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Abstract

This study proposes a novel and fast microcalorimetry electrothermal impedance spec-
troscopy (ETIS) method based on heat generation rate measurements at each electrode of a
lithium-ion battery cell. This new method is capable of retrieving the open-circuit voltage,
the entropic potential, and the partial entropy changes at each electrode from measurements
at a single temperature. It also shortens the measurement duration to a few hours compared
to several days using the galvanostatic intermittent titration technique (GITT). The method
consists of imposing a sinusoidal current on the cell assembled in an operando isothermal
calorimeter. The induced sinusoidal potential response is used to calculate the open-circuit
voltage of the cell as a function of the state of charge. The measured heat generation rates
are analyzed by fast Fourier transform to determine not only the entropic potential of the cell
but also the partial entropy changes at each electrode. This novel microcalorimetry ETIS
method was first validated with numerical simulations. Then, it was experimentally demon-
strated on battery cells consisting of PNbgOs5; or TiNbyO; working electrodes and metallic
lithium counter electrodes in 1 M LiPFg in EC:DMC 1:1 v/v electrolyte. The results of the
open-circuit voltage and the normalized entropic potential matched those previously deter-
mined by potentiometric entropy measurements based on GITT measurements at different
temperatures. Furthermore, while the normalized partial entropy changes exhibited notable
features at the PNbgOq5 or TiNb,O; working electrodes, they varied little at the metallic
lithium counter electrodes.

Keywords: lithium-ion battery, open-circuit voltage, entropic potential, electrothermal

impedance spectroscopy, calorimetry



1 Introduction

The global transition towards renewable energy and the widespread electrification of every-
thing has led to significant interest in electrical energy storage systems including lithium-ion
batteries (LIBs) [1-6]. Over the past decades, efforts have focused on discovering new cath-
ode and anode materials with large capacity and long cycle life, among other attributes.
Simultaneously, electrochemical methods of analysis have been developed to gain insight
into their charging and discharging mechanisms.

The entropic potential OUpcy /0T of a battery cell is defined as the derivative of the
cell open-circuit voltage Upcy with respect to temperature 7' as a function of the state of
charge. Both Upcy and OUpey /0T relate to thermodynamic properties whose measurement
can provide insight into the charging mechanisms of LIBs and the reversible heat generation
rate during cycling [7]. Multiple approaches have been proposed to measure the entropic
potential of LIBs [8-16]. It can be determined by performing galvanostatic intermittent
titration technique (GITT) at different temperatures. However, such measurements are time-
consuming and usually require hundreds of hours for a single lithiation/delithiation cycle.
Alternatively, the electrothermal impedance spectroscopy (ETIS) technique - first proposed
by Schmidt et al. [17] and subsequently advanced by Hu et al. [18,19] - is capable of measuring
the entropic potential of LIBs within only a few hours for one lithiation/delithiation cycle.
However, these techniques use measurement apparatus that require substantial temperature
changes and /or heat generation to produce accurate results. Therefore, so far they have been
demonstrated only with commercial cylindrical and pouch cells with mass loadings on the
order of grams. However, in laboratory settings it is more practical to synthesize electrodes
with mass loadings on the order of milligrams of LIB materials [20-22]. Moreover, previous
studies primarily focused on the entropic potential of the entire battery cell. However,
the partial entropy changes at each electrode is also of interest, as they can uncover the
thermodynamics behavior of the anode and cathode materials separately.

This study presents a novel microcalorimetry ETIS measurement method to rapidly

determine the open-circuit voltage Upcy, the entropic potential dUpcy /0T, and the partial
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entropy changes at each electrode of a battery cell. This new method uses an operando
isothermal calorimeter capable of measuring the instantaneous heat generation rates at in-
dividual electrodes with small mass loadings. After validating the method using numerical
simulations, it was demonstrated experimentally with PNbgOs5 or TiNb,O; battery cells

assembled in the calorimeter.

2 Background

2.1 Potentiometric entropy measurements

Potentiometric entropy measurements consist of determining the open-circuit voltage
Uocv(z,T) and the entropic potential [0Upcy /OT)(x,T) of a battery cell at a given tem-
perature T and pressure as functions of lithium composition z, specific capacity C,,, or
state of charge. Our previous study [7] has not only described the fundamental relation-
ships between Upcy (x,T), [0Uocv /OT|(x, T), and the material thermodynamic properties,
but also developed an interpretation guide of their measurements for LIBs. In brief, the
open-circuit voltage Upcy (z,T) of a battery cell with an intercalation compound (denoted
by MA) working electrode and a metallic lithium (denoted by Li) counter electrode can be

expressed as [7,23],

1 Ogna
e| Ox

_ dgri

Uocv(x,T) = — o7

(z,T)

(x,T) (1)

where e is the elementary charge, gyra(z,T) is the Gibbs free energy of Li,MA per unit
of MA, and gr;(x,T) is the Gibbs free energy per unit of metallic lithium. Similarly, the

entropic potential [0Upcy /0T (x,T) can be expressed as [7,24],

OUocv 1 [0sma Osri

where spyra(x,T') is the entropy of Li,MA per unit of MA and sp;(x,T) is the entropy per
unit of metallic lithium. As such, [0spra/0x](x,T) and —[0sr;/0x](z,T) can be regarded as

the respective partial entropy changes at each electrode. Furthermore, the counter electrode
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consists of macroscopic metallic lithium with negligible surface energy effects [25]. Thus,
[0gri/0x)(x, T) corresponds to the standard Gibbs free energy per unit of metallic lithium
g2:(T), and —[0s;/0x](x,T) is equal to the standard entropy per unit of metallic lithium
—s%,(T) [7,26]. Both ¢7,(T) and —s9,(T) are independent of z. Finally, the evolution of
Uocv(z,T) and [0Upcv/IT)(x,T) during lithiation can provide insight into the charging
mechanisms of the battery cell such as lithium ion insertion in a homogeneous solid solution,
two-phase coexistence, phase transition, and intralayer lithium ion ordering [7].
Potentiometric entropy measurements consist of imposing a series of constant current
pulses on the battery cell at constant temperature similar to GITT [27-29]. However, each
current pulse is followed by a relaxation period during which a step-like temperature profile
with four temperature plateaus is applied to the battery cell. Simultaneously, the corre-
sponding potential evolution of the battery cell is recorded by a high accuracy potentiostat.
As such, the open-circuit voltage Upcy (x,T') can be retrieved from the measured potential at
the end of the relaxation period. Furthermore, the entropic potential [0Upcv /0T (z,T) can
be calculated by taking the finite difference of the potential in response to each temperature
step and averaging over the four instances. This method has been demonstrated to accurately
measure the open-circuit voltage Upcy (z, T') and the entropic potential [0Uopcy /OT|(z, T) of
coin cells with metallic lithium counter electrodes and working electrodes made of intercala-
tion compounds such as graphite [7], LiCoOs [7], LiFePOy [7], TiNbyO7 [27], PNbgOss5 [28],
TisNbyOg [29], LiScMo30g [22], and Mo,Oq; [21]. However, it requires long relaxation peri-
ods to ensure that the battery cell has reached thermodynamic equilibrium before collecting
data for each lithium composition x at each temperature T". In fact, the total measurement
time for one lithiation/delithiation cycle of a coin cell usually ranges between 200 and 400
hours [27-29]. Such durations are prohibitively long and faster alternative methods capable

of providing meaningful information would be highly desirable.



