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H I G H L I G H T S G R A P H I C A L A B S T R A C T

• Coupled thermo-electrochemical char-
acterization of a commercial 18650 cell.

• Demonstrated form-factor agnostic
measurements of entropic potentials.

• Observed transition between reversible
heat and joule heat dominated regimes.

• Correlated full cell endothermic heat
flow with anode-side electrochemistry.

A B S T R A C T

Understanding the interplay between battery operation and heat generation is key to the thermal management and safe deployment of Li-ion batteries. Herein, we combine
isothermal calorimetry, cell surface temperaturemonitoring, and electrochemically derived thermodynamicmetrics to present the thermo-electrochemical characterization
of a commercial LiNi0.8Co0.15Al0.05O2/Graphite + Si 18650 cell. This combined thermo-electrochemical approach enabled the tracking of heat generation sources as a
function of C-rate (C/20-1C) to determine the boundary between reversible heat, Q̇rev , dominated and joule heating, Q̇J , dominated operation conditions. By comparing
heat generation during continuous and intermittent operation, activation energies were calculated. Entropic potential measurements of the 18650 and of harvested elec-

* Corresponding author.
E-mail address: gordon.h.waller.civ@us.navy.mil (G.H. Waller).

Contents lists available at ScienceDirect

Journal of Power Sources

journal homepage: www.elsevier.com/locate/jpowsour

https://doi.org/10.1016/j.jpowsour.2024.236044
Received 12 August 2024; Received in revised form 18 November 2024; Accepted 6 December 2024

Journal of Power Sources 629 (2025) 236044 

Available online 12 December 2024 
0378-7753/Published by Elsevier B.V. 

mailto:gordon.h.waller.civ@us.navy.mil
www.sciencedirect.com/science/journal/03787753
https://www.elsevier.com/locate/jpowsour
https://doi.org/10.1016/j.jpowsour.2024.236044
https://doi.org/10.1016/j.jpowsour.2024.236044
https://doi.org/10.1016/j.jpowsour.2024.236044
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpowsour.2024.236044&domain=pdf


trodes half-cells enabled identification of electrode specific heat generation features, like the discharge endotherm, to be attributed to electrode-specific processes. Addi-
tionally, isothermal heat generation and surface temperature measurements were reconstituted via a modified Newton’s law of cooling. This work cumulated in the
reconstruction of the isothermal heat generation profile from Q̇rev and Q̇J during C/10 cycling at 25 ◦C, bridging the divide between thermodynamic and experimental heat
generation values.

1. Introduction

Portable electrochemical energy storage systems, like Li-ion batteries
(LIBs), have enabled the implementation of a wide array of electronics
through their diversity of sizes and form factors, spanning from aca-
demic coin (<60 mAh) to commercial cylindrical 18650 cells (1–4 Ah)
and beyond [1,2]. As cells increase in size, management strategies are
critical for balancing electrochemical performance with thermal phe-
nomena like operational heat generation, cell temperature rises, and
thermal safety [3,4]. At the lab scale, coin cell experimentation can
benchmark electrochemical performance, however calorimetric in-
vestigations of coin cells often only output heat generation on the order
of mW due to low active mass to casing ratio of coin cells [5]. While at
the industrial scale, thermocouple data of large arrays of 18650’s can
provide real time thermal data during real-world operation in fluctu-
ating thermal environments.

Linking lab scale testing and commercial testing is further compli-
cated through variations in cell testing conditions, such as operating
temperature and environmental cooling conditions, as well as differ-
ences in cell configuration. While the cylindrical 18650 cell jelly roll
design achieves high mass loadings that enables them to meet industry
performance metrics, mainly delivered capacity and capacity retention,
it is distinct from the single layer electrodes used in academic coin cells,
and the larger electrode size and metal can complicates many of the
more facile operando characterization techniques which focus on small
volumes of the active material. Furthermore, to preserve industrial in-
tellectual property, details like the electrode formulation mass loadings,
and electrolyte formulation and electrolytes used in 18650s are not
disclosed by manufacturers. Moreover, even when harvested electrodes
from 18650s are tested in coin cells or pouch cells, it is difficult to
recreate the same electrochemical environment as in an 18650 due to
variations in stack pressure, free electrolyte, and unintentional chemical
changes to the electrode during harvesting. Still, thermodynamic
properties should be intrinsic materials properties if tested for in highly
controlled conditions like isothermal calorimetry and thus form-factor
agnostic. In fact, commercially produced 18650s are good candidates
for isothermal battery calorimetry (IBC) testing as they provide more
electrochemically active mass per total thermal mass enabling the
probing of heat generation at across multiple C-rates.

Heat generated during electrochemical operation can be exothermic
or endothermic as the cell generates or absorbs heat [6]. During IBC
testing, isothermal conditions are maintained by a Peltier heating
element which adds or removes heat to the chamber at an equal rate to
the total heat generation of the cell, Q̇T in Watts. Heat generated by an
electrochemical cell during operation is the summation of multiple heat
sources [7]:

Q̇T = Q̇rev + Q̇J + Q̇mix + Q̇sr (1)

where Q̇rev is the reversible heat generation, Q̇J is joule heating, Q̇mix is
the heat of mixing, and Q̇sr is the heat of side reactions of the electro-
chemical system. Q̇rev is the heat associated with the target electro-
chemical reaction and can be described as:

Q̇rev = ITΔS = IT
∂UOCV(x)

∂T
(2)

where I is the applied current, T is the operating temperature, ΔS is the
entropic potential, andUOCV(x) is the open circuit voltage of the cell at Li

content (x). The relationship between an electrochemical reaction’s
thermodynamics and voltage are outlined via Gibbs free energy (ΔG):

GcathodeLi − GanodeLi = ΔG = − nFE = − nFUOCV , (3)

and

G = − SdT + Vdp+
∑

μidni, (4)

Where, n is the number of electrons, F is Faraday’s constant, S is entropy,
T is temperature, V is volume, p is pressure, μi is chemical potential, and
n is the chemical composition. Taking the partial derivative of equation
(3), with respect to temperature at a constant pressure and chemical
compositions yields ΔS in mV/K [7,8]:

ΔS =
(

∂ΔG
∂T

)

p,n
=

∂UOCV
∂T . (5)

Q̇rev is dependent on the directionality of the current (positive or
negative) and therefore can be endothermic or exothermic [9]. If the
system were fully thermally reversible and had no path dependence,
then Q̇rev would account for all heat on charge and discharge such that
Q̇T = Q̇rev , and heat generation would be equal in magnitude and
opposite in direction for charge and discharge. In other words, the net
heat generation would be zero. In reality, electrochemical resistances
and overpotentials also generate heat, as described by Q̇J :

Q̇J = I(Vredox − UOCV) = Iη = I2R(x) (6)

where Vredox is the redox potential, η is the overpotential, and R(x) is the
resistance of the system with respect to Li content (x). Unlike Q̇rev , Q̇J is
always exothermic regardless of the directionality of the applied cur-
rent. Q̇J and R(x) can be found experimentally through the comparison
of rest and active potentials, or through the computation of resistance
values as a function of SoC [10,11].

