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SUMMARY

Driven by expanding interest in battery storage solutions and the success story of
lithium-ion batteries, the research for the discovery and optimization of new bat-
tery materials and concepts is at peak. The generation of experimental (dis)
charge data using coin cells is fast and feasible and proves to be a favorite prac-
tice in the battery research labs. The quantitative interpretation of the data, how-
ever, is not trivial and decelerates the process of screening and optimization of
electrode materials and recipes. Here, we introduce the concept of polarographic
map and demonstrate how it can be leveraged to quantify the contribution of
different non-equilibrium phenomena to the performance limitation and total po-
larization of a lithium-ion cell. We showcase the accuracy and diagnostic power of
this approach by preparing and analyzing the electrochemical performance of 54
sets of LiNi,Mn,Co,_,.,O; electrodes with different formulations and designs dis-
charged in a range of 0.2C-5C.

INTRODUCTION

Innovation in battery technologies is one of the important elements in the global effort to combat climate
change. A sustainable worldwide transition in the transport sector to electric vehicles relies very much on
further decline in the price and increase in the safety and energy density of lithium-ion batteries (Gray and
Hall, 2020). This inspires the ongoing research for the discovery of new materials, in particular by pushing
the boundaries of insertion capacity in the active-material particles like LiNi,Mn,Co1.,.,O, (NMC) (Arico
et al.,, 2011; Chen et al., 2010; Ji et al., 2020; Kang and Ceder, 2009; Manthiram, 2020; Nitta et al., 2015;
Zhang et al., 2021b) and porous electrode formulations (Evanoff et al., 2012; Huang et al., 2019; Zhang
et al., 20271a) with high energy and power densities.

Coin cells are very widely in use in the research community to evaluate the collective impact of the new ma-
terials or electrode designs on the performance of a lithium-ion cell composed of two facing electrodes
and an electrolyte/separator in between (Chen et al.,, 2019; Murray et al., 2019). The interpretation of the
voltage-current signals from such an all-embracing yet feasible characterization approach, however, is
not intuitive if one aims to decipher between the differential contributions from each individual component
when some modifications are introduced to the baseline materials and cell design parameters (Besnard
et al.,, 2017; Doyle and Newman, 1997; Jiang and Peng, 2016). This is mainly because of the non-linear
aggregate effects in determining the deviation of the instantaneous voltage (V) from the equilibrium
voltage (Veg), namely polarization (n = V — V) of an electrochemical system composed of porous elec-
trodes rather than planar electrodes (Fuller et al., 1994; Lu et al., 2020a, 2020b).

The electrochemical behavior of the porous electrode is a collective outcome of individual responses from
its many active-material particles distributed over the 3D space of the electrode (Figures 1A-1D). There-
fore, while draining cell capacity (6g), the energy loss (6gn) associated with the transport of electrons
and lithium ions across the thickness of the electrode (Ebner et al., 2014; Orikasa et al., 2016) (long-range,
Q) adds up with that pertaining to the active-material particles (Lin et al., 2018; Tsai et al., 2018; Zheng et al.,
2015) such as solid-state diffusion and charge transfer kinetics (particle level, Q) and the short-range losses
into the bargain (Q), i.e. dqn = Q, + Qg + Q. The latter depends on the quality of the local contacts between
the electronic and ionic percolation networks and the active-material particles (Hamed et al., 2020; Jiang
et al., 2020; Morelly et al., 2018). The exact composition of the total polarization from the aforementioned
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Figure 1. Polarization categories and rate-capability of a porous electrode

(A) a schematic representation of a porous electrode and the three major polarization subcategories limiting its rate-
performance: (B) long range, (C) short range, (D) particle level.

(E) The rate capability coefficient of NMC622 electrodes from the reference batch as a function of electrode porosity,
£=0.2t00.5, and active-material loading, L = 5.5 to 22.6 mg/cm?. It is important to note that the dashed lines are just for a
visual guide.

materials but also on the electrode recipe, preparation steps, and (dis)charge current (Besnard et al., 2017;
Du et al., 2010; Nyman et al., 2010; Tian et al., 2019).