2.2  Operando isothermal calorimetry

Heat generation arises from multiple physicochemical phenomena occurring inside electro-
chemical energy storage systems during operation [30]. Therefore, accurate estimations of
heat generation are essential in designing effective thermal management strategies to pre-
vent potential fire hazards such as thermal runaway [31]. Accordingly, various calorimetric
techniques have been developed to measure the heat generation in batteries including ac-
celerating rate calorimetry [31,32], differential scanning calorimetry [33,34], and isothermal
calorimetry [30]. In particular, several isothermal calorimetric studies have reported heat
generation rates in coin cells [30,34], cylindrical cells [35], Swagelok cells [33], and prismatic
cells [31] under galvanostatic cycling. However, they only detected the heat generation
rate for the entire cell. To overcome this limitation, Munteshari et al. [36] developed and
validated experimentally an operando isothermal calorimeter capable of measuring the in-
stantaneous heat generation rates at each electrode. Subsequently, the device has been used
to measure heat generation rates at each electrode of electric double layer capacitors [36-41],
hybrid pseudocapacitors [42,43], and LIBs [27-29]. The measurements revealed the thermal
signatures associated with physical, chemical, and transport processes including resistive
losses [27-29,38-43], entropic changes [28,29], ion adsorption/desorption [38-43], ion solva-
tion/desolvation [28,43], enthalpy of mixing [27, 28], electrolyte decomposition [40,41, 43|,

overscreening effect [37,41], and insulator to metal transition [27,28].

2.3 Fast Fourier transform (FFT)

Fast Fourier transform (FFT) is an algorithm computing the discrete Fourier transform of
a sequence and converting it from time domain to frequency domain [44]. It is an effective
tool to reveal any periodically oscillating feature within a signal which may not be obvious
from its temporal evolution. For example, let us consider a signal which can be represented

by the function f(¢) over time ¢ such that,

f(t) = Ao+ Aacos (2 fat + ¢a) + Apcos (2n fpt + dp) + - - (3)



By applying FFT to f(t), the amplitudes (A4, Ag, ---), frequencies (fa, f5, - -+ ), and phase
angles (¢a, ¢p, ---) of every sinusoidal term can be identified. Note that the phase angle

given by FF'T has a range between -7 and 7.

2.4 Electrothermal impedance spectroscopy (ETIS)

Previously, multiple characterization techniques have been developed to enable the simul-
taneous analysis of both electrochemical and thermal behavior of electrical energy storage
systems. For example, Hess et al. [45] designed an in situ simultaneous thermal analysis
(STA) cell for electric double layer capacitors. This technique monitors the change in heat
flow, mass loss, resistance, and capacitance within electric double layer capacitors during
operation. It was employed to investigate the impact of operating voltage and temperature
on the cycling degradation of electric double-layer capacitors and on the associated thermal
processes occurring within the devices [45-47]. Similarly for LIBs, Schmidt et al. [17] first
proposed ETIS as an alternative to the time-consuming potentiometric entropy measure-
ments based on GITT. The ETIS method consists of imposing on a battery cell a current
I(t) with a very small constant offset Iy and a sinusoidal oscillation with amplitude I; at
frequency f1, i.e.,

](t) = ]0 + 11Sil’l (27Tf1t) . (4)

Note that I is small enough to be negligible compared to Iy, i.e., |I] < |I;|. Under such

conditions, the irreversible Joule heating Q,(t) can be expressed as [17],

Ii’R Ii’R
—2L Zcos (A fit) + 12

Qs(t) = I(t)’R =~ (5)

where R is the internal resistance of the battery cell. Similarly, the reversible entropic heat

generation rate Qm,(t) can be written as [17],

OUocv
oT

Qrev(t) = [(t)TmaUvﬂ(iE, T) =~ [1Tm

5T (z,T)sin (27 f1t) (6)

where T, is the measured cell temperature averaged over the sinusoidal period.



The measured instantaneous temperature response T (t) of the battery cell can be
expressed as [17],

Teenn(t) = Topmp + ATy (t) + AT e (1) (7)

where Ty is the ambient temperature (assumed to be constant) while AT} (t) and AT, (t)
are the cell temperature changes due to irreversible Joule heating and reversible entropic
heat generation, respectively. The thermal impedance Zy,(f) (in K/W) of a battery cell at

frequency f can be defined as,

Tcell(f)' - Tamb(f) _ ATJ(f) + A'Trev(f)
Qr(f) Qi)+ Qreolf)

Note that in the frequency domain, T,,,,,(f) = 0 unless f = 0. As such, the cell temperature

Zin(f) =

(8)

changes AT;(t) and AT, (t) were related to the heat generation rates Q;(t) and Qyey(t)

through the thermal impedance Zy,(f) of the battery cell such that [17],

2 2
AT (1) =~ | Za (2] cos [4m it + 62, (21 + 1 Za2f)], and (9
AT (8) = BT 220 (0 ) | 2y 1) im (27 it + 7, (1) (10)

orT

where the thermal impedance Z;;,(f) can be defined as a frequency-dependent complex func-
tion with magnitude |Z,(f)| and phase difference ¢z, (f) at frequency f. Here, the sinu-
soidal oscillations within ATj(t) and AT,,(t) have distinct frequencies 2f; and fi, respec-
tively. Thus, they can be distinguished in the frequency domain by applying FFT to the
measured T, (t). In fact, Schmidt et al. [17] expressed the amplitude A7 (2f;) associated

with the temperature oscillation at frequency 2f; as,

2
Ar(2) = " Za(2R) (1)
and Ar(f;) at frequency f; as,
Ar(F) = KT 250 (0, 7) | Z ()] (12)

As a result, the internal resistance R can be retrieved from the FFT output A7 (2f;) as,

2
L2 Za(2£1)]

8

R Ar(2f1). (13)



Similarly, the entropic potential [0Upcy /0T ](x,T) can be obtained from the FFT output

AT(fl) as,
8UOCV o 1

ar @ )_Ile|Zth(f1)|

Ar(f1)- (14)

