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For physicochemical modelling of lithium ion batteries, an extensive parametrization is necessary. These parameters need to be
derived cell specifically as they vary with cell design. In this study, two cells from the same manufacturer are investigated which
are optimized for high power and high energy applications. After opening the cells under argon atmosphere, the battery materials
are extracted to conduct various chemical and physical measurements to define the active material type, microstructure,
conductivity and mass loading of the electrodes. Furthermore, laboratory cells were built from the extracted materials to evaluate
tortuosity and exchange current density by electrochemical impedance spectroscopy, open circuit voltages and solid diffusion
coefficient by galvanostatic intermittent titration technique (GITT). The differences and similarities of these parameters for both
cell types are discussed and compared to literature. Main differences are the electrode area, thickness, porosity, and thus, mass
loading and areal capacity of the electrodes. Both cells have a NCA cathode, but only the high energy cell has a blend anode
consisting of graphite and Si/SiOx whereas the anode active material of the high power cell is only made of graphite. The derived
parameters are finally used for the parameterization of a P2D model.
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Lithium ion batteries (LIB) are widely used from consumer
electronics to electric vehicles (EV). Each application has its own
requirements concerning energy density and power capability. A
higher energy density comes usually with a lower power capability
and vice versa due to an engineering trade-off between these two
properties.1 For this reason, lithium ion cells are designed for a
specific application. High power cells are typically used for power
tools or hybrid EVs whereas high energy cells find their application
in EVs and portable electronic devices.

Modelling of LIBs helps to identify a well-suited battery
technology for a specific application and to optimize operation. In
order to model a cell precisely with a physicochemical model, a wide
variety of parameters is required.2–7The parameters range from
geometrical data such as coating thickness and electrode sheet size to
physical properties like electrical conductivity of the electrode
structure. Additionally, thermodynamic, kinetic and transport para-
meters for the specific active materials are needed, i.e. open circuit
potential, diffusion coefficient and exchange current density, respec-
tively. These parameters vary significantly for different cell designs
and even for the same cell chemistry depending on the electrode
microstructure and used electrolyte. Therefore, the parameters of one
cell cannot simply be transferred to another cell. For an accurate
model, the parameters need to be determined specifically for the cell
of interest. In literature, they are often gathered from different
literature sources, estimated or fitted as the direct measurement of
many parameters is laborious. In contrast, full parameter identifica-
tion studies such as those performed by Ecker et al.2 for a high
energy pouch cell by Kokam (7.5 Ah), by Schmalstieg et al.3 for a
high power prismatic cell (28 Ah) and by Chen et al.4 for a
cylindrical LG M50 21700 (5 Ah) are much less prevalent.
However, these cells are from different manufacturers and have
vastly different cell designs and formats. Therefore, their results are
not suitable to analyze design differences between high power and
high energy cells.

Recently, Lain et al.1 compared the cell designs of different high
energy and high power cells. The investigated cells differed mainly
regarding the thicknesses of the electrode coatings, metal foils and

separators as well as particle sizes and porosities. However, no
comprehensive analysis of the microstructural properties, electrical
conductivity and electrochemical parameters was performed. These
parameters could also vary for different cell designs and should be
determined for a full comparison between high power and high
energy cell types. For this reason, the full parameter sets of two
cylindrical 21700 cells from the same manufacturer with differing
capacities and characteristics are determined in this work to
parameterize a physicochemical model. Due to the specific selection
of the cells, this analysis allows to identify and discuss the design
choices that are made to tailor the cell for different applications,
namely high power and high energy. The cells are opened under
argon atmosphere to extract the electrodes, separator and electrolyte.
A variety of different experiments are performed with these
components to determine their properties which are needed for the
parameterization of a physicochemical model. This is challenging as
no raw materials are available, and thus, some parameters are
difficult to access by otherwise state-of-the-art methods, e.g. particle
size distribution and surface area. For this reason, these methods
need to be adapted or exchanged with more appropriate techniques.

Although the focus of this work is on deriving the parameter sets
for two different cell types, we implemented the parameter sets
identified in this study in a pseudo-two-dimensional (P2D) model8 to
validate the measured parameters. The P2D model, also known as
Doyle-Fuller-Newman (DFN) model, is the most-common physics-
based lithium-ion battery model and is based on a combination of the
porous electrode and concentration solution theory.9,10 Simulations
with different current rates are then compared to experimental data
of the 21700 cells for validation of the derived parameters.

Experimental

Investigated cells.—In this study, two different 21700 cells from
SamSung are investigated. One of the cells is designed for high
energy densities (INR21700–50E, HE), the other one for high power
capabilities (INR21700–30T, HP) with 4.9 Ah and 3 Ah nominal
capacity, respectively. For both cells, a voltage window of 2.5 V to
4.2 V with a nominal voltage of 3.6 V is specified. The maximum
recommended charge and discharge currents differ for both cells and
are listed in Table I. In case of the HP cell, the maximum currentzE-mail: Christina.Schmitt@dlr.de

Journal of The Electrochemical Society, 2023 170 070509

https://orcid.org/0000-0002-4095-7611
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1149/1945-7111/ace1a7
https://doi.org/10.1149/1945-7111/ace1a7
https://doi.org/10.1149/1945-7111/ace1a7
mailto:Christina.Schmitt@dlr.de
https://crossmark.crossref.org/dialog/?doi=10.1149/1945-7111/ace1a7&domain=pdf&date_stamp=2023-07-12


rates are significantly higher but in return the energy density is 65%
higher in case of the HE cell.

Sample extraction and preparation.—In order to investigate the
cell materials, the cells were opened in an argon filled glove box.
Prior to opening, the cells were discharged to the discharge cut-off
voltage of 2.5 V. The cells were opened with a pipe cutter and then
dismantled. Caution had to be taken to avoid cross-contamination
during the separation of anode and cathode. For all measurements,
the electrode and separator samples were washed twice for one
minute with dimethyl carbonate (DMC), and then, depending on the
measurement technique, dried in the glove box or under vacuum in
the lock chamber for at least 30 min. In case of mercury porosimetry
and gas adsorption measurement, the samples were additionally
heated during the vacuum drying process at 60 °C to ensure
complete evaporation of the washing solvent.

For electrochemical analysis, the coating on one side of the
double-sided electrodes had to be removed from the current collector
foil. N-Methyl-2-pyrrolidone (NMP) was used for the removal of the
cathode coating whereas the coating of the anodes was removed
outside of the glove box with deionized water. Contact with air or
solvent of the opposite side of the electrodes was avoided by taping
the electrodes to a flat plastic plate. After the removal of the coating,
the negative electrodes were transferred back into the glove box after
drying for 1 h under vacuum in the ante-chamber. Then, the
electrodes were punched with a diameter of 18 mm and washed
twice for one minute in DMC.

Measurement techniques.—Chemical analysis.—In the data-
sheets, no information about the electrode or electrolyte composition
is given. Knowing the electrolyte composition is important for the
electrochemical characterization of the active material as the
exchange current density depends not only on the active material
but also on the used electrolyte. To identify the electrolyte
components, one cell of each cell type was opened solely to extract
electrolyte for analysis with gas-chromatography combined with
mass spectrometer (GC-MS) (Agilent 6890 GC, Agilent 5973
MSD). The opening process needed to be as quickly as possible to
minimize the evaporation of the electrolyte since only limited excess
electrolyte was available. After opening, a piece of separator was
inserted into acetonitrile to extract the electrolyte components.

To identify the composition of the electrodes and separators,
scanning electron microscopy (SEM) together with energy-disper-
sive X-ray spectroscopy (EDX) was used. Top-view SEM images
were collected with a Zeiss Gemini Ultra plus equipped with a
XFlash detector 5010 (Bruker). Cross-sectional SEM images were
taken by a JEOL JSM-7200F equipped with a Quantax XFlash6/60
(Bruker) after preparation with an Ar ion beam (JEOL IB-
19520CCP). Induced coupled plasma optical emission spectroscopy
(ICP-OES) was additionally applied in case of the cathode materials
to obtain more precise results of their composition. For ICP-OES
sample preparation, the coating was removed from the aluminum
current collector to determine the amount of aluminum in the active
material. Then, the powder was dissolved in 6 ml aqua regia in a
microwave at 215 °C, filled up to 250 ml with bidestilled water and
analyzed with an ICP system AVIO200 (Perkin Elmer). Since EDX

of non-conductive samples like the polymer separator films is
difficult to conduct, XRD measurements of the separators were
additionally performed with a Bruker Discover D8 equipped with a
VÅNTEC-2000 areal detector and copper source.

Physical properties.—The morphologies of the electrodes and the
separator significantly influence the cell behavior and must thus be
properly determined for precise modeling. To investigate the layer
thickness and particle size of the electrodes, for every electrode,
three cross-sectional SEM images with a magnification of 800 are
used for image analysis with the open source software ImageJ.11 The
particles were carefully segmented by hand since automated
segmentation was error-prone due to the low contrast of the particles
and background. From the area of each particle, the radius is
calculated assuming the particle is a sphere. From this particle size
distribution (PSD), the mode radius was derived. In case of the HE
anode, graphite and silicon-composite particles were not distin-
guished.

The porosities εe of the electrodes and separators were measured
by mercury porosimetry using the Pascal System by Thermo
Scientific (Pascal 140 + 240) whereby a maximum pressure of
200 MPa was applied to the evacuated samples. The double-sided
electrode samples were measured as a whole, including the current
collector. Therefore, the resulting porosities had to be corrected after
the measurement. For this, the current collector’s volume is
subtracted from the whole sample volume to calculate the electrode
porosity εe with known coating thickness L and current collector
thickness Lcc by

ε ε=
+

[ ]L

L L

2

2
, 1e Hg

cc

where εHg is the porosity measured by mercury porosimetry. For
each sample, two measurements were conducted to ensure reprodu-
cibility. The results of mercury porosimetry were compared with
porosities obtained by weighting samples of a defined size.
Furthermore, gas adsorption measurements of the electrodes were
performed with a physisorption device (Sorptomatic 1990, Thermo
Fisher Scientific) and BET (Brunauer-Emmet-Teller) analysis to
obtain the surface area of the electrodes.

