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Abstract

The Wadsley-Roth compound PNbgOs5 is a promising fast charging lithium ion battery
anode material with high operating voltage to prevent solid electrolyte interface formation.
Here, we present potentiometric entropy measurements featuring signatures of semiconductor-
to-metal transition and intralayer ordering upon lithiation in the anode material PNbgOqs
that could not be observed with in situ X-ray diffraction. In addition, the instantaneous heat
generation rates at the PNbgOo5 working electrode and at the lithium metal counter elec-
trode during galvanostatic cycling were measured individually for the first time by operando
isothermal calorimetry. The heat generation rate decreased at the PNbgOqs electrode upon
lithiation due to the decrease in electrical resitivity caused by the semiconductor-to-metal
transition observed in potentiometric entropy measurements. Furthermore, the heat genera-
tion rate at the lithium metal electrode was positive during delithiation due to the exothermic
plating of Li™ ions on the lithium metal counter electrode associated with dendrite formation.
Furthermore, calorimetric measurements established that the entropy change dominated the
reversible heat generation rate at each electrode. Finally, the contribution of enthalpy of
mixing was relatively small even at high C-rates thanks to the high Li* ion mobility in

PnbyOs5 confirming its promises as a fast charging anode material.



1 Introduction

Fast charging batteries have been widely studied due to the increase in demand for elec-
tric vehicles (EV) and portable electronic devices [1-3]. In particular, lithium-ion batteries
(LIBs) feature high energy density and high power capabilities [4]. However, most of the
commercial LIBs use graphite anode and suffer from performance degradation over time due
to the formation of solid-electrolyte interface (SEI) layer at the electrode surface [5]. In order
to avoid SEI formation, many oxide materials featuring high operating voltage (above 1 V
versus Li/Li"), have been considered as promising LIB anode materials [6,7]. In particular,
Wadsley-Roth shear phase based niobium oxides, such as NbjsWOs35 [8] and TiNboO7 [9],
present the advantage of high operating voltage, structural stability, cycle reversibility, and
high energy density. In addition, a combination of edge-shared and corner-shared octahedra
in this type of shear crystal structure forms many open-tunnel-like regions where Li* ions
can rapidly diffuse during lithiation and delithiation [10,11].

Among materials with Wadsley-Roth crystallographic shear structure, PNbgOo5 is a
promising fast charging anode material for its ability to engage in multielectron redox reac-
tions resulting in high specific capacity [12,13]. In addition, it features two voltage plateaus
above 1.0 V (versus Li/Li"), thus avoiding SEI formation [14,15]. Furthermore, PNbgOas
undergoes an insulator-to-metal transition, which is highly favorable for fast cycling battery
applications when transition metals are required to transport electron rapidly [12]. Unfortu-
nately, such transition cannot be observed in conventional characterization techniques such
as X-ray diffraction (XRD) [12]. Therefore, alternative characterization techniques are desir-
able to further identify and understand such phenomena taking place in battery electrodes
during cycling. In fact, thermodynamic measurements can unravel the origins of physico-
chemical phenomena occurring in batteries [16,17]. In LIB cells, the open circuit voltage
Upen(x,T) is directly related to the change in the Gibbs free energy of reaction of the sys-
tem [18]. In addition, the derivative of U, (x,T') with respect to temperature T for a given
lithium composition z, QU,e,(z,T) /0T, also known as the entropic potential, can be used to

estimate the partial molar entropy of the cell [17,19]. The entropic potential measurement
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is particularly insightful for understanding the structural stability upon phase transitions
in the electrode material [17]. In addition, our recent operando calorimetry can directly
measure the instantaneous heat generation rate in each electrode of a battery cell during
charging/discharging [20]. The measurements can enable a complete energy balance of the
cell and can provide insights into the different phenomena contributing to energy dissipa-
tion upon charging/discharging including resistive losses, enthalpy of mixing, and reversible
entropic process [19].

The present study aims to identify the entropic and calorimetric signatures of the differ-
ent physicochemical phenomena taking place during charging/discharging at the PNbgOas
working electrode and at the lithium metal counter electrode. Potentiometric entropy and
calorimetry measurements were combined with XRD measurements to understand the struc-
tural changes in the PNbgOss upon lithiation/delithiation. Furthermore, the instantaneous
heat generation rate measurements at each electrodes during cycling was used to deepen our

understanding into electrochemical phenomena resulting in heat dissipation.

2 Background

2.1 Potentiometric entropy measurement

Potentiometric entropy measurement is a technique measuring the entropic potential QU (x, T) /0T
for a given lithium composition z. The open circuit voltage U,e, (x, T) of the battery cell with
a PNbgOs5 based working electrode and a lithium metal counter electrode can be defined

from the Nernst equation as [18]

UOC’U(:C7T) _ _/LJLDZ’NO(‘I772 B :uOLz(T) (1>

Here, e is the unit charge and p’N(z, T) and ug,(T) are respectively Li chemical potentials

in the PNbgOs5 based working electrode and lithium metal counter electrode. In addition
the composition x is defined as the fraction of the number of intercalated lithium Np; per

number of PNbgOss units Npyo, ie., © = Npi/Npyo. The chemical potential pufNO(x,T)
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of Li within the PNbgOy5 electrode is related to the Gibbs free energy of the PNbgOos

compound according to [18]

0Gpno(z,T) dgpno(x, T)Npno Ox dgpno(x,T)
PNO - PNO - o
Hrii (‘Ta T) - aNLz - ( ax aNLz - am (2)

where gpno(x,T) is the Gibbs free energy of PNbgOgs normalized by the number Npyo
of PNbgOg;5 units. Furthermore, the chemical potential pf;(T") of Li in the lithium metal

counter electrode can be expressed as

o _0Gu  Gu
ﬂLi( ) = ONL; = N, = gLi(T) (3)

where the middle equality holds because the counter electrode is a single component solid of
pure Li metal. Here, Eq. (3) considers that the Li metal electrode with macroscopic dimen-
sions so that contributions from surface energy can be neglected. In this thermodynamic
limit, the Li chemical potential of the anode is a constant when holding the temperature
and pressure constant. By substituting Eqgs.(2) and (3) into Eq.(1), the open circuit voltage
Upen(,T) can be expressed as