To obtain the thermal impedance magnitudes |Z;,(2f1)| and |Z,(f1)|, the following proce-
dure was suggested [17]. First, the entropic potential of the battery cell at a given state of
charge (SOC) is predetermined by potentiometric entropy measurements based on GITT at
four different temperatures. Then, the battery cell is set to this SOC and excited with a sinu-
soidal current at frequency 2 f;. As the entropic potential at this SOC is known, the reversible
entropic heat generation rate Q,e,(t) can be calculated using Equation (6). Simultaneously,
the instantaneous temperature response T (t) of the battery cell is measured. Subsequently,
both the measured T,y (t) and the calculated Qrev(t) are analyzed by FFT. This identifies the
amplitudes of the sinusoidal oscillations at frequency 2 f; within T, (¢) and Qm,(t). Finally,
the thermal impedance magnitude | Z,,(2f1)] arises as the ratio of these two amplitudes, i.e.,
| Zin(2f1)| = |Teer(2f1)]/ ‘Qrev(Qfl)‘. The same procedure is repeated at frequency f; to
obtain the thermal impedance magnitude |Zu(f1)], i.c., |Zin(f1)] = [Toeur(f1)] / ‘Qm( fl)‘.
Overall, this method was successfully demonstrated on commercial cylindrical and pouch
cells with capacities around 1 Ah [17]. The retrieved entropic potential [0Upcy /0T (x,T)
agreed with that determined by potentiometric entropy measurements based on GITT, and
the measurement duration was shortened from several days to a few hours [17]. Neverthe-
less, in practice this method becomes unnecessarily complicated because of the requirement
to measure the temperature. First, accurate values of the thermal impedance magnitudes
| Zin(2f1)| and |Zy,(f1)| must be obtained. The thermal impedance serves as the only avail-
able relationship from the measured temperature response Tr.;(t) back to the heat generation
rates Q;(t) and Q,e,(t) in the battery cell which are not directly measured. However, sev-
eral studies have illustrated that the thermal impedance can vary substantially with minor
changes in ambient temperature [48] and ambient relative humidity [49]. Thus, consistent
conditions must be maintained for the duration of the experiment. For example, throughout

their experiment, Schmidt et al. [17] placed the battery cell and mounted the temperature



sensor in the same positions. Furthermore, the entire setup was housed in an incubator to
ensure constant ambient temperature and ambient relative humidity. Moreover, the imposed
sinusoidal current needs to have large amplitude (on the order of amperes) and low frequency
(on the order of millihertz) to create temperature oscillations on the order of a few degrees
Celsius which are detectable by conventional temperature sensors [17|. These criteria are
challenging for battery cells with large thermal conductivity and/or large specific heat ca-
pacity, as a larger heat generation rate is required to induce sufficiently large temperature
oscillations [48].

To address these drawbacks, Hu et al. [18,19] attempted to eliminate the step of re-
trieving the heat generation rate from the measured temperature response. Instead, they
directly measured the total heat generation rate QT(t) using an isothermal calorimeter at
temperature T,, [18,19]. The imposed current I(t) was given by Equation (4) and QT(t)
was expressed as the sum of Q(t) and Q,c,(t) given by Equations (5) and (6), respectively.
Therefore, after applying FFT to the measured QT(t), they expressed the amplitude Ag(2f1)

associated with the heat generation rate oscillation at frequency 2f; as,

L*R
Ag(2f1) = 12 (15)
and Ag(f1) at frequency f as,
oU,
Ag(f1) = W= (2, T), (16)

Then, the internal resistance R and the entropic potential [0Upcv /OT|(x,T') can be retrieved
from the FFT output Ag(2f1) and Ag(f1) as,

2
oU, 1
o (@ T) = p-Aalf). (18)

This modified ETIS method was successfully demonstrated on a commercial LMO-
NMC/graphite pouch cell with a capacity of 25.9 Ah [18,19]. The isothermal calorimeter

measured the heat generation rate and retrieved the entropic potential of the entire pouch
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cell. It simplified the experimental procedure and improved the accuracy of the retrieved
entropic potential and internal resistance [18,19]. However, the isothermal calorimeter had a
maximum measurement error of 0.67 W and a response time of at least a few seconds [18,19].
Thus, its most appropriate application is for commercial pouch cells with mass loadings on
the order of grams. However, in the discovery of novel LIB materials in a laboratory setting,
one typically synthesizes electrodes with mass loadings on the order of a few mg/cm? tested
in coin cells with heat generation rates on the order of microwatts [27-29]. For coin cells,
an isothermal calorimeter with considerably better sensitivity and shorter response time is
necessary to capture the instantaneous heat generation rate typically featuring rapid fluctu-
ations of relatively small magnitudes [36]. In addition, measuring the heat generation rates
at each electrode could be used to investigate their individual partial entropy changes. This
could provide insight into the thermodynamics behavior of both the anode and the cathode
and contribute in selecting the pair of electrodes for full cells.

This study aims to develop a novel microcalorimetry ETIS measurement method to
quickly determine the open-circuit voltage Upcy and the entropic potential 0Upcy /0T of
battery cells with electrode mass loadings on the order of milligrams and fabricated in a
laboratory setting. This new method uses an operando isothermal calorimeter designed to
measure the instantaneous heat generation rates on the order of microwatts at individual
electrodes, making it the first method capable of investigating the partial entropy changes

at each electrode during cycling.

3 Analysis

3.1 Imposed current

Figure 1 shows the schematic of the new procedure developed to determine the open-circuit
voltage Upcy (z,T) and the entropic potential [0Upcy /OT)(z,T) of an LIB cell from mi-
crocalorimetry ETIS measurements. The apparatus consists of the operando isothermal

calorimeter described in Ref. [36] and reproduced in Figure 2 for the sake of completeness.
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Step 1 Imposed current Measured potential Step 2

Output:
Uocv(x,T)

Step 3

Thermoelectric
heat flux sensor

Thermoelectric
heat flux sensor

Qua(®) QLi(®)
MA electrode Electrolyte Li electrode
Current collector Current collector
Measured Q,,(t) Q:()=0Qa)+Q,i() Measured Q, (1)
S o o
t t t
| 8 |
Outputs: Osya(x,T) AUpcy (x,T) dsp;(x,T)
0x oT 0x

Figure 1: Schematic of the procedure and experimental apparatus developed to determine
the open-circuit voltage Upcy (2, T) and the entropic potential [0Upcy /OT)(x, T) of an LIB

cell from the novel microcalorimetry ETIS measurements.
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Figure 2: Schematic of the operando isothermal calorimeter used in microcalorimetry ETIS

measurements.
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Battery cells consisting of two bare electrodes cast on current collectors and two thick sep-
arators impregnated with electrolyte are assembled in the calorimeter and cycled using a
high accuracy potentiostat. Instantaneous heat generation rates at individual electrodes
are measured by thermoelectric heat flux sensors in thermal contact with the back of each
electrode.