The heat of mixing, Q̇mix, describes the energy required to mix two or
more constituents into a homogenous blend and originates from ion
concentration gradients. These gradients can be (i) in the electrolyte
[12,13], (ii) in the electrode due to non-uniform current distribution
[14], (iii) within vacancies in the electrode [15], and/or (iv) within
intercalated Li in the electrode due to electrochemical reactions [16].
Generally, the heat of mixing is dominated by the ionic concentration
gradient of intercalated Li:

Q̇mix (x,T) = −

∫

V∞

∑

i

[
hi(x,T) − havgi (x,T)

] ∂ci
∂t dV. (7)

where V∞ is the volume of the cell, hi (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 ci is the local
concentration of species i. In electrochemical systems, high C-rates can
induce large concentration gradients of Li-ions at an active materials’
particle surface [17]. The built-up Li-ions generate heat as they perform
work to uniformly disperse through the crystal structure. Q̇mix can ac-
count for as much as 20 % of Q̇T during 6C charging of transition metal
oxide cathodes [18], but is often considered negligible at lower rates.

The heat generation associated with unwanted side reactions, Q̇sr , is
most prevalent during the formation of electrode/electrolyte interfaces
during the initial cycles after cell fabrication [19]. Once a stable
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interface has formed, careful control of the cell’s operation voltage
window and C-rate can ensure minimal additional side reactions, also
minimizing Q̇sr .

Cells are rarely operated in isothermal conditions and thus their
operational heat generation can result in self-heating. In many cases,
cells have some sort of active thermal management to mitigate tem-
perature rise. Self-heating under convective cooling can be rationalized
through a slight modification of Newton’s law of cooling:

ΔT = Q̇T/(hA), (8)

where ΔT is the difference between the cell’s surface temperature and
the bulk fluid temperature, h is the convective heat transfer coefficient
(W/m2K) and A is the surface area of the cell (m2). In other words, self-
heating is the result of the internal heat generation rate, Q̇T , outpacing
the rate of cooling provided by the operational conditions. Heat transfer
coefficients are approximated to be between 2 and 25 W/m2K for the
free convection of gases and between 25 and 250 W/m2K for the forced
convection of gases [20]. Similar methodologies have been presented
before, like the cell cooling coefficient by Hales et al. [21]

Intercalation-based Li-ion batteries rely on the reversible shuttling of
Li+ ions between an anode and cathode to provide electrochemical en-
ergy. In an ideal scenario, the cell’s measured voltage would be dictated
only by the theoretical potential of the redox reaction, E0, occurring
[22]. In practice, there are multiple undesired processes that influence
the observed voltage [23]:

Eobserved = E0rxn + ηohmic + ηact + ηcon + ηsr (9)

ohmic polarization, ηohmic = (Vohmic − UOCV), estimates the electronic
resistance of the system through the difference between theUOCV and the
potential immediately following the application of a current, Vohmic.
Activation overpotential, ηact , encompasses the additional energy
required to overcome the activation energy barrier as described through
the Butler-Volmer reaction and Tafel Kinetics. Concentration over-
potential, ηcon, relates mass transport limitations from the electrolyte to
the electrode surface through the Nernst-Plank Equations and the Cot-
trell Equation.

All three of these overpotentials are directly proportional to the
applied current: as the current decreases so too do ηohmic, ηact , and ηcon
[23]. By comparing Equations (1), (2), (6) and (9), a link can be drawn
between electrochemistry and heat generation that serves as the basis
for much of the theoretical calculations of LIB heat generation analyses
[5]. Electrochemically derived heat calculations rely on comparison
between rest and operational voltages, therefore only giving informa-
tion at discrete SoCs. By contrast, IBC and skin temperature measure-
ments provide operando information. When used in tandem, these three
approaches can provide wholistic thermal information of the target
electrochemical system: LiNi0.8Co0.15Al0.05O2 (NCA)/Graphite + Si.

The NCA/Graphite + Si system is a mature LIB chemistry currently
deployed in many commercial applications, like electric vehicles and
personal electronics. Along with LiCoO2, LiNiO2, and LiNixMnyCozO2,
NCA is a transition metal oxide cathode material composed of layers of
edge and corner sharing MO6 octahedra layers with stabilizing Li ions in
its interlayer region [24]. The two degrees of freedom of the interlayer
region allow for repeated (de)insertion of Li ions to transition metal
redox sites during electrochemical operation. However, excessive
removal of Li-ion from the layered structure is accompanied by ener-
getically unfavorable and often irreversible crystallographic transitions
[25–27]. In the NCA system, reversible delithiation up to Li0.2NCA is
commonly reported [28–30], while accessing lower Li contents is
possible through controlled chemical doping [31]. As shown by Nam
et al., NCA capacity retention is also highly dependent on transition
metal stoichiometry, with a LiNi0.8Co0.156Al0.04O2 cathode providing
higher capacity retention, albeit at the cost of a lower initial capacity,
than higher Ni content competitors [32]. In the commercial space, Ni
contents hover around 0.8 to balance delivered capacities and retention

metrics [33–35].
On the anode side, graphite remains one of the most widely-used

commercial anode materials for LIBs. Like its cathode counterpart,
graphite can reversibly accommodate Li ions into its interlayer resulting
in many intermediate stages of lithiated graphite ranging from dilute
(LixC6; x > 0.1) to stage 4 (Li0.1C6), stage 3 (Li0.2C6), stage 2 (Li0.5C6),
and stage 1 (LiC6), for a high specific capacity of 372 mAh/g [36,37].
These first-order phase transitions manifest electrochemically as series
of galvanostatic voltage plateaus that are more discrete on lithiation
than delithiation [38]. The addition of Si, 4200 mAh/g [39], to form
blended Graphite+ Si anodes provides a route to further optimize anode
energy density [40]. However, Si undergoes significant volume expan-
sion and path dependent lithiation mechanisms resulting in a voltage
hysteresis [41,42]. Still, the NCA/graphite + Si system has seen wide
adoption in both commercial and academic settings [28,39,43,44].