Another important parameter of the microstructure of the battery
materials is the tortuosity τ. The tortuosity is measured in this study
by electrochemical impedance spectroscopy (EIS) in blocking
condition according to the approach of Landesfeind et al.12,13 EIS
measurements were performed in ECC-PAT-Core-Cells (EL-
CELL). In case of the separators, the cells were built with copper-
coated plungers to minimize the ohmic resistance of the set-up and
50 μl of 1 M LiPF6 in EC (ethylene carbonate):EMC (ethyl methyl
carbonate) (3:7 w:w) (Solvionic) as electrolyte. In contrast, a non-
intercalating electrolyte was prepared for the measurements of the
electrodes consisting of 10 mM tetrabutylammonium perchlorate
(TBAClO4, Merck) in EC (Alfa Aesar):EMC (Solvionic) (3:7 w:w).
Measuring the tortuosity of electrodes that already were in contact
with a standard LIB electrolyte by blocking electrode condition is
challenging. Residual LiPF6 salt may disturb the blocking electrode
condition and the EIS measurement. For this reason, prior to the EIS

Table I. Comparison of the datasheet information of the HE and the HP cell.

High energy (HE): INR21700–50E High power (HP): INR21700–30T

Nominal capacity CN 4.9 Ah 3 Ah
Nominal voltage UN 3.6 V 3.6 V
Voltage window 2.5–4.2 V 2.5–4.2 V
Rated charge 0.5C CC-CVa) 1.33C CC-CVa)

Max. continuous discharge 2C 11.66C
Energy density 255.7 Wh kg−1 154.3 Wh kg−1

a) CC-CV: constant current - constant voltage charge procedure.
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measurements, the electrodes were emerged in a DMC bath over-
night to improve the removal of salt residues. After drying for
30 min, the cells were built in symmetrical set-up with 120 μl of the
self-prepared electrolyte and a glass fiber separator (Whatman GF/
A). After building the cells, they were set to rest for at least 12 h to
ensure a complete wetting of the separator and electrodes. All EIS
measurements for tortuosity determination were performed poten-
tiostatically with an amplitude of 5 mV in the frequency range from
1 kHz to 1 MHz with a Gamry 1010E. To ensure reproducibility of
the measurement results three cells were tested for each sample.

A four-point probe (Ossila) was used to determine the electronic
conductivity of the porous electrode layers extracted from the 21700
cells. For this, the coating had to be removed from the highly
conductive current collector to measure only the conductivity of the
porous electrode. Similar to Chen et al.4 the coating was delaminated
with an adhesive tape. By heating the tape with a hot air blower, a
good adhesion of the electrode to the tape was provided to ensure a
complete delamination of the electrode. Three samples were
measured for each electrode to guarantee reproducibility. Due to
the high sample preparation effort, the conductivity of the electrodes
was only measured at one SOC which corresponds to the discharged
state of the full cell when opening the 21700 cells. For the
measurement, the voltage limit was set to 10 V and the increment
to 5 mV. To minimize noise of the measurement, the target current
was set as high as possible, and therefore, adapted depending on the
conductivity of the electrodes. The target currents for the different
electrodes are listed in Table SI in the Supplementary Information.

The ionic conductivity of the electrolyte was determined with a
commercially available conductivity measuring cell (rhd instru-
ments, TSC 1600 closed), consisting of a platinum crucible and a
platinum microelectrode. In the glovebox, 1.2 ml of 1 M LiPF6 in
EC:DMC (1:1 v:v) (Sigma Aldrich) was filled into the cell and then
sealed. The cell was placed in a climate chamber (Vötschtechnik,
Labevent L T/64/40/3) to vary the temperature between 0 °C and
50 °C. For temperature equilibration, each temperature was held for
3 h. Impedance spectra were carried out between 8 MHz and 1 Hz
with an excitation amplitude of 50 mV by a Zahner Zennium Pro.
The cell constant Kcell was determined by a calibration solution.

Electrochemical characterization.—With the prepared 18 mm
electrodes from the Samsung 21700 cells, ECC-PAT-Core-Cells
(EL-CELL) were assembled in half cell or three-electrode set-up. In
the following, these different set-ups are described followed by the
methods which are applied in the specific set-up. In the half cell
configuration, anode or cathode was built against a lithium counter
electrode (750 μm, Alfa Aesar) with a double-layered FS-5P
separator from EL-CELL to avoid short circuits due to lithium
dendrites. The separator consists of a 180 μm thick non-woven
polypropylene (PP) cloth and a 38 μm thick microporous polyethy-
lene (PE) membrane. The amount of the 1 M LiPF6 in EC:DMC
(1:1 v:v) electrolyte (Sigma Aldrich) was varied depending on the
used electrodes and their pore volume to avoid excess electrolyte.
The half cells contained 90 μl electrolyte for the HP and 100 μl for
the HE cell to consider the different pore volumes of the electrodes.

In the three-electrode set-up, a full cell with cathode vs anode
was built with an integrated lithium reference ring (EL-CELL) to
measure the reference electrode (RE) potential. The RE potential is
very sensitive to electrode misalignment according to Levi et alet
al.14 This effect can be effectively improved by using thick
separators in three-electrode set-ups. For this reason, a 260 μm thick
glass fiber separator (Whatman GF/A) was used which yielded a
more stable and reproducible RE potential than the FS-5P separator.
As the electrolyte, 100 μl 1 M LiPF6 in EC:DMC (1:1 v:v) were used
in the three-electrode set-up.

After assembling, the cells were transferred to a climate chamber
IPP750 by Memmert operating at 25 °C and tested with a BaSyTec
cell test system (CTS). Before characterization, the cells underwent
formation cycles to restore the SEI in the following sequence: 2x C/
10, 2x C/5, 2x C/2 with CC-CV charge and CC discharge. For the

half cells vs lithium, the voltage limits were 3.0–4.3 V in case of the
NCA half cells and 0.01–1.5 V in case of the graphite/graphite-SiOx

half cells. For the latter, the CV-step was applied at 0.01 V which
corresponds to the charge step in a full cell. In this work, the term
“charge” always corresponds to the charge direction in a full cell.
The same also applies for the discharge direction. In the three-
electrode set-up, the voltage limits between anode and cathode were
2.5–4.2 V. Current rates used were calculated based on
1.96 mAh cm−2 and 3.97 mAh cm−2 for the HP and HE cell,
respectively.

The open circuit potentials (OCP) of the electrodes were
measured in half cell configuration. For this, a quasi-OCP (qOCP)
with C/25 and an OCP measured by galvanostatic intermittent
titration technique (GITT) were conducted. The GITT-OCP con-
sisted of C/10 pulses with a duration of 2.5 min followed by a 30 min
rest period.

EIS and GITT measurements were conducted in the full cell
three-electrode set-up to avoid distortion of the impedance spectra
by a lithium counter electrode.15 After formation, a cycle with C/10
was conducted to determine the cell capacity. Then, the electrical
connections were changed to a three-electrode configuration. With
this set-up, GITT was performed by applying C/10 current pulses for
30 min, corresponding to 5% SOC steps. After a pause of 4 h, an EIS
measurement was conducted, followed by a pause of 30 min before
the next current pulse was applied. The impedance spectra were
recorded with a ZAHNER IM6 workstation in galvanostatic mode in
the frequency range 10 mHz–2 MHz with an amplitude of 100 μA
for the HP cell and 200 μA for the HE cell to consider the different
capacities of the electrodes. After the measurement at 25 °C, the
cells were transferred to a climate chamber Labevent L T/64/40/3 by
Vötschtechnik to repeat the EIS and GITT measurements at 10 °C
and 40 °C.

In addition to the laboratory cells tests, also the Samsung 21700
cells were investigated electrochemically at 25 °C in a Weiss
WK340 climate chamber. The open circuit voltages (OCV) of the
full cells were measured with the Samsung 21700 cells by GITT-
OCV and qOCV with a BaSyTec XCTS under equivalent test
conditions to the laboratory cell tests. Additionally, measurements
for the validation of the parameters were performed by varying the
discharge current (0.5C and 1C) after a 0.5C CC-CV charge.
Furthermore, to evaluate the ohmic resistance of the Samsung
21700 cells, electrochemical impedance spectroscopy (EIS) was
applied galvanostatically on both 21700 cells with an amplitude of
C/50 in the frequency range from 3 kHz to 10 mHz. Note, that all
gathered impedance spectra in this study are fitted with an equivalent
circuit model (ECM) in the software RelaxIS 3 (rhd instruments).16

Results and Discussion

To the knowledge of the authors, no parameterization studies of
the 21700 cells investigated herein have been published, yet.
However, Popp et al.17 conducted an ante-mortem analysis and
compared the performance of the HE cell amongst other cylindrical
high energy cells. Still, for a full parameterization of physicochem-
ical models, more comprehensive parameter identification is re-
quired which is carried out in this study. In the following, the
investigated parameters and their experimental determination are
discussed and compared for the two cells under investigation. From
this, it will become clear which parameters are tuned to design the
cells for a specific application.

The impedance measurement of the 21700 cells reveal a
significantly higher ohmic resistance for the HE cell with 22.1 mΩ
compared to 5.9 mΩ for the HP cell which already emphasizes that
the cells are optimized for different applications.

Geometrical data.—After opening the cells, the dimensions of
the electrode sheets, coatings and tabs were measured. In Fig. 1, the
length of each electrode and corresponding coating are scaled
beginning at the outer end of the sheets. The unwound electrode
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sheets of each anode are longer than the corresponding cathode
sheets to reduce the risk of lithium plating at the edges of the anode
sheet. For this reason, the anode sheets are also slightly wider than
the cathode sheets (see Fig. 1). The resultant coated electrode areas
are listed in Table II. In comparison to the HE cell, the electrode
sheets from the HP cell are considerably longer, although the HE cell
exhibits a higher capacity. This indicates a significantly higher areal
capacity of the HE electrodes which is confirmed by analyzing cross-
sectional SEM images of the electrodes (see Fig. 2). The evaluated
thicknesses of the current collector and coatings are listed in
Table II. The current collector of both cathode and anode is thinner
for the HE cell compared to the HP cell. With respect to the
electrode coating thickness, it is the other way around. Accordingly,
the coating is with 50 μm for the anode and 35 μm for the cathode
thinner for the HP cell than for the HE cell with 75 μm and 60 μm. A
thinner current collector with a thicker electrode coating leads to a
higher volumetric and gravimetric energy density. In contrast, for
high power applications the current collector is thicker and the
coating thinner to decrease the ohmic resistance of the cell and
diffusion limitations of the electrolyte.

In Fig. 1, not only the electrode length but also the tab position is
given. The HE cell has only one tab per electrode foil whereas the
HP cell has two tabs. More tabs are usually used to reduce the
internal resistance of the battery and enable higher possible current
rates18 which partly also explains the difference of the ohmic
resistance of both cell types. The area on which the tab is welded
is uncoated. In case of the anodes, following the outer uncoated area
with the first tab, a part of the electrode is only coated on one side.