Here, we introduce the concept of polarographic map for a porous electrode to facilitate the design and
optimization of new materials for lithium-ion cells. This map illustrates the composition of polarization in a
porous electrode from three subsets of particle level, short-range, and long-range and their sensitivity to
the active-material loading (mg/cm?), porosity (degree of calendering), and C-rate. This could serve as a
diagnostic tool to identify the performance bottlenecks and to guide devising efficient strategies of
improvement and material screening. The concept is showcased for the NMC family of active materials.

RESULTS AND DISCUSSIONS

We first construct a map based on a comprehensive polarization analysis of a base batch including 16 Li-
Nig.eMng 2Cog 205 (NMC622) electrodes of same active-mass content (f, = 0.92), but of different active-ma-
terial loading (L = 5 to 23 mg/cmz) and porosity (e = 0.2 to 0.5). Next, the performance of 48 new electrode
variants of the base batch is presented and discussed in the perspective of the added value in using the
polarographic maps in battery research. The new cell variants were prepared by inducing three types of
modifications in the original cell, namely by using either NMC particles with a different intrinsic solid-state
diffusion coefficient (NMC111), or NMC622 particles ALD-coated with a layer of TiO,, or by using a thicker
separator.

A rate-capability coefficient (0<y<1) was obtained for every Li/NMC cell by analyzing the galvanostatic
(dis)charge over a broad range of C-rates (0.2C-5C). This coefficient reflects the relative retention of
discharge energy delivered by the cell upon every doubling in the discharge current (see STAR Methods).
The rate capability coefficient of the 16 reference NMC electrodes are scattered in Figure 1E as a function
of NMC loading and electrode porosity. We observe a clear inverse correlation between v and the active-

material loading, 3| <0, which is in line with the commonly observed power fade at high electrode load-

ings (Heubner et al., 2019; Zhao et al., 2015). The effect of porosity (), however, on the rate performance of
the electrode is less intuitive to be generalized and depends on the electrode loading. The sensitivity of

9y
de

rate-performance to the electrode porosity at a given loading ( ) begins to intensify for loadings
L
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Figure 2. Polarographic map for NMC electrode

Polarographic map for the NMC electrode visualizing the contributions to the total electrode polarization from the
irreversible phenomena originating from the three distinctive subcategories: particle level, long range, short range. The
composition of the electrode polarization is displayed with the contour maps as a function of electrode porosity and
active material loading and for three levels of discharge rates: low rate (C/5), medium rate (1C), and high rate (5C). The
color bar codes the polarization contributions (0<T| <1) between the dark blue and dark red. It is important to note that
each subplot consist of 16 data points and the rest of the image is linearly colored just as a visual guidance.

above 5 mg/cm? and is non-monotonic. For instance, at L = 22.6 mg/cm?, the initial decrease in porosity

<0), whereas further decrease
1=23

>0).
1=23

from 0.5 to 0.4 is beneficial to the rate performance of the electrode (%Z

in porosity (0.2<e<0.4) lowers the power rating of the electrode (%—Z

This observation highlights the complicated superposition of the ionic and electronic transport limitations
over the short and long ranges in determining the rate performance of a porous electrode. Calendering the
electrode will bring the active-material particles, carbon, and binder into a closer contact and therefore
promotes the short- and long-range electronic conduction through the electrode thickness. On the other
hand, a lower porosity can be detrimental to the rate of charge transport in the electrolyte phase and
charge-transfer kinetics on account of higher tortuosity and lower specific surface area between the
active-material particles and electrolyte, respectively. Further quantitative insights can only be obtained
by splitting the total cell polarization among the involved sub-phenomena by comparing the experimental
data against a comprehensive model (Malifarge et al., 2018).

