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Abstract

This study compares the charging mechanisms, thermodynamics, lithium ion transport, and

operando isothermal calorimetry in lithium-ion battery electrodes made of Ti2Nb2O9 mi-

croparticles or nanoparticles synthesized by solid-state or sol-gel methods, respectively. First,

electrochemical testing showed that electrodes made of Ti2Nb2O9 nanoparticles exhibited

larger specific capacity, smaller polarization, and better capacity retention at large currents

than those made of Ti2Nb2O9 microparticles. Furthermore, potentiometric entropy mea-

surements revealed that electrodes made of either Ti2Nb2O9 microparticles or nanoparticles

showed similar thermodynamics behavior governed by lithium intercalation in solid solu-

tion, as confirmed by in situ XRD measurements. However, electrodes made of Ti2Nb2O9

nanoparticles featured smaller overpotential and faster lithium ion transport than those

made of Ti2Nb2O9 microparticles. In fact, operando isothermal calorimetry revealed smaller

instantaneous and time-averaged irreversible heat generation rates at electrodes made of

Ti2Nb2O9 nanoparticles, highlighting their smaller resistive losses and larger electrical con-

ductivity. Finally, the measured total heat generation over a charging/discharging cycle

matched the measured net electrical energy loss. Overall, Ti2Nb2O9 nanoparticles synthe-

sized by the novel sol-gel method displayed excellent cycling performance and reduced heat

generation as a fast-charging lithium-ion battery anode material. These features present

major advantages for actual battery systems including larger energy and power densities,

simpler thermal management, as well as enhanced safety.

Keywords: lithium-ion battery, entropic potential, intercalation, galvanostatic intermittent

titration technique, calorimetry, thermal management
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1 Introduction

Fast-charging lithium-ion batteries (LIBs) constitute a promising technology amid the global

transition towards renewable energy and widespread electrification. The anode material of

fast-charging commercial LIBs is generally graphite. However, graphite inserts lithium ions

at potential close to 0.1 V vs. Li/Li+. This can result in the formation of solid electrolyte

interphase (SEI) and dendrites and eventually overheating and short circuiting of the battery

[1, 2]. Moreover, the limited lithium ion mobility in graphite reduces the specific capacity

during fast charging. To address these issues, alternative anode materials have been proposed

to enable fast charging at potentials above 1.0 V vs. Li/Li+. Among those, transition metal

oxides such as Li4Ti5O12 [3,4], Nb2O5 [5,6], and TiNb2O7 [7] have emerged as anode materials

of choice. In addition, Wadsley-Roth shear phase materials such as Nb18W16O93 [8] and

PNb9O25 [9] have shown impressive rate capabilities. This has prompted great interest in

understanding the mechanisms behind such performance. For example, a recent series of

studies on PNb9O25 [9–11] used multiple characterization techniques to gain insight into the

electrochemical processes, structural and property changes occurring in the material during

cycling. These studies found that the corner-sharing and edge-sharing NbO6 octahedra not

only facilitated the fast diffusion of lithium ions in the structure, but also permitted relatively

small change of the cell volume during cycling.

Ti2Nb2O9 is another promising transition metal oxide offering large specific capacity

and small cycling degradation [12]. The topotactic dehydration of the lamellar-structured

HTiNbO5 gives rise to the tunnel-structured Ti2Nb2O9. The tunnels are formed by 2 × 2

units of edge-sharing octahedra connecting their corners along the a- and c-axes. Moreover,

the crystallographic structure of Ti2Nb2O9 is close to a Wadsley-Roth structure due to its

units of edge-sharing octahedra. Therefore, Ti2Nb2O9 should also exhibit excellent cycling

performance, especially during fast charging. However, Colin et al. [13] first reported a

reversible specific capacity for Ti2Nb2O9 electrodes in 1 M LiPF6 in EC:DMC 1:1 w/w

electrolyte of only 144 mAh/g at C/10 compared with the theoretical specific capacity of

252 mAh/g. A more recent study [14] performed ion exchange from KTiNbO5 to HTiNbO5
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to NH4TiNbO5 followed by thermal decomposition of NH4TiNbO5 to synthesize Ti2Nb2O9

microparticles. The corresponding electrodes achieved a reversible specific capacity of 201

mAh/g at C/10 in 1 M LiPF6 in EC:DMC 1:1 v/v electrolyte. Nevertheless, the Ti2Nb2O9

in both studies did not present sufficient capacity retention at large currents for potential

applications as a fast-charging LIB anode material.

Here, we hypothesize that one way to approach the theoretical specific capacity of

Ti2Nb2O9 is to decrease the particle size to nanoscale and increase the nanoporosity to facil-

itate access and transport of lithium ions. First, electrodes with smaller particles generally

have larger electrical conductivity which is crucial in reducing resistive losses during cy-

cling [15,16]. Moreover, decreasing the particle size of an electrode material generally leads

to better capacity retention at high C-rates [17]. This can be explained by considering the

diffusion length L given by Fick’s first law of diffusion as L ∝
√
Dt where D is the lithium

ion diffusion coefficient and t is the diffusion time. Decreasing the particle size shortens

the time required for lithium ion insertion into the host material, thereby enabling faster

charging and discharging [17]. Finally, in some cases, even the same material composition

can feature very different charging mechanisms and/or thermodynamics behavior depend-

ing on the particle size [18]. For example, during delithiation of LixFePO4, a lithium-rich

and a lithium-poor phase could coexist in the 170-nm nanoparticles but not in the 40-nm

nanoparticles [19]. In addition, during lithiation of anatase TiO2, the 130-nm nanoparticles

featured different two-phase coexistence regions in the open-circuit voltage compared to the

15-nm nanoparticles [20]. Several studies [21–23] investigated nanosheets of Ti2Nb2O9 as a

sodium-ion battery electrode material. The nanosheets were produced after an exfoliation

process of the bulk material. However, they showed poor stability as the restacking of exfo-

liated nanosheets led to an abrupt and irreversible formation of agglomerate microparticles.

Therefore, more stable nanostructures are desirable in particular for use in lithium-ion bat-

teries considering their superior gravimetric and volumetric energy densities compared to

sodium-ion batteries. In fact, to the best of our knowledge, the synthesis and characteriza-

tion of more stable Ti2Nb2O9 nanoparticles as a lithium-ion battery electrode material has
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not been reported to date. Note that several studies [24–26] have provided in depth reviews

of the general benefits and drawbacks of nanomaterials for electrical energy storage.

This study presents a novel sol-gel method to synthesize mesoporous Ti2Nb2O9 nanopar-

ticles [27]. The structures and performance of electrodes made of Ti2Nb2O9 nanoparticles

were systematically compared with those made of Ti2Nb2O9 microparticles synthesized by

the traditional solid-state method [13]. Characterization techniques including in situ X-

ray diffraction (XRD), cyclic voltammetry, and galvanostatic cycling were combined with

state-of-the-art potentiometric entropy measurements and operando isothermal calorimetry.