Un(2,T) = = {%PN_W :

— g7 (1| . 4
R e Gl (@)
Based on the Clairaut’s theorem, taking the derivative of both sides of Eq.(4) with respect
to temperature T yields

OWoeo(x,T) 1 {8 (agPNO(x7T)) N agii(T)]_

ar e oT oT

ox

(5)

The temperature derivative of the molar Gibbs free energy under isobaric conditions is related

to the entropy s(7T") according to Maxwell’s relations as [21]

s(e,1) = - 290D, )

where both s(z,T) and g(z,T) are normalized quantities per mole of PNbgOs5 or metallic
Li. Thus, it is possible to relate the temperature derivative of the open circuit voltage to
the entropies of the PNbgOs5 and lithium metal electrodes according to

anw(m,T) B 1 aSpNo(ZE,T) °
—or el o cuD] ™)



Therefore, the measured OU,.,(z,T)/0T depends on the partial molar entropy of PNbgOss,
denoted by dspno(x,T)/0x, since s9, is independent of x. Thus, analyzing OU,w,(z,T)/0T
measurements can provide insights in the physicochemical phenomena occurring in the

PNbyOs5 working electrode.

2.2 Heat generation in batteries

The total heat generation rate Q7 (z,T) (in W) in a battery can be attributed to four main
phenomena including (i) Joule heating @Q;(z,T), (ii) reversible entropic heat generation
Qrev(x, T ), (iii) enthalpy of mixing Qi (T, T), and (iv) undesirable side reactions Qor(z,T).
Thus, Qr(x,T) can be expressed as [19,22-24],

Qr(z,T) = Qs(z,T) + Qreo(®, T) + Quuiz (2, T) + Qur (2, T) (8)

where QT(JC, T) is positive when the cell releases thermal energy and negative when it absorbs
heat.

Assuming uniform temperature and constant volume, the exothermic Joule heating
Q J(z, T) owing to irreversible resistive losses caused by the deviation of the cell operating

voltage V(x,T) from its equilibrium potential can be expressed as [19,22-24],

Qs(x,T) = I[V(x,T) = U™ (. T)]. (9)
Here, I is the applied current and U*9(x,T') is the open circuit voltage evaluated at the
volume-average concentration in the cell considering a single electrochemical reaction [31].
In other words, U*9(z,T) is “the potential to which the cell would relax if the current were
interrupted [24].” In practice, U*9(z,T) can be measured using GITT at the same C-rate
as that used for the calorimetric measurements. The difference [V (z,T) - U*9(x,T)]| is
the so-called battery overpotential. In LIBs, the overpotential corresponding to the voltage
drop due to internal resistance. As such, the overpotential increases with increasing charge-
transfer resistance [25], decreasing ionic conductivity [25], increasing electrolyte viscosity [26]

and degradation upon cycling [27,28].



The reversible entropic heat generation rate Qrev(x,T ) due to changes in the entropy
of the device upon lithiation/delithiation can be written as [22-24]

U™ (2, T)

Qrev(x>T) =IT oT

(10)

While the irreversible heat generation is related to concentration polarization, activation po-
larization, and ohmic polarization, the reversible heat generation is related to the chemical
reactions occurring in the cell [29]. In the limiting case of charging near equilibrium con-
ditions (i.e., under extremely small currents), Li would be uniformly distributed within the
cell and the potentials would be such that V(z, T)=U*9(z, T)= Upe(z,T). Then, Q(x,T)
~ 0 and heat generation would be solely due to Qye,(z,T) [30]. However, under high C-
rates, Q(z,T) dominates [30] and Li concentration gradients form within the electrode due
to diffusion limitation. The latter results in additional irreversible heat generation due to
enthalpy of mixing [19,22-24], , as discussed later.

The enthalpy of mixing Qmm(a:, T') associated with ion concentration gradients caused

by mass transfer resistance in the LIB can be expressed as [22-24]

Qmia(x,T) = /Z (2, T) — hi9(x T)]%idv (11)

where V,, is the volume of the cell, h;(x, T) is the partial molar enthalpy of species i and the
superscript “avg” refers to the partial molar enthalpy corresponding to the volume-averaged
concentration, and ¢; is the local concentration of species i. For LIBs, the enthalpy of mixing
can be further divided into four different contributions associated with ionic concentration
gradients (i) across the electrolyte due to mass transfer, (ii) across the electrode due to
non-uniform current distribution, (iii) within vacancies, and (iv) within intercalated lithium
ions in the electrode due to electrochemical reactions [31,32]. In general, the concentration
gradient of the intercalated lithium ions represents the largest contribution to the enthalpy
of mixing of the electrode [24]. Conceptually, Qmmiz(x, T) should vanish if Lit ion transport
is infinitely fast.

Lastly, the heat generation due to undesirable side reactions er(x, T) can be written



as [22-24]
Qur(,T) ZAH Rt (12)

Here, AH; is the enthalpy of reaction of chemical reaction i occurring at reaction rate 7;(t).
Note that most studies on heat generation in LIBS have neglected Q. (z, T') [22-24]. In fact,
the side reactions are avoided by operating the device in an appropriate potential range [33].
Also, the aging process of LIBs takes place at relatively slow rates [22]. Thus, the magnitude
of Qqr (2, T) is much smaller than that of Q;(z,T), Qrev(,T), and Qmiz(x, T) under normal

operation [23].

2.3 Energy balance

The total thermal energy @ (in J) released during a cycle as well as the irreversible heat
dissipated in the form of Joule heating (); and enthalpy of mixing (),,;, can be expressed
as [23]

Q; = Qi(z,T)dt withi= T, J, rev or mizx (13)

cycle

By definition, integrating the reversible heat generation rate Qmj(x, T') with respect to time
over an entire cycle should vanish, i.e., Q,c,=0.