There are multiple published thermodynamic and calorimetric
studies of graphite [8,45], Si [46,47], NCA [48] and other LIB electrode
materials [49]. Wojtala et al. [44] has shown the entropic potentials of a
NCA/Graphite + Si 18650 as a function of SoC and aging. Moreover,
they were able to decouple anode and cathode entropic contributions by
repeating entropic measurements on harvested electrode coin cells.
Calorimetric studies of Li-ion coin cells highlight how calorimetry can be
used to identify path-dependent electrochemistry [50] and decouple
Q̇rev from Q̇J during electrochemical redox [51]. Building off of this
foundation, we present a non-destructive thermo-electrochemical
interrogation of a NCA/Graphite 18650’s across a wide range of applied
currents: 1C to C/20. The rate dependencies of the system’s voltage and
heat generation behavior under continuous and intermittent operation
were used to identify Q̇rev dominated operating conditions. Then,
entropic potential measurements of the 18650 full cell and harvested
electrodes in half cell coin cells identified electrode specific heat gen-
eration phenomena. Ultimately, IBC testing served as the link to
reconcile electrochemically-derived Q̇rev and Q̇J values with operational
skin temperature rise of the 18650 to bridge theoretical and experi-
mental discrepancies.

2. Materials and methods

2.1. Electrochemical testing of 18650 cells

Electrochemical testing was performed on a commercial 18650 cy-
lindrical cell with an NCA based cathode and a mixed graphite + Si
anode. C-rates were determined from the manufacturer specified ca-
pacity of 3.4 Ah. During rate capability testing, cells were cycled be-
tween 2.5 and 4.2V under constant current constant voltage (CC-CV)
charging conditions, wherein cells were galvanostatically charged to
4.2V at the target C-rate, then held at 4.2V until a C/20 current (0.17
mA) was observed. Testing was performed either in an isothermal bat-
tery calorimeter (IBC-C, Thermal Hazard Technology) or in a
temperature-controlled battery testing chamber (MACCOR). The IBC
was set to maintain an isothermal condition of 25 ◦C by means of a
Peltier-cooler attached to an aluminum heat sink with a semi-cylindrical
recess. Individual 18650 cells are mounted into the IBC heat sink using
thermally conductive paste. The battery testing chamber temperature
was set to 25 ◦C, the fan-powered cooling system was activated when-
ever a thermocouple at the top of the chamber deviated from the set
temperature. Thermal couples were taped to the side of each cell to track
skin temperature during cycling. Chamber positions were noted for each
cell.

Hybrid Pulse Power Characterization (HPPC) measured resistance in
a variety of testing procedures such as those described in the NRL [52],
USABC [53], and INL [54] battery test manuals. HPPC measures the cell
voltage while delivering a brief high-amplitude, current pulse. The cell is
assumed to be near equilibrium just before the pulse with an ohmic
relationship between current and voltage over the pulse period. The cell
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resistance is calculated using the current pulse amplitude (I) as well as
the starting voltage (V1) and ending voltage (V2). The cell resistance can
be calculated as:

RDC =
V1-V2
I

(10)

During HPPC testing, fully charged cells were placed in a battery
testing chamber at 25 ◦C and rested for 1 h to reach thermal and elec-
trochemical equilibrium. Each HPPC step was composed of an initial 30-
s 1C CC discharge pulse, a 40-s rest, and a 10-s 0.75C CC charging pulse.
Cell were then discharged for 10 % of their rated capacity (0.34 Ah) at
C/3. The HPPC step protocol was repeated until the cell discharged to
10 % SoC.

Galvanostatic intermittent titration technique (GITT) testing of the
18650s, was performed two ways. First, for IBC-coupled testing at 25 ◦C,
cells were (dis)charged for 30 min at a C/10 rate, corresponding to a 5 %
change in SoC, followed by a 4-h rest, before continual cycling until
either voltage limit, 4.2V or 2.5V, was reached. The second GITTmethod
was performed to measure entropic potentials. 18650 cells were (dis)
charged for 30 min at a C/10 rate, corresponding to a 5 % change in SoC,
followed by a 24-h rest at 25 ◦C. Then, the cell was held at 15, 20, 25, 30,
and 35 ◦C for 4 h each, before returning to 25 ◦C for 4 h for further
cycling. Differential voltage (dV/dt) analysis was performed on the
temperature modulation steps to ensure that an electrochemical equi-
librium was achieved after each change in temperature, Fig. S1.

2.2. Materials characterization

Electrodes were harvested from fresh 18650 cells after three C/20
cycles between 2.5 and 4.2V, ending in the discharged state. Disas-
sembly was performed under argon gas by cutting cells open at the spin
groove with a pipe-cutter. After drying under vacuum for 24 h, the cell
casing was cut laterally, and the jelly roll was removed. Following
separation of the two electrodes, electrodes were cut into 8 cm strips and
rinsed using dimethyl carbonate (DMC). One side of the electrode
coating was removed using a methanol-soaked lint-free cloth and elec-
trodes were punched to size for use in coin cells. The total area including
both sides of the 18650 electrodes was 760 cm2 and 809 cm2 for the
cathode and anode, respectively. The chemical composition of harvested
electrodes was confirmed via energy dispersive spectroscopy (EDS),
Table S1 and Table S2. The cathode had a cation ratio of 0.79/0.14/0.06
Ni/Co/Al, while the anode had an 95/5 ratio of C/Si. No evidence of Mn
was found via EDS.