Together they should reveal the effect of the particle size on the electrochemical cycling

performance, thermodynamics behavior, and lithium ion transport in Ti2Nb2O9 electrodes.

Overall, this study aims to extend our general understanding of transition metal oxides

as fast-charging LIB electrode materials by optimizing their particle size to achieve better

performance and cycling stability and to reduce electrical losses and heat generation.

2 Background

2.1 Potentiometric entropy measurements

Potentiometric entropy measurements consist of determining the open-circuit voltage UOCV (x, T )

and entropic potential ∂UOCV (x, T )/∂T of a battery cell at constant temperature T and pres-

sure as functions of lithium composition x, specific capacity Cm, or state of charge. Our pre-

vious study [11] has not only described the fundamental relationships between UOCV (x, T ),

∂UOCV (x, T )/∂T , and the material thermodynamics properties, but also proposed an inter-

pretation guide of their measurements. In brief, the open-circuit voltage UOCV (x, T ) of a

battery cell with a Ti2Nb2O9 working electrode and a lithium metal counter electrode can

be expressed as [11,28],

UOCV (x, T ) = −1

e

[
∂gTNO(x, T )

∂x
− g◦Li(T )

]
(1)
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where e is the elementary charge, gTNO(x, T ) is the Gibbs free energy of LixTi2Nb2O9 per

unit of Ti2Nb2O9, and g◦Li(T ) is the standard Gibbs free energy per unit of lithium metal

independent of x. Similarly, the entropic potential ∂UOCV (x, T )/∂T can be expressed as

[11,29],

∂UOCV (x, T )

∂T
=

1

e

[
∂sTNO(x, T )

∂x
− s◦Li(T )

]
(2)

where sTNO(x, T ) is the entropy of LixTi2Nb2O9 per unit of Ti2Nb2O9 and s◦Li(T ) is the stan-

dard entropy per unit of lithium metal also independent of x. The evolution of UOCV (x, T )

and ∂UOCV (x, T )/∂T during lithiation and delithiation can give insight into the charging

mechanisms of the battery cell including lithium ion insertion in a homogeneous solid solu-

tion, two-phase coexistence, phase transition, and intralayer lithium ion ordering [11,30].

Moreover, the apparent diffusion coefficient DLi+(x, T ) of lithium ions in the Ti2Nb2O9

working electrode can be estimated from galvanostatic intermittent titration technique (GITT)

measurements based on Fick’s second law of diffusion according to [31],

DLi+(x, T ) =
4

πτ

(
VTNO

ATNO

)2 [
∆UOCV (x, T )

∆V (x, T )

]2
. (3)

Here, τ is the duration of the current pulse, ATNO and VTNO are respectively the surface area

and volume of the Ti2Nb2O9 working electrode, ∆V (x, T ) is the cell potential change caused

by the current pulse but excluding the initial IR drop, and ∆UOCV (x, T ) is the open-circuit

voltage change caused by the current pulse.

2.2 Heat generation in batteries

The instantaneous total heat generation rate Q̇T (x, T ) (in W) in a battery cell can be divided

into several contributions including (i) Joule heating Q̇J(x, T ), (ii) reversible entropic heat

generation Q̇rev(x, T ), (iii) enthalpy or heat of mixing Q̇mix(x, T ), and (iv) heat generation

due to side reactions Q̇sr(x, T ), i.e. [11, 30,32–34],

Q̇T (x, T ) = Q̇J(x, T ) + Q̇rev(x, T ) + Q̇mix(x, T ) + Q̇sr(x, T ). (4)

The heat generation rate Q̇i(x, T ) is positive (or negative) when the associated phenomena

are exothermic (or endothermic) and release (or absorb) heat.
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The heat generation rate from Joule heating Q̇J(x, T ) due to irreversible resistive losses

can be expressed as [11,30,32–34],

Q̇J(x, T ) = I[V (x, T )− Uavg(x, T )]. (5)

Here, I is the imposed current, V (x, T ) is the cell potential, and Uavg(x, T ) is the open-circuit

voltage evaluated at the volume-average concentration in the cell considering a single electro-

chemical reaction [35]. In other words, Uavg(x, T ) is the potential to which the cell would re-

lax if the current was interrupted [32]. It is equivalent to the open-circuit voltage UOCV (x, T )

obtained from potentiometric entropy measurements but for current pulses corresponding to

the same C-rate as that imposed during galvanostatic cycling in the operando isothermal

calorimetry measurements of Q̇T (x, T ) [11]. The overpotential [V (x, T )− Uavg(x, T )] is the

potential drop across the cell due to internal resistance. Therefore, it increases with (i)

increasing charge transfer resistance [36], (ii) decreasing ionic conductivity [36], and (iii)

increasing cell degradation due to electrode deformation and/or electrolyte decomposition

during cycling [37,38].

The reversible heat generation rate Q̇rev(x, T ) due to entropic changes can be expressed

as [32–34],

Q̇rev(x, T ) = IT
∂Uavg(x, T )

∂T
. (6)

In addition, based on Equation (2), Q̇rev(x, T ) can be defined as the sum of the reversible heat

generation rates at the Ti2Nb2O9 working electrode Q̇rev,TNO(x, T ) and at the lithium metal

counter electrode Q̇rev,Li(T ) such that Q̇rev(x, T ) = Q̇rev,TNO(x, T ) + Q̇rev,Li(T ) with [11],

Q̇rev,TNO(x, T ) =
IT

e

∂sTNO(x, T )

∂x
=

IT

e
s◦Li(T ) + IT

∂Uavg(x, T )

∂T

and Q̇rev,Li(T ) = −IT

e
s◦Li(T ).

(7)

However, the reversible heat generation rate is associated not only with entropic changes

due to electrochemical reactions [32–34,39] but also with other physicochemical phenomena

including ion adsorption/desorption [40–45] and ion solvation/desolvation accompanied by

ion-pairing [46–50]. Finally, at extremely small currents, the overpotential and ion concen-
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tration gradients in the cell are negligible, and the total heat generation rate is dominated

by Q̇rev(x, T ) [51].

The heat generation rate from enthalpy of mixing Q̇mix(x, T ) due to ion concentration

gradients can be expressed as [32–34],

Q̇mix(x, T ) =

∫
V∞

∑
i

[h̄i(x, T )− h̄avg
i (x, T )]

∂ci
∂t

dV (8)

where V∞ is the volume of the cell, h̄i(x, T ) and h̄avg
i (x, T ) are respectively the local and the

volume-averaged partial molar enthalpy of ion species i, and ci is the local concentration of

ion species i in the electrolyte or the electrode. The heat generation rate from enthalpy of

mixing is caused by ion concentration gradients (i) across the electrolyte due to diffusion

limitations, (ii) across the electrode due to non-uniform current distribution, (iii) within the

pores of the electrode filled with electrolyte, and (iv) among intercalated lithium ions in the

electrode due to electrochemical reactions. The latter is typically the dominant contribution

[32,35,52]. Therefore, fast lithium ion transport in the electrode reduces the heat generation

rate Q̇mix(x, T ).