To complement previous studies [17-19], here we describe how to retrieve the open-
circuit voltage from the measured cell potential and the entropic potential as well as the
partial entropy changes at each electrode from the measured instantaneous heat generation
rates. The technique starts by imposing a current /(t) consisting of a constant offset I, and

a sinusoidal function oscillating with amplitude I; at frequency fi, i.e.,

I(t) = Iy — Iisin (27 f1t) = 1y + I1cos (27Tf1t + g) . (19)

As discussed in detail by Schmidt et al. [17], the choice of Iy, I}, and f; is a compromise
among several different considerations. Here, I is negative which slowly but continuously
discharges the battery cell. Note also that [y should be negligible compared to Iy, i.e.,
|Iy] < |I]. However, a large magnitude of I results in faster discharging and thus quicker
measurements. Similarly, I; should be large enough to ensure an adequate signal-to-noise
ratio in the measured oscillating heat generation rates. However, a small [, is preferable as
(i) it maximizes the proportion of reversible entropic heat generation Q,(t) compared to
Joule heating @ ;(t) and (ii) it minimizes the sinusoidal variation in the lithium composition
x over a period. In fact, every data point of the open-circuit voltage Upcy (z,T) and the
entropic potential [0Upcy /OT|(z,T) retrieved by microcalorimetry ETIS measurements is
actually the time-average over a sinusoidal period of an oscillating variable function of .
Therefore, this uncertainty can be alleviated by reducing the variation in x, which in turn
improves the resolution of the retrieved Upcy (z,T) and [0Upcy /0T (x,T). In addition, f
should be sufficiently large to acquire enough data points. Here also, a large frequency f;
shortens the period of every sinusoid, reduces the variation in x, and improves the resolution
of the retrieved results. However, every period needs to last at least a few seconds to provide

sufficient time for the periodically alternating redox reactions to occur within the battery
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cell. Finally, the phase angle of I(t) is chosen as m/2 such that (i) I(t) ~ 0 at ¢t = 0 to avoid
a sudden load on the potentiostat at the start of the measurements and (ii) (¢) is negative
during the first half-period to avoid overcharging the battery cell when it already begins in
fully charged (delithiated) state.

The elapsed time ¢ (in s) can be converted into the lithium composition x in Li,MA

such that,
t ’ ’

= . 20
3600mCiy, theo 3600mChy, theo (20)

z(t) = —

Here, Ag(t) (in mC) is the amount of charge transferred to the battery cell between times
0 and t, I(t) (in mA) is the imposed current given by Equation (19), m (in g) is the mass
loading of active material MA, and C, heo (in mAh/g) is the theoretical specific capacity of
the intercalation compound corresponding to the theoretical lithium composition xe,. For
example, in the case of a PNbgOgs working electrode, Cy, theo = 190 mAh /g assuming xpe,
= 9 [28], while for a TiNbyO7; working electrode, Cp, theo = 388 mAh/g assuming e, =
5 [27].

3.2 Potential response and open-circuit voltage

Under the imposed current I(¢) of Equation (19) and assuming |ly| < |I;|, the measured

potential response V() can be expressed as,
T
V(t) = Uocv (@, T) + 11 |Z(fi)l cos | 2mfit + 5 + d2(f1)] - (21)

Here, Z(f1) (in Q) is the electrochemical impedance of the battery cell at frequency f;.
Note that Z(f;) is a complex number such that Z(f1) = Z,e(f1) + iZim(f1). Alternatively,
Z(f1) can be described by its magnitude |Z(f;)| and phase difference ¢z(f1), i.e., Z(f1) =
|Z(f1)]exp [igz(f1)] [50,51]. Accordingly, the open-circuit voltage Upcvy (z;,T) at lithium
composition z; can be calculated by averaging the measured cell potential V' (¢) over a period

such that,
1 Ztl /7 !
Uocv(zi,T) = —/ Vi(t)dt (22)
(

b J—1n
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where t; = 1/ f; is the period of I(¢) and time ¢ falls within this period from (i — 1)¢; to it;.
In other words, Upcy (z,T) is considered equal to Upcy (x;, T') for any lithium composition

x between x;_; and z; such that,

L Teo Jy ()
" 3600mChthe0

(23)

3.3 Heat generation rates

The total instantaneous heat generation rate Qr(t) in a battery cell can be divided into

several contributions including (i) Joule heating Q (t), (ii) reversible entropic heat generation

Qres(t), (iii) enthalpy of mixing Qumix (), and (iv) heat generation due to side reactions er(t),
i.e. [27-30,52,53],

Qr(t) = Qs(t) + Qreu(t) + Quia(t) + Qur(1)- (24)

The heat generation rate @ (t) associated with irreversible resistive losses can be ex-

pressed as [27-30,52,53],
Qu(t) = 1(t) [V (t) — Uocv (x,T)]. (25)

Substituting I(¢) given by Equation (19) (assuming |Iy| < |I1|) and V() given by Equation
(21) into Equation (25) yields,

Q1) = " |Z(f)|cos fim fut + 7+ 02 (R)] + -1 Z(R) cos[62(R)] . (26)

Similarly, the reversible heat generation rate Qrev(t) due to entropic changes can be

expressed as [30,52,53],
OUocv
or

Here, T is the temperature of the battery cell imposed to be constant during operando

Qreo(t) = I(t)T

(z,T). (27)

isothermal calorimetry. Although [0Upcy /0T (x,T) is a real number, for the convenience of
FFT analysis we describe it by its magnitude |[0Uocy /OT|(x, T')| and phase difference ¢,.,.
Then, substituting I(t) given by Equation (19) into Equation (27) and assuming |[y| < |1

yields,
OUocv
oT

Qren(t) = LT ‘ (z,T)

oS (27Tf1t + g + ¢rev> : (28)
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Mathematically during discharging (lithiation) with negative I(t), if ¢.., =~ 0 then
[0Uocv /0T )(x,T) is positive and Qrev(t) is endothermic, or if ¢,., =~ = then
[0Uocv /OT)(x, T) is negative and Q,e,(t) is exothermic.

Furthermore, Qrev(t) can be defined as the sum of the reversible heat generation rates at
the intercalation compound working electrode Qrm m(t) and at the metallic lithium counter
electrode Qrev,u(t) such that Qm,(t) = Qrev,MA(t) + Qre’u,Li(t) [28,29]. Then, Qrev,MA(t) can

be expressed as,

Qrev,MA(t) - COs (27Tflt + g + gb?‘ev,MA) . (29)

e ox e ox

I(t)T@sMA(x T) _ E ‘GSMA ([E T)

Here also, the partial entropy change at the intercalation compound working electrode
[0spra/0x](z,T) is a real number that can be described by its magnitude |[0sy4/02](x, T

and its phase difference ¢,cp pra. Similarly, Qrev, i(t) can be written as,

0sr;

ox

I(t)T 8SL7; - ]1T

e Ox (z.T) = e (z,7)

Qrev,Lz’ (t) - -

3
cos <27Tf1t + g + <Z5reu,Lz'> : (30)

Finally, Qmis(t) is the heat generation rate associated with the enthalpy of mixing
caused by ion concentration gradients. Here, Qmm(t) is related to the local values of the
partial molar enthalpy and the concentration gradient of each ion species in the battery
cell [30,52,53]. These parameters are difficult to know for any given location within the
cell at any given time. Therefore, an exact relationship between Q. (t) and I(t) cannot be
established. Nevertheless, Qs (t) is typically negligible at low C-rates [52], as assumed in the
present FF'T analysis. Furthermore, the heat generation rate due to side reactions er(t) is

generally neglected unless the battery cell is operating under extreme conditions [30,52-54].