Harvested cathodes were assembled into Li-metal half-cell coin cells
using 1 M LiPF6 in 50/50 vol% ethylene carbonate/diethyl carbonate
that was deemed to be generic and analogous to most commercial
electrolytes. After 3 cycles at C/10, between 3.0 and 4.2 V vs Li, the cells
were discharged to various voltages along the discharge profile: 3.5, 3.8,
4.05, 4.2V vs Li, Fig. S2. The harvested cathode coin cells delivered 4.42
mAh/cm2 capacity, and were considered comparable to that of the
18650’s delivered 3.4 Ah or 4.49 mAh/cm2 of the cathode. The cathodes
were recovered from the coin cells under argon, rinsed with DMC, and
then dried under vacuum. The coin cell cycled electrodes were then
sealed between Kapton tape before X-ray diffraction (XRD). XRD was
performed between 5 and 90◦ 2θ using a Smartlab (Rigaku) X-ray
diffractometer. XRD patterns were normalized to the constituent peak
and index using the PDXL software. The Ex-situ XRD confirms the
characteristic (003), (104), (108), and (110) peaks of layered NCA
material, along with the expected trends. Notably, at higher voltage, the
(003) shifts to lower 2θ, the (104) shifts to higher 2θ, and the (108)/
(110) doublet broadens. This was attributed to changes in the NCA unit
cell with decreasing Li content [30].

2.3. Calorimetry of 18650s and harvested electrodes

The IBC was calibrated before each use using an Al slug of similar

size and mass to the 18650. During each calibration the slug was loaded
into the instrument and allowed to equilibrate to the operating tem-
perature (25 ◦C). Then, 3 W of power was passed through the Al slug and
the machine was allowed to equilibrate again. The recorded thermal
power and supplied electrical power were compared to set a new
baseline. During IBC battery testing, the 18650 was allowed to reach
thermal equilibrium before a current was applied. At the start of each
charge or discharge step the zero values were compared to the baseline
and adjusted accordingly. After each electrochemical step, the cell res-
ted for 4 h to return to thermal equilibrium.

IBC-coupled experimentation enabled the measure of heat flow to
and from the cell during operation. Heat generation, Q̇T, after a 4-h rest
was taken as thermal equilibrium and set to zero. Integrating heat flow
with respect to time yields the total heat generated during operation:

QT =
∫ tend

0
Q̇Tdt, (11)

with Q T given in joules.
Operando isothermal calorimetry of harvested electrodes was per-

formed using a custom-made calorimeter [55]. Harvested electrodes had
an area of 1 cm2. Testing was performed on three cell configurations:
NCA/Li, Graphite + Si/Li, and NCA/Graphite + Si. The instantaneous
heat generation at each electrode was calculated based on the heat flux
measured by the thermoelectric heat flux sensors (greenTEG, gSKIN-XP)
placed behind the target electrode. The heat generation was calculated
as:

Q̇i(t) = qʹ́i (t)Ai =
ΔVi(t)
Si

Ai with i = NCA,Graphite+ Si, or Li (12)

where Ai (cm2) is the area of the electrode, ΔVi(t) (μV) is the voltage
difference measured by the heat flux sensor, and Si is the sensitivity of
the heat flux sensor (μV/(W/cm2)). The total heat generation of the cell
is the sum of the two electrodes

Q̇T(t) = Q̇cathode(t) + Q̇anode(t) (13)

where lithium corresponds to the anode in a half-cell, and Graphite + Si
is the anode in a full cell.

Open circuit voltages, UOCV, and entropic potentials, ∂UOCV/∂T, of
harvested electrodes were measured in a half-cell coin cell [56]. 30-min
C/20 pulses were followed by a 5.5-h relaxation period, with 5 ◦C
changes in temperature between 20 ◦C and 30 ◦C in the last 40 min.
Analogous to the 18650 full cells, dV/dt analysis was performed on half
cells containing recovered electrodes during select entropic potential
steps indicated that electrochemical equilibrium was achieved in this
time frame, Fig. S3. To ensure thermodynamic equilibriumwas reached,
the temperature difference between the cold plate and top of the coin
cell was verified to be less than 0.1 ◦C and the time rate of change of the
open circuit voltage during relaxation ∂UOCV/∂t was less than 1 mV/h.
C-rates were calculated based on the areal capacity of the full cell, 4.45
mAh/cm2. Data is presented as a function of SoC with respect to the
18650 cells wherein 0 % SoC indicates that the cathode material is fully
lithiated and the anode material is delithiated. As a result, when the
harvested anode vs Li cell is fully charged, Li is removed from the har-
vested anode, but it is presented as 0 % SoC.

3. Results and discussion

3.1. Rate dependent calorimetry of 18650s

Galvanostatic testing of a commercial 18650 cell yielded the ex-
pected rate-dependent electrochemical response, Fig. 1. Discharge ca-
pacities increased with slower rates from 3.23 to 3.37 Ah, comparable to
the manufacturer rated 3.4 Ah. During 1C charge, the cell delivered 2.05
Ah during the CC step and 1.18 Ah during the CV step for a total of 3.23
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Ah. The onset of CV charging corresponded with a rapid decay in the
observed current and heat generation, Fig. 1C. Moreover, there were
multiple heat generation features that only resolved at C/10 or lower.
For example, local maxima in Q̇T emerged on charge between 0.8 and
1.4 Ah and at ~2.24 Ah. Upon discharge, decreasing C-rates resulted in
an endothermic region between 1.0 and 1.75 Ah, Fig. 1D. This endo-
therm, unnoticeable at C/3, begins to manifest at C/5, and is fully
realized during C/10 and C/20 cycling.

These observations highlight the influence of applied current on heat

generation and are described through the combination of Equations (1),
(2) and (6):

Q̇T ≈ Q̇rev + Q̇J + Q̇mix ≈ ITΔS+ I2R(x) + Q̇mix . (14)

Q̇J will always be exothermic, but Q̇rev may be exothermic or endo-
thermic depending on the direction of the applied current. Therefore, an
endothermic feature is only possible if Q̇rev > Q̇J +Q̇mix . This condition
is achievable at slow C-rates, like C/10 and C/20, where Q̇mix is negli-
gible and I > I2 (when I< 1). Data visualization was also very influential

Fig. 1. Isothermal Battery Calorimetry (IBC) testing of a NCA/Graphite + Si 18650 cell. (A) photograph of the closed IBC (left) and open chamber (right). (B) voltage
profiles, heat generation profiles on (C) charge and (D) discharge of an 18650 NCA/Graphite + Si cell as a function of C-rate.

Fig. 2. Predicted and experimental temperature rise of a commercial 18650 NCA/Graphite + Si cell as a function of C-rate. (A) Heat generation normalized by
applied current on discharge as a function of C-rate. (B) Maximum heat generated and predicted adiabatic temperature rise. (C) Comparisons between predicted
temperature rise when heff = 45 W/m2K and measured skin temperature increase as a function of c-rate. (D) Required heff to maintain desired maximum ΔTskin
during discharge.
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on the interpretation of the heat generation profiles. The log scale pre-
sented in Fig. 1 was useful to compare the orders-of-magnitude differ-
ence in heat generation but cannot capture the negative values
associated with endothermic features.