Finally, the heat generation rate due to side reactions Q̇sr(x, T ) can be expressed as

[32–34],

Q̇sr(x, T ) = −
∑
i

∆Hiṙi(t) (9)

where ∆Hi is the enthalpy of reaction for side reaction i occurring at reaction rate ṙi(t).

However, past studies on heat generation in a battery cell have generally neglected Q̇sr(x, T )

[32–34]. Indeed, side reactions usually arise from the ageing process of a battery cell, which

is relatively slow unless the cell is operating under extreme conditions [33,34,53]. Therefore,

in this study Q̇sr(x, T ) was also neglected.
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2.3 Energy balance

The net thermal energy Qi (in J) attributed to the different contributions previously men-

tioned and released over a charging/discharging cycle can be expressed as [34],

Qi =

∮
cycle

Q̇i(x, T, t)dt with i = T, J, or mix. (10)

Note that the reversible heat generation rate Q̇rev(x, T, t) averaged over a cycle yields zero,

i.e., Qrev = 0. Moreover, the net electrical energy loss ∆Ee (in J) over a charging/discharging

cycle corresponds to the area enclosed by the hysteresis of V (x, T ) vs. the charge transferred

q such that [54],

∆Ee =

∮
cycle

V (x, T )dq =

∮
cycle

V (x, T, t)I(t)dt. (11)

According to the first law of thermodynamics, the total thermal energy released during a

cycle is equal to the net electrical energy loss such that [11,30],

∆Ee = QT = QJ +Qmix. (12)

3 Materials and methods

3.1 Synthesis of Ti2Nb2O9 powder

In this study, Ti2Nb2O9 powder was synthesized by either a solid-state or a sol-gel process. In

the solid-state synthesis method, powder of Nb2O5 (Alfa Aesar, 99.9%), TiO2 (Alfa Aesar,

≥ 99%), and K2CO3 (ACS Reagent, ≥ 99.0%) was mixed with a molar ratio of 1:2:1.2.

Here, 20% excess of K2CO3 was added owing to its volatility at high temperatures. This

mixture was ground in an agate mortar for 10 minutes to obtain a homogeneous powder.

This powder was calcined at 1100 °C in a platinum crucible in air for 12 hours to produce

KTiNbO5 powder [55,56].

In the sol-gel synthesis method, 1.351 mg of NbCl5 (Sigma Aldrich, 99%) was dissolved

in 30 mL of ethanol. Meanwhile, 1.703 mg of titanium isopropoxide (Alfa Aesar, 97%) and

0.370 mg of KCl (ACS Reagent, 99.0-100.5%) were dissolved in 200 mL of ethylene glycol.
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Then, citric acid (Alfa Aesar, ≥ 99%) was added to this second solution to achieve a molar

ratio of 10:1 between citric acid and the total number of cations in both solutions (Nb,

Ti, and K). After waiting for 1 hour to ensure complete dissolution of all species, the two

solutions were mixed, then stirred and heated at 120 °C until a blackish gel was formed.

This gel was dehydrated at 300 °C in air overnight so that the organic species completely

evaporated. It was then calcined at 700 °C in air for 2 hours to produce KTiNbO5 powder.

Note that it was necessary to evacuate the chlorinated gases out of the handling room.

The final step, common to both synthesis methods, consisted of mixing and stirring 1 g

of the KTiNbO5 powder in 200 mL of 3 M aqueous HNO3 for 3 days. The acid solution was

changed daily to ensure the complete exchange of potassium cations with protons [55]. The

resulting suspension containing HTiNbO5 powder was then centrifuged and rinsed with DI

water until waste water at neutral pH was obtained. Finally, the dried HTiNbO5 powder was

calcined at 400 °C in air for 2 hours to obtain Ti2Nb2O9 powder synthesized by solid-state

or sol-gel methods [13].

3.2 Electrode and device fabrication

A first set of self-supported electrodes were fabricated from a slurry prepared by mixing one of

the Ti2Nb2O9 powders previously synthesized by solid-state or sol-gel methods with conduc-

tive carbon (carbon black, Superior Graphite) and aqueous polytetrafluoroethylene (PTFE,

Sigma Aldrich) in a small amount of ethanol with a mass ratio of 7.5:1.5:1. This slurry was

homogenized with a pestle in a mortar and then cold-rolled until self-supported electrodes

were obtained with mass loading between 4 and 5 mg/cm2 and thickness between 60 and

75 µm [57]. These self-supported electrodes were used for in situ X-ray diffraction (XRD),

cyclic voltammetry, galvanostatic cycling, and potentiometric entropy measurements. In situ

XRD was performed on cells made according to the procedure first reported by Leriche et

al. [58] and consisting of (i) a self-supported solid-state or sol-gel Ti2Nb2O9 working elec-

trode, (ii) a polished lithium metal (Sigma Aldrich, 99.9%) counter electrode, (iii) a 675

µm thick glass microfiber filter (Whatman, Grade GF/D) as the separator, impregnated
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with (iv) 1 M LiPF6 in EC:DMC 1:1 w/w (Solvionic, battery grade) electrolyte. Similarly,

cyclic voltammetry and galvanostatic cycling measurements were performed on Swagelok

cells consisting of (i) a self-supported solid-state or sol-gel Ti2Nb2O9 working electrode, (ii)

a polished lithium metal (Sigma Aldrich, 99.9%) counter electrode, (iii) a 675 µm thick

glass microfiber filter (Whatman, Grade GF/D) as the separator, impregnated with (iv) 1

M LiPF6 in EC:DMC 1:1 w/w (Solvionic, battery grade) electrolyte. Finally, potentiomet-

ric entropy measurements at C-rate of C/10 were performed on coin cells consisting of (i)

a self-supported solid-state or sol-gel Ti2Nb2O9 working electrode, (ii) a polished lithium

metal (Sigma Aldrich, 99.9%) counter electrode, (iii) a 260 µm thick glass microfiber filter

(Whatman, Grade GF/C) as the separator, impregnated with (iv) 1 M LiPF6 in EC:DMC

1:1 v/v (Sigma Aldrich, battery grade) electrolyte. Here, the in situ XRD cells, Swagelok

cells, and coin cells were assembled in a glove box containing Ar gas with less than 0.1 ppm

of O2 and H2O.

Another set of electrodes were fabricated on copper current collectors from a slurry

prepared by dispersing one of the Ti2Nb2O9 powders previously synthesized by solid-state

or sol-gel methods and conductive carbon (carbon black, Superior Graphite) in N-methyl-

2-pyrrolidone (NMP) solvent with a Ti2Nb2O9:conductive carbon mass ratio of 5:1. After

dispersion in the solvent, polyvinylidene fluoride (PVDF) dissolved in NMP (7 wt%) was

added to achieve a Ti2Nb2O9:PVDF mass ratio of 7.5:1. Next, the slurry was spread on

a large copper substrate using a doctor blade and then dried in ambient air overnight.