3.4 Entropic potential and partial entropy changes

Substituting Equations (26) and (28) into Equation (24) yields,

Qr(t) = Aot (0) + Apor(f1)c08 27 frt + Puor (f1)] + Asor(2f1)cos [AT it + dror(211)] (31)
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where the terms A;y:(0), Awr(f1), and A0t (2f1) are given by,

Aul0) = 120 cos o2 (£1)], (32)
Alf) = 1T ‘ Pocv s, T)‘ and (33)
Aw(2fi) = 2 12(0)]. 3)

Applying FFT to the measured Q7 (t) during a given period from (i — 1)¢; to it; yields the
amplitude Ay, (f1) of the sinusoidal oscillation at frequency f; given by Equation (33) and

the corresponding phase angle ¢, (f1) expressed as,

¢t0t<f1) = g + ¢rev- (35)

Thus, the entropic potential [0Upcy /0T(x;, T) at discrete lithium composition z; can be

written as,

OUocv
oT

OUocv
oT

Atot(fl) ™

COS (Prey) = LT Cos [thot(fl) - §] : (36)

(51) = |20 1)

Similarly, FFT can also be applied to the instantaneous heat generation rates Qu a(t)
measured at the intercalation compound working electrode and @ 1;(t) measured at the metal-
lic lithium counter electrode, both during the same period from (i—1)t; to it;. Applying FFT
to Qara(t) given by Equation (29) yields the amplitude Ay 4(fy) of the sinusoidal oscillation

at frequency f; expressed as,

aSMA

LT
Apa(fr) = % | or (xaT)‘ (37)
while the phase angle ¢y4(f1) is given by,
T
¢MA(]C1) = 5 + ¢rev,MA- (38)

Then, the partial entropy change at the intercalation compound working electrode

[08pa/0x) (2, T) at discrete lithium composition z; can be written as,

83MA

ox

(1, ) = Aath)e

cos [¢MA( 1) — g] . (39)
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Likewise, applying FFT to Q;(t) given by Equation (30) yields the amplitude Az;(f;) of

the sinusoidal oscillation at frequency f; expressed as,

IlT (‘93“
A (f) = b T 4
) = | ) (10
while the phase angle ¢r;(f1) is given by,
37
¢Li(f1) = 7 + (brev,Li- (41)

Thus, the partial entropy change at the metallic lithium counter electrode —[0sy;/0x](x;, T)

at discrete lithium composition z; can be written as,

asu

ox

. Api(fi)e

o T
(xZ7T) = _SLi(T) - [1T

COs [Cbu(fl) - 5] . (42)

4 Materials and methods

4.1 Synthesis of PNbyO,; powder

To synthesize the PNbgOgs powder, 0.9 mmol of NbyO5 (Sigma Aldrich, 99.99%) and 0.2
mmol of NH;H,PO, (Sigma Aldrich, 98%) powders were mixed. This mixture was ground
with a pestle in an agate mortar for 10 minutes to obtain a homogeneous powder. This
powder was transferred into an alumina crucible and placed in a tube furnace with Ar flow
at room temperature for 2 hours to get rid of air. The furnace was first heated to 350 °C
at 1 °C/minute of ramp rate where it was maintained for 8 hours with Ar flow. Then, the
Ar flow was stopped and the furnace was heated to 1000 °C at 5 °C/minute of ramp rate
where it was maintained for 24 hours. Finally, this sample was naturally cooled down to

room temperature to obtain PNbgOy5 powder.

4.2 Synthesis of TiNb,O; powder

To synthesize the TiNbyO; powder, TiO, (Sigma Aldrich, 99%) and NbyOs (Materion,

99.95%) powders were mixed in stoichiometric ratio. This mixture was ground with a pestle
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in an agate mortar for 30 minutes to obtain a homogeneous powder. Then, 300 mg of this
powder was pressed into a pellet. The latter was placed on a bed of sacrificial powder of the
same material in an alumina crucible, which was nestled into a larger alumina crucible filled
with 7 g of activated charcoal. This stack was heated in a microwave oven at 1125 W for 8
to 9 minutes. Finally, the insulation was removed and the TiNby;O7 pellet was left to cool

to room temperature.

4.3 Electrode fabrication

To fabricate the PNbgOs5 or TiNbyO7 electrodes, the previously synthesized PNbgOs5 pow-
der or TiNbyO7 pellet was mixed with SuperP (TIMCAL) and ground with a pestle in an
agate mortar for 10 minutes. To prepare the PNbgOy5 or TiNbyO7 slurry, polyvinylidene fluo-
ride (PVDF) was first dissolved in N-Methyl-2-pyrrolidone (NMP). The PNbgOss5/SuperP or
TiNbyO7/SuperP mixture was then added to the PVDF /NMP solution. The resulting slurry
had a PNbgOss or TiNbyO7:SuperP:PVDF mass ratio of 7.5:1.5:1. Finally, the slurry was
cast on a large copper foil using a doctor blade adjusted to the desired gap. The electrodes
were first dried on a 40 °C hot plate overnight and then dried in a 110 °C vacuum oven for 6
hours. The thickness of the PNbgOs; electrodes was around 40 um and their PNbgOs5 mass
loading was around 2 mg/cm?. For the TiNbyO; electrodes, the thickness was around 20 ym
and the TiNbyO; mass loading was around 1 mg/cm?. Note that X-ray diffraction spectra,
cyclic voltammetry, and galvanostatic cycling measurements of similar cells with PNbgOos
or TiNb,O; electrodes made using the same material synthesis and electrode fabrication

methods can be found in our previous studies [27,28].

4.4 Operando isothermal calorimeter

Microcalorimetry ETIS measurements were performed in an operando isothermal calorimeter
described in Ref. [36]. Here, the two-electrode calorimetric battery cells consisted of (i) a
PNbgOs5 or TiNbyO; working electrode previously fabricated and cut into 1 cm x 1 cm

square shape, (ii) a polished metallic lithium (Sigma Aldrich, 99.9%) counter electrode also
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cut into 1 cm x 1 cm square shape, (iii) two 260 pum thick glass microfiber filters (Whatman,
Grade GF/C) acting as both separators and thermal insulators, impregnated with (iv) 1 M
LiPFg in EC:DMC 1:1 v/v (Sigma Aldrich, battery grade) electrolyte. Note that the two-
electrode calorimetric battery cells were assembled in a glove box containing Ar gas with less
than 0.1 ppm of Oy and H5O.

