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Transport and kinetic limits identified in 
single-crystal NCM920305 electrodes.
Physics-based half-cell model developed 
and validated for optimisation.
Model predicts 23% higher areal capac-
ity for 70 μm thick electrodes.
Open-source model and data provided to 
support community development.
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 A B S T R A C T

Single-crystal LiNi1−𝑦−𝑧Co𝑧Mn𝑦O2 (SC-NCM) materials are emerging as promising alternatives to polycrystalline 
NCMs by addressing intergranular cracking and suppressing structural degradation associated with phase 
transitions. However, their inherently large particle size and anisotropic morphology lead to sluggish solid-state 
lithium-ion transport, resulting in diffusion limitations during electrochemical cycling. To optimise SC-NCM 
electrodes for enhanced energy and power performance, a comprehensive understanding of how electrode level 
parameters, such as thickness, porosity, and active material volume fraction, influence transport properties is 
necessary. In this study, commercial-grade SC-NCM electrodes with areal capacities of 2 and 4mAh cm−2 
were examined using a suite of electrochemical and physicochemical techniques. Electronic, kinetic, and 
ionic transport limitations were identified in the 4mAh cm−2 electrode designed for high-energy applications. 
Experimental data were used to parameterise and validate a physics-based half-cell model in PyBaMM, which 
was subsequently employed in PyBOP for numerical optimisation. By tuning key design parameters, including 
electrode thickness and active material volume fraction, the optimised design is predicted to deliver a 23% 
increase in areal 1C-discharge capacity (reaching 4.07 mAh cm−2). This integrated approach combining 
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modelling and experimental validation provides a pathway for optimisation of SC-NCM electrode architectures 
to improve energy and power metrics in lithium-ion batteries.
1. Introduction

Lithium-ion batteries (LIBs) play an increasingly prominent role in 
the transition towards renewable energy sources, as they are a key 
technology to enable both electric vehicles (EVs) and energy storage 
systems (ESS). With the rapid expansion of these markets, global de-
mand for LIBs is projected to reach 2–3.5 TWh/year by 2030 [1]. Since 
the introduction of the layered LiCoO2 (LCO) cathode chemistry in the 
1980s [2], positive electrode active materials in most commercial LIBs 
have gradually shifted towards mixed transition metal oxides, such as 
polycrystalline NCM (PC-NCM) materials, driven by the need for higher 
specific capacity and cost reduction [3]. This shift has led to increased 
Ni content at the expense of Co, which, while beneficial in terms 
of capacity, has introduced challenges related to battery lifetime and 
safety [4]. These challenges stem from four key issues: cationic disorder 
reducing discharge capacity [5]; irreversible H2-H3 phase transitions 
causing intergranular cracking [6]; exposure of new electrode surfaces 
to side reactions and cathode electrolyte interphase (CEI) growth [7]; 
and electrolyte oxidation by Ni ions, leading to increased gas evo-
lution [8]. To address these challenges, several strategies have been 
explored, including surface coatings [9], bulk doping [10], core–shell 
structures [11], and concentration gradient approaches [12]. While 
these have provided incremental improvements, they have not elimi-
nated the underlying degradation mechanisms. Intergranular cracking, 
in particular, stands out as especially detrimental because it fragments 
polycrystalline secondary particles into smaller crystallites. Although 
this results in morphologies that superficially resemble single crystals, 
the electrochemical behaviour differs substantially. Crack formation 
exposes fresh internal surfaces to the electrolyte, promoting continu-
ous interphase growth and parasitic reactions that consume both the 
electrolyte and cyclable lithium. Additionally, the loss of electrical con-
nectivity between isolated grains reduces the active material available 
for cycling, directly impacting capacity retention. Cracks that propagate 
across the entire particle thickness can also increase mechanical stress 
within the electrode composite, thereby accelerating delamination from 
the conductive carbon/binder network.