To conduct a detailed polarization analysis we used a macroscopic physics-based model (see supple-
mental information) to simulate the experimental rate performance data of the 16 NMC622 electrodes
from the reference batch at three constant-current loads equivalent to C/5, 1C, and 5C. The constructed
polarization map is presented in Figure 2. The polarization at lower C-rates is dominantly induced by
the poor electronic and ionic contacts between the active-material particles and the percolation networks
irrespective of the electrode loading and porosity (Y's > 0.4). This is in line with the general expectation that
the power limitation of a porous electrode at sufficiently low C-rates becomes less sensitive to the
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electrode thickness and the transport limitations in the bulk of electrode and electrolyte phases (Malifarge
et al., 2018).

Noteworthy is the significance of short-range polarization (X's > 0.7) for electrodes with low porosity and
low loading as well as those with high porosity and high loading (Figure 2C). At higher C-rates the per-
formance limitation of the cell is very sensitive to the loading and porosity of the electrode. In
other words, the power limitation induced by the sluggish electronic conduction between the
current collector and the separator is more pronounced at thicker electrodes. Similarly, the ionic con-
duction in the electrolyte bulk is associated with higher polarization when decreasing the electrode
porosity in thicker electrodes. The particle level polarization has a considerable impact (X, > 0.5) on
the rate performance at low active-material loading regardless of the electrode porosity (Figure 2G).
The rate performance for loadings above 10 mg/cm? and porosity below 0.4 is mainly controlled by
the long-range ionic transport limitations (Figure 2H). Electrodes with higher loading and higher
porosity values, however, are more influenced by the short-range electronic limitations at high C-rates
(Figure 21).

The polarographic map facilitates the identification of the rate determining phenomena as a function of
the electrode recipe. Therefore, the improvement strategies can be accordingly concentrated on the
most blameworthy aspect of the electrode components. For instance, a significant share of short-range
polarization which was revealed for the electrodes considered in this study (Figures 2C, 2F, and 2I)
highlights the relatively low intrinsic conductivity of the NMC particles which could be improved by
a strategy such as particle coating with a conductive layer (Yu et al., 2019; Kalluri et al., 2017; Wang
et al., 2015). We showcased such an approach by covering the NMC particles with a thin TiO; layer,
known as a good conductor (Chen et al., 2014; Gao et al., 2018b; Wu et al., 2009), with the aid of
atomic-layer deposition (see supplemental information) (Chen et al.,, 2010; Meng et al., 2012). The
ALD-coated particles were used to make 16 new electrodes of similar formulation to the original batch
and analyzed for the electrochemical performance. As expected, a substantial boost to the rate perfor-
mance is gained for the TiO,-coated samples relative to that of the bare ones (Figure S6é). Moreover,

the TiO; layer induces a clear change in the sign of % highlighting the efficacy of this treatment in

decreasing the short-range electronic contact resistance between the NMC particles and the surround-
ing carbon network (Figure Sé).

The validity of the formulation-polarization correspondence provided by the polarographic map was
put to the extra tests by considering another two new design variants of the NMC electrodes. The sec-
ond group of tests were conducted on the cells assembled with the original sixteen NMC622 elec-
trodes but with two separators in order to manipulate the long-range transport limitations inside the
electrolyte with respect to the reference design. In the third group, 16 NMC111 electrodes with anal-
ogous formulation to the base batch were prepared to examine the sensitivity of the polarographic
map in response to the design modifications at particle level. A significant intra-particle sensitivity is
expected in view of the clear difference between the solid-state lithium diffusion in NMC111 and
NMCé622 particles (Noh et al., 2013). The relative change in the discharge energy (AE) of the three
new design groups of electrodes compared to the reference batch is summarized Figure 3.