During microcalorimetry ETIS measurements, the current was imposed and the poten-
tial was measured using a high accuracy potentiostat (BioLogic, SP-150). Simultaneously,
the instantaneous heat generation rates Q;(t) (in mW) at the PNbgOss or TiNbyO7 working
electrode and at the metallic lithium counter electrode were calculated from the instan-
taneous heat fluxes ¢/(¢) (in mW/cm?) measured by a 1 cm x 1 ¢cm thermoelectric heat
flux sensor (greenTEG, gSKIN-XP) in thermal contact with the back of each electrode “i”
according to [36],

AVi(t)
S

Here, A; (in cm?) is the footprint area of the electrode and AV;(t) (in V) is the instantaneous
voltage difference measured by the heat flux sensor with sensitivity S; [in ©V/(W/cm?)].
Then, the total instantaneous heat generation rate in the battery cell QT(t) can be expressed

as the sum of those at each electrode, i.e.,

Qr(t) = Qualt) + Qri(t). (44)

5 Results and discussion

5.1 Numerical simulations of microcalorimetry ETIS

To evaluate the data analysis procedure previously described, numerical simulations of the
novel microcalorimetry ETIS method were performed. The open-circuit voltage Upcy (2, T)
and the entropic potential [0Upcy /0T (x, T) of a PNbgOas battery cell as functions of lithium
composition x previously obtained experimentally from GITT measurements [28] were used

as input parameters. In addition, the following parameters were imposed: (i) the ambient
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temperature was 7' = 293.15 K, (ii) the electrochemical impedance of the battery cell was
defined as |Z(f1)] = 100 Q and ¢z(f1) = -7/6, and (iii) the data acquisition period was
At = 0.1 s. The offset (Iy = -0.05, -0.1, or -0.2 mA), amplitude (/; = 0.5, 1, or 2 mA),
and frequency (fi = 25, 50, or 100 mHz) of the imposed current I(t) calculated according
to Equation (19) were realistic values typical of experimental measurements. Based on the
imposed current [(t), the corresponding lithium composition x at time ¢ was calculated
according to Equation (20). If z fell between any two nearest compositions z; and
available from the GITT dataset, then the value of Upcy(x,T) was interpolated linearly
between Upcy(x1,T) and Upcv(xe,T). Then, the potential response V(t) was calculated
according to Equation (21). Likewise, the value of [0Upcy /0T (x,T) was also interpolated
between [0Uopcy /OT|(x1,T) and [0Upcv /0T (22, T) given by GITT. Then, the irreversible
Q s(t) and reversible Qrev(t) heat generation rates were calculated according to Equations
(25) and (27), respectively. The sum gave the total instantaneous heat generation rate Qr(t)
such that Q7 () = Q(t)+Qrev(t). Note that, in the present microcalorimetry ETIS method,
the battery cell is assumed to be operating at low C-rates, such that the heat generation
rates Qmm(t) associated with the enthalpy of mixing and QST(t) due to side reactions both
become negligible. Moreover, to reproduce actual experimental measurements, white noise
was added to the calculated QT(t) with signal-to-noise ratio equal to co, 10, or 5. By applying
FFT to the calculated heat generation rate Qr(t) with white noise, [0Upcy /OT)(x, T) was
determined according to Equation (36).

Figure 3 plots the entropic potential [0Upcy /0T )(z,T) of a PNbgOy; battery cell re-
trieved from numerical simulations of microcalorimetry ETIS after applying FFT to the
calculated Qr(t) with white noise for different values of (a) current offset I, (b) current am-
plitude I3, (c) current frequency fi, and (d) signal-to-noise ratio (SNR). The baseline case
corresponds to T'= 293.15 K, Iy =-0.1 mA, I; = 1 mA, f; = 50 mHz, and SNR = co. Figure
3 also compares the retrieved entropic potential [0Upcy /OT)(x, T)) with the input parameters
previously obtained experimentally with GITT at 20 °C [28]. Here, it is interesting to note

that the choice of I, had a strong impact on the retrieved [0Uopcv /0T (2, T) while the influ-
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Figure 3: Entropic potential [0Upcv /0T |(z,T) of a PNbgOqs battery cell retrieved from
numerical simulations of microcalorimetry ETIS for different values of (a) current offset Iy,
(b) current amplitude Iy, (c) current frequency fi, and (d) signal-to-noise ratio (SNR), with
comparison to the [0Upcy /OT|(x,T) obtained experimentally from GITT [28] and used as
input. Unless otherwise noted, T' = 293.15 K, Iy = -0.1 mA, I; = 1 mA, f; = 50 mHz, and
SNR = oo.
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ence of I; and f; was less visible. In fact, the deviation of the retrieved [0Upcv /0T (z,T)
relative to that obtained from GITT was reduced by minimizing /,. Nevertheless, in every
case the [0Upcy /OT|(x,T) retrieved from simulations accurately reflected the evolution of
[0Uocv /0T (x,T) imposed and obtained experimentally from GITT. Finally, Figure 3(d)
illustrates that even with a signal-to-noise ratio of 10 the evolution of [0Upcy /0T (z,T) can
be successfully retrieved.

Furthermore, the profile of [0Upcy /0T (x, T) with respect to z is generally more infor-
mative than its magnitude. In fact, the former was sufficient in creating the interpretation
guide of different charging mechanisms from our previous study [7]. Therefore, the retrieved

entropic potential [0Upcv /0T (z,T) can be normalized according to,

|:aUOCV:| * (ZL’ T) . [ancv/aT](x,T) — [aUOC\//aT]mm(QJ,T)
or " 0Uo0v 0T mae (7, T) — [0Uocv /OT | min (2, T)

(45)

where [0Uopcv /0T |maz(x, T) and [0Uocv /OT |min(2, T) are respectively the maximum and
minimum values of the entropic potential over the entire window of lithium composition.
Figure 4 plots the normalized entropic potential [0Uopcy /OT]*(z,T) for the same cases as
those presented in Figure 3. First, in every case the relative difference between the nor-
malized entropic potential [0Upcv /OT]*(x, T') retrieved from simulations and that obtained
experimentally from GITT (Figure 4) was smaller than the difference between their original
values (Figure 3). This illustrates the fact that normalization can alleviate the impact of
the arbitrary choice of I, while accurately retrieving the features of [0Uopcy /OT|*(x,T) nec-
essary for its interpretation. In addition, the results can be further improved by minimizing
I; and maximizing f;. These observations can inform the experimental implementation of

the present microcalorimetry ETIS method.

5.2 Microcalorimetry ETIS measurements on a battery cell
5.2.1 Imposed current and potential response

To validate experimentally the novel microcalorimetry ETIS method, measurements using

operando isothermal calorimetry were performed on battery cells at temperature T" = 293.15
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Figure 4: Normalized entropic potential [0Upcy /OT|*(x, T) of the results shown in Figure 3
for a PNbgOq5 battery cell retrieved from numerical simulations of microcalorimetry ETIS
for different values of (a) current offset Iy, (b) current amplitude Iy, (c) current frequency fi,
and (d) signal-to-noise ratio (SNR), with comparison to the normalized entropic potential

[0Uocv /OT]*(x,T) obtained experimentally from GITT [28] and used as input.