In recent years, single-crystal NCM (SC-NCM) materials have
emerged as a promising alternative to PC-NCMs, offering superior 
chemical and structural stability [13]. SC-NCMs are resistant to in-
tergranular cracking, maintaining their mechanical integrity during 
cycling [14]. They also exhibit excellent thermal stability [15], greater 
volumetric energy density [16], and reduced gas generation [17]. 
However, this class of materials brings several new challenges that need 
to be addressed [18,19], particularly slow solid-state ionic transport. 
The large particle size and preferred crystal lattice orientation of SC-
NCM particles result in longer transport pathways, slowing Li+ diffusion 
along the crystal planes [20]. This slow solid-state diffusion has been 
linked to capacity fading during electrochemical cycling [21,22], with 
studies indicating that slow ionic transport, particularly at low states 
of charge (SOC), affects both bulk electrodes and individual parti-
cles [23]. However, current studies on this topic generally focus on the 
material level [17,21,22], highlighting the need for in-depth studies 
into how intrinsic material properties can impact performance at the 
electrode and cell level. Such understanding is needed for informing 
electrode design strategies for improved full-cell performance. SC-
NCM electrode performance is ultimately limited by a combination 
of material-level properties and electrode-scale transport constraints. 
While solid-state diffusion can be improved through control of particle 
size and morphology, further gains can be achieved by optimising ionic 
and electron transport at the electrode level. This can be accomplished 
2 
by tailoring electrode architecture, specifically porosity, thickness, and 
active material volume fraction.

The design optimisation of LIB electrodes for high energy or power 
density requires distinct and sometimes competing strategies, since 
improving one typically comes at the expense of the other [24]. High-
energy density electrodes typically feature higher coat weights, lower 
porosity, and larger particle sizes to maximise energy storage. In con-
trast, high-power electrodes are designed with lower coat weights, 
higher porosity, and smaller particles to increase the available sur-
face area and improve charge transfer kinetics. Empirical electrode 
optimisation is often time-consuming and costly, requiring extensive 
experimentation to achieve the desired electrode performance [25]. Nu-
merical optimisation of a parameterised, physics-based model offers an 
alternative pathway to understanding and identifying optimal electrode 
designs [26], supporting digitalisation efforts in the electrode manu-
facturing processes, and reducing cost and time of LIB research and 
development, potentially leading to more affordable, high-performance 
products [27].

This study investigates two industrial-grade SC-NCM
(LiNi0.92Co0.03Mn0.05O2, NCM920305) electrodes from LiFUN, with 
coating thicknesses of 33 μm and 73 μm, corresponding to areal ca-
pacities of 2 and 4mAh cm−2, respectively. These represent designs 
for high-power and high-energy applications. Physicochemical char-
acterisation was performed using powder X-ray diffraction (PXRD), 
scanning electron microscopy (SEM), energy-dispersive X-ray spec-
troscopy (EDS), and inductively coupled plasma optical emission spec-
troscopy (ICP-OES), while electrochemical properties were determined 
via potentiostatic electrochemical impedance spectroscopy (PEIS) and 
galvanostatic intermittent titration technique (GITT). The extracted pa-
rameters were compiled into a standardised half-cell format compatible 
with PyBaMM [28] and used to validate model predictions against 
experimental rate performance. Parameter sets were then employed 
in PyBOP [29] to numerically optimise electrode thickness, porosity, 
and active material volume fraction. The framework identifies trade-
offs between energy and power metrics and reveals that higher active 
material fractions can be achieved before electrolyte transport becomes 
rate-limiting. This integrated, physics-based approach enables targeted 
optimisation of SC-NCM electrodes and supports broader efforts in 
digital design and performance tuning. All data and code are openly 
available to facilitate reproducibility and community use.

2. Methodology

2.1. Physicochemical characterisation

Single-sided 2 and 4mAh cm−2 capacity commercial-grade Li-ion 
pouch cell electrodes were sourced from Li-FUN Technology Corpo-
ration Limited (LiFUN). The electrodes were 5.2 cm long and 4.2 cm 
wide. The datasheet provided by the vendor included preliminary 
information on electrode composition, such as weight percentages of 
active material, binder, and conductive additive, as well as details on 
the active material composition, and average particle size. The elec-
trode mass, thickness, and active material particle size were validated 
experimentally.

