Partial molar entropy of TiNb,O;

Figure 4(a) plots the cell voltage V (z,t) and open circuit voltage U, (x,T') as functions of

x composition in Li, TiNbyO7; measured by GITT at C-rate of 2C and temperature T = 20

°C. It features three distinct regions apparent in the slope of the open circuit voltage curve
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during the incorporation process of Lit in Li, TiNbsO7. The first sharp drop in Uy, (z, T)
in the range 0.0 < 2 < 0.75 was indicative of a homogeneous solid solution [11]. Then,
the voltage plateau in the range 0.75 < x < 1.5 corresponded to a two phase coexistence
region, as discussed in the literature [11,21]. Finally, the shallow slope for 1.5 < z < 3.0
corresponded to another homogeneous solid solution [11,21].

Figure 4(b) shows the measured partial molar entropy $(x,T") and open circuit voltage
Uper(,T) of the TiNbyO7 half-cell as functions of lithium composition x in Li, TiNbyO;
during lithiation at 20 °C. The measurements were found to be in a good agreement with
previous studies [22]. Indeed, 5(z,T') was negative throughout the entire lithium composition
upon lithium insertion. Therefore, the reversible entropic heat generation was expected to
be strictly exothermic (Qrev > 0) during lithiation and endothermic (Qm) < 0) during
delithiation. For x < 0.75, the entropy s(z,T") decreased rapidly upon insertion of lithium in
the homogeneous solid solution forming a more ordered structure [22]. However, the entropy
s(x,T) started to increase around x = 0.75 due to the transition from a homogeneous solid
solution to a two-phase coexistence region. The in situ XRD data reported in literature
[11,51] shows that all the TiNbyO7 reflections were maintained upon lithiation/delithiation
for all values of x. Therefore, the structure of both homogeneous solid solution phases
was in the monoclinic phase with the identical C/2m space group and TiNbyO; did not
experience crystallographic phase transition [51]. However, §(x,T) experienced fluctuation
in the composition range 0.75 < x < 1.5 corresponding to a two-phase coexistence region.
Since a crystallographic phase change did not occur, the observed fluctuation in s(z,T") was
influenced by the intralayer lithium ordering rather than by a first order phase transition.
This type of tilde shape entropy change was first observed by Dahn and Haering [52] upon
lithiation of TiSy. It occurs when it is energetically favorable for the inserted lithium ions
in the lattice to arrange themselves in the vacancies in a more ordered fashion than being
randomly inserted for further insertion of lithium ions [36]. This intralayer lithium reordering
corresponds to rapid lithium mobility within the Wadsley-Roth block motifs down the tunnels

along the b-axis and also between the lithium vacancy sites with higher activation energy
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a range of -20 to -25 J/mol-K indicating the filling of leftover vacancy sites in the shear

structure of the homogeneous solid solution [22].

4.4 Heat generation of TiNb,O;

Figure 5(a) plots the irreversible Joule heat generation rate Q 7.(z,t) during lithiation and
delithiation calculated from Eq.(1) based on the imposed current I, the cell voltage V (z, 1)
measured in the calorimeter under galvanostatic cycling at C-rate of 2C, and the open
circuit voltage Upe,(z,T) measured by GITT at 20 °C. The change observed in Q,(z,t)
could be attributed to changes in the electrical resistivity of TiNb,O7 upon lithiation. Indeed,
TiNbsO7 is an insulator in its unlithiated state, and exhibits very large electrical resistivity ~
10% © c¢m [53]. However, upon lithiation to Lip.o5TiNbyO7, the electrical resistivity decreases
by seven orders of magnitude to ~ 50 2 cm [53]. This change in electrical resistivity was well
captured by the sharp drop in Q s(z,t) in the composition range 0 < z < 0.9. Furthermore,
the electrical resistivity slightly increased again upon further lithium ion insertion. In fact,
the electrical resistivity was measured to be ~ 700 €2 cm for LiTiNbyO7 and ~ 2000 €2 cm for
Liz 5 TiNboO7 [53]. This increase in the electrical resistivity of Li, TiNbyO7 was also captured
by Q(z,t) for composition z in the range 0.9 < z < 3. However, Q;(z,t) during delithiation
differed from that during lithiation possibly due to the difference in mass transfer resistance
associated with Li* diffusion in the electrode.