This uncoated area at the beginning of the sheet is necessary to wrap
the anode sheet around the double-coated cathode without having an
additional unused coated area at the backside of the anode sheet. The
HP anode has an additional tab at the end of the sheet. In contrast to
the anodes, the cathode tabs are positioned along the electrode sheets
(see Fig. 1).

Chemical analysis.—The GC-MS measurements revealed that
the main solvents were EC and DMC in both cell types. Since the
electrolyte is partly evaporating during cell opening, it is difficult to
determine the exact ratio of the solvents. Furthermore, it cannot be
excluded but is even assumed that other solvents are additionally
present as additives in smaller amounts. For further analysis and
parameterization, a standard electrolyte with the composition of 1 M
LiPF6 in EC:DMC (1:1 v:v) was assumed and used.

EDX measurements of the cathodes reveal that both cells have
Ni-rich lithium nickel cobalt aluminum oxides (NCA) as active
material (see Figs. S2 and S3 in the Supplementary Information).
Additionally, the EDX analysis identified oxygen, carbon, fluorine,
phosphor, sulfur and barium on the surface of the cathode layers.
The oxygen content can mainly be ascribed to its occurrence in the
transition metal oxide but also to the cathode electrolyte interface
(CEI), a layer consisting of solvent and salt decomposition products
on the surface of the cathode.19 This layer also contains fluorine and
phosphor from the decomposition of the electrolyte salt LiPF6.

20 In
addition, the fluorine content originates partly from the polyvinyli-
dene fluoride (PVDF) binder which is commonly used in LIB
cathodes. The distribution of the carbon-based binder and conductive

Figure 1. Scaled length of the electrodes of the 21700 cells, beginning at the outer end of the sheets. The positions of the non-coated areas are colored according
to the legend. The positions of the tabs are marked and the sheet widths are given.

Table II. Experimentally determined parameters of the HE and the HP cell: Geometrical data, porosity, volume fraction of active material, mass
loading and electrical conductivity of the electrodes.

High energy (HE): INR21700–50E High power (HP): INR21700–30T

Parameter Symbol Unit Anode Cathode Separator Anode Cathode Separator

Coated electrode area A cm2 1233 1184 ― 1654 1509 ―
Mass loading mAM mg cm−2 12.4 21.3 ― 7.3 10.4 ―
Electrode coating thickness L μm 75 60 18 50 35 16
Current collector thickness Lcc μm 9 13 ― 19 16 ―
Median particle radius (SEM) r μm 7.3 5.1 ― 8.0 4.9 ―
Mode particle radius (Hg poros.) r μm 3.52 ± 0.52 0.90 ± 0.00 ― 4.03 ± 0.00 0.78 ± 0.00 ―
Median particle radius (Hg poros.) r μm 2.3 ± 0.20 0.60 ± 0.01 ― 2.75 ± 0.05 0.35 ± 0.00 ―
Porosity (Hg poros.) εe ― 0.24 ± 0.02 0.21 ± 0.01 0.31 ± 0.04 0.32 ± 0.00 0.27 ± 0.01 0.33 ± 0.03
Porosity (by weight) ― 0.23 0.19 0.24–0.28a) 0.32 0.32 0.19–0.24a)

Volume fraction active material εAM ― 0.73 0.72 ― 0.65 0.66 ―
Electrical conductivity σ S m−1 236 ± 24 0.92 ± 0.03 ― 38.7 ± 6.8 17.3 ± 1.7 ―

a) Assuming a density between 0.915 and 0.97 g cm3 for PE
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additive is clearly visible in the EDX maps of carbon in Figs. S1 and
S2 for both cathodes. The occurrence of sulfur and barium is
however surprising. It is striking that both elements are detected
solely together and in selective points (Figs. S1 and S2) which leads
to the assumption that their origin is related and could be due to
production residues of metal sulfates which can be used as precursor
in the production of the active material.21 The ICP-OES measure-
ments confirmed that both cathodes consist mainly of nickel and
cobalt with small amounts of aluminum, barium and sulfur (see
Supplementary Information Table SII). According to ICP-OES, the
resulting composition for both cells is LiNi0.87Co0.11Al0.02O2 which
is slightly different to the results from EDX with
LiNi0.86Co0.13Al0.02O2 and LiNi0.85Co0.14Al0.01O2 for the HP and
HE cathode, respectively. However, this shows that EDX can be a
useful tool to analyze the cathode composition if no ICP-OES is
available for a more exact determination. The atomic ratio of lithium
in both lithiated cathodes is 0.85 ± 0.01. The difference to a fully
lithiated cathode can be attributed to the lithium lost during
formation cycles due the first-cycle loss of layered oxide
cathodes22 and to SEI formation.23

SEM/EDX measurements of the anodes reveal that in addition to
graphite the HE anode contains silicon oxide (Si/SiOx) particles (see
Fig. S3 in the Supplementary Information). In contrast, no silicon
was found in the HP anode. This is not surprising given the fact that
Si/SiOx is often incorporated in low amounts (<10 wt%) into the
graphite electrode to increase the energy density of the cell.4,24

However, introducing silicon into the anode reduces also the cycle
stability of the material as well as coulombic efficiency25 which
could be detrimental in high power cells. The exact stoichiometry of
SiOx in the HE anode cannot be determined by EDX due to the
oxygen present in the solid electrolyte interface (SEI). However, it
can be approximated to be 1 < x < 1.5. Although Si/SiOx has a
lower energy density than pure silicon, it is often used due to its

better cycle performance.26 To evaluate the silicon content of the HE
anode, a cross-sectional SEM image overlaid with an EDX
elemental mapping of silicon was analyzed by ImageJ (see Fig.
S3) which yields a silicon content of around 6 wt% considering the
porosity measured by Hg porosimetry (see Table II). In contrast,
Popp et al.17 evaluated a lower content of 1 wt% silicon by EDX for
the same cell which suggests that EDX mappings can only be used to
get a rough estimation of the silicon content of blend electrodes.
However, also other methods have their limitations. For instance,
Zülke et al.24 used thermogravimetric analysis (TGA) in oxygen
atmosphere to determine the silicon content of their composite anode
under investigation by assigning the residual mass above 800 °C to
silicon oxide. However, Farivar et al.27 shows that even for pure
graphite there are some residuals left and therefore, it is difficult to
estimate the silicon content by this method. For this reason, EDX
was chosen as a more suitable method to evaluate the silicon content
of the electrode. Another possibility is to estimate the content of
silicon by differential voltage analysis (DVA).28 The evaluation and
result of this estimation are presented later together with the OCV
and DVA curves.

Knowing the active materials of the electrodes, the mass loading
of the electrodes can be determined. For this, the electrodes of a
defined size were weighted. To calculate the mass loading of the
active material, not only the density of the active material but also of
the binder and conductive additive need to be considered. Though,
the proportions of binder and conductive additive are unknown.
Thus, the weight proportions were assumed on the basis of a patent
for cylindrical cells by Samsung.29 According to that, the anode
contains 97 wt% graphite powder, 1.5 wt% styrene butadiene rubber
(SBR) and 1.5 wt% carboxymethyl cellulose (CMC) sodium salt and
the cathode 96 wt% active material, 2 wt% polyvinylidene fluoride
(PVDF) and 2 wt% carbon conductor. In Table SIII in the
Supplementary Information, the contents and densities of the

Figure 2. Cross-sectional SEM images with a magnification of 800 of the electrodes extracted from the HE and HP cell.
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electrodes which were assumed here are listed. With these assump-
tions the mass loadings of the active material are 12.4 mg cm−2 and
21.3 mg cm−2 for the HE anode and cathode, and thus, are
significantly higher compared to the HP anode and cathode with
7.3 mg cm−2 and 10.4 mg cm−2, respectively (see Table II).

In Fig. 3, the HE separator is shown from both sides. On the side
facing the cathode, the separator has a ceramic coating, on the other
side the polymer structure of the separator can be seen. In Fig. S4 in
the Supplementary Information, SEM images of the HP separator
show that there is no ceramic coating on either side of the separator.
XRD measurements show that the polymer separator is made mainly
of polyethylene (PE) (see Fig. S5 in the Supplementary
Information). The signal-to-noise ratio of the ceramic coating is
too low to be identified by XRD. However, EDX measurements
reveal that the ceramic coating is made of aluminum oxide. Ceramic
coatings are usually used to improve mechanical strength, thermal
stability and ionic conductivity of polymer separators.30 Also, the
growth of lithium dendrites can be hindered.31 Due to the higher
ohmic resistance of the HE cell more heat is generated during
cycling. To avoid failure of the cell due to this heat generation, a
ceramic coating could be beneficial. It is unclear to the authors, why
no ceramic coating was found on the separator of the HP cell since
high temperatures can also be reached during cycling at high C-rates
which is a typical application scenario of the HP cell.

Microporous structure.—The porous electrode structure influ-
ences significantly the performance of a battery. Thus, identifying its
parameters is crucial for the parameterization of a battery model.
Coating thickness, particle size, porosity, tortuosity and active
surface area are parameters defining the microstructure of the
electrodes. In the following, the results of the evaluation of these
parameters are presented.

Particle size.—The radii of the active material particles were
evaluated from cross-sectional SEM images of the electrodes (see
Fig. 3) and are listed in Table II.