By normalizing Q̇T by the applied current (W/A), heat generation
rates across C-rates, even during endothermic events, are comparable,
Fig. 2A. In fact, Q̇T/I at C/10 and C/20 were almost identical. This
finding was rationalized by revisiting a normalized Equation (14):

Q̇T/I ≈ TΔS+ IR(x) + Q̇mix/I . (15)

In this form the entropic term and Q̇rev is not influenced by the
applied current. Therefore, if the heat generated is dominated by Q̇rev,
then the magnitude of Q̇T/I should be constant regardless of C-rate. In
other words, when the C-rate is low, Q̇rev > Q̇J +Q̇mix so that Q̇T/ I ≈
TΔS. This relationship was observed in the case of C/10 and C/20
testing, Fig. 2A. To further investigate this finding, HPPC testing was
performed to calculate RDC and Q̇J as functions of SoC, Fig. S4. Q̇T and
I2RHPPC are of similar magnitude at C/3 and above. But at lower C-rates,
Q̇T dominates I2RHPPC, supporting the claim that the observed endo-
therm is the result of an electrochemical process occurring within the
cell. After a wholistic review of the 18650’s C-rate performance, heat
generation at 1C was deemed to be dominated by the I2 term in Q̇J . The
middle C-rates of C/5, C/3, and C/3 were deemed to be of a mixed
domain where both Q̇rev and Q̇J contribute meaningfully to Q̇T. And
lastly, the lower C-rates of C/10 and C/20 were identified as dominated
by Q̇rev.

Integrating Q̇T with respect to time yieldedQT presented in kJ, Fig. 2.
Decreasing C-rates reduced the total heat from 2.81 kJ at 1C to 0.96 kJ at
C/10 and 0.93 kJ at C/20 on charge. The comparable heat generated at
C/10 and C/20, further supports the finding that both of these condi-
tions were Q̇rev dominated. Heat values were lower on discharge at 0.59
kJ and 0.52 kJ for C/10 and C/20, respectively. QT increased to 2.85 kJ
at 1C, keeping in step with the rate dependence seen on charge. Q̇T
values were also presented as a function of voltage and compared to
voltage vs capacity curves, Figure S5, Figure S6, and Fig. S7. Features in
the heat vs voltages curves aligned well with plateaus in the capacity vs
voltage graphs. This was reflected in the derivatives of the heat vs
voltage (dHeat/dV) and in the derivative of the capacity vs voltage (dQ/
dV). Peak position and shape of the dHeat/dV and dQ/dV curves
correlated across C-rates, further highlighting the interplay between
electrochemistry and heat generation. Interestingly, the dHeat/dV and
dQ/dV curves deviated in shape from each other above 3.6V during C/
20 discharge. In this region, the heat generation profile was endo-
thermic, resulting in a positive dHeat/dV features, whereas the dQ/dV
features were negative. But the voltage positions of these features
agreed, reaffirming their correlation.
QT is understood as the total heat generated by the cell during

operation. This heat could either be rejected by the cell into its envi-
ronment or absorbed by the cell. Highly-insulated cells would experi-
ence a greater temperature rise, where the cell absorbs more of the heat
generated during operation. Using the 18650’s heat capacity, cp, of
1.014 J/(g*K) at 3.46 V, and the relationship,

ΔTadiabatic = QT
/(
m*cp

)
(16)

QT was used to predict the cell’s temperature rise under adiabatic
conditions, Fig. 2B. The heat generated of 0.96 kJ at C/10 predicted a
temperature rise of 11.3 ◦C. For comparison, the skin temperature ΔTskin
changed measured by a thermocouple was only 0.6 ◦C for cells dis-
charged at C/10 in a climate-controlled chamber with convective cool-
ing from a fan at 25 ◦C, Fig. S8. These predicted adiabatic values are
much higher than thermocouple skin temperature measurements and
are intended to approximate the upper limit that a highly insulated cell
could experience.

IBC Q̇T and convection cooled ΔTskin measurements were linked
through Equation (8), using an heff of 45 W/(m2K), Fig. 2C. This value
agrees with heff of other fan cooled ovens used for temperature-
controlled battery testing [57]. By its nature Q̇T was measured in a
highly controlled thermal environment compared to the convective
cooled ΔTskin measurements. The good agreement of these two mea-
surements across C-rates indicates that ΔTskin measurements may be
able to approximate Q̇T trends, given a known h value. This relationship
was generalized in Fig. 2D to calculate the heff required to maintain
different skin temperature rises as a function of C-rate. At 1C, the heff to
maintain ΔTskin< 3◦ is above 100W/(m2K) which approaches the upper
bounds of cooling achievable by forced air convection [20]. Moreover,
more complex scenarios may require the underlying assumptions of
equations (8) and (16) to be modified, like cells at the center of a large
array being shielded from the cooling system by neighboring cells. In
effect, these central cells would have a lower heff, ultimately experi-
encing a more adiabatic environment and a larger temperature rise.

3.2. Calorimetry of harvested electrodes

To identify electrode specific calorimetric response, NCA and
Graphite + Si electrodes were harvested from the 18650 and used in a
custom calorimeter as described in Section 2.3. In short, the calorimeter
allowed for harvested electrodes to be tested in a full cell configuration
while the heat generation at each electrode to be recorded. [55]Q̇T in
mW/cm2 during galvanostatic testing at C/2 for the harvested electrodes
and for an 18650 is reported in Fig. 3. Harvested electrodes were also
tested vs Li electrodes, where Q̇T was consistent across electrode
configuration, further supporting that the custom calorimetric isolates
the heat generated by each electrode, not from the cell as a whole,
Fig. S9. During charging, Fig. 3a, the heat generation rates were rela-
tively constant for both electrodes at around 0.4 mW/cm2 for the har-
vested cathode and 0.1 mW/cm2 for the harvested anode. By contrast,
during discharging, the harvested anode’s heat generation increased
continuously to 0.8 mW/cm2 while the harvested cathode hovered
around − 0.1 mW/cm2. Heat generation was higher during delithiation
(cathode on charge and anode on discharge), than lithiation, a phe-
nomenon attributed to a thermal penalty associated with the solvation of
Li ions as they are released from the electrode into the electrolyte [7].
Interpretation of the 18650’s C/2 calorimetry, Fig. 2, placed C/2 testing
at the higher end of the mixed domain where both Q̇rev and Q̇J contribute
meaningfully to Q̇T. The harvested electrode calorimetry adds nuance to
this discussion through evidence that additional heat generation sour-
ces, like solvation, manifest at C/2.