25



K. Here, the full cell was assembled in the operando isothermal calorimeter previously de-
scribed with a PNbgOo5 or TiNby,O7 working electrode and a metallic lithium counter elec-
trode immersed in 1 M LiPFg in EC:DMC 1:1 v/v electrolyte. The experimentally imposed
current I(t) during discharging (lithiation) featured offset Iy = -0.1 mA, amplitude I; = 1
mA, frequency f; = 50 mHz, and period ¢; = 20 s. Note that these settings were chosen as a
compromise between (i) superior accuracy of results calling for small Iy, small [}, and large
f1, and (ii) the constraints of actual experimental conditions favoring large I, for shorter
measurement, duration, large I; for adequate heat generation rate signal, and small f; to
give redox reactions sufficient time to proceed.

Figure 5 plots the measured potential V'(¢) and the retrieved open-circuit voltage
Uocv(x,T) determined using Equation (22) as the average of V(t) over every period. As
predicted by Equation (21), the sinusoidal oscillation of V'(t) was at the same frequency f;
as I(t). The overall duration for this discharging half-cycle was 5 hours for the PNbgOas
battery cell and 3 hours for the TiNbyO; battery cell, compared to 150 hours and 90 hours,

respectively, for potentiometric entropy measurements based on GITT [28].

5.2.2 Heat generation rates

Figure 6 plots the instantaneous heat generation rates (a) Qpyo(t) measured at the PNbgOos
working electrode or (b) Qryo(t) measured at the TiNb,O; working electrode, as well as
Qri(t) measured at the corresponding metallic lithium counter electrode, and (c) Qr(t) =
Qprno(t) + Qri(t) or (d) Qr(t) = Qryno(t) + QLi(t) measured in the entire battery cell over
four consecutive periods. Interestingly, Qpno(t), Qrno(t), and Qri(t) were all sinusoidal
functions with the same frequency f; as I(t) and V(t). As a result, QT(t) was periodic
with complex patterns and period t; = 1/f; = 20 s. Moreover, Qpno(t) or Qryo(t) was
endothermic (< 0) for negative current I(¢) and exothermic (> 0) for positive I(t), whereas
Qi(t) was exothermic for negative I(t) and endothermic for positive I(t). In fact, according
to Equations (29) and (30), such behavior indicates that the partial entropy changes were

positive at the PNbgOy5 or TiNboO7 working electrodes and negative at the corresponding
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Figure 5: Measured potential V' (¢) during discharging and retrieved open-circuit voltage
Uocv(x,T) determined using Equation (22) as the average of V() over every period during
microcalorimetry ETIS measurements on a (a, b) PNbgOgs or (¢, d) TiNbyO; battery cell.
The imposed current I(t) was given by Equation (19) with [, = -0.1 mA, I; = 1 mA, and
fi = 50 mHz. Note that Figures 5(b) and 5(d) are enlargements of arbitrary time windows

shown in green in Figures 5(a) and 5(c), respectively.
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Figure 6: (a, b) Instantaneous heat generation rates (a) Qpyo(t) measured at the PNbgOos
working electrode or (b) Qrno(t) measured at the TiNbyO; working electrode and Qp;(t)
measured at the corresponding metallic lithium counter electrode over four consecutive pe-
riods. (c, d) Total instantaneous heat generation rate (¢) Qr(t) = Qpno(t) + Qri(t) or (d)
Qr(t) = Qrno(t) + Qri(t) measured in the entire (¢) PNbgOsgs or (d) TiNbyO7 battery cell.
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metallic lithium counter electrodes. These results were consistent with the observations
made in our previous study [28]. Finally, even though state-of-the-art potentiostat and heat
flux sensors were used, Figure 6 illustrates that with I; = 1 mA and f; = 50 mHz, the
signal-to-noise ratio in the measured heat generation rates was already around 10. Based on
the numerical simulation results shown in Figure 3(d), a signal-to-noise ratio of at least 10
was necessary to successfully retrieve the evolution of [0Upcv /0T (x,T'). Further decreasing
I; and/or increasing f; would decrease the magnitude of the heat generation rates and,
consequently, the signal-to-noise ratio would fall below 10 which would compromise the

precision of the retrieved [0Upcy /0T (x,T).

5.2.3 Open-circuit voltage and entropic potential

After applying FF'T to the total heat generation rate QT(t) in each battery cell, the entropic
potential [0Upcy /0T (x,T) was determined according to Equation (36). The entropic po-
tential was then normalized to compute [0Upcy /OT]*(x,T) according to Equation (45).
Figure 7 compares the open-circuit voltage Upcv (z, T) and the normalized entropic poten-
tial [0Uopcv /OT)*(z,T) of the investigated (a, b) PNbgOss or (c, d) TiNbyO; battery cell
determined by GITT [28] and by microcalorimetry ETIS measurements. Here, Upcv (2, T)
and [0Upcv /O0T]*(x,T) determined by both methods were in very good agreement for both
battery cells. In fact, while GITT only offered a limited number of data points, hundreds
of data points were acquired from microcalorimetry ETIS which created continuous curves
for Upcy (x,T) and [0Upcy /OT)*(x, T). This is particularly noticeable for the PNbgOas
cell for 0 < x < 0.5 and for the TiNbyO7 cell for 3.2 < x < 4.3, when sharp changes in
[0Uocv /0T (2, T) occurred but were not captured by the GITT method. In addition, com-
bining the profiles of both Upcy (x,T) and [0Upcy /OT)*(x, T) enables the identification of
different regions with distinctive features [28].

For the PNbygOy; battery cell, seven regions could be identified [7]. (i) Region I for 0
< x < 0.5: Upey decreased sharply as a result of lithium intercalation in a homogeneous

solid solution [28]. By contrast, [0Upcv/IT]* featured a sharp peak and a maximum. This
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can be attributed to the fact that PNbgOy5 is an insulator in pristine phase but quickly
becomes a semiconductor upon lithiation [20,55]. As the electrical conductivity increases,
so does the electronic entropy, which in turn led to an increase in [0Upcy /OT]* [28]. Note
that this was not captured by previous GITT measurements. (i) Region II for 0.5 < z < 2:
both Upcv and [0Upcy /OT]* decreased indicating lithium intercalation in a homogeneous
solid solution and the associated configurational entropy change [7]. (iii) Region III for 2
< x < 3.5: Upey plateaued as a sign of phase transition accompanied by two-phase co-
existence [7]. Curiously, [0Upcv/OT|* retrieved from microcalorimetry ETIS increased as
opposed to staying relatively constant in GITT measurements. Note that PNbgOs5 has also
been reported to undergo a semiconductor-to-metal transition around this range of lithium
composition [20,55]. Tt is possible that microcalorimetry ETIS could not capture the plateau
in [0Upcy /OT]* associated with two-phase coexistence as effectively as GITT. In fact, phase
transition is a kinetically slow process, which is captured by the long relaxation periods
of GITT but not by microcalorimetry ETIS due to the constant switching between lithi-
ation/delithiation half-periods arising from the sinusoidal current I(t). (iv) Region IV for
3.5 <z < 5: Upey decreased again suggesting lithium intercalation in a homogeneous solid
solution [7]. Moreover, [0Upcy /OT|* first increased then decreased resulting in a local maxi-
mum, during which the semiconductor-to-metal transition was completed [28]. (v) Region V
for 5 < x < 8: this region also featured lithium intercalation in a homogeneous solid solution
as both Upcy and [0Upcy /OT|* decreased monotonously [7]. (vi) Region VI for 8 < z <
11: the decrease in Upcy was accompanied by a tilde-shaped fluctuation in [0Upcy /OT*,
which can be attributed to intralayer ion ordering [7]. It is interesting to note that the
intralayer ion ordering spanned a wider range of lithium composition when measured by
microcalorimetry ETIS than by GITT. Likewise, this difference possibly emerged as a result
of the constant switching between lithiation/delithiation half-periods during microcalorime-
try ETIS measurements, which might have prolonged the ion ordering process. (vii) Region
VII for 11 < z < 11.5: both Upcy and [0Upcy /OT]* featured a plateau indicative of phase