On the other hand, the net electrical energy losses AF, (in J) corresponds to the dif-
ference between the electrical energy provided during charging and that recovered during
discharging and is illustrated by the hysteric voltage V' (z,T) profile [19,23]. Thus, AFE, is
expressed as [23]

AE, = V(z,T)dg = V(z, T)Idt (14)

cycle cycle

where ¢ is the charge transferred upon electrochemical reaction so that /=dg/dt. Thermo-
dynamically, the total thermal energy () dissipated during a full cycle should be equal to
AEev i-e'a AEezQJ + Qmm = QT [19]



2.4 Calorimetry measurements

Many calorimetric measurement techniques, such as accelerating rate calorimetry [34, 35],
differential scanning calorimetry [36,37], and isothermal calorimetry [19,23] have been used
to investigate heat generation in batteries. These calorimetric measurements were used
not only to develop a battery thermal management system to avoid thermal runaway [35]
but also to understand chemical reactions and transport processes taking place [19, 23].
Out of these calorimetric techniques, isothermal calorimetry was particularly insightful to
reveal the heat generation associated with electrical energy losses [19,23]. Many isothermal
calorimetric measurements were performed during galvanostatic cycling on coin cells [23,36],
cylindrical cells [38], swagelok cells [37], and prismatic cells [35]. However, due to the thermal
mass of the cells’ casings, these calorimetric measurements were performed under low C-
rates to maintain the accuracy of the measurements. In order to address this issues, an
isothermal calorimeter capable of directly measuring the instantaneous heat generation rate
at each electrode has been developed and demonstrated with electric double layer capacitors
with activated carbon electrodes in aqueous electrolytes [20], organic electrolytes [39,40],
and ionic liquids [41,42] as well as with hybrid pseudocapacitors [43] and battery [19].
By measuring the heat generation rate at individual electrodes, this device can reveal the
thermal signatures associated with various physicochemical phenomena including resistive
losses [19,40,42-44], ion adsorption/desorption [40,42-44], electrolyte decomposition [41,44],
overscreening effect [39,41], and insulator to metal transition [19].

The present study aims to gain insights into the thermodynamic behavior as well as
the electrochemical and transport phenomena occurring in PNbgO.5; anode during cycling.
To do so, operando potentiometric entropy and isothermal calorimetric measurements were
performed on LIB cells consisting of a PNbgO,; working electrode and a lithium metal
counter electrode in 1M of LiPFg in 1:1 v/v EC:DMC electrolyte. Particular attention was
paid to entropic change due to phase transitions as well as irreversible and reversible heat
generation rates attributed to Joule heating, enthalpy of mixing, and other interfacial and

transport processes. The results can also be used to develop thermal management strategies



for fast charging battery systems.

3 Materials and methods

3.1 Synthesis of PNbyO,; powder

Stoichiometric ratios of NbyOs (Materion, 99.95%) and (NH,)3PO, (Sigma Aldrich, 98%)
were ground using an agate mortar and pestle for 20 minutes to achieve a well-ground
mixture. Then, 3 grams of powder was pressed into a 13 mm diameter pellet under 2 tons of
force. The pellet was placed into an alumina crucible on a bed of sacrificial powder mixture
and heated in air in two steps. First, the material was heated to 623 K for 20 hours. Second,
the temperature was increased to 1523 K for 18 hours and the samples were slowly cooled
to room temperature. The average particle size of the synthesized PNbgOq5 powder was 5

pm and decreased to 1 pm after 30 minutes of ball-milling.

3.2 Electrode and device fabrication

The synthesized PNbgOq; pellet was ground with SuperP (TIMCAL) using an agate mortar
and pestle for 5 minutes until visibly combined. The mixture was transferred to a stainless-
steel ball mill canister (5 mL, one ball), and mechanically milled for a total of 20 minutes in
order to achieve thorough mixture of the carbon and active materials. A slurry was prepared
by first suspending polyvinylidene fluoride (PVDF') in N-Methyl-2-pyrrolidone (NMP) and
speedmixing at 2000 rpm for 10 minutes. The PNbgOss/carbon mixture was added to the
PVDF and speedmixed at 2000 rpm for another 10 minutes. The resulting slurry had mass
ratio 1:0.15:0.05 of PNbgOs5:conductive carbon:binder. A doctor blade was used to cast the
slurry onto a copper foil current collector. The resulting 200 gm thick film was dried at 90
°C under vacuum for 18 hours. Then, electrodes were punched into a 10 mm diameter disc.
The mass loading of active material on the electrode was 6.2 mg/cm?.

Cyclic voltammetry and galvanostatic cycling were conducted using a coin cell configu-
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ration (MTI parts, 2032 SS casings). All coin cells were fabricated in an Ar-filled glove box
and consisted of a 200 pm thick PNbgOss electrode with 1 M of LiPFg in EC:DMC 1:1 v/v
(Sigma Aldrich) as the electrolyte, a 10x10x1 mm thick polished metallic lithium (Sigma
Aldrich) ribbon as the counter electrode, and a 200 pm thick glass microfiber filter separator
(Whatman, Grade GF/C). The coin cells were cycled using a high accuracy potentiostat
(Biologic, VSP-300) in the voltage range of 1.0—3.0 V.

3.3 Material characterization

In order to confirm the formation of the desired composition and phase, X-ray diffraction
spectra were collected using a Panalytical Empyrean powder diffractometer equipped with
Cu K-a radiation (A = 1.5406 A). The PNbyOys powder was distributed onto a Si zero-
background plate and the data were collected in Bragg-Brentano geometry. Rietveld refine-
ment was performed using TOPAS (Academic v.6) and fit to the previously solved space
group for PNbgOss I/ /m [15].