Normalizing heat generation by the electrode surface area allowed
for a more even comparison between the 18650 and the 1 cm2 electrode
used in the custom calorimeter. Overall, the magnitude of heat gener-
ation was comparable across form factors, especially during discharge,
confirming the accuracy and precision of the custom-made calorimeter
with regard to the commercial IBC testing of 18650s. The discrepancy on
charge could be rationalized through a difference in SoC, and reversible
heat generation, and prompted further electrochemical investigation of
this system and will be discussed in later sections.

3.3. ΔS measurements of 18650 and harvested electrodes

ΔS (mV/K) and UOCV, measurements of commercial 18650s and
recovered electrodes in Li half-cell coin cells are presented in Fig. 4 and
Figure S8. Data is presented in terms of SoC, with 4.49 mAh/cm2 cor-
responding to 100 % SoC for the full cell. During full cell charge, the
cathode’s active material (NCA) is delithiated while the anode’s active
material (Graphite + Si) is lithiated. This corresponds to the data pre-
sented in Fig. 4a, b, 4c, and Figure S8 and should be read left-to-right.
During full cell discharge, the electrochemical processes are reversed
as the NCA cathode is lithiated and the Graphite + Si anode is
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delithiated. Discharge data, Fig. 4d, E, 4F, and Figure S8, should be read
right-to-left, as discharge begins at 100 % SoC.

In the commercial 18650 cell, the rest potentials showed good
agreement across charge and discharge processes, indicating that ΔS
measurements were taken at similar SoCs and thermodynamic condi-
tions. Full cell ΔSNCA/graphite+Si values started negative at low SoCs before
increasing and turning positive around 40 % SoC. ΔS values were larger
on discharge than charge at all points except at 20 and 100 % SoC,
resulting in a hysteresis between ΔS18650 discharge and ΔS18650 charge,
Fig. S10. This finding suggests a path-dependent reaction and mirrors
entropic studies of the NCA/Graphite + Si system by Wojtala et al. [44]

For the delithiation of the recovered NCA/Li coin cell, ΔS measure-
ments were separated into two main regions, Fig. 4B and E. Region I
showed an increasing open circuit voltage, accompanied by a concave
up ΔS. This trend in ΔS has sometimes been associated with an insulator
to metal, or semiconductor to metal transition [7]. Indeed, materials
similar to NCA, like lithium cobalt oxide do exhibit this transition.
However, to the best of our knowledge, NCA does not go through this
transition. Instead, the local minimum in ΔS at ~20 % SoC was attrib-
uted to two factors: 1) the configuration entropy between Li-ions and
vacant Li-ion sites in the interlayer of the NCA crystal, with similar
findings reported for the lithiation of LiCoO2,[58] and 2) a decrease in
charge transfer resistance [59]. Region II consisted of increasing UOCV
and steady ΔS values that hovered around 0 mV/K. A constant ΔS value

as a function of SoC indicates that the (de)lithiation of NCA follows a
solid solution mechanism [8]. Moreover, these values were taken with
respect to Li metal. As outlined by Kang et al. [45], the entropic potential
of the active material in a Li metal coin cell can be calculated by using
SLi = ~15.7 J/(mol*K) at standard conditions, or in this case − 0.16
mV/K. Therefore, an entropic potential of 0 mV/K indicates that the
entropy of the NCA active material is approximately 0.16 mV/K. This
finding is in agreement with diffraction studies that report a
solid-solution mechanism of NCA for all Li contents explored in this
work [60]. The harvested NCA/Li half-cell also exhibited minimal
voltage hysteresis and the same two regions were also identified were on
lithiation, confirming the high reversibility of lithium (de)insertion in
NCA, Fig. 4E.

On the anode side, the harvested Graphite+ Si/Li coin cell displayed
both voltage and entropic hysteresis. In contrast to the three ΔS regions
presented by Baek et al., for the Graphite/Li system [8], five distinct
entropic potential regions were identified during Graphite + Si/Li lith-
iation. Each ΔS region was associated with either Si redox or a stage of
graphite lithiation: dilute, stage 4 (Li0.1C6), stage 3 (Li0.2C6), stage 2
(Li0.5C6), stage 1 (LiC6) [37]. There are sharp drops in ΔS at the
boundaries of each of these regions indicating a first-order phase tran-
sition. In region I, UOCV was over 0.2 V and both UOCV and ΔS were
decreasing, Fig. 4C. It has been shown that in an electrode made of
graphite and silicon, only silicon is electrochemically active above 0.2 V

Fig. 3. Isothermal calorimetry testing of recovered electrodes during (A) C/2 charge and (B) C/2 discharge at 25 ◦C. Q̇T is normalized by the electrode area, while
capacity is normalized to the capacity delivered during galvanostatic electrochemistry.

Fig. 4. Rest potential and entropic potentials of an NCA/Graphite + Si 18650 full cell and harvested electrode/Li coin cells. (A) Charge of an NCA/Graphite + Si
18650 full cell at C/10. (B) Charge of an NCA/Li coin cell at C/10. (C) Charge of a Graphite + Si/Li coin cell at C/20. (D) Discharge of an NCA/Graphite + Si 18650
full cell at C/10. (E) Discharge of an NCA/Li coin cell at C/10. (F) Discharge of a Graphite + Si/Li coin cell at C/10. State of Charge is in reference to the full cell and
was determined by areal capacities (4.49 mAh/cm2). Black and red lines denote rest potentials and entropic potentials, respectively. The entropy of Li/Li+, − 0.16
mV/K, is indicated as a green line in panels B,C,E, and F. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version
of this article.)
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[61]. Therefore, ΔS was assigned to Si redox and the dilute phase of
graphite. In region II, the entropic potential exhibited a sharp drop
which could be due to the beginning of lithiation of the graphite parti-
cles. Furthermore, the open circuit voltage displayed a short plateau,
corresponding with the first order phase transition between the dilute
phase and stage 4 (Li0.1C6) [37]. In region III, both the open circuit
voltage and entropic potential were decreasing. It is believed that during
region III both silicon and graphite were being lithiated, and graphite
transitioned from stage 4 (Li0.1C6) to stage 3 (Li0.2C6). Region IV
exhibited a plateau in both UOCV and ΔS attributed to transition from
graphite Stage 3 (Li0.2C6) to stage 2 (Li0.5C6). The staging reactions of
graphite occur with two-phases coexisting, during which the entropic
potential was expected to remain constant [8]. This is not the case in
Region V, where the sloping ΔS was attributed to both the reaction be-
tween graphite stage 2 (Li0.5C6) to stage 1 (LiC6) and the lithiation of Si
below 0.05V.