The resulting particle size distributions are shown in Fig. 4. The
median particle size of the active materials of both cell types are
similar with 7.3 μm and 8.0 μm for the negative electrodes and
5.1 μm and 4.9 μm for the positive electrodes of the HE and HP cell,
respectively. Thus, no adjustment of the particle size was made for
the specific application in high energy or high powers cells.
However, the evaluated particles sizes need to be considered with
caution. For physicochemical models the particle size has to be as
accurate as possible but the evaluation of the PSD by cross-sectional
SEM has its limitations. During sample preparation, the particles are
cut randomly by an ion beam, and thus, only a small portion is cut
centrically, resulting in a potentially smaller evaluated radius then
actually present in the electrode. Still, it is common to apply SEM
image analysis to identify the particle size of the active material.4,24

Another method which has been applied in literature is to derive
the particle size of a porous electrode by an approach from Mayer
and Stowe32 from mercury porosimetry measurements.2,3 Under the
assumption that the particles are spherical and the pore entrances are
squares, the particle radii can be calculated accordingly by

γ= ⋅ [ ]r
K

p
2P

corr.

where pcorr. is the pressure corrected by the hydrostatic pressure, γ is
the surface tension of mercury and KP is a packing factor depending
on packing angle and contact angle of mercury (here: 140). The
resulting PSDs for the investigated electrodes are shown in Fig. S6
in the Supplementary Information. Only for the HE anode (see Fig.
S6a) a clear maximum at 3 μm is observed. In contrast, the HP anode
in Fig. S6b shows a bimodal particle distribution with maxima at
0.55 μm and 4.0 μm. In case of both cathodes, the PSD is relatively
broad (see Figs. S6c, S6d). For this reason, maximum values as well
as median particle radii are given in Table II. The calculated radii
from Hg porosimetry are 50% to 84% smaller than the radii derived
from SEM images. In both measurement techniques several assump-
tions have been made which could result in deviating particle radii.
Both techniques assume that the particles are spheres. In Hg
porosimetry, no distinction between particles from active material,
conductive additive or binder can be made. This could result in
smaller median radii due to the smaller particle size of the
conductive additive. However, the particle radius at the maximum
should represent very well the radius of the active material as it is the
main component. Still, this value is considerably smaller than the
radii derived from SEM images, especially for the cathodes. In SEM
images of the cathodes, only secondary particles were analyzed.
These secondary particles are partly broken and hollow which could
result in a reduced particle radius when measured by Hg porosi-
metry. However, since the values derived from SEM images are
more comparable to literature, they are probably more reliable than
the results from Hg porosimetry.7 Unfortunately, alternative
methods like laser diffraction that are usually used to identify the
PSD for samples in powder form cannot be applied here due to the
incorporation of the active material in the microporous electrode.
Still, these methods should be preferably applied for parameteriza-
tion to obtain a more reliable PSD.

Porosity.—The porosity of the electrodes and separators were
analyzed by applying Hg porosimetry and by correlating weight,
volume and density of the utilized materials. For the analysis of
porosimetry data it is important to differentiate between the actual
pore volume of the electrode and the space between sample pieces.
During the Hg porosimetry measurements a significant volume of
mercury is already intruded at low pressures which corresponds to
pore sizes in the magnitude of the layer thicknesses and greater. This
volume is assigned to space in-between the stacked electrode or

Figure 3. SEM images of the HE separator facing the anode with a polymer mesh (left) and the cathode with a ceramic coating on top (right).
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separator layers in the sample cell of the measuring device and hence
is falsifying the measurement result. Consequently, for further
analysis, only the results in the pressure range from 0.01 to
200 MPa are used to analyze the electrode porosity which includes
all pores smaller than 15 μm. In case of the separators, only pores
smaller than 500 nm were considered as larger pores are not
expected based on the SEM images shown in Figs. 3 and S4. For
the HE cell materials, the porosities εe are lower compared to the
corresponding porosities from the HP cell: The porosities of the HE
cell are 24% for the anode, 21% for the cathode and 31% for the
separator, the porosities of the HP cell are 32% for the anode, 27%
for the cathode and 33% for the separator (see Table II).
Additionally, the porosities were measured by weighting samples
of a defined size and considering the densities of the materials (Table
SIII in the Supplementary Information). The porosities from the
weighted separators are considerably lower than from Hg porosi-
metry which were already low in comparison to literature with
porosities between 36% and 60%.12,33 Hence, the applicability of the
weighting method for polymer separators is questionable probably
due to small deviations in weight, thickness and density which could
have a significant impact for the thin light-weighted separators.
Nevertheless, we obtained similar values for the porosity of the
electrodes by the weighting method and Hg porosimetry (see
Table II). Thus, weighting of the electrodes could still be beneficial
for laboratories which do not have access to Hg porosimetry or other
instruments to determine the porosity. The porosities of the
electrodes coincide with porosities reported in literature which
vary between 20.8% and 33.5%.2–4,24

Not only the porosity of the electrodes εe is needed for a physics-
based model approach, but also the volume fraction of the active
material ε .AM To calculate ε ,AM the volume fraction of the binder
εbind. and the conductive additive εadd. in the solid phase are
considered by

ε ε ε ε= ( − )⋅( − − ) [ ]1 1 3AM e bind. add.

Considering the densities and contents listed in Table SIII, the
resulting volume fractions of the active materials are between 65%
and 72% (see Table II).

Surface area.—For physics-based modelling, also the surface
area of the active material needs to be determined. Experimentally,
this is done by gas adsorption measurements and BET analysis (see
Table III). However, when measuring a porous electrode, not only
the surface area of the active material is detected but also of the
conductive additive and binder. Nickol et al.34 investigated the
difference of the BET result between the powder of NMC active
material and the prepared electrode and showed that the surface area
increased by 145%, although the surface of the active material
should be decreasing since is its partially blocked by binder and
conductive additive as well as contact points of the particles. Instead,
those added materials exhibit a high surface area resulting in an
increased surface area. However, in a battery model the reduced

surface area of the active material is needed, i.e. the interfacial area
between active material and electrolyte, although this value is
difficult to access experimentally. For this reason, we also approxi-
mated the specific reactive surface area as by

ε= ⋅ [ ]a
r

3
, 4s

AM

assuming the electrodes consist of packed spherical particles with an
equal radius r. For comparison with BET values, as can be divided
by the apparent density of the electrode:

= ⋅ [ ]A a
V

m
, 5AM s

where V is the volume and m the mass of the electrode. Both,
calculated surface areas and BET values are listed in Table III. Here,
the BET values ranging from 1.4 to 3.8 m2 g−1 are by an order of
magnitude higher than the calculated surface areas ranging from
0.12 to 0.18 m2 g−1. Similar to Nickol et al.34 the BET values of the
cathodes are higher than the specific surface area reported for NCA
(0.41 m2 g-1)35 due to added carbon conductive additive and binder.
In contrast, graphite powder has a relatively large surface area
between 3.3 and 30.3 m2 g-1,36,37 which is not reflected by the low
calculated surface areas AAM of the anodes. However, the porosity of
the here investigated electrodes is relatively low and therefore a
significant reduction of the active surface area compared to loose
powder is reasonable.

Tortuosity.—In simulations, the Bruggeman correlation of tortu-
osity and porosity τ ε= α− with the exponent α=0.5 is often used but
it is only valid for spheres or cylinders and should not be used in case
of a heterogeneous microstructure like electrodes and separators.38

Different approaches exist for the determination of the tortuosity τ
leading to differing results. One common approach to determine the
tortuosity is by numerical diffusion simulation on 3D reconstructions
of the electrode which were obtained by FIB-SEM or CT images.13,39

Another approach is to evaluate the tortuosity electrochemically by a
polarization-interrupt method or EIS by determining the effective ion
conductivity. However, these methods lead to significantly higher
tortuosities.12,13,40,41 Landesfeind et al.13 showed that these higher
values could be a result of a superior representation of the porous
electrode network including binder and conductive additive.
Furthermore, the EIS method is easier to implement than the
polarization-interrupt method since no free-standing electrodes are
required.40 Recently, Nguyen et al.42 showed that the EIS method is
superior as it reflects the influence of dead-end pores better. For this
reason, the tortuosity was measured in this study by EIS.

By fitting an ECM to the impedance spectra, the ionic resistance
Rion is obtained. Then, the tortuosity is calculated by

τ ε σ= ⋅ ⋅ ⋅ [ ]R A

L
, 6e ion

Figure 4. Particle size distribution measured from SEM images for HE (a) anode and (b) cathode as well as HP (c) anode and (d) cathode.
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where A is the area of the measured separator or electrodes, L is the
thickness of the coating and σ the conductivity of the electrolyte. In
order to compare the values with literature, also the Bruggeman
exponent α and the MacMullin number NM are listed in Table IV.
The MacMullin number relates the ionic conductivity σ of the
electrolyte solution to the effective ionic conductivity σeff of a
porous separator or electrode.12

σ
σ

= [ ]N . 7M
eff

NM is calculated by the quotient of tortuosity and porosity:

τ
ε

= [ ]N . 8M

The impedance spectra of the separators are fitted with an ECM
consisting of a resistor R in series with a constant phase element
(CPE). In Fig. 5, the EIS data (dots) as well as the resulting fit (solid
lines) are shown for three measurements. The tortuosity is calculated
from the obtained Rion by Eq. 6 with an ionic conductivity of the
electrolyte of 9.5 mS cm−1.43 In Table IV, the results for the
tortuosities of both separators are listed. Interestingly, the tortuosity
of the HP separator with τ=3.7 is higher compared to the HE
separator with τ=2.7, although one might expect that the HP
separator should have a lower tortuosity to enable higher current
rates. The tortuosity is calculated by using the measured thickness
and porosity. Thus, deviations of these parameters could also
influence the result of the tortuosity. However, the results are
reproduceable and thus are considered reliable for the calculation
of the tortuosity. Additionally, similar values were reported by
Landesfeind et al.12 with tortuosities ranging for different separators
from 2.7 to 6.9. Therefore, the higher tortuosity of the HP separator
could be a result of the differently engineered separators as not only
the tortuosities of both separators vary but also thickness and
porosity. Additionally, the HE separator has an aluminum oxide
coating on one side. As mentioned before, a ceramic coating is
commonly used to improve i.a. mechanical strength of the
separator30 and hinder the growth of lithium dendrites.31 Since the
HP separator is slightly thinner than the HE separator (see Table II)
and has no ceramic coating, the tortuosity might be higher to give the
separator more mechanical stability.

The EIS measurement of the electrodes is depicted in Fig. S7.
For the electrodes, an ECM consisting of a resistor R in series with
a simplified transmission-line model (TLM) for blocking condi-
tions and reflecting boundary conditions with ≫R Rion electr is
applied (see Fig. S8).12 Relectr is the electronic resistance inside
the solid phase. The conductivity of the prepared electrolyte
consisting of 10 mM TBAClO4 in EC:EMC (3:7 w:w) was
measured at 25 °C with the conductivity measuring cell, resulting
in a conductivity of 0.46 mS cm−1. In comparison, the conductiv-
ities of the electrodes are between 0.92 and 236 S m−1 (see
Table II), thus the TLM assumption of a significantly higher
conductivity of the solid phase compared to the ionic conductivity
of the electrolyte is valid. From the governed R ,ion the tortuosity is
also calculated with Eq. 6. The tortuosity of the anode is with 2.2
smaller for the HP cell than for the HE cell with 4.6 which is not
surprising given the fact that the HE anode has a much lower
porosity leading to higher tortuosities. In case of the cathodes, the
tortuosity is similar with 1.8 and 1.9 for the HP and HE cell,
respectively. Here, the difference between the porosities of both
electrodes is not as significant as for the anodes. However, the
Bruggeman coefficient of the cathodes is slightly below α=0.5, the
Bruggeman coefficient for spherical particles,12 which should be
the minimal expected value. For this reason, these values need to
be carefully considered when using them for parameterization of
electrochemical models. The discrepancy between measured and
expected values could be caused by residues of LiPF6 in the
electrodes despite washing them thoroughly in DMC overnight.
Salt residues could result in a higher actual conductivity of the
electrolyte. Additionally, microcracks in the coating caused during
the delamination process of the double-sided coating or by un-
rolling the jelly roll could also influence the measured tortuosity of
the electrodes. The accuracy of Hg porosimetry is also limited.
Since the tortuosity depends on the porosity, small deviations of the
porosity can result in inaccurate tortuosities as well. Finally, the
measured values are considered as minimal values for the tortuos-
ities. In case of the cathodes, a value of α=0.5 should be assumed
due to the spherical particles present in the electrode.