Electrode cross-sections were prepared using a Leica microtome. 
SEM imaging and EDS mapping were employed to examine the elec-
trode surface and cross-sections, providing insights into morphology 
and elemental distributions. The electron images and EDS mapping 
of the NCM920305 electrodes were acquired using a Jeol7000 scan-
ning electron microscope, operated at 20 kV acceleration voltage. The 
thickness of the NCM920305 electrodes and current collector was 
measured with an incremental length gauge (Heidenhain). To obtain 
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the bare current-collector thickness, the single-sided NCM920305 elec-
trode coatings were delaminated using N-Methyl-2-pyrrolidone (NMP) 
solvent. Electrode dimensions were measured with calipers.

Chemical analysis of the NCM920305 electrode was conducted 
using ICP-OES (Agilent Technologies). A 10 cm2 electrode disc was 
dissolved in 10mL of aqua regia (4:1 ratio of 38% HCl to 68% HNO3) 
by heating it to 175 °C for 20 min in a microwave digestor (Anton 
Paar). After cooling, the solution was filtered to separate undissolved 
components, and the filtrate was diluted to 250mL with distilled water. 
A 5mL aliquot of this solution was further diluted to 50mL for ICP-
OES analysis. Elemental concentrations were measured in ppm and 
converted to atomic ratios to confirm the composition of the active 
material.

The crystal density of the active material was determined using 
PXRD measurements of the NCM920305 electrode in the 2𝜃 range 
of 10-100◦ with a step size of 0.0149◦ (Proto AXRD Benchtop). Ri-
etveld refinement of the XRD pattern was performed using the GSAS 
software [30]. The obtained density value was then used in the calcula-
tions of electrode porosity. The methodology for determining electrode 
porosity and volume fractions (active material and electrolyte) in this 
work follows previously reported procedures [31].

2.2. Electrochemical characterisation

The electrochemical parameterisation results are reported from an 
average of three individual cells or measurements, including stan-
dard deviations where possible. Electrode electronic conductivity was 
measured using a four-point probe (Ossila). Prior to the electronic 
conductivity measurement, the electrode coating was delaminated from 
the current collector. Delamination was achieved using a 180-degree 
Rheometer (Netzsch Kinexus Pro+) peel method devised in-house [32]. 
The delaminated samples were pressed between two glass slides before 
the four-point probe measurement. The pressed delaminated samples 
were then used to obtain electronic conductivity, with a maximum 
voltage of 4.3V applied in 0.2V voltage increments until the target 
current of 0.01mA was reached. These currents were selected to min-
imise measurement noise, representing the maximum currents possible 
within the investigated voltage range. The correction factor applied 
during the measurement was 0.9116.

Kinetic and thermodynamic parameters were determined through 
electrochemical cell testing in CR2032 coin cells. The Li∥NCM920305 
half-cells were assembled in a dry-room (dew point of −45 °C), using 2 
and 4mAh cm−2 NCM920305 cathode electrodes (𝜙 14.8mm), Celgard 
2325 separator (𝜙 16mm), lithium metal anode (𝜙 15mm, 100 μm 
(±10) thickness), and two stainless steel spacers (1.5mm total thick-
ness) with a wave spring. The cells were prepared using 70 and 100 μL 
of 1M LiPF6 in EC:EMC (3:7 wt. %) with 2 wt. % VC electrolyte (Pi-
Kem) for cells containing 2 and 4mAh cm−2 NCM920305 electrodes, 
respectively. All coin cells were crimped at 1000 psi using a hydraulic 
coin cell crimper (TOB). Following assembly, cells underwent two 
formation cycles at 25 °C using a C/20 CC-CV charge and CC discharge 
protocol (4.2/2.5V with C/50 cut-off current) on a BCS cycler (Bio-
Logic). Subsequent testing was based on C-rates corresponding to the 
capacity stated by the manufacturer (1C equivalent to 3.44 or 6.88mA 
corresponding to the 2 or 4mAh cm−2 areal capacity, respectively).