Delithiation of the harvested anodes, Fig. 4F, largely followed the
reverse trends of lithation, albeit with the addition of a sixth region.
Discharge started with region V, attributed to the reverse delithiation of
Si and graphite stage 1 (LiC6) to stage 2 (Li0.5C6). Region IV was sepa-
rated in to IVa and IVb because the ΔS showed two distinct magnitudes
over the same UOCV plateau. Regions IVa and IVb was still attributed to
the transition from graphite stage 2 (Li0.5C6) to stage 3 (Li0.2C6), but the
rise in ΔS between regions V and IV was attributed to the presence of
silicon. Region III exhibited increasing ΔS and UOCV associated with a
Graphite stage 3 (Li0.2C6) to stage 4 (Li0.1C6) transition. In region II, the
open circuit voltage exhibited a short plateau, corresponding to the first
order phase transformation between stage 4 and the dilute phase [37].
Finally, in region I, both UOCV and ΔS increased, corresponding to
lithium deintercalation in a solid solution. In region I, the dilute phase of
graphite cannot be delithiated farther, therefore, most of the behavior
was attributed to Si redox.

The graphite half-cell displayed a hysteresis in its ΔS, Fig. S10.
Previous reports indicate a preference towards Si during the lithation of
Graphite + Si electrodes [61]. Additionally, Uxa et al. has reported that
amorphous Si electrodes (de)lithiates heterogeneously via Li-poor and
Li-rich intermediary phases, with Li ions being irreversibly trapped in
the Li-poor phase during delithiation [62]. Similar reports of poor
delithiation kinetics of Graphite + Si electrodes have shown Li accu-
mulation within Si particles overtime leading to high energy barriers
and inhomogeneous reaction pathways during discharge [63,64]. We
believe that the hysteresis of the Graphite + Si electrode’s ΔS may be
explained by path dependent reactions.

3.4. Reconstruction of 18650’s C/10 heat generation profiles

Half-cell entropic potentials were used to reconstruct full cell

entropic potentials according to: ΔSNCA/Graphite+Si = ΔSNCA/Li −
ΔSGraphite+Si/Li, and presented as a function of SoC, Fig. 5. ΔSNCA/Graphite+Si
measurements ranged from − 0.6 to 0.2 mV/K and were larger in
magnitude than ΔSNCA/Li or ΔSGraphite + Si/Li. This was rationalized
through Equation (5), which implies entropic potential measurements
are taken at a constant pressure. Differences in pressure between the
coin cell and 18650 form factors have been reported [65], and may
account for the differences in the magnitude of ΔS. Pressure differentials
can develop within an 18650 jelly roll during cycling [66,67], further
muddling the comparison between full cell 18650 and harvested elec-
trodes in coin cells. Additionally, it should be reiterated that the ΔS
measurements of recovered electrodes are taken with respect to Li and
therefore encompass the entropy of Li in the measurement.

Still, there was good agreement between the shape and features of
the reconstruction and full cell curves. In this way, the regions of the full
cell’s ΔSNCA/Graphite+Si curve could be associated with specific electrode
specific phenomena as presented in Fig. 4. Specifically, at low SoC, the
ΔSNCA/Graphite+Si correlated to the Si + Dilute domain, and the region of
the discharge endotherm 55–85 % SoC, tracked well with the Graphite
stage 2 domain. Overall, the NCA electrode experienced little change in
ΔS during (de)lithiation compared to the graphite/Si electrode, indi-
cating that the entropic changes in the full cell are due in majority to the
anode.

A two-component reconstruction of Q̇T using Q̇rev + Q̇J , was devel-
oped by applying Equations (2) and (6) to the ΔS measurements and
electrochemical data taken during the entropic potential measurements
of 18650 cell, Fig. S9. Similar to the entropic potential reconstructions,
this two-component reconstruction of Q̇T was divided into different
domains based on the anode staging. On discharge, the Q̇rev + Q̇J
reconstruction was able to capture the discharge endotherm and the
large increase in heat generation at low SoCs, Fig. 6. The endotherm was
correlated to the large ΔS values in Q̇rev associated with the stage 2
phase transition in the graphite anode. The large increase in heat gen-
eration at the end of the discharge was attributed to Q̇J due to large
overpotentials observed during NCA lithiation and Graphite + Si deli-
thiation at the low SoC region, Fig. 1B. Moreover, skin temperature
measurements agreed with Q̇T and the two-component reconstruction
when heff = 45 W/m2K.

On charge, the reconstruction exhibited good agreement between the
IBC data, skin temperature measurements, and ΔS features correlated
with the staging identified anode-side domains. The two-component
reconstruction, however, could not capture the exothermic feature at
15 % SoC, with Q̇rev,cathode and Q̇rev,anode both predicting an endothermic
response larger than Q̇J. The two-component reconstruction uses mea-
surements taken at rest to predict the operando Q̇T . The large

Fig. 5. Full cell/half-cell reconstruction of entropic potentials on (A) charge and (B) discharge. The reconstruction (orange) was made by subtracting ΔSanode (blue)
from ΔScathode (red). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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disagreement between the two methods below 20 % SoC on charge
suggests that another heat generation source is present during operation
that cannot be accounted for.