The obtained slurry-cast electrodes had a Ti2Nb2O9:conductive carbon:PVDF mass ratio of

7.5:1.5:1, mass loading around 5.5 mg/cm2, and thickness around 150 µm. On the one hand,

these electrodes were used in operando isothermal calorimetry on two-electrode cells consist-

ing of (i) a slurry-cast solid-state or sol-gel Ti2Nb2O9 working electrode and cut into 1 cm ×

1 cm square shape, (ii) a polished lithium metal (Sigma Aldrich, 99.9%) counter electrode

also cut into 1 cm × 1 cm square shape, (iii) two 50 µm thick polypropylene/polyethylene

(Celgard, C380) sheets acting as separators and thermal insulators, impregnated with (iv)

1 M LiPF6 in EC:DMC 1:1 v/v (Sigma Aldrich, battery grade) electrolyte. On the other
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hand, potentiometric entropy measurements at C-rates of 1.5C and 6C were performed on

coin cells consisting of (i) a slurry-cast solid-state or sol-gel Ti2Nb2O9 working electrode,

(ii) a polished lithium metal (Sigma Aldrich, 99.9%) counter electrode, (iii) a 260 µm thick

glass microfiber filter (Whatman, Grade GF/C) as the separator, impregnated with (iv) 1

M LiPF6 in EC:DMC 1:1 v/v (Sigma Aldrich, battery grade) electrolyte. Here also, the

calorimetric cells and coin cells were assembled in a glove box containing Ar gas with less

than 0.1 ppm of O2 and H2O.

3.3 Structural characterization

Transmission electron microscopy (TEM) and in situ XRD were performed in order to charac-

terize the structure and phases of Ti2Nb2O9 powder synthesized by solid-state or sol-gel meth-

ods. TEM images were collected using a probe-corrected Themis Z G3 microscope (Thermo

Fisher Scientific) equipped with a high-angle annular dark-field detector (Fischione). Here,

the Ti2Nb2O9 powder was dispersed in ethanol and then deposited on a copper grid. Both

the XRD patterns of pristine Ti2Nb2O9 powders and the in situ XRD patterns of Ti2Nb2O9

electrodes were collected using a PANalytical X’Pert Pro diffractometer (Malvern Panalyt-

ical). An X’Celerator detector with Cu-Kα1-Kα2 (λ = 1.54060 Å, 1.54439 Å) radiation was

used at acceleration voltage of 40 kV and current of 40 mA. During charging and discharging

of the cell, a series of constant current pulses at 0.02 A/g of Ti2Nb2O9 were imposed. Each

current pulse lasted 20 minutes followed by a relaxation period of 30 minutes for pattern

acquisition between 2θ = 5° and 40°.

3.4 Electrochemical characterization

Cyclic voltammetry measurements consisted of imposing a triangular waveform as the cell

potential V and recording the cell current I with a high accuracy potentiostat (BioLogic,

VMP3). The specific capacity Cm(ν) (in mAh/g) at scan rate ν was calculated according
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to [59],

Cm(ν) =
1

m

∮
cycle

I

2ν
dV (13)

where m is the mass loading of Ti2Nb2O9 at the working electrode.

Similarly, the cell potential V under galvanostatic cycling at constant current ±I was

also recorded by a high accuracy potentiostat (BioLogic, VMP3). The IR drop ∆V can

be identified as the sharp potential change observed when switching between charging and

discharging or vice versa. Then, the internal resistance RGC of the cell was calculated

according to [40,60–63],

RGC =
∆V

2I
. (14)

3.5 Potentiometric entropy measurements

The open-circuit voltage UOCV (Cm, T ) and entropic potential ∂UOCV (Cm, T )/∂T of the coin

cells with working electrodes made of Ti2Nb2O9 microparticles or nanoparticles synthesized

by solid-state or sol-gel methods were measured as functions of specific capacity Cm using the

potentiometric entropy measurement technique and the apparatus described in Refs. [11,30].

The measurements consisted of imposing a series of constant current pulses at a C-rate of

C/10 at 20 °C. Each current pulse lasted 30 minutes followed by a relaxation period of

270 minutes during which a step-like temperature profile was applied to the coin cell from

15 °C to 25 °C in 5 °C increments with a thermoelectric cold plate (TE technology, CP-

121). The corresponding coin cell potential evolution was recorded by a high accuracy

potentiostat (BioLogic, VSP-300). Before recording the open-circuit voltage UOCV (Cm, T )

at a given specific capacity Cm and temperature T , we verified that the coin cell had reached

thermodynamic equilibrium by ensuring that (i) the temperature difference between the cold

plate and the surface of the coin cell was less than 0.1 °C and (ii) the time rate of change of

the open-circuit voltage ∂UOCV (Cm, T )/∂t was less than 1 mV/h.
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3.6 Operando isothermal calorimetry

Operando isothermal calorimetry was performed in the aforementioned two-electrode cells

using the apparatus described in Ref. [64]. Here, galvanostatic cycling was imposed using

a high accuracy potentiostat (BioLogic, SP-150). Simultaneously, the instantaneous heat

generation rates Q̇i(t) (in mW) at the working electrode made of Ti2Nb2O9 microparticles

or nanoparticles and at the lithium metal counter electrode were calculated from the instan-

taneous heat fluxes q′′i (t) (in mW/cm2) measured by a 1 cm × 1 cm thermoelectric heat

flux sensor (greenTEG, gSKIN-XP) in thermal contact with the back of each electrode “i”

according to [64],

Q̇i(t) = q′′i (t)Ai =
∆Vi(t)

Si

Ai with i = TNO or Li. (15)

Here, Ai (in cm2) is the footprint area of the electrode and ∆Vi(t) (in µV) is the instantaneous

voltage difference measured by the heat flux sensor with sensitivity Si [in µV/(W/cm2)].

Then, the instantaneous total heat generation rate in the entire calorimetric cell Q̇T (t) can

be expressed as the sum of those at each electrode such that,

Q̇T (t) = Q̇TNO(t) + Q̇Li(t). (16)

In addition, the instantaneous heat generation rates Q̇i(t) at each electrode can be

divided into an irreversible Q̇irr,i(t) and a reversible Q̇rev,i(t) contribution such that,

Q̇i(t) = Q̇irr,i(t) + Q̇rev,i(t). (17)

To minimize the white noise in the signal from the heat flux sensors, the instantaneous

heat generation rates Q̇i(t) measured at each electrode were averaged over the last three

consecutive cycles at any given current I, i.e.,

Q̇i(t) =
1

3

3∑
j=1

Q̇i[t+ (j − 1)tcd]. (18)

Finally, the time-averaged irreversible heat generation rates ¯̇Qirr,i during a charging/discharging

cycle can be calculated according to [11,30],

¯̇Qirr,i =
¯̇Qi =

1

tcd

∮
cycle

Q̇i(t)dt with i = TNO or Li. (19)
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Note that Q̇rev,i(t) averaged over a cycle yields zero.