In each group (sub-figures in row), the 48 AE data points, corresponding to the sixteen different electrodes’
formulations discharged at three C-rates, are scattered against 3 different types of horizontal coordinates.
These coordinates are I', I'), and Y's and pair the AE data each time with one of the polarization indicators
corresponding to the respective electrode formulation and C-rate (read from polarographic map, Figure 2).
A strong positive correlation (Table S5) between the relative change in the electrode performance (AE) and
Yy, Ty, and Y5 is observed only for the diagonal sub-Figures 3C, 3E, and 3G, respectively, which demon-
strates that the polarographic map is properly zoned and has a high sensitivity to the variations in design
parameters.

Although the concept of polarographic map was developed and demonstrated for the NMC electrodes itis
not limited to the lithium-ion batteries. Once a reliable physics-based model of the battery is available, the
methodology developed in this work can be followed to obtain a detailed polarization map for other bat-
tery chemistries. Such maps are expected to be very helpful in the further development and optimization of
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Figure 3. Variants of electrode design in the perspective of polarographic map

The fractional change in the discharge energy (AE) of LIINMC cells with TiOz-coated NMC622 NMC622 and thick separator, and NMC111, relative to
the reference LiINMC622 cell. AE Data are scattered against three different coordinates representing the fractional contribution from particle level
(rp), long-range transport (1), and short-range transport (') in the cell polarization.

solid-state batteries where the intimate contact between the active-material particles and the solid electro-
lyte, i.e., short-range polarization is believed to be an important limiting factor to the performance. Simi-
larly, the design of porous electrodes for conversion chemistries such as sulfur can be facilitated with the
help of the methodology presented in this work. There are, however, more complexities expected in
setting up a reliable modeling framework that accounts for the peculiarities of the conversion reaction
mechanisms. For instance, in lithium-sulfur batteries, the role of the solution-mediated charge transfer
mechanisms such as disproportionation reactions in the electrolyte bulk needs to be properly integrated
in the model structure.

CONCLUSIONS

In this work, we introduced the concept of polarographic map as a powerful tool in the design and evalu-
ation of porous electrodes for lithium-ion battery applications. This map illustrates the relative significance
of different sources of polarization in a porous electrode as a function of formulation and discharge load.
The overall polarization is decomposed into the contributions from three groups of irreversible processes
relevant to the active-material particles such as solid-state diffusion and those related to the charge trans-
port over the short and long ranges in the electrode. The concept was showcased for the NMC-based elec-
trodes by drawing up a polarographic map after a thorough analysis of the discharge performance for
sixteen porous electrodes of different formulations at C/5, 1C, and 5C. The accuracy and diagnostic power
of the map were demonstrated with the help of performance data from 48 new electrodes with different
designs. This map proves to be very efficient in the identification of the performance bottlenecks in
lithium-ion cells and can be employed to facilitate the rational design and optimization of the cell and elec-
trode components.

Limitations of the study

Care should be taken in the direct generalization of the polarization trends of the NMC electrode to other
electrodes used in lithium-ion batteries. For instance, the relative significance of particle-level, short-range,
and long-range polarization can be significantly different in the electrodes made up of active-material par-
ticles with very different particle-size distribution and intrinsic conductivity.

iScience 24, 103496, December 17, 2021 5
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List of symbols

ak active surface area of kth particle group per unit volume of electrode,

¢ Solid-state Li concentration inside active material particle,

CLiPF, Salt concentration in the electrolyte,

Gz Maximum concentration of Li in active material particle,

D,sfnf Effective ionic diffusion of electrolyte at the domain ‘m’; i.e. cathode or separator,

Ds Solid-state diffusion coefficient,

| Total current density referred to the separator area,

i Current density inside the solid matrix,

i Current density inside the electrolyte,

ink Interfacial current density of kth particle group referred to the active surface area of this group,