To probe the possibility of operando effects not captured by the two-
component reconstruction, IBC coupled GITT testing collected heat
generation, Q̇GITT , in 5 % SoC intervals, corresponding to each ΔS in-
terval to compare to the continuously collected Q̇T, Fig. 7. Upon initial
inspection, an initial endotherm was observed at the start of continuous
IBC testing and during GITT step 1, that was mitigated as the system
entered steady state redox. Upon the application of a current, the same
endothermic feature returned for the first four GITT charge steps before
Q̇GITT matched Q̇T. Concurrently, there were stark disagreements be-
tween the galvanostatic and GITT voltage profiles at analogous total
capacities, Fig. 7A insert. Therefore, the endothermic difference

between GITT and galvanostatic heat generation profiles was attributed
to the energy the cell must absorb to overcome to overcome ηactivation at
the start of each GITT step. The difference in heat generated continu-
ously collected Q̇T and intermittent Q̇GITT was deemed the activation
energy, according to:

ΔQ =

∫ tGITT,step,end

tGITT,step,start
Q̇Galvano − Q̇GITTdt. (17)

On discharge, ΔQ hovered between − 20 and 20 J, suggesting more
favorable kinetics during the spontaneous discharge process. ΔQ was
largest during the start of charge, peaking at ~50 J at 20 % and then
again at 70 % SoC.

These two points corresponded to the end of the Si + Dilute and
Graphite stage 2 domains, respectively, suggesting prolonged kinetic

Fig. 6. Comparison of IBC, modified skin temperature, and two-component reconstruction (Q̇rev +Q̇J) of during C/10 (A) charge and (D) discharge for a 18650 full
cell. State of Charge was determined by areal capacities of the 18650 (4.49 mAh/cm2).

Fig. 7. IBC coupled GITT testing for an NCA/Graphite + Si 18650. (A, B) Voltage response during continuous and intermittent testing. (C, D) Heat generation during
continuous and intermittent testing. (E, F) ΔQ on charge and discharge. Continuous galvanostatic testing and GITT testing are shown in black and red, respectively.
All testing was performed at C/10 at 25 ◦C under isothermal conditions. (For interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)
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limitations at lower SoC and during phase transitions [68]. At the
beginning of charge, the cathode is fully lithiated. Operando synchro-
tron XRD studies have shown that while reaction heterogeneity due to
surface impurities are possible, NCA should react as a solid solution up
to 4.1V vs Li [60]. Moreover, Li ion diffusivity measurements through
micron sized NCA are sufficient to ensure bulk transport at all SoC [69].
At the same time, the anode starts accepting lithium and should undergo
a phase transformation from the dilute to stage 3 (LiC18) phase. Li
diffusion through graphite has been reported to be two order of
magnitude slower at low Li contents (~LiC36) than higher Li contents
[70]. More interestingly, Graphite + Si anodes have been shown to (de)
lithiate heterogeneously. Berhaut et al. [71] reported uniform lithiation
of graphite throughout the thickness of a Graphite + Si electrode, while
Si particles closer to the electrode/electrolyte interface have higher Li
contents than Si particles away from the interface during operation.
They also reported evidence of phase-to-phase redistribution of Li
throughout the electrode during periods of relaxation.

The SoCs with the largest disagreement between Q̇T and the two-
component reconstruction were associated with the largest ΔQ values,
Fig. 7. Therefore, we postulate that ΔQ can serve as proxy for kinetic
influences like Q̇mix, a value for which direct measurement remains
elusive. All this in tandem, we attribute the mismatch between Q̇T and
the two-component reconstruction to discrepancies between the rest
state and active state of the system as described by ΔQ. Moreover, Q̇rev
or Q̇J ultimately rely on equilibrium potentials and therefore cannot
capture kinetic effects that can be observed during operando
calorimetry.

4. Conclusion

Herein, we present the thermo-electrochemical characterization of a
commercial 18650 NCA/Graphite+ Si Li-ion cell. The larger form factor
and active mass of the 18650 compared to coin cells allowed for precise
heat flow calorimetry even at low C-rates. ΔS measurements of recov-
ered electrodes in Li half cells were used to fingerprint heat generation
features with electrode-specific phenomena. The NCA cathode was
shown to have entropic potential values hovering around 0 mV/K,
suggesting a solid solution mechanism at all SoCs. On the other hand,
ΔSanode was highly path dependent, varying greatly as a function of SoC
and charge or discharge condition. Still, the discharge endotherm
observed at low C-rate cycling fingerprinted to the stage 3 and stage 2
delithiation of graphite in the anode.

IBC coupled electrochemical testing was used to deconstruct Q̇T into
its constituent sources of Q̇rev and Q̇J . There were electrochemical
conditions (C-rate, SoC, charge or discharge) where each of these heat
generation sources contributed meaningfully to Q̇T . Q̇J accounted for
most of the heat generation at 1C, while the middle conditions of C/2, C/
3, and C/5 exhibited mixed domains of heat generation. Heat generation
rates at C/10 and C/20 were similar in magnitude and therefore corre-
lated to Q̇rev dominated heat generation. Integrating Q̇T with respect to
time, yielded QT in J, or the total heat generated during operation with
the 18650 generated between 0.94 kJ (C/20) to 2.7 kJ (1C) on charge.
Using these values, heat capacity calculations predicted that the cell
generates enough heat at 1C to increase from 25 ◦C to 82 ◦C under
adiabatic conditions. By contrast, an increase of only 7.5 ◦C was
observed at 1C when cycled in a fan-controlled chamber. These findings
allude to the fact while the total energy generated by the cell is C-rate
dependent, cell temperature rise is environment dependent. Galvano-
static IBC data was also compared with IBC data taken during inter-
mittent operation. The difference in heat generation between
galvanostatic and GITT IBC data, ΔQ, correlated with the largest
discrepancy between Q̇T and the Q̇rev + Q̇J reconstruction at low SoC
(<20 %) on charge. This finding suggest that a large amount of heat
generated at low SoCs on charge is due to kinetic factors (e.g. a

crystallographic phase change in the NCA cathode material) and cannot
be captured by Q̇rev + Q̇J measurements made at rest.

The presented thermo-electrochemical approach is a valuable tool in
identifying electrode-specific contributions at various SoCs and C-rates.
Areas of interest for future studies include applying a thermo-
electrochemical approach in conjunction with a computational model
and/or tracking the evolution of Q̇T as cells undergo degradation and
aging, with phenomena of interest including the relative capacity
degradation of the Si and graphite phase of the anode, the buildup of
resistive electrode-electrolyte interface layers, the loss of lithium in-
ventory, and cracking of cathode active particles. While the electro-
chemical signatures of these mechanisms have been extensively studied,
their impacts on heat generation and the thermal management of
commercial systems built of many thousands of cells, has not yet been
explored. Ultimately, this work combined IBC testing, skin temperature
measurements, and entropic potential experiments into a rigorous
thermo-electrochemical characterization of the NCA/Graphite + Si
system.
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