3.4 Potentiometric entropy measurements

The open circuit voltage Uy, (x,T) and the entropic potential OU,.,(x,T)/OT of the coin
cells with the PNbgOs5 anode and lithium metal counter electrode were measured as func-
tions of lithium composition x with a potentiometric entropy measurement technique using
the appartus described previously [19] and in supplementary material. The potentiometric
entropy measurements procedure consists of imposing a series of constant current pulses each
followed by a relaxation period. Here, the constant current pulse lasted 30 minutes with a
current of 130 uA corresponding to a C-rate of C/10. After each current pulse, the cells were
allowed to relax for 90 minutes. During the relaxation period, the temperature of the coin
cell was varied from 15 °C to 25 °C in 5 °C increments by imposing a step-like temperature
profile using a thermoelectric cold plate (TE technology, CP-121). The temporal evalua-
tion of the cell voltage was recorded with a high accuracy potentiostat (Biologic, VSP-300).

Likewise, U9 (z,T) and oU9(x,T)/JT were measured using the same procedure as that
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used for measuring U, (z,T), including the same relaxation time, but at different C-rates.
The duration of the current pulses also changed with C-rates. For instance, at C-rate of 1C,
each current pulse lasted 3 minutes, while it lasted 2 minutes for C-rate of 2C, and 1 minute
for 3C. Before imposing the next temperature step and recording Us,,(x,T) or U*9(x,T),
two conditions needed to be satisfied to ensure that the cell had reached thermodynamic
equilibrium namely (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

OUper(2,T) /0t or QU™ (2, T) /Ot was less than 1 mV /h.

3.5 Operando isothermal calorimetry

The instantaneous heat generation rates at the PNbgOs5 and lithium metal electrodes were
measured separately under galvanostatic cycling using a custom-made isothermal calorimeter
described previously [20]. Similar to the coin cell assembly, the calorimetric cell consisted
of (i) a 1 x 1 em? square shaped PNbgOqs electrode, (ii) two 50 pm thick Celgard C380
polypropylene/polyethylene separator sheets, (iii) 1 M LiPFg in EC:DMC 1:1 v/v (Sigma
Aldrich) as the electrolyte, and (iv) polished metallic lithium (Sigma Aldrich) as the counter
electrode.

Based on the thermal analysis of a single electrode described in Supplementary Materials
of Ref. [20], the heat generation rate Q;(t) (in mW) at each electrode was equal to the heat
transfer rate ¢/ (t) passing through the 1x1 cm? thermoelectric heat flux sensor (greenTEG,
gSKIN-XP) placed in thermal contact with the back of each electrode such that [20],

_AV()

Q) = g/ (04, = =

A; withi= PNO or Li. (15)

Here, AVj is the voltage difference measured in each heat flux sensor, A; denotes the footprint
area of the electrode (in cm?), and S; is the temperature-dependent sensitivity of the heat
flux sensor provided by the manufacturer (in xV/(W/cm?)). The total instantaneous heat
generation rate in the entire cell can be expressed as the sum of the heat generation rate

measured at each electrode, i.e., QT(t) = QLi(t) + Qpno (t).

12



“” can be di-

Moreover, the instantaneous heat generation rate @Q;(t) at electrode
vided into an irreversible Qimi(t), and a reversible Qrev,i(t) heat generation rate so that
Qi(t):QiTT,i(t)—i—QTev,i(t). Obtaining Qimi(t) for a battery electrode is rendered difficult by
the fact that the electrical conductivity of the electrode may change upon lithiation /delithiation.
However, it is convenient to note that, time-averaging Qrevﬁi(t) at each electrode over an en-
tire cycle should yield zero. Thus, the time-averaged irreversible heat generation rate éirr,i(t)

[19ehi

at electrode “i” can be expressed as

1
le+td cycle
where t. and ¢, are the duration of the charging (delithiation), and the discharging (lithiation)

Qirri = Q:(t)dt with i = PNO or Li (16)

steps, respectively. The time-averaged heat generation rates during either the lithiation

(subscript ‘d”) or the delithiation (subscript ‘¢”) step can also be calculated as
CTQM = tlj/otj Q;(t)dt withi= PNOor Li and j= cord. (17)
Thus, the time-averaged reversible heat generation rate during charging or discharging is
given by
érev,i = @Z] — ém,i withi= PNOor Li and j= cord. (18)
Furthermore, under galvanostatic cycling, the time ¢ (in sec) can be converted into the

lithium composition z in Li,PNbgOs5 such that

It

. 19
T 3600M Chpen (19)

Here, M is the mass loading of the active material and Cy,., is the theoretical capacity of

PNbgOss estimated as Cypreo=190.3 mAh/g based on one electron per transition metal.

4 Results and discussion

4.1 Material and Electrochemical characterization

Figure 1(a) shows the XRD pattern of the pristine PNbgOy5 particles synthesized in this

study. The lattice parameters and the atomic positions were refined. Here, the weighted
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profile R-factor R,,, was 18.736, which is slightly high because the peak shape asymmetry
was captured. However, all peaks observed in the pattern were assigned to a single phase
consistent with PNbgOas in the space group 14/m with a = 15.62054(7) A, ¢ = 3.82920(7) A,
and unit cell volume of 934.33(2) A%. These peaks were in a good agreement with previous

studies [15].