4 Results and discussion

4.1 Structural characterization

Figure 1(a) shows the crystallographic structure of Ti2Nb2O9, demonstrating its tunnel struc-

ture which facilitates lithium ion intercalation. Figures 1(b) and 1(c) show the transmission

electron microscopy (TEM) images of Ti2Nb2O9 microparticles or nanoparticles synthesized

by solid-state or sol-gel methods, respectively. Here, the solid-state synthesis method pro-

duced microparticles with size around 1 µm while the sol-gel synthesis method produced

nanoparticles with size around 50 nm. Furthermore, mesopores formed during the dehydra-

tion synthesis step were marked by green circles, showing that the sol-gel method created

more nanoporosity in the synthesized Ti2Nb2O9 than the solid-state method. In fact, the spe-

cific surface area measured by low-temperature nitrogen adsorption porosimetry of Ti2Nb2O9

microparticles or nanoparticles reached 1.4 and 24.6 m2/g, respectively. The respective vol-

umes of micropores and mesopores were 3.16 × 10−5 and 0.0092 cm3/g in Ti2Nb2O9 mi-

croparticles, or 0.008 and 0.095 cm3/g in Ti2Nb2O9 nanoparticles. In other words, both

types of particles were dense and slightly porous. The pore size distributions were bimodal

with an average pore width of Ti2Nb2O9 microparticles and nanoparticles recorded as 17.5

and 4.7 nm, respectively (see Figure S1 in Supplementary Materials). According to the

IUPAC classification [65], the Ti2Nb2O9 microparticles contained primarily mesopores with

pore width between 2 and 50 nm while the Ti2Nb2O9 nanoparticles had nanopores with

pore width < 2 nm. Initially for both types of particles, the mesopores were mainly created

during the synthesis of the precursor HTiNbO5 while the nanopores were generated mostly

due to the final calcination step of HTiNbO5 to obtain Ti2Nb2O9.

First, Figure 2(a) shows the XRD patterns of pristine Ti2Nb2O9 powders. Here, Ti2Nb2O9

microparticles exhibited preferential orientation along the c-axis based on the high intensity

of the (002) and (004) peaks. By contrast, Ti2Nb2O9 nanoparticles did not develop preferen-
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(a)

(b) Ti2Nb2O9 microparticles synthesized by solid-state method

(c) Ti2Nb2O9 nanoparticles synthesized by sol-gel method

Figure 1: (a) Crystallographic structure of Ti2Nb2O9. Transmission electron microscopy

(TEM) images of Ti2Nb2O9 (b) microparticles and (c) nanoparticles.
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Figure 2: (a) XRD patterns of pristine Ti2Nb2O9 powder. In situ XRD patterns of electrodes

made of Ti2Nb2O9 (b) microparticles or (c) nanoparticles.
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tial growth while the larger peak widths indicate their smaller crystallite size. Furthermore,

Figure 2 shows the in situ XRD patterns of self-supported electrodes made of Ti2Nb2O9

(b) microparticles or (c) nanoparticles. It indicates that not every expected diffraction peak

was observed in the patterns for electrodes made of Ti2Nb2O9 microparticles. This was due

to (i) the aforementioned preferential orientation of the synthesized Ti2Nb2O9 microparti-

cles and (ii) the treatment during synthesis of the powder to form a self-supported paste.

Nevertheless, the (002) peak around 2θ = 12° and the (004) peak around 2θ = 24° were

clearly visible and could be attributed to Ti2Nb2O9 [13,55,66]. Similarly, not every expected

diffraction peak was observed for electrodes made of Ti2Nb2O9 nanoparticles. This was due

to the low crystallinity of the synthesized Ti2Nb2O9 nanoparticles. Nonetheless, the (011)

peak around 2θ = 24° and the (110) peak around 2θ = 27° were clearly visible and could be

attributed to Ti2Nb2O9 [13,55,66]. In addition, in both cases the peak around 2θ = 18° did

not shift and could be attributed to PTFE in the binder [67]. It is interesting to note that

every diffraction peak was maintained at constant intensity and featured small and contin-

uous shifts during lithiation and delithiation which returned to their original position after

each cycle. This suggests that the prevailing charging mechanism corresponded to reversible

lithium ion insertion in a homogeneous solid solution of Ti2Nb2O9 for electrode material syn-

thesized by either method. In other words, the lithiation and delithiation processes caused

only minor and reversible distortions to the crystallographic structure of Ti2Nb2O9. Finally,

the recent study by Drozhzhin et al. [14] reported, during the first lithiation half-cycle, an

irreversible phase transformation between two orthorhombic phases within the same space

group (Pnmm) along with changes in the unit cell parameters. We hypothesize that this

discrepancy possibly appears due to (i) the different specifications of the diffractometers

used in the two studies and (ii) differences in the synthesis methods. Indeed, Drozhzhin

et al. [14] produced the intermediate compound NH4TiNbO5 and the residue NH3 which

potentially created a slight difference in the initial structure. Intercalation in a solid solution

was reported for subsequent half-cycles, as observed in the present study.
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4.2 Electrochemical characterization

Figure 3 plots the cyclic voltammogram of the Swagelok cells with self-supported working

electrodes made of Ti2Nb2O9 (a) microparticles or (b) nanoparticles cycled between 1.0 and

3.0 V vs. Li/Li+ at scan rates ν ranging between 0.1 and 50 mV/s. It also shows (c) the

peak specific current Im,peak(ν), and (d) the specific capacity Cm(ν) as functions of scan rate

ν. The pair of cathodic and anodic peaks around 1.4/1.6 V vs. Li/Li+, observed at ν = 0.1

mV/s, could be attributed to both Ti4+/Ti3+ and Nb5+/Nb4+ redox reactions [13,68,69]. At

any given scan rate ν, the polarization of the cell with Ti2Nb2O9 nanoparticles was smaller

than that with Ti2Nb2O9 microparticles. This resulted in greater cycling reversibility for the

cell with Ti2Nb2O9 nanoparticles than that with Ti2Nb2O9 microparticles. Moreover, the

b-value associated with this pair of redox peaks was obtained by least squares fitting of the

peak specific current Im,peak according to the power law Im,peak = aνb [70]. Note that the

b-value analysis is a qualitative technique widely used to assess the charging mechanisms in

both battery and pseudocapacitive electrode materials ranging between the limiting cases of

slow redox reactions limited by ion diffusion in a semi-infinite medium (b = 0.5) and fast

redox reactions without ion transport limitation (b = 1). In fact, a series of studies [71, 72]

validated the b-value analysis in hybrid pseudocapacitors using state-of-the-art numerical

simulations and physicochemical models based on first principles. Between ν = 0.1 and 2

mV/s, the b-value of the cell with Ti2Nb2O9 microparticles or nanoparticles was 0.51 and

0.88, respectively. This suggests that redox reactions and lithium ion intercalation were

faster and less diffusion-limited in the working electrode made of Ti2Nb2O9 nanoparticles

than that made of Ti2Nb2O9 microparticles thanks to their larger surface area and smaller

size. Finally, at any given scan rate ν, the specific capacity Cm(ν) of the cell with Ti2Nb2O9

nanoparticles was larger than that with Ti2Nb2O9 microparticles. In addition, the decrease

in the specific capacity Cm(ν) with increasing scan rate ν was less significant for the cell

with Ti2Nb2O9 nanoparticles than that with Ti2Nb2O9 microparticles.