0,9 Exchange current density for NMC and Li electrode,

F Faraday’s constant, 96,487

k(e;: Effective ionic conductivity of electrolyte at the domain ‘m’; i.e. cathode or separator,

kg Rate constant of electrochemical reaction at the cathode,

[l Cathode thickness, m

- Separator thickness, m

R Universal gas constant, 8.3145 m:, <

Ry Inter-particle resistance of kth particle group

Rk Radius of the kth particle group (m)

R Radial position inside solid particle

T Temperature, K

t Cation transference number

U  Open circuit potential for the kth particle group

X Linear position in cell or normalized Li concentration inside NMC particle, depending on context
Greek

8, B¢ Charge transfer coefficient for NMC and Li electrode

€
Nk

Electrode bulk porosity
Surface over potential of kth particle group, V

01, ¢ Solid-phase and electrolyte potential, V

pi Density of component i,
¥ Rate capability coefficient
STARXMETHODS

Detailed methods are provided in the online version of this paper and include the following:
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

Carbon black IMERYS- Super C45 CAS:1333-86-4
Polyvinylidene-fluoride SOLEF 5130-SOLVAY CAS:24937-79-9
N-methyl pyrrolidine Carl Roth GmbH CAS:872-50-4
RESOURCE AVAILABILITY

Lead contact

Further information should be directed to and will be fulfilled by the lead contact, Mohammadhosein Safari
(momo.safari@uhasselt.be).

Material availability

This study did not generate new material.

Data and code availability

® The necessary data to analyze the results of this study has been documented in the main and supple-
mental documents.

® The governing equations needed to generate the code for physics-based model have been outlined in
Table S3.

e All additional information required to reproduce the results reported in this paper is available from the
lead contact upon reasonable request.

METHOD DETAILS

Electrode preparation

LiNig.6Mng 2C00 .20 (commercial product), Carbon black (IMERYS Super C45), and polyvinylidene-fluoride
(PVDF, SOLEF 5130-SOLVAY) dispersed in N-methyl pyrrolidine (NMP, Carl Roth GmbH) were used to pre-
pare slurries for the NMC electrodes. Active material, carbon and 6%w/w PVDF in NMP solution were mixed
followed by a stepwise addition of extra NMP solvent to get a homogeneous slurry.

Electrode laminates were prepared by doctor-blade coating of the slurry on an aluminum foil (20 pm). Af-
ter drying at 80°C for 10 h, the electrodes were punched into 15 mm disks and weighted by a Thermo
Fisher scientific balance with 0.01 mg of precision. The electrode thickness was measured using a Mitu-
toya digital micrometer with a precision of 0.1 um. The porosity of the electrode (¢) was obtained accord-
ing to

m'Z;,?’,.
LA
where mis the weight of coating, Ais the electrode surface area, | is the electrode thickness, f; and p; are the
mass-fraction and density of the component i, respectively. The error associated with calculating the
porosity (Table S1) depends on the uncertainties associated with the measurement of the electrode thick-

ness, electrode mass and electrode’s ingredients’ mass fractions:

Aey2 AfN? sAm\2 (A1
(_8) - Z_’ . (_m> I (Equation 2)
e f; m |
Where 4fi, Am and 4/ are the errors in the measurement of the electrode recipe, electrode mass and

electrode thickness, respectively. The physico-structural properties of the 16 electrodes are presented in
Table S1.

e=1- (Equation 1)
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Rate capability coefficient

As introduced in our previous work (Hamed et al., 2020), we used an empirical formalism in analogy with the
Peukert’s law to quantify the sensitivity of the energy (Y) of the NMC electrodes to the discharge current:

Yy =g, (Equation 3)

where Y] is the discharge energy at the C-rate /. & >0 and >0 are the constants which are determined via
the fitting of the experimental data at different C-rates (Figure S1). The capacity and discharge potential vs.
Li, in a given voltage window, decrease when the discharge current increases. This trend can be quantified
by the a exponent in Equation 1 as a lumped indicator: for every doubling in the current, the energy will
drop by an approximate factor of ¥ = 0.301%, referred to as the rate-capability coefficient (0<y <1). There-
fore, an electrode with a smaller v suffers more from power limitations. Here, we report the y values based
on the discharge energy (Table S2).