The methodology for calculating lithium concentration and stoi-
chiometry differs from previous work [25]. Prior to formation, the 
electrode active material is assumed to be fully lithiated, i.e., the
lithium concentration equals the theoretical maximum for
LiNi0.92Co0.03Mn0.05O2, given by 

𝑐maxs =
𝑚ac

𝑑𝑀𝜀ac
, (1)

where 𝑚ac is the active material mass loading (gm−2), 𝑑 is the electrode 
coating thickness (m), 𝑀 is the molar mass of the active material 
(gmol−1), and 𝜀  is the active material volume fraction.
ac

3 
During formation, a portion of lithium is irreversibly consumed via 
side reactions—primarily due to the formation of solid-electrolyte inter-
phase (SEI) and cathode-electrolyte interphase (CEI) layers. Coulombic 
inefficiencies due to electrolyte degradation are assumed negligible. 
The pseudo-open-circuit voltage (pseudo-OCV) data were obtained af-
ter formation by performing a CCCV charge followed by a CC discharge 
at a low rate (C/20) and 25 °C. To account for formation losses, the 
minimum stoichiometry reached at the end of the pseudo-OCV charge 
is matched to that reached at the end of the initial CCCV charge 
(i.e., pre-formation delithiation), given by 

𝑥min = 1 −
𝑄delit.
𝑄th.

, 𝑄th. =
𝐴𝐹𝑑𝜀ac𝑐maxs

3.6
, (2)

where 𝑄delit. is the charge capacity during initial delithiation (mAh), 
𝑄th. is the theoretical capacity (mAh), 𝐴 is the electrode area (m2), and 
𝐹  is the Faraday constant (Cmol−1).

The stoichiometry (𝑥) and lithium concentration (𝑐+Li) corresponding 
to the pseudo-OCV data are then calculated using: 

𝑥 = 𝑥min +
𝑄 −𝑄min

𝑄th.
, 𝑐+Li = 𝑥𝑐maxs , (3)

where 𝑄 is the discharge capacity throughput (mAh) and 𝑄min is the 
value of 𝑄 at the end of the pseudo-OCV charge (see Supplementary 
Figure S8).

PEIS was performed using a VMP3 potentiostat (Bio-Logic, France) 
to determine the charge transfer resistance (𝑅ct) of the electrode at 
different states of charge (SOC). Testing was conducted at 10, 25, 50, 
75, and 90% SOC, with the SOC values estimated through Coulomb 
counting. Before each measurement, a 180-minute rest period was 
allowed for the cell to reach equilibrium. The experiments were con-
ducted in an environmental chamber at 5, 15, 25, 35, and 45 °C. 
Impedance spectra were recorded over a 10mHz to 500 kHz frequency 
range, using a 5mV amplitude perturbation. The spectra show several 
characteristic features: 2–3 overlapping semi-circles and a diffusion tail 
at low frequency. Data were fitted using the ZFit function of EC-Lab
software using an equivalent circuit model consisting of one resistor, 3 
resistor/constant phase element (R-CPE) pairs and one constant phase 
element in series (SI Figure S4). The charge transfer resistance 𝑅ct is 
identified as the width of the lowest-frequency semi-circle in the PEIS 
spectra. Following Chen et al. [33], by linearising the Butler-Volmer 
equation with respect to the overpotential, the reference exchange 
current density (𝑗0) at a given operating point (i.e. stoichiometry and 
temperature) can be calculated from the charge transfer resistance by 

𝑗0(𝑥, 𝑇 ) =
𝑅𝑇

𝐹𝑆𝑅ct(𝑥, 𝑇 )
, (4)

where 𝑅 is the ideal gas constant (J K−1mol−1), 𝑇  is the temperature 
(K), and 𝑆 is the active surface area (m2).