Figure 4 plots the potential profiles during galvanostatic cycling of the Swagelok cells

with self-supported working electrodes made of Ti2Nb2O9 (a) microparticles or (b) nanopar-
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Figure 3: Cyclic voltammogram of Swagelok cells with working electrodes made of Ti2Nb2O9

(a) microparticles or (b) nanoparticles cycled between 1.0 and 3.0 V vs. Li/Li+ at scan rates

ν ranging between 0.1 and 50 mV/s, along with (c) peak specific current Im,peak(ν), and (d)

specific capacity Cm(ν) as functions of scan rate ν.
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Figure 4: Potential profiles during galvanostatic cycling of Swagelok cells with working

electrodes made of Ti2Nb2O9 (a) microparticles or (b) nanoparticles cycled between 1.0 and

3.0 V vs. Li/Li+ at specific current Im ranging between 0.02 and 2 A/g of Ti2Nb2O9, along

with (c) the specific capacity Cm(Im) as a function of cycle number at different specific

current Im, and (d) the capacity retention ratio over 100 cycles with respect to Cm(Im) of

the second cycle at Im = 0.2 A/g of Ti2Nb2O9 (∼1C).
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ticles cycled between 1.0 and 3.0 V vs. Li/Li+ at specific current Im ranging between 0.02

and 2 A/g of Ti2Nb2O9. It also shows (c) the specific capacity Cm(Im) as a function of

cycle number at different specific current Im, and (d) the capacity retention ratio over 100

cycles with respect to Cm(Im) of the second cycle at Im = 0.2 A/g of Ti2Nb2O9 (∼1C).

At any given specific current Im, the specific capacity Cm(Im) of the cell with Ti2Nb2O9

nanoparticles was larger than that with Ti2Nb2O9 microparticles. For example, at 0.02 A/g

of Ti2Nb2O9 (∼C/10), the cell with Ti2Nb2O9 nanoparticles showed a reversible specific ca-

pacity of 230 mAh/g compared with 157 mAh/g for the cell with Ti2Nb2O9 microparticles.

The former achieved an improvement of 14% over the specific capacity previously reported

in the literature [13,14]. Moreover, at large specific currents Im, the capacity retention of the

cell with Ti2Nb2O9 nanoparticles was superior to that with Ti2Nb2O9 microparticles. In fact,

at 2 A/g of Ti2Nb2O9 (∼10C), the cell with Ti2Nb2O9 nanoparticles still retained a specific

capacity of 97 mAh/g compared with 19 mAh/g for the cell with Ti2Nb2O9 microparticles.

Finally, the long-term cycling degradation of both types of Ti2Nb2O9 working electrodes

was minimal. After 100 cycles at 0.2 A/g of Ti2Nb2O9, the ratio of the specific capacity of

the cell with Ti2Nb2O9 microparticles or nanoparticles relative to the second cycle was 1.01

and 0.96, respectively. Note that in many battery electrode materials such as graphite and

NMC, the first cycle features low coulombic efficiency and/or substantial irreversible loss in

the specific capacity [73]. Accordingly, it is more appropriate to use the specific capacity of

the second cycle as the reference when calculating the capacity retention [74–76].

4.3 Potentiometric entropy measurements

Figure 5 plots the open-circuit voltage UOCV (Cm, T ) and entropic potential ∂UOCV (Cm, T )/∂T

of the coin cells with self-supported working electrodes made of Ti2Nb2O9 microparticles or

nanoparticles as functions of specific capacity Cm during lithiation and delithiation of the

first two cycles at C-rate of C/10. Here, the Ti2Nb2O9 active material mass loading of the

cell with Ti2Nb2O9 microparticles or nanoparticles was 4.7 and 4.3 mg/cm2, respectively.

First, within the same potential window of 1.0 to 3.0 V vs. Li/Li+, the maximum specific
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Figure 5: Open-circuit voltage UOCV (Cm, T ) and entropic potential ∂UOCV (Cm, T )/∂T of

coin cells with working electrodes made of Ti2Nb2O9 microparticles or nanoparticles as func-

tions of specific capacity Cm during lithiation and delithiation of the first two cycles at C-rate

of C/10.
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capacity of the cell with Ti2Nb2O9 nanoparticles was larger than that with Ti2Nb2O9 mi-

croparticles during both lithiation or delithiation half-cycles. These results are consistent

with those previously observed in galvanostatic cycling measurements (Figure 4). Second,

UOCV (Cm, T ) and ∂UOCV (Cm, T )/∂T of both cells monotonously decreased with increasing

lithium composition during the lithiation half-cycle. This behavior is characteristic of lithium

ion insertion in a homogeneous solid solution [11,30]. These observations are also consistent

with those previously made from in situ XRD measurements (Figure 2).

Furthermore, UOCV (Cm, T ) and ∂UOCV (Cm, T )/∂T of both cells were the same dur-

ing the first lithiation half-cycle. This suggests that for pristine Ti2Nb2O9, the contrasting

particle sizes resulting from distinct synthesis methods had no influence on the thermody-

namics properties of the electrodes. However, UOCV (Cm, T ) and ∂UOCV (Cm, T )/∂T between

the two cells showed minor discrepancies during the subsequent half-cycles which could be

attributed to several factors. First, it could result from the hysteresis of UOCV (Cm, T ) and

∂UOCV (Cm, T )/∂T between lithiation and delithiation. Moreover, it could be caused by the

specific capacity loss between the first lithiation and delithiation half-cycles. On the one

hand, such initial specific capacity loss could arise when certain lithium ions lithiated into

the pristine structure became trapped and therefore unable to be delithiated [77]. On the

other hand, it could also emerge due to increasing kinetic barriers including (i) growing passi-

vation layers on both working and counter electrodes which inhibit lithium ion transport and

(ii) broken or cracked Ti2Nb2O9 particles which reduce the number of available intercalation

sites [78]. For example, cracking can affect the grain boundaries along which electronic and

ionic transports occur [79, 80]. In fact, a more recent study [81] applied operando optical

scattering microscopy to monitor the actual process of particle cracking in anode materials

leading to nonfunctional particle fragments and degradation of performance caused by the

loss of electrical connection to the rest of the electrode.