Electrochemical tests

Standard 2325 coin cells were assembled in an Argon-filled glove box. Electrodes were vacuum dried over
night at 110°C before transferring to the glovebox. Lithium foil was used as the counter and reference elec-
trode. The electrolyte was 1 M LiPF4 in EC:EMC (3:7 w/w) and Celgard 2400 was used as the separator. All
cells were tested using the Bio-Logic BSC-815 cycler. The cells were left at rest for 24 h before the formation
cycles, i.e. three (dis)charge cycles at C/10. The upper and lower cutoff voltage limits were set to 4.3V and
3.0V, respectively. The rate capability of the electrodes was evaluated with a constant-current (CC) - con-
stant voltage (CV) protocol composed of CC (dis)charge steps at C/10, C/5, C/2, 1C, 2C, and 5C. A CV step
with the current limit of C/25 was in place to ensure a complete (de)lithiation.

Particle size distribution (PSD)

The particle size distribution for the NMC622 powder was measured using a laser-based particle size
counter setup (Malvern Mastersizer 2000; detection range between 0.05 and 1000 um) and the results
are summarized in Figure. S2. A small amount of NMC powder was dispersed in Milli-Q water and the in-
strument laser was allowed to equilibrate for 1 h. Sample was added until an obscuration factor of 12.6%
was attained. The measurement was carried out with a 2.4 mm beam length and a poly-disperse analysis
model. The data are represented as volume distributions. 5 subsequent PSDs were recorded to check
the stability of the dispersion, and the second measurement was reported.

ALD coating

The NMC622 particles were coated using atomic layer deposition (ALD) in a rotating reactor by em-
ploying a titanium source (Tetrakis-dimethylamido-titanium (TDMAT)) and water as reactant (Mattelaer
et al., 2017). After running one cycle of the process, theoretically a sub-monolayer of TiO, will be
deposited on the surface of the particles. In the rotary ALD reactor, NMC particles are constantly tum-
bling to expedite exposure of the surface of the powder particles to the gaseous chemicals (Longrie
et al., 2012, 2014). The reactor is first pumped down to a high vacuum (around 10-6 mbar) and heated
to 150°C. Then the TDMAT vapor enters the chamber. This gas stream connects to the reactor via a
bubbler and is separated from the high vacuum chamber with an automatically controlled valve. The
TDMAT reacts with the surface of NMC leaving behind a complex surface molecule containing Tita-
nium. After a few seconds, the TDMAT valve is closed, and the residual gas left in the chamber is
pumped away and the vacuum returns to base pressure. Once all the TDMAT gas has been evacuated
from the chamber, a valve to the water bubbler is opened, allowing for water vapor to enter the reactor
at a pressure of 5x 107> mbar to react with the complex Ti molecule on the NMC surface, resulting in
TiO,. The thickness of the surface layer can be controlled by varying the number of cycles. This surface
layer coating was 2 nm for this study.

The morphology and elemental analysis of the coated particles were investigated by a scanning electron
microscope (FEI Quanta 200F) equipped with energy dispersive X-ray analysis (EDX). The SEM image and
the corresponding EDX spectrum of the coated particles display the distinctive pick of Ti and conformal
character of the coating, respectively (Figure S5A and S5B). XRF technique also confirms the presence of
a vivid Ti peak (Figure S5C). In contrary to the high-magnification SEM with a focus on individual particles,
in the XRF a higher number of particles are analyzed at once.
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Polarization analysis