Electronic conductivity.—In literature, the reported values for
the electronic conductivity of battery materials vary over several
magnitudes.44 Not only the material and electrode structure itself but
also the measurement technique has a high influence on the
measurement result. Marinho et al.45 measured values of about
103 S m−1 for compressed graphite powder. In a porous electrode

Table III. Specific surface area from BET and calculated (AAM) by
Eq. 5 for the electrodes of the HE (INR21700–50E) and HP cell
(INR21700–30T).

Surface area / m2 g−1 HE cell HP cell

Anode BET 1.47 1.40
Anode AAM 0.18 0.17
Cathode BET 1.97 3.80
Cathode AAM 0.12 0.14

Table IV. Results of the tortuosity measurement of the separators
and electrodes determined by EIS: tortuosity τ, MacMullin number
NM and Bruggeman exponent α for the separator and electrodes of
the HE (INR21700–50E) and HP cell (INR21700–30T).

Component Cell τ NM α

Separator HE 2.7 ± 0.0 8.7 ± 0.2 0.85 ± 0.02
HP 3.7 ± 0.1 11.2 ± 0.3 1.18 ± 0.02

Anode HE 4.6 ± 0.3 19.2 ± 1.2 1.07 ± 0.05
HP 2.4 ± 0.4 7.4 ± 1.2 0.74 ± 0.15

Cathode HE 1.9 ± 0.1 8.8 ± 0.3 0.39 ± 0.02
HP 1.8 ± 0.1 6.8 ± 0.3 0.47 ± 0.04

Figure 5. EIS data (dots) and fit (solid line) of the tortuosity measurement of
the separators with three repetitions each: (a) HE separator, (b) HP separator.
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network, this value is expected to be lower due to the binder content
and the porosity of the electrode which leads to a reduced contact
between the graphite particles. In our work, the measured electronic
conductivities are 38.7 ± 6.8 S m−1 and 236 ± 24 S m−1 for the HP
graphite electrode and HE graphite-SiOx electrode, respectively (see
Table II). The HE anode has a higher conductivity, although it
contains SiOx - an insulator which has a much lower electronic
conductivity.46 However, SEM images (see Figs. 2 and S3 in the
Supplementary Information) show that SiOx particles are embedded
in-between graphite particles which could reduce the influence of
SiOx on the overall electronic conductivity. Furthermore, the higher
conductivity of the HE anode compared to the HP anode can be
explained by the lower porosity of the HE anode which results in
more contact points, and thus, a better conductivity between the
particles.

In comparison, both cathodes show a lower electronic conduc-
tivity of 0.92 ± 0.03 S m−1 and 17.3 ± 1.7 S m−1 for the HE cathode
and HP cathode, respectively. Since most cathode materials have
semiconductor features, their electronic conductivity is temperature
activated but relatively low compared to graphite.44 The electronic
conductivity of NCA lies between ∼0.01 S m−1 and ∼1 S m−1

depending on the intercalation degree. Accordingly, the conductivity
rises with decreasing lithium content and increasing temperature.47

To increase the conductivity of the porous electrode, conductive
additives like carbon black are added. Since the conductivity of the
HP cathode is higher than of the HE cathode, it can be assumed that
the carbon black content is also higher. For high power applications,
a high conductivity of the electrode is important to minimize the
ohmic resistance and increase power output. In contrast, the content
of the active material is maximized in high energy applications.
Since we cannot determine the exact share of the conductive
additive, we assume that the conductive additive content is the
same, even though it may differ. Chen et al.4 measured for the
electrodes of a high energy LG M50 21700 cell with 180–250 S m−1

for the anode and 0.174–0.186 S m−1 for the cathode similar
conductivities to the here investigated high energy cell.

Electrolyte conductivity.—Based on GC-MS measurements, we
assumed the electrolyte contains EC and DMC in a ratio of1:1 v:v
for further testing. In Fig. 6a, the EIS data measured with the
conductivity measurement cell for 1 M LiPF6 in EC:DMC is plotted
in a Nyquist diagram. The impedance spectra for the different
temperatures ranging from 0 °C to 50 °C show a similar behavior,
i.e. a semicircle in the high frequency range followed by a linear
capacitive branch at low frequencies. The semicircle increases for
decreasing temperatures. To extract the cell resistance, the EIS data
was fitted with an ECM consisting of a resistor R in parallel with a
CPE representing the high frequency semi-circle and a serially
connected CPE to describe the diffusion behavior. The fit is plotted
in Fig. 6a as solid lines showing a good agreement with the
experimental data. The resistance R, depicted as circles on the x-
axis in Fig. 6, is used together with the cell constant Kcell to calculate
the ionic conductivity of the electrolyte:

σ = [ ]K

R
9e

cell

The ionic conductivity increases with increasing temperature but
does not show an Arrhenius behavior. Instead, Fig. 6b shows a non-
linear trend which can be mathematically defined as a Vogel-
Fulcher-Tamman (VFT) function.48
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where σ ,0 B and T0 are fitting parameters. For the measured
electrolyte, the resulting parameters are σ =0 0.104 mS cm−1,

=B 23 K and =T0 189 K. The fit shown in Fig. 6c agrees well
with the values measured by Porion et al.48 and Landesfeind et al.49

for 1 M LiPF6 in EC:DMC (1:1 w:w). Although different volume
ratios of EC and DMC are used, the results are comparable for
similar mixtures. Since the difference between these two electrolytes
seem to be negligible, the results of Landesfeind et al.49 can be used
for the concentration and temperature dependency of the diffusion
coefficient, ionic conductivity, thermodynamic factor and transfer-
ence number of LiPF6 in EC:DMC (1:1 w:w).

Open circuit potentials (OCP) and cell balancing.—The capa-
cities for the qOCP cycle (C/25 discharge) are listed in Table V. In
case of the HP cell, the anode has with 2.44 mAh cm−2 a higher
capacity than the cathode with 2.10 mAh cm−2 whereas for the HE
cell, both electrodes have similar capacities of 4.38 mAh cm−2.
Accordingly, the ratio of the areal capacity of the anode to the
cathode (N/P ratio) is 1.16 for the HP and 1 for the HE cell. One
needs to bear in mind that the areal capacity depends also on the
voltage window of the half cells, and can vary consequently for other
applied voltage windows. Therefore, also the N/P ratio can vary for
other voltage windows. Usually, the N/P ratio is ≈1.1–1.2 to reduce
the risk of lithium plating on the anode during charge50,51 and to
accommodate the change of electrode balancing during aging due to
lithium loss.52,53 Thus, the so-called balancing is a trade-off between
safety, battery lifetime and energy density.50 For this reason, it is not
surprising that the N/P ratio of the HE cell is closer to 1 in order to

Figure 6. Results of the ionic conductivity measurement of 1 M LiPF6 in
EC:DMC (1:1 v:v) from 0 °C to 50 °C: (a) EIS data measured with the
conductivity cell to determine the temperature dependency of the ionic
conductivity; (b) Arrhenius plot of the calculated temperature-dependent
ionic conductivity shows a curvature form; (c) Comparison of the measured
conductivities with literature values from Porion et al.48 and Landesfeind et
al.49

Table V. Half cell capacities of the different electrodes extracted from the 21700 cells measured with C/25. The stoichiometry x from the balanced
electrodes as well as the maximum lithium concentration of the active material is also given.

HE Anode HE Cathode HP Anode HP Cathode

C/mAh cm−2 4.38 4.38 2.44 2.10
x/- 0.0039–0.9884 0.1684–0.8240 0.0034–0.8792 0.1730–0.8379
cs, max/mol l−1 37.309 47.928 31.360 47.928
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achieve a higher energy density while the HP cell has a higher N/P
ratio where the energy density has a lower priority.

Not only the areal capacity of the anode, but also the electrode
area is typically larger for the anode than for the cathode. This so-
called anode overhang is a measure to avoid lithium plating at the
edges of the electrode sheet54 and to facilitate alignment of the
electrodes during manufacturing of the cells. The overhang for the
HP cell is with 145 cm2 significantly larger than for the HE cell with
49 cm2, showing that the overhang is reduced for the HE cell as
much as possible to achieve a high energy density.

As mentioned before, the HE cell also has thicker electrodes and
less tabs and thus a higher impedance due to higher ohmic
resistances and diffusion limitations. Altogether, the cell design of
the HE cell is more prone to lithium plating, explaining the lower
recommended charge current compared to the HP cell (see Table I).

In general, measuring the OCP of an electrode is time-con-
suming. For this reason, quasi-OCPs with a low current rate, e.g. C/
25 are commonly used. However, even at low current rates, a
polarization is still observed which can be attributed to ohmic, SEI
and charge transfer resistances. In this work, a GITT-OCP was
measured to evaluate the applicability of the qOCP. Figure 7
compares the half cell potentials from the qOCP cycle and from
GITT-OCP. Similar to Schmalstieg et al.3 and Chen et al.4 a small
voltage difference between qOCV and GITT-OCP is observed,
though in case of the HP cell, the voltage difference is negligible.
Only at the end of the cathode discharge, the potential of the qOCP
curve drops deeper compared to GITT-OCP due to a high impedance
of NCA at low SOCs. However, in case of the HE cell, the voltage
difference between qOCP and GITT-OCP becomes larger due to
higher resistances caused by thicker and less porous electrodes.
Especially for the anode, the difference between both measurements
becomes significant. The HE anode exhibits a large hysteresis
between charge and discharge due to the added silicon in the
electrode. Silicon is known to have a large hysteresis which leads
also to an increased hysteresis in the blend electrode.55 In electro-
chemical models, often the mean OCP of charge and discharge is
used despite the observed hysteresis. In case of blend electrodes
containing silicon, using the mean OCP for simulations needs to be
carefully considered and is probably not the best solution for an
accurate representation of the OCP.