As previously proposed by Hudak et al. [78], Figure 6(a) plots the entropic potential

∂UOCV (Cm, T )/∂T of the coin cells with working electrodes made of Ti2Nb2O9 micropar-

ticles or nanoparticles as a function of open-circuit voltage UOCV (Cm, T ) during lithiation
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Figure 6: (a) Entropic potential ∂UOCV (Cm, T )/∂T of coin cells with working electrodes

made of Ti2Nb2O9 microparticles or nanoparticles as a function of open-circuit voltage

UOCV (Cm, T ) during lithiation and delithiation of the first two cycles at C-rate of C/10.

Cell potential V (Cm, T ) and open-circuit voltage UOCV (Cm, T ) as functions of specific ca-

pacity Cm during the first lithiation half-cycle at C-rate of C/10 for coin cells with working

electrodes made of Ti2Nb2O9 (b) microparticles or (c) nanoparticles. (d) Apparent diffu-

sion coefficient DLi+(Cm, T ) [Equation (3)] of lithium ions in the working electrodes made

of Ti2Nb2O9 microparticles or nanoparticles.
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and delithiation of the first two cycles at C-rate of C/10. Here, the entropic potential

profiles of both types of electrodes overlapped. This suggests that the thermodynamics

behavior of Ti2Nb2O9 powder synthesized by either method remained similar and stable,

at least during the first two cycles. Therefore, the aforementioned minor discrepancies in

UOCV (Cm, T ) and ∂UOCV (Cm, T )/∂T vs. Cm between the two cells could be attributed to

the lithiation/delithiation hysteresis of UOCV (Cm, T ) and ∂UOCV (Cm, T )/∂T as well as the

initial specific capacity loss from trapped lithium ions and/or increasing kinetic barriers.

Moreover, Figures 6(b) and 6(c) plot the cell potential V (Cm, T ) and open-circuit voltage

UOCV (Cm, T ) as functions of specific capacity Cm during the first lithiation half-cycle at C-

rate of C/10 for the coin cells with working electrodes made of Ti2Nb2O9 microparticles or

nanoparticles, respectively. It is evident that, for a given state of charge, the overpotential

[V (Cm, T ) − UOCV (Cm, T )] of the cell with Ti2Nb2O9 nanoparticles was smaller than that

with Ti2Nb2O9 microparticles. This indicates that the working electrode made of Ti2Nb2O9

nanoparticles had larger electrical conductivity and/or faster lithium ion transport than that

made of Ti2Nb2O9 microparticles [36].

Finally, Figure 6(d) plots the apparent diffusion coefficient DLi+(Cm, T ) of lithium ions

in the working electrodes made of Ti2Nb2O9 microparticles or nanoparticles calculated ac-

cording to Equation (3). It indicates that, for a given state of charge, DLi+(Cm, T ) of the

working electrode made of Ti2Nb2O9 nanoparticles was larger than that made of Ti2Nb2O9

microparticles, particularly in the second part of the lithiation process. This result confirms

the faster lithium ion transport in Ti2Nb2O9 nanoparticles compared with microparticles,

which manifested itself in the less polarized cyclic voltammograms, the larger b-value, and

the larger specific capacity Cm at high C-rates (Figures 3 and 4).
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4.4 Operando isothermal calorimetry

4.4.1 Cell potential

Figure S2 in Supplementary Materials plots the temporal evolution of the potential V (t) of

the calorimetric cells with slurry-cast working electrodes made of Ti2Nb2O9 (a) microparticles

or (b) nanoparticles and lithium metal counter electrodes for six consecutive galvanostatic

cycles with potential window between 1.0 and 3.0 V vs. Li/Li+ for each current I ranging

from 2 to 8 mA. It indicates that the cycle period tcd of both cells decreased with increasing

current I. In fact, larger currents I led not only to faster charging and discharging rates

but also to smaller specific capacity Cm, as observed in Figure 4. Furthermore, the cycle

period tcd of the cell with Ti2Nb2O9 nanoparticles was longer than that with Ti2Nb2O9

microparticles and did not decrease as much with increasing current I. This reflects the

larger specific capacity Cm and the better capacity retention of the cell with Ti2Nb2O9

nanoparticles compared with the cell with Ti2Nb2O9 microparticles.

4.4.2 Instantaneous heat generation rates

Figure 7 plots the instantaneous heat generation rates (a, b) Q̇TNO(t) measured at the work-

ing electrodes made of Ti2Nb2O9 microparticles or nanoparticles and (c, d) Q̇Li(t) measured

at the respective lithium metal counter electrodes as functions of dimensionless time t/tcd

averaged over the last three consecutive cycles for current I ranging from 2 to 8 mA. Note

that the measurements of Q̇TNO(t) and Q̇Li(t) were repeatable cycle after cycle (see Figures

S3 and S4 in Supplementary Materials). First, the magnitudes of Q̇TNO(t) and Q̇Li(t) in

both cells increased with increasing current I. Moreover, Figures 7(a) and 7(b) show that,

for any given current I, Q̇TNO(t) was significantly larger at the working electrode made

of Ti2Nb2O9 microparticles than at that made of Ti2Nb2O9 nanoparticles. Furthermore,

Q̇TNO(t) in both cells increased with time during both lithiation or delithiation half-cycles.

This could be attributed to the increase in the reversible heat generation rate Q̇rev,TNO(x, T )

[Equation (7)] caused by the monotonously decreasing entropic potential ∂UOCV (Cm, T )/∂T
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Figure 7: Instantaneous heat generation rates (a, b) Q̇TNO(t) measured at the working

electrodes made of Ti2Nb2O9 microparticles or nanoparticles and (c, d) Q̇Li(t) measured at

the corresponding lithium metal counter electrodes as functions of dimensionless time t/tcd

averaged over the last three consecutive cycles for current I ranging from 2 to 8 mA.
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with increasing lithium composition x, as observed in Figure 5. On the other hand, Fig-

ures 7(c) and 7(d) establish that, for any given current I, Q̇Li(t) was similar in both cells

and was positive and relatively constant during the lithiation half-cycle of the Ti2Nb2O9

working electrode. This was associated with lithium ion stripping and exothermic solvation

with ion pairing at the lithium metal counter electrode [11]. By contrast, Q̇Li(t) increased

towards the end of the delithiation half-cycle of the Ti2Nb2O9 working electrode accompa-

nied simultaneously by plating of the lithium metal counter electrode. As such, the rise in

Q̇Li(t) could be attributed to the exothermic dendrite formation on the surface of the lithium

metal counter electrode [82,83]. These phenomena were also observed in cells with PNb9O25

working electrodes and lithium metal counter electrodes in 1 M LiPF6 in EC:DMC 1:1 v/v

electrolyte [11].