Electrochemical techniques including rate capability tests, electrochemical impedance spectroscopy (EIS),
cyclic voltammetry and pulse-relaxation methods have been broadly explored to give a deeper under-
standing of rate-limiting mechanism of the battery performance. Zheng et al. studied the impact of the
cooperation between electrode components, electrode thickness and calendaring for the NMC111 cath-
ode electrode in separate studies (Zheng et al., 2012a, 2012b). Morelly et al. showed the critical importance
of short-range contact resistances as the rate limiting mechanism in NMC111 cathode based on a combi-
nation of rheological and rate capability tests (Morelly et al., 2018). however, their study was limited to two
adjustable design parameters, i.e. porosity and thickness. Gao et al. employed galvanostatic intermittent
titration technique (GITT) and EIS to study ultra-thick NMC electrodes (Gao et al., 2018a). They attributed
capacity loss and under-utilization of active material to the poor effective Li diffusion in the porous elec-
trode. Exploiting (semi)empirical relationships to describe the cell performance is another approach to
study rate limitations (Gallagher et al., 2015; Heubner et al.,, 2019). Recently, in a sophisticated study,
Tian et al. (Tian et al., 2019) studied more than 200 sets of experimental voltage versus capacity data ex-
tracted from the literature by setting up an empirical correlation between the rate performance and the
electrode properties. Tomography-based techniques have been used successfully to correlate electro-
chemical performance, effective transport properties and 3D geometry of the electrode (Besnard et al.,
2017). However, this approach is very tedious and cumbersome for investigating a large number of elec-
trode designs. Physics-based macroscopic models offer an alternative approach compared to the empir-
ical and semi-empirical methods for polarization investigations and optimization (Appiah et al., 2016).
Malifarge et al. (Malifarge et al., 2018) used a physics-based modeling approach to study the impact of
thickness and porosity on the polarization of high loading graphite anodes. They report that high-loading
electrodes suffer less from particle-scale limitation compared to electrodes with low loading at any current
density. Nyman et al. analyzed polarization in LiNig sCo0.15Al0.0s/MAG10 electrodes based on the potential
and concentration profiles (Nyman et al., 2010). They studied the sensitivity of the polarization regime to
the charge/discharge conditions and battery designs. They concluded that all sub-processes have signif-
icant contributions to the cell polarization except for the ohmic losses in the solid phase.

In the present work, the so-called Newman battery model, based on the porous electrode and concen-
trated solution theories, was employed for a detailed polarization analysis of the sixteen NMC622
electrodes (Doyle et al., 1993). The 48 sets of experimental voltage-capacity plots from the 16 NMC622
electrodes discharged at three different C-rates (C/5, 1C, 5C) were compared against the simulation out-
puts. The only modification compared to the original model developed by Doyle et al. (Doyle et al., 1993) is
the incorporation of multiple groups of active-material particles with different sizes (Figure S2) and contact
resistances to the electronic and ionic percolation network of the electrode(Hamed et al., 2020). A summary
of the model framework and its main parameters are shown in Tables S3 and S4, respectively.

The contribution of irreversible phenomena from the particle scale (@), short-range transport (Q) and
long-range transport (Q)) in the overall polarization of the NMC electrodes is determined by two main steps
for each electrode design. First, the model adjustable parameters are determined to achieve the best
match between the experiment and simulation for the three constant-current discharge profiles at C/5,
1C, and 5C. The parameters are optimized by a hybrid Genetic Algorithm (GA) and Nelder-Mead (NM)
optimization technique to find the global minimum of the objective function. Second, the share of each
physical/chemical phenomenon in the cell polarization is quantified by enabling or disabling its limiting
role in the model. Here, disabling a physical phenomenon is referred to exclude its rate-limiting impact
on the electrode performance via increasing its representative coefficient (e.g. rate constant) from the
experimentally measured or optimally refined value to a relative infinity. The discharge-energy mismatch
between the experiment and simulation is then compared for the two cases with enabled and disabled
states to determine the polarization contribution. This procedure is exemplified in Figure S3 for the
NMC622 electrode with an active-material loading of 11.8 mg/cm? and porosity of 0.2.