(@) o data 1 » —0.1mV/s
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Figure 1: (a) X-ray diffraction pattern of the pristine PNbgOy; particles synthesized, (b)
cyclic voltammogram of PNbgOy5 half-cell cycled with potential window ranging from 1.0
to 3.0 V vs. Li/Li* at different scan rates v, (c) galvanostatic charge-discharge potential
profile, and (d) specific capacity retention of the PNbgOgs half-cell cycled between 1.0 and
3.0 V vs. Li/Lit at C-rates between C/10 and 40C.
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Figure 1(b) shows the cyclic voltammograms of the PNbgOg; half-cell at different scan
rates between 1.0 V and 3.0 V vs. Li/LiT. It features four distinct pairs of cathodic and
anodic peaks, revealing the reversibility of lithiation/delithiation in PNbgOgs. In addition,
all four pairs of redox peaks occured at potential above 1.0 V vs. Li/Li*, confirming that
PNbgOs5 is a high voltage anode material for LIBs. The pair of cathodic and anodic peaks
with the highest potential observed at 1.63/1.78 V vs. Li/Li*" (blue dots), was attributed
to Nb3*T/Nb** redox reactions [15,45,46]. Likewise, the pair of cathodic and anodic peaks
with the lowest potential observed at 1.12/1.28 V vs. Li/Li* (orange dots), was attributed to
Nb*+ /Nb3* redox reactions [15,45,46]. The b-value associated with each cathodic and anodic
peak was obtained by fitting the peak current /.. vs. scan rate v with a power law such that
Lpear = av® (see Supplementary Material). The b-values of these four cathodic and anodic
peaks were around 0.6 suggesting that charging and discharging might be limited by diffusion
of lithium in the PNbgOy; electrode [47]. Furthermore, two more pairs of cathodic and anodic
peaks were observed at 1.37/1.45 V (red dots) and 1.49/1.56 V (green dots) vs. Li/Li*. The
b-values associated with these peaks were found to be around 0.95 corresponding to fast and
reversible redox reactions [47]. Such large b-values illustrate the potential of PNbgOqs anodes
for high power density batteries despite undergoing phase transitions upon lithiation [47].

Figure 1(c) shows galvanostatic charge and discharge profiles of PNbgOss half-cell cycled
between 1.0 and 3.0 V (vs. Li/Li") at different C-rates. At C-rate of C/10, the specific
capacity was measured to be 225 mAh/g. The latter was larger than the theoretical capacity
calculated as Cypeo, = 190 mAh/g based on the assumption of 1 electron per transition
metal. Measurements by X-ray photoelectron spectroscopy showed that more than 1 electron
was stored per transition metal confirming multi-electron redox reaction [12]. Two voltage
plateaus were observed around 1.7 V and 1.1 V corresponding to the redox peaks with low
b-values of 0.6 observed in Figure 1(b).

Figure 1(d) shows the specific capacity retention of the PNbgOqjs electrode as a function
of cycle number for C-rates ranging from C/10 to 40C. The capacity of the PNbgOagj5 electrode
was around 200 mAh/g at C-rate of 1C. Furthermore, even at C-rate of 10 C, the PNbgOas5
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electrode showed impressive fast charging ability and maintained 75 % of its capacity at
C/10. In addition, after 30 cycles, it maintained its capacity and demonstrated excellent
reversibility. By comparison, TiNb,O7, one of the commercially accepted fast charging type
lithium-ion battery anode materials, maintained 40 % of its C/10 capacity at C-rate of 10
C [19].

4.2 Entropic potential of PNbyO;

Figure 2 plots the open circuit voltage U,e,(x,T) and the entropic potential OU,,(z,T)/0T
at 20 °C as functions of & composition in Li,PNbgOq; at C-rate of C/10 during lithiation.
The trend of both measured Uye, (2, T') and OU,e (2, T') /OT were repeatable during lithiation
and subsequent delithiation at C-rate of C/10 (see Fig. S5 in Supplementary Material). It
features six distinct regions based on the slope of Uy, (2, T') and OU,e,(x,T)/OT. In Region I,
corresponding to x < 2, both the open circuit voltage Uy, (z,T) and the entropic potential
OU,ep(,T)/OT feature sharp drop and sloped curve indicative of lithium insertion in a
homogeneous solid solution [12,15]. Here, OU,u,(x,T)/OT decreased sharply upon lithiation
in the homogeneous solid solution resulting in a more ordered structure. In Region II, for 2 <
x < 3.5, both Uy (2, T) and QU (2, T)/OT were constant and independent of x confirming
a two-phase coexistence region also observed previously in XRD measurements [15]. Note
that U, (2, T) associated with this two-phase coexistence region was 1.7 V (vs Li/Li") and
corresponded to the potential of the redox peak observed in the CV curve [Figure 1(a)].
In addition, in situ X-ray powder diffraction of PNbgOq5 revealed that the structure goes
through both solid solution regions and two-phase coexistence regions [12]. However, the
two coexisting phases belong to the original refined space group with two different lattice
parameters [12]. First, a solid solution of the original 14/m space group was formed upon
lithiation from PNbgOs5 to LiosPNbgOs5. Second, between LisPNbgOss and Liz sPNbgOos
the second 14/m phase emerged with a larger unit cell volume confirming the two-phase
coexistence region identified from the analysis of U,e, (2, T) and OU,e, (2, T) /0T .

For 3.5 < z < 9.5, Uye(x,T) shows a sloped potential suggesting a homogeneous solid
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Figure 2: Open circuit voltage U, (2, T') and entropic potential OU,e,(z, T)/OT of PNbgOas
half cell as functions of lithium composition x in Li,PNbgOs5 during lithiation at C-rate of

C/10.

solution. In situ XRD measurements also confirmed a monophasic lithiation process [45].
However, based on OU,,(x,T) /0T, this composition range can be further divided into three
distinct regions. First, in Region II1, defined by 3.5 < x < 5, QU (2, T) /T increased first
then decreased at higher x composition resulting in a local maxima. This behavior could
be attributed to an semiconductor-to-metal transition known to occur in this region, based
on magnetic susceptibility and solid-state nuclear magnetic resonance measurements, elec-
trochemical impedance spectroscopy data, and density functional theory calculations [12].
The electronic entropy of insulating oxide is nearly zero due to the zero density of state at
the Fermi level [48]. However, when the oxide becomes metallic, it exhibits high electronic
entropy. Thus, OU,e,(z,T)/0T, which corresponds essentially the partial molar entropy of