Moreover, Figure 5(b) shows the reversible heat generation rate va(:c, t) during lithi-
ation, and delithiation estimated using Eq.(2) based on the measured entropic potential
OUper(x,T)/OT. Here, Qrep(x,t) was exothermic (i.e., positive) upon lithiation and en-
dothermic (i.e., negative) upon delithiation. The effect of Qeo(2,t) became significant as
Li, TiNbyO; transitioned from a homogeneous solid solution to two coexisting solid phases
around = ~ 0.75. After the sharp change, Qrev(x,t) remained fairly constant for the rest
of the lithiation process. Note also that integrating Qrev(x, t) over an entire cycle yielded
nearly zero, confirming the reversible nature of this heat generation mechanism.

Figures 6(a) and 6(b) plot the instantaneous heat generation rate Qr(z,t) measured in
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Figure 5: (a) Irreversible Joule heat generation rate @ (z,t) during lithiation, and delithia-
tion [Eqs.(1)], and (b) reversible heat generation rate Q,(z,t) during lithiation and delithi-
ation [Egs.(2)] as functions of lithium composition x in Li, TiNb,O7 at temperature 7" = 20

°C.

the calorimeter cell at C-rate of 2C and T' = 20 °C as a function of x in Li, TiNbyO7. The sum
of Q(x, 1)+ Qrev(z, 1) was in relatively good agreement with the measured total heat genera-
tion rate Qr(x,t). Assuming that the effect of heat generation due to side reactions Q. (z, t)
was negligible [25-27], the difference between Qr(x,t), and the sum Q;(z,t) + Qreo(z,t)
corresponded to the enthalpy of mixing, i.e., Qmis(7,t) = Qr(z,t) — Q (2, t) — Qpev(,1)
[Eq.(4)]. The heat dissipated due to enthalpy of mixing upon relaxation of quasi-steady state
concentration gradients formed upon cycling was reported to be inversely proportional to the
square of the apparent diffusion coefficient [39]. In fact, the apparent diffusion coefficient of

lithium into the electrode, Dp;+(z) can be estimated by combining GITT and Fick’s second

law according to [49]
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in Li, TiNb,O; at temperature T' = 20 °C.
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Here, 7 is the duration of the GITT current pulse, A and V are the surface area and the

volume of the electrode, AV;(z) is the change in the cell potential as a result of the imposed

current pulses excluding the IR drop at the beginning of the current pulse, and AU, (z, T)

is the change in the open circuit voltage between two consecutive current pulses. Figure
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6(c) shows the apparent diffusion coefficient of Li* in the electrode Dp+(x) measured as a
function of z in Li, TiNbyO7 at 20 °C. It reached a minimum of 8x10~'? cm? /s at Tppin ~
0.8 during lithiation and at x,,;,, ~ 1.4 during delithiation. Interestingly, these values of
Tman corresponded closely to the bounds of the voltage plateau (at U,e, = 1.6 V) observed
in the GITT curve (Fig. 4). This indicates that the very sharp decrease in Dp;+(z) was
caused by the transition from a homogeneous solid solution phase reaction to a two-phase
coexistence region [50]. In addition, this change in the apparent diffusion coefficient was
also observed with the enthalpy of mixing Qumi,. During the lithiation process, a significant
drop in Dy (x,T) was observed for 0.4 < z < 0.8. This contributed to an increase in the
enthalpy of mixing Qe (2, ) and to its local maximum highlighted in Figure 6(d). Similarly,
the sharp decrease in D+ (z,T) during delithiation between 2.25 > x > 1.4 correlated with
an increase in the enthalpy of mixing and the local maximum highlighted in Figure 6(d).