Differential voltage analysis (DVA) and incremental capacity
analysis (ICA) were performed to investigate in detail the differ-
ences between qOCP and GITT-OCP. In Fig. 8, the IC curves are
shown for both HE and HP electrodes, whereas the DV curves can
be found in Fig. S9 in the Supplementary Information. Voltage
plateaus of the OCP curve are transformed into peaks on the IC
curve simplifying the identification of phase transitions. The
cathodes (see Figs. 8c, 8d) exhibit only small differences in the IC
curve between both measurement methods, mainly for high and low

SOCs. The first peak of the IC curve between 3.5–3.6 V is less
pronounced and shifts to lower potentials for qOCP during lithiation,
and to higher potentials during delithiation. Similarly, the last peak
at 4.2 V shifts under an applied current but too a smaller extend. The
deviations are more significant in case of the HE cathode. Besides
these two shifts, the IC curves of the cathodes look very similar for
both qOCP and GITT-OCP, indicating qOCP would be sufficient for
this voltage range to describe the OCP correctly. However, since the
increased impedance of NCA at low and high lithium contents56

causes the peaks of the IC curve of qOCP to shift even at low current
rates, GITT-OCP is the more appropriate measuring method. In case
of the anodes, the differences between the IC curves of qOCP and
GITT-OCP are more significant (see Figs. 8a, 8b), especially for the
HE anode. The peaks are shifted by 6 mV and 14 mV for the HP and
HE anode, respectively. In addition, the peak height and width is
changed in case of the HE anode. Under an applied current, graphite
and silicon are (de-)lithiated simultaneously despite their differing
phase transition potentials. Due to differing kinetics, both materials
react with lithium. In a subsequent relaxation period, the lithiation
degree of the materials in the blend electrode is then balanced
according to the OCP. This leads to a different (de-)lithiation of
blend electrodes under an applied current (qOCP) compared to a
GITT-OCP measurement. Hence, it is strongly advised to perform
GITT-OCP measurements if blend electrodes are characterized for
the parameterization of electrochemical battery models. Also, it
should be considered to use two separate OCP curves for both active
materials in the blend electrode. However, this would also lead to a
more elaborate simulation.57 In addition, it is difficult to separate the
parameters that were measured for the blend electrode for each
active material, e.g. diffusion coefficient and exchange current
density. Since only the blend electrode was available, also no
measurement of the single materials was possible.

As mentioned before, it is possible to estimate the silicon content
in the blend electrode from the DVA curve of the HE anode.28

During lithiation, graphite and silicon are partly lithiated simulta-
neously. However, due to the hysteresis of silicon,58 the delithiation
of silicon takes place at a higher potential compared to graphite, and
thus, graphite is delithiated before silicon.59 In the DVA curve of the
delithiation of the blend electrode, two peaks can be attributed to
silicon (see Fig. S10 in the Supplementary Information), corre-
sponding to phase changes of silicon at 0.24 V and 0.38 V. Thus, the
capacity share of silicon can be estimated to be 12.7% of the total
capacity. Silicon has a significantly higher gravimetric energy
density than graphite. With the theoretical capacity of
372 mAh g−1 for graphite and 3579 mAh g−1 for silicon (by forma-
tion of Li15Si4)

59 and the assumption that 1<x<1.5 in SiOx, the
weight content of silicon can be estimated to be between 2.9 and
3.7 wt%. This is less than 6% which was estimated by EDX. This
discrepancy could be due to the high inefficiency of silicon during

Figure 7. Half cell potentials for the HE (a) and HP cell (b). qOCPs (solid line) measured with a constant current charge-discharge with C/25 are compared to
GITT-OCPs (dots) recorded with 2.5 min current pulses (C/10) followed by a 30 min relaxation period.
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formation cycles which could lead to inactive silicon resulting in a
lower capacity share of silicon compared to the weight share. For
models which simulate silicon and graphite separately, the share of
each active material needs to be specified. In this case, the silicon
proportion obtained by DVA is probably more reliable since it
represents the actual capacity share of the electrode.

To analyze the balancing of the cells, DVA of the GITT-OCPs
was used to scale and shift the half cell potentials in order to yield a
calculated full cell voltage matching the measured OCV from the
21700 cells. In Fig. 9, the measured and calculated half cell OCP and
full cell OCVs are presented together with the DVA. In case of the
HE cell, nearly the complete capacity of the measured half cell
potential range is used whereas the half cell potentials of the HP cell
need to be shifted significantly due to the higher N/P ratio to
coincide with the OCVs of the 21700 cells. From the balanced
OCPs, the stoichiometries x of the electrodes in the full cell were
calculated (see Table V). For this, the stoichiometries of the half
cells were defined first. In the anode half cells, we assume that the
active material is fully lithiated and delithiated and therefore 0⩽ ⩽x 1.
Unfortunately, in case of the cathodes, this assumption cannot be
made. It is difficult to fully lithiate NCA due to high impedances
when approaching =x 1, but also completely delithiating is not
possible due to thermodynamic instabilities at low lithiation degrees.
Therefore, the lower and upper limits are calculated based on the
lithium content of =x 0.85 in cathodes extracted from discharged full
cells (measured by ICP-OES). For this, the lithium concentration in
the electrode was calculated from the mass loading mAM and the
molecular mass of the active material Mx by

= [ ]c
m

M
x. 11Li

AM

x

By Coulombic counting, it is possible to determine the trans-
ferred lithium ions for the fully discharged and charged cathodes and
therefore, their lithium concentrations and stoichiometries. The

resulting stoichiometry range of the cathodes in the full cell are
similar with < <x0.1684 0.8240 for the HE and

< <x0.1730 0.8379 for the HP cathode. In comparison, as a result
of the lower N/P ratio, the stoichiometry range of the HE anode is
with < <x0.0039 0.988 10.9% larger than of the HP anode
with < <x0.0034 0.8792.

Additionally, the maximum lithium concentration cs, max in each
electrode is needed which can be calculated by the density ρ, the
molecular mass M and the fraction z of Li+ per mole of active
material.4

ρ= [ ]c
M

z. 12s, max

With the density (4.65 g cm−3)60 and the molecular mass
(97.02 g mol−1) of fully lithiated LiNi0.87Co0.11Al0.02O2, the theore-
tical maximum concentration of lithium is 47.928 mol l−1. For
graphite, this results in 31.360 mol l−1 (ρ = 2.26 g cm−3, =M
72.066 g mol−1). For the HE anode, the calculation is more complex
since it contains additionally silicon. For simplicity, often graphite
and silicon are assumed to be one active material with mixed
properties. Thus, we calculate a mixed value depending on the
volume concentration of silicon. As mentioned before, the Si/SiOx

content was evaluated to be 6% in a delithiated HE anode. However,
Si/SiOx expands up to 200% during lithiation,57 and therefore, also
the density varies significantly during lithiation.61 This leads to a
variation of the vacant sites depending on x in LixSi.

58 For Li4.4Si,
the fully lithiated silicon, cs, max is 88.568 mol l−1. The volumetric
share of Si/SiOx of the fully lithiated HE anode is 10%, assuming an
expansion of 200% for the Si/SiOx particles and 10% for graphite.62

With this, cs, max of the HE anode was calculated to be
37.309 mol l−1.

Solid diffusion coefficient.—For an accurate simulation, the
solid diffusion coefficient needs to be as precise as possible as it

Figure 8. Incremental capacity vs potential of half cell OCPs during lithiation (lith., blue) and delithiation (delith., red) are shown for the anodes of HE (a) and
HP (b) cell and cathodes of HE (c) and HP (d) cell. qOCP (solid line) measured with a constant current charge-discharge with C/25 is compared with GITT-OCP
(dots) recorded with 2.5 min long C/10 pulses followed by 30 min rest periods.
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is one of the most sensitive parameters in physics-based models.
This is a challenge since there are different approaches in literature
leading to differing results in the order of several magnitudes
depending on the measuring and evaluation method.7,34 Common
methods to evaluate the diffusion coefficient of lithium inside active
materials are electrochemical impedance spectroscopy (EIS), poten-
tiostatic intermittent titration technique (PITT) and galvanostatic
intermittent titration technique (GITT). The latter was used in this
study and is based on the approach of Weppner and Huggins.63

According to this, an applied current leads to the build-up of a
constant concentration gradient of the intercalated species in the
active material. To maintain this concentration gradient, the cell
voltage changes with time. This voltage change is superimposed by
an IR drop due to ohmic and charge transfer resistances which needs
to be subtracted.34,63 This is often a challenge and is realized here by
a linear regression with two lines similar to the approach of Nickol et
al.34 (see Supplementary Information Fig. S11). With this approach,
the IR drop can be reliably subtracted by the first fit line where the
data points do not obey the t behavior. The second fit line gives the
slope /dE d t of the voltage change during the applied pulse. Since
the time constant of the charging of the electrochemical double layer
and therefore also of the IR drop is temperature dependent, this
approach is especially useful when analyzing the diffusion coeffi-
cient at different temperatures.34 Assuming the solid diffusion is
one-dimensional and obeys Fick’s law, the solid diffusion coefficient
D can then be calculated by34,64:

⎛
⎝

⎞
⎠π

= ⋅
Δ

⋅ Δ
/

Δ ≪ [ ]D
r

t

E

dE d t
t

r

D

4

9
for 13OCP

2 2

where r is the particle radius, Δt the pulse length and ΔEOCP the
change of the OCP due to the current pulse. It is assumed that there
is only one particle size radius instead of a particle size distribution.
In case of the HE anode, it is further assumed that it consists of only
one active component even though it is a blend electrode.