the PNbgOss electrode, featured a peak at the semiconductor-to-metal transition (see Sup-
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plementary Materials). In Region IV, such that 5 < 2 < 8, OU,.,(x,T)/IT presents a small
negative slope from -0.12 mV/K to -0.16 mV /K indicating the intercalation of lithium ion
in a homogeneous solid solution. Furthermore, in Region V corresponding to 8 < x < 9.5,
OUpey(x, T)/OT displays a tilde shape fluctuation. These observations were attributed to
intralayer lithium ordering similar to that observed in TiS, [49] and LiCoOy [50]. Such
ordering occurs when it is energetically advantageous for the intercalated lithium ions to
arrange themselves in the vacant sites in a more ordered manner instead of being randomly
inserted [17,19]. Furthermore, numerical simulations based on statistical mechanical model-
ing and validated experimentally with Li-ions in graphite suggest that the interatomic forces
can caused ion ordering and result in tilde shape fluctuation in the partial molar entropy [51].
This intralayer lithium ordering possibly corresponds to fast lithium transport within type-«
edge sites with low kinetic barriers [12]. It is interesting to note that the XRD measurements
suggest no crystallographic phase change in this region. Lastly, in Region VI with x > 9.5,
both Uy, (x, T) and OU,e,(z,T) /0T were constant suggesting another two-phase coexistence
of Lig 5sPNbgOy5 and Lijg5PNbgOs5 phases.

Overall, the entropic potential measurements confirm the existence of two two-phase
coexistence regions also identified from electrochemical testing and XRD measurements [12,
15]. Most notably, the present analysis of both Uy, (z,T) and OU,e,(x,T) /0T also captured
the entropic signature of semiconductor-to-metal transition (Region III) and intralayer ion

ordering (region IV) which could not be identified from other characterization methods.

4.3 Heat generation rates
4.3.1 Instantaneous heat generation rates

Figures 3(a)-3(c) plot the instantaneous heat generation rates Qpyo(t) measured at the
PNbgOs5 electrode and Q ri(t) at the lithium metal electrode as well as the total instanta-
neous heat generation rate Qr(t) = Qpno(t) + Qri(t), as functions of dimensionless time

t/teq, with t.q being the charging/discharging cycle period, for three consecutive cycles at
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temperature of 20 °C and at C-rate of 1C, 2C, and 3C, respectively. First, the measurements
at each electrode were repeatable cycle after cycle. In addition, the magnitude of Q Li(t) at
the lithium metal electrode was relatively constant over the charging or discharging step for
any given C-rates unlike Qpyo(t) at the PNbyOs; electrode which varied significantly with
time.

Figures 4(a) and 4(b) plot the instantaneous heat generation rates Qpyo(z) measured
at the PNbgOy5 electrode during lithiation and delithiation at 20 °C as a function of com-
position z in Li,PNbgOss for C-rate of 1C, 2C, and 3C. At the onset of lithiation for x
< 2.0, Qpno(z) featured an endothermic dip resulting in Qpyo(x) < 0. This can be at-
tributed to the reversible entropic heat generation Q,,(x) [Eq.(10)] characterized by a posi-
tive OU,ep (2, T)/OT and featuring a sharp drop as the lithium composition increased (Figure
2). This dip was enhanced by the decrease in Joule heating Q J(z) > 0 due to the drop
in electrical resistance of PNbgOg5 associated with the insulator to semiconductor phase
transition upon lithiation [12]. Indeed, the pristine PNbgOy5 was white and electrically insu-
lating but became black as it underwent an insulator-to-semiconductor and semiconductor
to metal transitions sequentially upon lithiation [12]. This transition was observed as a peak
in the entropic potential measurements (Figure 2). Beyond x ~ 2, QpNo(x) was positive
and increased with increasing C-rate due to the associated increase in Joule heating. Con-
versely, Qpno (x) increased sharply during delithiation at low lithium composition due to the
exothermic reversible entropic heat generation and the increase in the electrical resistance
of Li,PNbgOy5. Likewise, it also increased with increasing current or C-rate accompanied
by the associated increase in Joule heating. In addition, Figure 4(b) shows a local maxima
for x ~ 5 corresponding to the semiconductor-to-metal transition observed in the entropic
potential OU,e, (2, T) /0T (Figure 2).

Furthermore, Figures 4(c) and 4(d) plot the instantaneous heat generation rate Q;(z)
measured at the lithium metal electrode at 20 °C as a function of lithium composition x
for C-rate ranging from 1C to 3C during lithiation and delithiation, respectively. Figure

4(c) indicates that the magnitude of the heat generation rate at the lithium metal electrode
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Figure 4: Instantaneous heat generation rates Q pno(x) at the PNbgOys electrode during (a)
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(d) delithiation in the calorimetric cell cycled between 1.0 and 3.0 V vs. Li/Li* at C-rates

of 1C, 2C, and 3C as functions of x in Li,PNbgOys.

Qri(x) was relatively constant throughout the lithiation process. This was attributed to the
continuous Li* ion stripping and exothermic Li* ion solvation accompanied by ion-pairing
in the EC:DMC electrolyte at constant current [52]. Then, Q;(x) increased with increasing
current /. By contrast, Figure 4(d) shows that Qp;(z) increased during delithiation due to
the plating of Li™ on the lithium metal counter electrode accompanied by endothermic ion
dissociation and exothermic dendrite formation on the surface of lithium metal counter elec-

trode [53]. Indeed, during delithiation, Li* ions deintercalated from the PNbgOy5 electrode,
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got solvated in EC:DMC and transported across the device until they reached the Li metal
counter electrode where they lost their solvation shells before being deposited on the lithium

metal electrode surface in the form of dendrites [54].