In our previous studies with TiNb2O7 [30] and PNb9O25 [11], the heat generation rate

Q̇J(x, T ) + Q̇rev(x, T ) calculated according to Equations (5) and (6) agreed well with the

measurements of Q̇T (x, T ). However, in the present study, such a comparison was not pos-

sible. Indeed, during operando isothermal calorimetry, the cells were tested under galvano-

static cycling at high C-rates resulting in poor capacity retention. However, the values of

UOCV (Cm, T ) and ∂UOCV (Cm, T )/∂T determined by potentiometric entropy measurements

with current pulses at the same high C-rates spanned a wider range of specific capacity Cm

thanks to the long relaxation periods imposed during the measurements (see Figures S5 to S9

in Supplementary Materials). Therefore, the measured UOCV (Cm, T ) and ∂UOCV (Cm, T )/∂T

did not represent the actual values of Uavg(x, T ) and ∂Uavg(x, T )/∂T of the cells during

operando isothermal calorimetry.

4.4.3 Time-averaged heat generation rates

Figure 8(a) plots the time-averaged irreversible heat generation rates ¯̇Qirr,TNO and ¯̇Qirr,Li

as functions of current I for calorimetric cells with working electrodes made of Ti2Nb2O9

microparticles or nanoparticles. First, ¯̇Qirr,TNO and ¯̇Qirr,Li in both cells increased with

increasing current I. In fact, least squares fitting revealed that ¯̇Qirr,Li increased quadratically
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Figure 8: (a) Time-averaged irreversible heat generation rates ¯̇Qirr,TNO and ¯̇Qirr,Li as func-

tions of current I for calorimetric cells with working electrodes made of Ti2Nb2O9 micropar-

ticles or nanoparticles. (b) Resistances RGC,d and RGC,l [Equation (14)] of calorimetric cells

with working electrodes made of Ti2Nb2O9 microparticles or nanoparticles in delithiated or

lithiated states during cycling at a given current I. Net electrical energy loss ∆Ee [Equation

(11)] and total thermal energy dissipated QT [Equation (10)] over a charging/discharging

cycle for calorimetric cells with working electrodes made of Ti2Nb2O9 (c) microparticles or

(d) nanoparticles.
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with respect to current I, i.e., ¯̇Qirr,Li ∝ I2. This suggests that Joule heating dominated the

irreversible heat generation at the lithium metal counter electrode whose electrical resistivity

was independent of current I. Furthermore, for any given current I, ¯̇Qirr,Li was identical in

both cells. Indeed, each lithium metal counter electrode was cut from the same piece into

the same size and therefore should have approximately the same resistance.

By contrast, in both calorimetric cells ¯̇Qirr,TNO increased linearly with respect to cur-

rent I, i.e., ¯̇Qirr,TNO ∝ I. However, ¯̇Qirr,TNO was larger at the working electrode made of

Ti2Nb2O9 microparticles than at that made of Ti2Nb2O9 nanoparticles. This could be due,

in part, to the fact that the electrical resistivity of the working electrode made of Ti2Nb2O9

microparticles was larger than that made of Ti2Nb2O9 nanoparticles. In fact, Figure 8(b)

plots the resistances RGC,d and RGC,l calculated from the IR drop [Equation (14)] in the

calorimetric cells with working electrodes made of Ti2Nb2O9 microparticles or nanoparticles

at the end of the delithiation or lithiation steps during cycling at a given current I. First,

the resistances RGC,d and RGC,l of the cell with Ti2Nb2O9 microparticles were systemati-

cally larger than that with Ti2Nb2O9 nanoparticles for any given current I. Moreover, the

resistances RGC,d and RGC,l of both cells decreased with increasing current I. This could be

attributed to the smaller range of lithium composition x reached at larger currents I. Finally,

both cells had larger resistance in delithiated state than in lithiated state, i.e., RGC,d > RGC,l.

To the best of our knowledge, the electrical resistivity of Ti2Nb2O9 as a function of state of

charge has not been reported to date. However, the closely-related TiNb2O7 is known to be

an insulator in its unlithiated state and its resistivity decreases sharply upon lithiation up

to x = 0.5 [30]. Thus, a similar behavior could be the origin of the changes in the electrical

resistivity of the Ti2Nb2O9-based electrodes.

4.4.4 Energy balance

Figure 8 plots the net electrical energy loss ∆Ee [Equation (11)] and the total thermal

energy dissipated QT [Equation (10)] over a charging/discharging cycle for calorimetric cells

with working electrodes made of Ti2Nb2O9 (c) microparticles or (d) nanoparticles. For the
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cell with Ti2Nb2O9 microparticles, the total thermal energy QT (in J) released over a cycle

decreased with increasing current I. This was due to the decrease in the cycle period tcd with

increasing current I [Figure S2(a) in Supplementary Materials] which was more significant

than the concurrent increase in the instantaneous total heat generation rate Q̇T (t) (in W)

[Figures 7(a) and 7(c)]. By contrast, QT increased with increasing current I for the cell with

Ti2Nb2O9 nanoparticles as the increase in Q̇T (t) [Figures 7(b) and 7(d)] was more significant

than the decrease in tcd [Figure S2(b)]. Finally, for both cells at any given current I, the

total dissipated thermal energy QT measured by operando isothermal calorimetry fell within

10% of the net electrical energy loss ∆Ee measured by the potentiostat. In other words, the

net electrical energy loss was entirely dissipated in the form of heat. These results confirm

the accuracy of our measurements.

5 Conclusion

This study investigates the tunnel-structured Ti2Nb2O9 with fast charging capabilities at

potentials above 1.0 V vs. Li/Li+ which reduces SEI and dendrite formation. A novel sol-gel

method was proposed to synthesize Ti2Nb2O9 nanoparticles for use in lithium-ion battery

electrodes. These electrodes were compared with those made of Ti2Nb2O9 microparticles

synthesized by the traditional solid-state method using unique characterization techniques

including potentiometric entropy measurements and operando isothermal calorimetry. Cyclic

voltammetry and galvanostatic cycling demonstrated the superior specific capacity, greater

cycling reversibility, and smaller capacity drop with increasing current for electrodes made of

Ti2Nb2O9 nanoparticles compared to those made of Ti2Nb2O9 microparticles. Furthermore,

in situ XRD measurements revealed only minor and reversible distortions to the crystallo-

graphic structure of Ti2Nb2O9. In addition, potentiometric entropy measurements indicated

that both types of electrodes underwent lithium ion intercalation/deintercalation in a homo-

geneous solid solution of Ti2Nb2O9 during cycling. In fact, overlapping entropic potential

profiles suggested that the particle size had no influence on the thermodynamics behavior
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of Ti2Nb2O9. However, electrodes made of Ti2Nb2O9 nanoparticles exhibited smaller over-

potential than those made of Ti2Nb2O9 microparticles, thanks to their smaller particle size

and larger specific surface area which facilitate lithium ion transport. This, along with their

larger electrical conductivity and thus smaller resistive losses, contributed to the smaller

instantaneous and time-averaged irreversible heat generation rates at electrodes made of

Ti2Nb2O9 nanoparticles than those made of Ti2Nb2O9 microparticles at any given C-rate,

as determined by operando isothermal calorimetry.
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