The diffusion coefficient for charge and discharge are very
similar, and thus, the mean values at each SOC are used. In
Fig. 10, the resulting mean diffusion coefficients of charge and
discharge are depicted. The measured diffusion coefficient of the

anode varies significantly over the SOC. Pulse measurements during
voltage plateaus, e.g. phase transitions, lead to only very small
changes of the open circuit voltage (Δ ≈E 0 VOCP ).3 Therefore, the
calculated diffusion coefficient becomes very small and may not
represent the actual diffusion coefficient. Already Weppner and
Huggins63 pointed out that their approach is only valid until a phase
change occurs in the electrode. More recently, Zhu et al.65,66

concluded that usual approaches to calculate the diffusion coefficient
cannot be applied for phase transition regions. During lithiation
graphite undergoes several phase changes leading to prominent
voltage plateaus which results in difficulties evaluating the diffusion
coefficient over SOC for this material. For this reason, the mean
value of the diffusion coefficient measured from 2.5% to 22.5% SOC
is used for the anode which is at 25 °C 9.61·10−15 m2 s−1 for the HE
and 1.10·10−13 m2 s−1 for the HP anode. The lower value for the HE
anode might be a result of the added silicon which has a lower
diffusion coefficient compared to graphite.7,67,68 In comparison, the
diffusion coefficients of both cathodes are more linear vs SOC with a
minimum at 82.5% SOC. Since both cathodes contain NCA, the
shape of the curve is also very similar. However, the diffusion
coefficients for the HE cathode are slightly lower compared to the
HP cathode—although both cathodes have a similar particle size.
This indicates that the microstructure of the electrodes also
influences the measured diffusion coefficient. However, it is not
clear if this is also true for the effective diffusion coefficient in the
particle which is needed for the simulation or only a measurement
artifact due to the thicker and less porous electrodes. Nevertheless,
the measured diffusion coefficients are comparable to the values
reported in literature which vary several magnitudes.7 This variation
is not only caused by differing particle sizes and microstructure, but
also the experimental conditions as well as the evaluation model and
procedure have a significant influence on the results of the GITT
measurement and can lead to a variation by more than an order of
magnitude.34,69

The temperature influence was also measured by performing
GITT at all SOCs additionally at 10 °C and 40 °C (see Fig. 10). The
variation over SOC is similar at all temperatures with slightly higher
values at 40 °C and lower values at 10 °C. The temperature
dependency of the diffusion coefficient was analyzed by an

Figure 9. Balancing of half cell OCPs by applying DVA on the GITT-OCPs of half cells and on the GITT-OCVs of 21700 cells and aligning them by shifting
and scaling of the half cell OCPs. The measured (solid lines) and calculated (dashed) OCPs/OCVs are plotted in the upper part of the diagram and their
corresponding DVA curve in the lower part for the HE (a) and the HP (b) cell.

Journal of The Electrochemical Society, 2023 170 070509



Arrhenius plot (see Supplementary Information Fig. S12). From the
slope of the Arrhenius plots, the activation energies Ea were
calculated. For the HE and HP anode, the activation energies are
25.3 kJ mol−1 and 29.2 kJ mol−1, respectively. For the cathode, the
activation energy was determined from the mean values of the
diffusion coefficient for every temperature, resulting in
13.2 kJ mol−1 and 23.4 kJ mol−1 for the HE and HP cathode,
respectively. The evaluated activation energies are similar to the
values reported by Cabañero et al.70

Exchange current density.—Finally, to describe the electroche-
mical reaction kinetics, the exchange current density of the charge
transfer reaction needs to be determined. Herein, this is done by EIS
which is the most common method for battery active materials. For
this, the exchange current density j0 is calculated based on the
Butler-Volmer equation describing the current density j depending
on the overpotential η:

⎡
⎣⎢

⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

⎤
⎦⎥

α η α η= ⋅ − ⋅ ⋅ ⋅
⋅

− ( − )⋅ ⋅ ⋅
⋅

[ ]j j
z F

R T

z F

R T
exp exp

1
, 140

where z is the charge number of the reaction, T is the absolute
temperature, F is the Faraday constant, R is the ideal gas constant
and α is the charge transfer coefficient, which is assumed here to be
0.5. For small overpotentials as in EIS measurements, the Butler-
Volmer equation can be approximated by.

η= ⋅ ⋅
⋅

[ ]j j
F

R T
. 150

The charge transfer resistance Rct can be defined by

η = ⋅ ⋅ [ ]j S R , 16ct

where S is the contact area of the electrode and electrolyte which is
calculated by the specific reactive surface area as (Eq. 4) times the
volume of the electrode V :electrode

= ⋅ [ ]S a V . 17s electrode

By combining Eqs. 15 and 16, Rct is defined by

= ⋅
⋅ ⋅

[ ]R
R T

j S F
. 18ct

0

The charge transfer resistance Rct is extracted from EIS measure-
ments which were performed for all electrodes at different tempera-
tures over the whole SOC range. With the evaluated R ,ct it is
possible to obtain the exchange current density using Eq. 18.

Figure 11 shows the Nyquist plot of the impedance spectra of the
electrodes measured at 25 °C at different full cell SOCs. The shown
impedance spectra were corrected by the Z-HIT algorithm in RelaxIS
before fitting them to the ECM shown in Fig. 12. This was necessary
because in a few impedance spectra artefacts appeared at low
frequencies due to the transient behavior of the system, shown
exemplarily in Fig. S13 in the Supplementary Information.
However, these considerable artefacts were only present at 0% SOC
in case of the anodes. At other SOCs and in case of the cathode, no
major artefacts were observed. In the impedance spectra of all
electrodes, two semi-circles can be observed. The high-frequency
semi-circle is commonly attributed to the SEI on the anode or CEI on
the cathode,71 but it may also contain contributions caused by contact
resistances between the active material particles in the electrode71 or

Figure 10. Calculated diffusion coefficient vs full cell SOC in 5% SOCS steps for HE anode (a) and cathode (b) as well as HP anode (c) and cathode (d) at 10 °C
(blue), 25 °C (green) and 40 °C (red).
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between the electrode and the current collector.72 The second semi-
circle is ascribed to the charge transfer reaction and the double layer
capacity.71 Both are represented in the ECM in series to the ohmic
resistance ROhm by a resistor R in parallel to a CPE (see Fig. 12). The
diffusion branch is fitted by a CPE in series in order to get the most
robust fitting results for the charge transfer resistance. In Fig. S14 in
the Supplementary Information, the resulting exchange current
densities for the different electrodes at all investigated SOCs and
temperatures are plotted. For the anodes, the exchange current density
increases with increasing full cell SOC. In contrast, in case of the
cathodes, the exchange current density has a maximum at around 50%
full cell SOC and decreases for higher and lower SOCs. At 50% full
cell SOC, the resulting exchange current densities are 0.38 mA cm−2

and 0.57 mA cm−2 for the HE anode and cathode, and 0.62 mA cm−2

and 0.61 mA cm−2 for the HP anode and cathode, respectively. These
values are comparable to the values reported in literature.7 However, it
needs to be noted that especially in case of the anodes the values
obtained for the exchange current density should be taken with
caution since this parameter was shown to be highly dependent on the
electrolyte composition, probably due to the differing SEI
properties.73 During disassembling of the cell, it cannot be avoided
that the SEI is partially destroyed, and therefore, the SEI needs to be
restored during formation cycles before measuring the impedance
spectra. However, the exact electrolyte composition was not known.
Thus, only an assumption could be made based on GC-MS measure-
ments. For this reason, the SEI properties and therefore also the
exchange current density might differ from the original cell.

In Fig. S14, also the temperature dependency of the exchange
current density can be observed. Figure 13 shows the Arrhenius plot of
the exchange current densities for the different electrodes. From the
slope, the activation energies were determined to be 50.1 kJ mol−1 and
44.1 kJ mol−1 for the HE anode and cathode, respectively, and for the
HP anode and cathode 69.9 kJ mol−1 and 41.1 kJ mol−1, respectively.
Also, these values agree well with the values reported in literature.2,73

P2D model simulations.—The model employed in this work is a
standard P2D model by Danner et al.8 Herein, this model is used for
the validation of the determined parameters of both cell types.
Details of the model, e.g. model equations, can be found in Ref. 8.
First, the integration of the parameters in the model is described
followed by the validation and discussion of the limitations of the
parameters and model.

Parameter integration.—All parameters that are used in the
model are listed in Table SIV in the Supplementary Information.
For a proper implementation of SOC-dependent parameters, con-
tinuous curves are fitted to the measured values. The OCP was
implemented by a cubic spline fit of the GITT-OCP. However, for
the cathodes, these curves had to be adapted. The potential drop of

Figure 11. Nyquist plots of the impedance spectra measured at 25 °C in a
three-electrode set-up against a lithium reference electrode from 0% to 100%
SOC of the full cell in 5% SOC steps for the HE anode (a) and cathode (b) as
well as the HP anode (c) and cathode (d) (processed by Z-HIT to correct
artefacts caused by transient behavior of the system at low frequencies,
example in the Supplementary Information Fig. S13).

Figure 12. Equivalent circuit model used to fit anode and cathode spectra of
both cell types measured in a three-electrode set-up against a lithium
reference electrode.

Figure 13. Arrhenius plot of the temperature dependency of the exchange current density obtained by EIS for the HE cell (a) and the HP cell (b): Experimental
data at 50% full cell SOC (dots) and a corresponding linear regression function (solid line) are plotted.
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NCA at the end of the qOCP discharge is not observed in the GITT-
OCP measurement (see Fig. 7). In a relaxed state, it is difficult to
measure the potentials of highly lithiated NCA which can be reached
under an applied current at the surface of the particles. This was also
observed by Schmalstieg et al. for NMC who used as a consequence
the qOCP curve to the parameterization of their model.3 However,
the qOCP curve has an additional overpotential which is not
measured by GITT-OCP. Thus, both data sets were combined here
by using the data of the GITT-OCP until the potential drop starts
which is then represented by qOCP. Besides OCP, also the exchange
current density is integrated SOC-dependent by analytical fit
functions (see Table SIV in the Supplementary Information). The
temperature and concentration dependent electrolyte properties, i.e.
diffusion coefficient, ionic conductivity, thermodynamic factor and
transference number, were taken from Landesfeind et al.49

Some effects of the cell design may only be partially considered
by the P2D model. Specifically, the cell design, e.g. position and
number of tabs18 and thickness of current collectors, but also the
contact resistance between the active material and the current
collector influence the ohmic resistance of the cell and thus need
to be considered as well. Hence, this contribution is derived from the
measured ohmic resistance of the 21700 cells in relation to the
coated area of the cathode, resulting in 1.31 mΩm2 for each
electrode of the HE cell and 0.45 mΩm2 for each electrode of the
HP cell. This measured ohmic resistance also contains the ohmic
resistance of the electrolyte. However, Sturm et al.18 showed that
depending on the tab design this contribution is considerably lower
than the ohmic resistance of the current collectors. Since it is out of
scope to determine the exact contribution of the current collectors for
the cells investigated in this publication, it is assumed that the
measured ohmic resistance is mostly due to the current collector and
tab design.