4.3.2 Time-averaged heat generation rates

Figure 5(a) plots the time-averaged irreversible heat generation rates éim pyo and éim Li
over a cycle at the PNbgOs5 and the lithium metal electrodes as functions of imposed current
I. Here, the square data points correspond to the time averaged éirm performed over 5
consecutive cycles at at give C-rate. In addition, the error bars correspond to two standard
deviations or 95 % confidence interval. Fitting of éim ri(I) at the lithium metal electrode
indicates that it increased quadratically with respect to [, i.e., QTW, ri(I) o< I%. In other words,
the irreversible heat generation was dominated by Joule heating as the electrode resistance of
the Li electrode was constant and independent of the state of charge. In addition, éim PNO
at the PNbgOss5 electrode was similar to that of the lithium metal electrode ém, i at low
current. However, CTQimpNO was smaller than QTZ-M’LZ» at higher current. This can also be
attributed to the increasing magnitude of the endothermic peak with increasing current (or
C-rate) which resulted in negative Qpno(z) early in the lithiation process [Figure 4(a)]. In
addition, Joule heating in the PNbgOss electrode did not vary as I? due to the important
changes in its electrical resistivity upon lithium intercalation/deintercalation. Moreover, as
the C-rate increased, the capacity of the battery decreased indicating that the amount of
lithium intercalating/deintercalating also decreased. In fact, at C-rate of 1C, PNbgOqs; was
lithiated up to Lijg.5PNbgOss; while it was only lithiated up to LigPNbgOq5 at C-rate of 3C
for the same potential window. Thus, at high C-rate, the material underwent a narrower
change in composition so that the average electical resistivity also varied with C-rate.
Figure 5(b) plots the time-averaged reversible heat generation rate |ém,7 pNo,;| at the
PNbyOq5 working electrode and |érev7 Li;| at the lithium metal counter electrode computed
according to Eqs.(16)-(18) during lithiation (j=d) and delithiation (j=c) for different cur-

rents I. It establishes that both |Q7m,7 pNo,j| and |672m,, Lij| at each electrode were identical
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during lithiation and delithiation, confirming their reversible nature. Furthermore, both
|érev,PNO,j| and \C}rev, Li;| were linearly proportional to the current /. Combining Eqs.(7)
and (10) yields the time averaged reversible heat generation rate QTWM- due to the entropic

change at each electrode during galvanostatic cycling, i.e.,

- IT -
o
Qrev,Li = - e Sri and QT@U,PNO =

IT 0spno
oxr

(20)
Thus, CTQWJ, i is exothermic (> 0) during discharging and endothermic (< 0) during charging
whereas CTQTQMPNO is endothermic during discharging and exothermic during charging. In
addition, Eq.(20) suggests that érew is linearly proportional to current I in qualitative
agreement with experimental data plotted in Figure 5(b). The formation entropy s9, of
lithium metal is equal to 0.29 meV/K [55]. Based on the measured entropic pontential
OU,e, /OT, the averaged 0Spyo/Ox over all compositions = achieved during a cycle was
estimated as 0.21 meV /K [Eq.(7)]. Thus, the ratio |C§T€U’i7j/(1/e)| should be equal to T's9,=85
meV for the lithium metal electrode and T05pno/0r=63 meV for the PNbgOgs electrode at
20 °C [Eq.(20)]. Figure 5(c) plots |ér6v7p1\[o7j/<1/€)| vs. current I at the PNbgOy5 (i = PNO)
and at the Li metal (1 = Li) electrode. It establishes that the ratios |érev7PNO,c/d/(I/€)| and
|CT2T6U, Lic/a/(I/e)| were independent of I for both lithiation and delithiation. Furthermore,
|QTT€U7LiVC/d/(]/e)| was larger than |érev’PNO,c/d/<I/€)‘ as predicted from the entropic potential
measurements. Here, |érev,Li,c/d/(1/e)| was measured to be 41 meV while |ér6U7PNO’C/d/(I/€)|
was 34 meV. These values were smaller than the calculated T's§, and T0spno/Ox, thus
implying the occurrence of other physicochemical phenomena contributing to the reversible
heat generation rate at each electrode.

The reversible heat generation rate at each electrode could be attributed not only to
the entropic change [Eq.(10)] [22—24] but also to ion solvation/desolvation accompanied with
ion-pairing [52,56-59], and to ion adsorption/desorption at the electrode surface [40,42-44].
Solvation or desolvation of Lit ions in carbonate takes place alternatively at the anode and
cathode during charging and discharging. Thermochemistry calculations revealed that the
enthalpy of solvation AH,, of Lit ion in EC:DMC is negative so that the complexation

of the Li* ion-carbonate is spontaneous and exothermic [56-58]. Conversely, desolvation
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is endothermic. Moreover, upon solvation, the solvated Lit ions may form ion-pairs with
solvated PFy [59]. The electric energy is released when two oppositely charged ions are
brought together so that forming an ion pair is an exothermic process, i.e., AH < 0 [52]. The
enthalpy associated with ion-pairing AH;, is the sum of the change in electric enthalpy AH;
due to ion association and the enthalpy of desolvation AHgesor, i.6., AH;, = AHo+AH jesor =
AH, — AHgy [52]. More specifically, AH;, for 1M of LiPFg in 1:1 v/v EC:DMC electrolyte
was estimated using molecular dynamic simulations to be -0.8 kJ/mol at 20 °C [52]. Thus,
forming an ion-pairs is an exothermic process while dissociation of ion-pairs is endothermic.
During charging, ion-pairing takes place at the PNbgOo5 electrode while the reverse process
occurs at the lithium metal counter electrode.

Finally, ion adsorption and desorption may also contribute to the reversible heat gen-
eration rate in battery electrodes. The heat generation rate associated with ion adsorption
and desorption was found to be significant in electric double layer capacitor and was also
proportional to the applied current I [40,42-44]. During charging, PFg adsorbed to the
PNbgOss electrode while, simultaneously, Li* desorbed from it. Previous numerical simu-
lations have established that the reversible heat generation rate decreased with increasing
ion diameter [60]. Thus, the endothermic contribution of Li* desorption is more significant
than the exothermic contribution of PFy adsorption. In brief, reversible heat generation
rates due to ion adsorption/desorption have opposite sign compared with those associated
with reversible entropic change. Overall, calorimetric measurements established that the re-
versible heat generation rate at each electrode was dominated by the entropic changes with
some contributions from ion solvation/desolvation accompanied with ion-pairing as well as

ion adsorption/desorption.