transition accompanied by two-phase coexistence.
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In the case of the TiNbyO7 battery cell, five regions could be identified [27]. (i) Re-
gion I for 0 < z < 0.2: Upey featured a sharp drop indicating lithium intercalation in a
homogeneous solid solution [7]. By contrast, [0Upcy /OT]* rose to reach a maximum. This
can also be attributed to the rapid electrical conductivity increase of TiNbyO7 upon lithia-
tion [27,56]. (ii) Region II for 0.2 < z < 0.6: both Upcy and [0Upcy /OT]* decreased due to
lithium intercalation in a homogeneous solid solution [7]. The configurational entropy change
contributed to the sharp decrease in [0Upcy /OT|* [7]. (iii) Region III for 0.6 < =z < 1.T:
Uocy decreased slowly while [0Upcy /OT|* featured a tilde-shaped fluctuation characteristic
of intralayer ion ordering [7]. (iv) Region IV for 1.7 < x < 3.2: Upcy continued decreasing
while [0Upcy /OT)* first increased then decreased resulting in a local maximum. This behav-
ior can be attributed to the continuous electrical conductivity increase of TiNbyO7 during
lithiation [27,56]. Here also, the electronic entropy increased like the semiconductor-to-metal
transition observed within region IV of the PNbgOs; cell, thus leading to an analogous shape
of the entropic potential. (v) Region V for 3.2 < x < 4.3: both Upcy and [0Upcy /OT]*
decreased monotonously corresponding to lithium intercalation in a homogeneous solid solu-
tion [7]. Note that this last region was observed only in the microcalorimetry ETIS method.
In fact, our previous GITT measurements [27, 28] imposed a cell potential cutoff of 1 V
to prevent the formation of solid electrolyte interphase (SEI) and dendrites in the battery
cell under continuous discharging below 1 V [57,58]. During microcalorimetry ETIS mea-
surements though, the sinusoidal current I(¢) meant that whenever the cell potential went
below 1 V| it only lasted a few seconds before the direction of current flow and ion diffusion
was reversed again. This enabled the cell potential cutoff to be lower than 1 V without
significantly damaging the battery cell. In particular, the potential of the TiNbyO7 cell was

allowed to reach as low as 0.8 V during microcalorimetry ETIS measurements.

5.2.4 Partial entropy changes

FFT analysis was also applied to the heat generation rates Qpyo(t) or Qrno(t) and Qp;(t)

measured at each electrode to determine the partial entropy changes at the PNbgOy5 or
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Figure 8 Normalized partial entropy changes (a) [0spno/0z|*(z,T) at the PNbgOas
working electrode or (¢) [Osryo/0z|*(x,T) at the TiNbyO; working electrode determined
by microcalorimetry ETIS measurements. (b, d) Normalized partial entropy changes

—[0s1:/0x]*(x,T) at the corresponding metallic lithium counter electrode.
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TiNbyO7 working electrodes and at the corresponding metallic lithium counter electrodes
according to Equations (39) and (42). Here also, the partial entropy changes were normalized,

i.e., at electrode “j” (= PNO, TNO, or Li) according to,

0s;]" _ (1/e)[0s;/0x](x,T) — (1/€)[0s; /0 ]min(x, T)
{%] (z,7) = [0Uocy /0T maw(, T) — [0Uocv [OT | min (2, T) (46)

where [0s;/0%]min(x, T) is the minimum value of the partial entropy change [0s;/0x](x, T)
over the entire window of lithium composition. For comparison, Figure 8 plots the normalized
partial entropy changes [0s;/0x]*(x,T') at the PNbgOqs or TiNbyO7 working electrodes and
at the corresponding metallic lithium counter electrodes. Here, the normalized partial en-
tropy changes [0spno/0x]*(x,T) or [0sryo/0x])*(x,T) at the working electrodes essentially
replicated qualitatively the features of the normalized entropic potential [0Upcv /OT|*(x, T')
for the full cell. By contrast, the normalized partial entropy changes —[0sy;/0z]"(x,T) at
the counter electrodes stayed relatively constant near 0 with varying state of charge. Such
behavior was consistent with our previous theoretical derivation [7]. Specifically, the partial
entropy change —[0sr;/0x](z,T) at the metallic lithium counter electrode should be equal
to the standard entropy per unit of metallic lithium —s7,(7T") and thus independent of x.
Therefore, —[0sy;/0x]*(x,T) should theoretically be equal to 0, as confirmed by Figure (8).
This suggests that continuous lithium stripping and plating were the dominant processes
occurring at the counter electrodes. Overall, these results demonstrate the capability of
the novel microcalorimetry ETIS method to extract the partial entropy changes at each

electrode, which has not been achieved by any other existing method.

6 Conclusion

This paper presented a novel and fast microcalorimetry ETIS measurement method using an
operando isothermal calorimeter to determine the open-circuit voltage Upcy, the entropic
potential dUpcy /0T, and the partial entropy changes at each electrode as functions of the
state of charge of a battery cell, all within only a few hours. The apparatus was designed

for bare electrodes (i.e., without casing) with material mass loadings on the order of mil-
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ligrams and measured heat generation rates on the order of microwatts. The method consists
of imposing a sinusoidal current and measuring the potential response as well as the heat
generation rates at each electrode separately. The open-circuit voltage Upcy of the cell
was acquired by time-averaging the measured potential response. Furthermore, FFT anal-
ysis of the measured total heat generation rate was used to retrieve the entropic potential
OUopcy /0T of the entire cell without having to measure the cell potential at several differ-
ent temperatures. The procedure was first validated numerically and then demonstrated
experimentally with battery cells consisting of PNbgOy5 or TiNb,O; working electrodes and
metallic lithium counter electrodes. The open-circuit voltage and the normalized entropic
potential retrieved from the novel microcalorimetry ETIS measurements agreed well with
those previously determined by potentiometric entropy measurements based on GITT at
three different temperatures [27,28|. Finally, the partial entropy changes at each electrode
were calculated from the individually measured heat generation rates. Compared to other
state-of-the-art methods, this is the first method capable of retrieving the entropy evolution

of LIB materials at each electrode.
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