A recent experimental study demonstrated that the net electrical energy losses due
to the hysteretic voltage profile upon cycling were dissipated as Joule heating at a low C-
rate [26]. By operating at a C-rate of C/10, the authors were able to neglect the effect of
enthalpy of mixing [26]. However, the latter can be significant in fast charging batteries
operating under high currents [39]. Here, the net electrical energy losses AE, (in J) between
the electrical energy provided during charging and that recovered during discharging was

illustrated in the hysteric voltage V' (z,t) and expressed as [20]

AE = Vit ®)
cycle

where ¢ is the charge transferred upon electrochemical reaction. The total thermal energy
dissipated @7 (in J) as well as the heat dissipated in the form of Joule heating (); and

enthalpy of mixing @,,;, were calculated according to [26]

Q; = Qi(z,t)dt withi= T, J, rev,or miz (9)

cycle

Figure 7 presents the electrical energy losses AFE, over the first five cycles and the total
thermal energy dissipated @) along with that due to Joule heating ); during lithiation

and delithiation. The experimental error associated with ()7 was calculated based on the
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Figure 7: Net electrical energy losses AF, and total thermal energy dissipated Qr for the
first five charging-discharging cycles as well as that due to Joule heating () ; during lithiation

and delithiation. The enthalpy of mixing corresponds to Qi = Qr — Q; = AE, — Q.

sensitivity of the heat flux sensor and on the precision of the data acquisition system (DAQ).
Figure 7 indicates that AFE, increased upon cycling possibly due to the associated increase
in the internal resistance [32,33]. More importantly, AE, fell within 2 % of the measured
total thermal energy () generated per cycle, i.e., the electrical energy losses were dissipated
entirely in the form of heat, i.e., AE, = Qr. In addition, the irreversible Joule heating dur-
ing lithiation was larger than that during delithiation due to the slower kinetics of lithiation
characterized by a smaller apparent diffusion coefficient compared to delithiation resulting
in a larger overpotential [54]. Since @, =~ 0, the difference between Q7 and @ ; represented
the heat dissipated as enthalpy of mixing (),,;.. Over the first five cycles, thermal losses Qr

and @) increased as cycling proceeded. This can be attributed to the increase in the internal
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resistance with cycling possibly due to the mechanical degradation and growth of the SEI
layer on the TiNbyO7 electrode [32,33]. Nevertheless, the enthalpy of mixing remained nearly
constant regardless of the cycle number and contributed only 15 % of the total energy dis-
sipated. By contrast, calculations based on isothermal calorimetry on LiAlgoMn; gO4_sFq2
showed that the energy dissipated in the form of enthalpy of mixing was 52 % of total dis-
sipated heat at the same rate with the same electrolyte and counter electrode [39]. The
present results indicate that the heat dissipation due to the enthalpy of mixing remained
small in the calorimeter cell even at a C-rate of 2C which is very promising for fast charging

battery applications.

5 Conclusion

This paper reports a fast, simple, and inexpensive synthesis method of small TiNb,O7 parti-
cles, requiring a mere 7 to 8 minutes in a microwave oven under an ambient atmosphere. This
preparation method presents new opportunities for reducing the production costs and synthe-
sis times of promising LIB anode with excellent performance at high C-rates. The synthesized
TiNb,O7 particles were smaller than those synthesized with conventional solid state methods.
Entropy measurements combined with previous in situ XRD measurements [11,51] estab-
lished the occurrence of intralayer lithium ordering enabling the fast charging of TiNbyO-.
In addition, the heat generation rate due to Joule heating varied widely during lithiation
and delithiation and dominated the energy losses during cycling at C-rate of 2C. Such calori-
metric measurements can further provide insight into changes in the electrical conductivity
of batteries for different SOC upon cycling. Furthermore, the enthalpy of mixing remained
small even at high C-rates and correlated with changes in the measured apparent diffusion
coefficient of Li* in the Li, TiNbsO7 electrode upon lithiation/delithiation. These results
establish that TiNbyO; constitutes an excellent anode material for fast charging battery

applications.
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