The parameters in a physics-based model can be experimentally measured via different model-based ap-
proaches like those detailed in the literature and in our own previous works (Morelly et al., 2018). It is, how-
ever, important to realize that some parameters such as the electrode tortuosity or the effective lithium
solid-state diffusion coefficient are very sensitive to the details of electrode preparation protocol. For
instance, slight variations in the electrode processing can induce a large variation in the measured values
for the parameters like diffusion and tortuosity which are very sensitive to the microstructural details
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(Chouchane et al., 2020; Landesfeind et al., 2018; Kehrwald et al., 2011; Yari et al., 2020). This also partly
explains why such parameters are usually scattered over a wide range in the existing literature (Amin
and Chiang, 2016; Churikov et al., 2014; Chouchane et al., 2020; Pouraghajan et al., 2018; Usseglio-Viretta
etal., 2018; Zahn et al., 2017). On the other hand, although a parameter like the exchange current density is
rather feasible and easy to be measured, but more unconventional and complicated numerical and exper-
imental procedures need to be followed for a parameter such as tortuosity (Ebner et al., 2014; Hutzenlaub
et al., 2013; Malifarge et al., 2017; Thorat et al., 2009). This is reflected in the relatively small number of
studies reporting the electrode tortuosity and also the large variance between the measured values de-
pending on the techniques (tomography, EIS, etc.) and/or electrode preparation steps (Churikov et al.,
2014; Usseglio-Viretta et al., 2018). In this regard, here, we follow a conservative approach for the param-
etrization of the solid-state diffusion coefficient and electrode tortuosity. We set the value of the solid-state
diffusion coefficient to its lower limit and the electrode tortuosity to its upper limit. This approach will make
our polarization analysis more representative of the usually observed particle agglomeration and micro-
structural heterogeneity of the electrodes prepared in the labs.

Analyzing the surface and cross-sectional SEM images revealed that the size of the largest agglomerate in
our NMC electrodes is about 23 um in diameter (Figure S4A). The lower limit for the solid-state diffusion
coefficient was obtained by calculating an apparent diffusion coefficient assuming an equal time constant
forthe l}lMCZparticles with an average size of 12.7 um (Figure S2) and the agglomerate size (Figure S4A), i.e.
Tyiff = %E%. This results in a value of ~ 4x107'5 m?/s as the lower limit for the solid-state diffusion coef-
ficient in contrast to the 1.28x10~'* m?/s which is the averaged measured diffusion coefficient in the
NMC622 particles. It is worth mentioning that since only a portion of the active material in the electrode
has undergone agglomeration, the calculation of the apparent diffusion coefficient, by considering all par-
ticles to be agglomerated, gives a conservative upper limit for the polarization induced by the lithium solid-
state diffusion.

The upper limit for the tortuosity was set by using an upper limit for the Bruggman coefficient. According to
the reported values for the effective transport properties for the spherical-active-material-based elec-
trodes, a Bruggman coefficient of 2.5 can be considered as the upper limit of this value (Figure S4B).
Moreover, we noticed that Bruggman coefficient values higher than 2.5 cause convergence problems in
the numerical solution due to the severe ion depletion starting at very close position to the separator.

Statistical analysis

The Pearson correlation coefficients corresponding to the data shown in the Figure 3 are listed in Table S5.
The formula to calculate the Pearson correlation coefficient (r) reads

D I ()
VI 00— %7y~ )

where x; and y; are the two variables under study and X and y are the average of x; and y;, respectively. A
value of |r] close to 1 shows a strong correlation between the variables while a value of 0 bespeaks a weak
correlation between the two variables. r > 0 and r < 0 indicates a direct and inverse proportionality, respec-

tively, between x; and y;.

The Pearson coefficients corresponding to the diagonal subplots of Figure 3, highlighted in green in
Table S5 are positive and higher than 0.5 for most of the operational conditions. This shows a relatively
strong and direct correlation between the fractional change in the discharge energy (4E) and the related
component of polarization.
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