Similar to Chen et al.4 and Ecker et al.5 a few parameters were
adapted for a better agreement between simulations and experiments
on 21700 cell level (see Table VI). To align both electrodes, DVA
curves of the experimental and simulated data at C/25 discharge
were compared to adjust the electrode balancing. Specifically, the
stoichiometry at 100% SOC and capacity dependent parameters,
hence max. lithium concentration and volume fraction of the active
material were adjusted (see Fig. S15 in the Supplementary
Information). In the parameterization work, the latter was only
estimated together with the volume fractions of binder and con-
ductive additive. For this reason, these values could deviate, and
thus, their content is changed accordingly while keeping the
measured electrode porosities constant in the simulation. After
aligning the electrodes at C/25, simulations at 1C discharge were
performed to tune the diffusion coefficient of both electrodes. It has
been reported in literature that the diffusion coefficient is one of the
most sensitive parameters.4,74,75 In addition, the diffusion coefficient
depends highly on the used testing procedure and evaluation method

which leads to deviating results of several magnitudes for the same
active material.34 Thus, fitting the diffusion coefficient can improve
the agreement of experimental and simulated data significantly. The
diffusion coefficients were tuned in our work by calculating the root-
mean-squared error (RMSE). At the end of discharge the error
becomes significantly larger, especially in case of the HE cell. Thus,
only values smaller than 0.1 V were considered for the RMSE fit to
get an overall good fit. Nevertheless, the final values used in the
simulation are in the range of the experimental data (see Table VI).
All other parameters weren’t changed in the simulation, e.g. particle
size, electrode thickness, porosity, tortuosity, electrical conductivity
and exchange current density.

Validation and discussion.—The result of the simulation is
compared to the experimental data in Fig. 14 at 0.04C, 0.5C and
1C for both cell types. At 0.04C, the agreement between experi-
mental data and simulation is very good. However, at higher C-rates,
a significant deviation is observable between the experiment and
simulation at the end of discharge. The anode potential is increasing
significantly at the end of discharge leading to a sudden decrease of
the full cell voltage. Slight misrepresentation of the real dynamics in
the model exacerbates voltage differences in this region. These
inaccuracies could be caused by differing parameters as well as by
the constraints of the model. Both influences will be discussed in the
following sections.

A few parameters may differ slightly from the derived values,
especially those parameters which are difficult to access from a
commercial cell. For instance, the particle size is more accurately
determined by laser diffraction of the active material powder than
from SEM images or Hg porosimetry of the porous electrode which
additionally contains binder and conductive additive. Furthermore, it
is challenging to determine the exact electrolyte composition since
there is limited excess electrolyte in commercial cells from which
volatile components evaporate quickly after opening the cell.
Therefore, the electrolyte composition can only be estimated, and
thus, the electrolyte properties may vary. In addition, the electrolyte
influences highly the exchange current density, especially in case of
graphite anodes due to differing SEI properties.73 Still, there are also
some parameters that are very reliable, e.g. electrode thickness and
porosity.

Besides the accuracy of the measurement results, also the
simulation itself could lead to deviations due to assumptions made
for the model. For instance, a standard P2D model only considers
one particle size instead of a particle size distribution. In addition,
the assumption was made that the particles are round shaped.
However, the graphite particles are here more flake-like shaped.
Furthermore, the change of particle size and the resulting porosity
changes during cycling are not considered in the model. This could
be neglected if the expansion of the active material is small.
However, silicon is expanding up to 200% during lithiation leading

Table VI. Overview of parameters that have been adjusted for the simulation. All parameters that are not included have not been changed.

High energy (HE): INR21700–50E High power (HP): INR21700–30T

Parameter Symbol Unit Experiment Simulation Experiment Simulation

Diffusion coefficient of anode Dn m2 s−1 9.61·10−15 1.30·10−14 1.10·10−13 1.74·10−14

Diffusion coefficient of cathode Dp m2 s−1 1.75·10−16 −1.03·10−14 1.34·10−14 1.45·10−15 −2.05·10−14 1.97·10−14

Max. lithium concentration (anode) cs,max,n mol l−1 37.309 31.695 31.360 30.015
Max. lithium concentration (cathode) cs,max,p mol l−1 47.928 50.000 47.928 48.300
Stoichiometry at 100% SOC (anode) xn — 0.9884 0.999 0.8792 0.89
Stoichiometry at 100% SOC (cathode) xp — 0.1684 0.16 0.1730 0.1622

Volume fraction of active material (anode) εAM,n — 0.73 0.66 0.65 0.58
Volume fraction of active material (cathode) εAM,p — 0.72 0.74 0.66 0.66
Volume fraction of inactive material (anode) εinact.,n — 0.03 0.1 0.03 0.1
Volume fraction of inactive material (cathode) εinact.,p — 0.07 0.05 0.07 0.07

Journal of The Electrochemical Society, 2023 170 070509



to a significant change of particle size and porosity. Here, it still is
neglected since the silicon content is only about 6%. Compared to
more extensive models, e.g. 3D models, also no in-plane inhomo-
geneities in the electrode due to tab design and temperature changes
are taken into account. However, especially at high current rates this
could influence the simulation result significantly. Although these
assumptions were made in the model, the agreement between the
simulated and experimental data is still very good.

The simulations reveal that mostly the transport limitations in the
electrolyte are responsible for the different rate performances of the
HE and HP cell. Figure 15 shows the lithium concentration in the
electrolyte for both cell types at 1C discharge showing that the
concentration gradient is much higher for the HE cell. As the

electrolyte was assumed to be the same, and thus, also its properties,
these different gradients are attributed to the thicker and less porous
electrodes of the HE cell. This high concentration gradient in the
electrolyte in turn leads to a concentration gradient in the active
material over the thickness of the electrodes (see Figs. S16b, 16d in
the Supplementary Information) which is hence also larger for the
HE cell. In addition, a significant lithium concentration gradient is
observed inside the particle, especially for the anodes (see Figs.
S16a, 16c in the Supplementary Information), probably due to the
larger particle radius of the anodes compared to the cathodes (see
Figs. S17a, 17c in the Supplementary Information).

These results indicate that a proper parameterization is neces-
sary to model a cell accurately since especially electrode thickness,

Figure 14. Comparison between the experimental data and the P2D simulations for the HE (a), (c) and the HP (b), (d) cell for 0.04C, 0.5C and 1C discharge. (a)
and (b) show the measured (solid lines) and simulated (dashed) voltages, (c) and (d) the corresponding error.

Figure 15. Lithium concentration in the electrolyte over the thickness of the cell stack (anode, separator, cathode) for (a) HE cell and (b) HP cell for 1C
discharge at 25 °C. Note, that the thickness of the anode, separator and cathode differ between both cell types.
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porosity and electrical conductivity varies significantly for dif-
ferent cell designs. In this study, the particle size was similar for
the HE and HP cell. However, it can also vary considerably for
different cell types7 and is due to its sensitivity74,75 also an
important parameter for the parameterization. To obtain these
parameters, opening of the cells is recommended for an accurate
representation of the investigated cell if no information is provided
by the manufacturer. Although other parameters may also vary for
different cell designs they may be adapted from literature based on
an educated guess, e.g. OCP or by applying DVA, e.g. stoichio-
metry, maximum lithium concentration and volume fractions of the
active material, if no equipment is available for opening and
investigating the cells. Other parameters seem to have a minor
influence, e.g. exchange current density and double layer capaci-
tance, or are challenging to determine precisely such as the
diffusion coefficient of the active material. Hence, for the latter
other methods could be applied without the necessity of opening
the cells, e.g. parameterization by a computer algorithm.76

However, in a P2D simulation a variety of parameters is used,
and thus, an experimental parameterization provides a more
accurate representation of the cell as a basis for fitting a few
parameters that are difficult to excess experimentally.

Conclusions

In this work we determined and compared the parameter sets for
physicochemical modeling of two 21700 cells from Samsung. One
of the cells is engineered for high power applications
(INR21700–30T, HP) whereas the other one is optimized for a
higher energy content (INR21700–50E, HE). To evaluate the
chemical, physical and electrochemical properties of the battery
materials, the cells were opened under argon atmosphere. Then, the
extracted battery materials were analyzed with various methods to
determine the parameters needed for modeling. Chemical composi-
tion and porosity were investigated by different methods to evaluate
their applicability and reliability. Both EDX and ICP-OES measure-
ments showed that both cells contain NCA as cathode active
material. The HE anode consisted in contrast to the HP anode not
only of graphite but also of Si/SiOx. The main difference of both cell
types is the larger electrode area in case of the HP cell compared to
thicker, less porous electrodes in the HE cell. However, the particle
sizes of both cell types are similar for anode and cathode,
respectively. Particle size distribution was derived by SEM images
and Hg porosimetry yielding deviating results for both methods,
suggesting that SEM images are more reliable. The similar particle
size of the cathodes together with the ICP-OES results indicate that
the cathode active material seems to be the same for the HE and HP
cell, and only coating thickness and porosity as well as the amount of
conductive carbon were varied to obtain cathodes specifically
tailored for the corresponding application. In addition, the conduc-
tivity of the porous electrodes was measured and showed differences
between both cell types. The conductivity of the HP cathode is larger
than of the HE cathode, however, in case of the anode it is the other
way around. Furthermore, the number of tabs differ. The HP cell has
two tabs per electrode instead of one which leads to a lower ohmic
resistance of the cell.

The OCP of the electrodes were evaluated by a qOCP and GITT-
OCP to compare the applicability of both methods. The HP
electrodes are engineered for low ohmic resistances, and thus, the
difference between both methods are not significant. However, due
to thicker, less porous electrodes, the difference becomes more
pronounced for the HE cell. Especially in case of the HE anode,
GITT-OCP is highly recommended for the determination of the OCP
due to the added silicon in the blend electrode leading to high
hysteresis between charge and discharge. In contrast, qOCP is
crucial for the cathode to measure the potential at high lithiation
degrees. In addition, the solid diffusion coefficients of lithium in the
active materials were governed by GITT and the exchange current
density by EIS at different SOCs and temperatures.

Finally, the obtained parameter sets were validated by comparing
discharge curves of the 21700 cells to simulations performed with a
standard P2D model. The results showed the limitations of the
parameter identification and model. In particular, the diffusion
coefficient is a sensitive parameter which is difficult to derive
accurately from GITT measurements, especially in case of materials
with phase changes, e.g. graphite. Thus, fitting this parameter led to
a better agreement between experiments and simulations. The
simulation showed that especially the electrode thickness, porosity
and electrical conductivity lead to differing performance between the
HE and HP cell.

The authors suggest that future work on parameterization should
focus on the improvement of the experimentally defined diffusion
coefficient, since this is a sensitive parameter in the P2D model
which is difficult to access accurately.
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