4.3.3 Heat generation rate of a full cell

Figures 6(a)-6(f) plot the total instantaneous heat generation rate Qr(z) = Qpyo(x) +
Q ri(z) as a functions of x in Li, PNbgOs5 measured in the entire cell at 20 °C during lithiation

and delithiation for C-rate of 1C, 2C, and 3C. It also shows the contributions from Joule
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Figure 6: Measured total heat generation rate QT(x) and heat generation rates Q J(z),

Q(x) + Qpev() calculated according to Eqs.(9) and (10) along with operating voltage V()

of a cell upon (a) lithiation, (b) delithiation at C-rate of 1C, (c) lithiation, (d) delithiation

at C-rate of 2C, and (e) lithiation, (f) delithiation at C-rate of 3C at 20 °C.

heating Q(x) and entropic reversible heat generation Q,.,(z), respectively calculated using

Eqgs.(9) and (10) based on the measured open circuit voltage U, (), operating voltage V (x),
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and entropic potential AUy, (z)/0T of the device. Here, for all C-rates considered, @Q;(z)
decreased sharply for z < 2 during lithiation due to the transition of PNbgOs5 from insulator
to semiconductor upon lithiation. Conversely, Q J(z) increased sharply for x < 2 during
delithiation. It is interesting to note that the trends of the calculated Joule heating Q;(z)
was similar to those observed in the reported resistivity of the PNbgOs5 electrode based
on the electrochemical impedance spectroscopy measurements [12]. Moreover, predictions
of the sum Q(z) + Qyeo(x) agreed relatively well with the measured total heat generation
rate QT(x) for both lithiation and delithiation. neglecting the heat generation rate due to
side reactions Q,, () leads to expressing the enthalpy of mixing Q. () as the difference
between Q7 (z) and the sum Q5 () + Qrey (%), 1.€., Quiz(2) = Qr(2)— Q1 (2) = Qrew () [Eq.(8)]
[22-24]. Then, Figure 6 indicates that Q. () increased with increasing C-rate. This can
be attributed to larger Li™ concentration gradients developed within the electrode due to

diffusion limitation as the imposed current I increased [32].

4.3.4 Energy balance

Figure 7 presents the electrical energy losses AE, measured from the hysteresis in the cell
potential V(z,T) [Eq.(14)] at C-rates of 1C, 2C, and 3C. It also plots the measured total ther-
mal energy Q)r dissipated in the entire cell along with the contributions from Joule heating
Qs [Eq.(13)] during lithiation and delithiation. Figure 7 indicates that AF, increased with
increasing C-rates due to the associated increase in the overpotential [V (z,T) — U*9(x, T)]
[27,28]. The values U™ (z,T) and oU*9(z,T) /0T measured by GITT at different C-rates
used in the calculation of Q(z,T) and Qyey(x,T) are shown in Figures S5-S6 of the Sup-
plementary Material. Furthermore, the electrical energy losses AE, fell within 4 % of the
measured total thermal energy Q)1 dissipated over cycle. In other words, the electrical en-
ergy losses were dissipated in the form of heat and the electrochemical measurements were
in excellent agreement with the calorimetric measurements so that AFE, = Q. Addition-
ally, the irreversible Joule heating during delithiation was smaller than that during lithiation

due to relatively fast kinetics of delithiation compared to that of lithiation as observed in
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the apparent diffusion coefficient of Li™ ion in the PNbgOys electrode (see Supplementary
Material).

Moreover, since )., ~ 0, the difference between (Qr and (); corresponded to the heat
dissipated as enthalpy of mixing, i.e., Qni.=Q7r - Q. At C-rate of 1C, the irreversible
Joule heating was responsible for 89 % of the total energy dissipated while the enthalpy of
mixing contributed only 11 %. However, the contribution of the enthalpy of mixing to the
total energy dissipated increased with increasing C-rate to reach 33 % at C-rate of 3C. The
present results suggest that the contribution of the enthalpy of mixing in the heat generation
of PNbgOys; was relatively small compared with other battery electrode materials even at
high C-rate [31]. These new results confirm that PNbgOos is a very promising anode material

for fast charging LIB applications.
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Figure 7: Net electrical energy losses AFE, and total thermal energy dissipated Q7 averaged
over the first five charging-discharging cycles as well as contributions from Joule heating @) ;
during lithiation and delithiation. The enthalpy of mixing corresponds to Q. = Qr— Q5 =
AE, — Q.
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5 Conclusion

This study investigated the charging mechanisms responsible for the fast charging of PNbgOas
electrode in lithium ion batteries. The cyclic voltammetry and galvanostatic cycling con-
firmed the impressive rate performance of PNbgOs5 with cathodic and anodic peaks above
1 V (vs. Li/Li") thus avoiding SEI formation. Entropy measurements not only confirmed
the phase transitions identified from XRD measurements but also identified semiconductor-
to-metal transition and intralayer lithium ordering which could not be identified from other
characterization methods. Moreover, this study reports, for the first time, the individual heat
generation rates at the PNbgOo5; working electrode and at the Li metal counter electrode in
a battery cell during cycling. The heat generation rate due to Joule heating dominated the
energy losses. The time-averaged irreversible heat generation rate indicated that the elec-
trical resistance of the lithium metal electrode was constant and independent of the state of
charge while the electrical resistance of the PNbgOo5 changed significantly with the state of
charge. Furthermore, the time-averaged reversible heat generation rates over the charging
or discharging steps were equal and linearly proportional to the imposed current at both
electrodes. In addition, entropic changes dominated the reversible heat generation rate at
each electrode. The enthalpy of mixing increased with the increasing C-rate but remained
relatively small even at high C-rates compared to other LIB electrode materials. These
results establish that PNbgOos5 constitutes an excellent anode material undergoing insulator-
to-metal transition and intralayer ion ordering during lithiation, two attractive features of

fast charging battery applications.
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