The series resistance and double-layer capacitance were also ob-
tained from the fitting of the PEIS data using the equivalent circuit 
model (SI Figure S4). In a Nyquist plot, the series resistance corresponds 
to the point where the curve intersects the real axis at the highest 
frequency. For the model (Section 2.3), a lumped series resistance, 
which accounts for unmodelled high-frequency behaviour, is required. 
The lumped resistance is therefore the sum of the series resistance 
and the resistance values for each of the two highest-frequency semi-
circles. The double-layer capacitance was obtained directly from the 
PEIS fitting as the equivalent capacitance associated with the lowest-
frequency R-CPE element. The fitted capacitance values (in F) were 
then normalised by the electrochemically active surface area (𝑆) of 
each electrode to yield values in F m−2, which are reported in Table 
2.

GITT was used to measure the apparent diffusion coefficient (𝐷Li+ ) 
of both NCM920305 electrodes at different temperatures. C/10 current 
pulses were applied for 10 min, followed by a 3 h rest period to reach 
an equilibrium open circuit voltage (OCV).
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Electrode tortuosity was assessed using a previously reported sym-
metrical cell impedance methodology [34,35]. CR2032 coin cells were 
assembled in a dry-room (dew point of −45 °C) with a glass fibre sep-
arator (𝜙 16mm) sandwiched between two cathode electrode discs (𝜙
14.8mm) and 100 μL of 100mM tetrabutylammonium perchlorate salt 
(TBAClO4) in EC: DMC (1:1 wt. %) electrolyte prepared in-house. After 
an 8 h rest in open-circuit conditions, the frequency range of 10mHz 
to 500 kHz with a 5mV amplitude was applied for testing. Electrode 
ionic resistance (𝑅ion) was calculated from the 𝑥-axis intercepts of two 
lines of best fit (𝑥1, 𝑥2; see SI Figure S7), and then the tortuosity factor 
(𝜏) was calculated as follows, 

𝑅ion = 3(𝑥2 − 𝑥1), 𝜏 =
𝑅ion𝜅𝐴𝜀

2𝑑
, (5)

where 𝜅 is the electrolyte ionic conductivity (Sm−1) and 𝜀 is the 
electrode porosity. A conductivity value of 0.29 Sm−1 was obtained 
from interpolating previously reported results on TBAClO4 salts in EC: 
DMC (1:1 wt. %) electrolytes by Landesfeind et al. [34].

Rate performance testing was performed for lithiation in
Li∥NCM920305 half-cells at 25 °C. For the discharge (lithiation) rate 
test, a fixed constant current (CC) of C/2 or C/5 (for 2 and 4mAh cm−2 
electrodes, respectively) was used to charge until 4.2V vs. Li/Li+. Then, 
CC discharge (lithiation) rates of 𝑛C (where 𝑛 = 0.1, 0.2, 0.5, 1, 2) were 
used sequentially to discharge to 2.5V vs. Li/Li+. A rest of 30 min was 
used after each discharge cycle.

2.3. Modelling and simulation details

For validation and design optimisation, the Doyle-Fuller-Newman 
(DFN) model is used to capture the electrolyte dynamics as well as the 
de/lithiation behaviour. This work uses the open-source software Py-
BaMM (version 25.6) and PyBOP (version 25.6) [28,29,36]. The DFN 
model in PyBaMM [28,37] is adapted into a half-cell model by neglect-
ing the negative-electrode dynamics and setting the positive electrode 
as the working electrode. The model is constructed in PyBaMM by 
setting the ‘‘working electrode’’ option to ‘‘positive’’. 
The lithium-metal counter electrode is modelled using an exchange 
current density for an asymmetric Butler-Volmer reaction between 
lithium metal and the electrolyte [38] given by 
𝑗Li0 = 𝑚ref𝑐

0.7
Li 𝑐

0.3
e , (6)

where 𝑚ref is the reaction rate parameter (Am−2 (molm−3)) and 𝑐Li is 
the pure metal lithium concentration (molm−3).

In the positive electrode, the reference exchange current density is 
modelled assuming a symmetric reaction (assuming a charge transfer 
coefficient of 0.5 [37]) via 

𝑗0(𝑐e, 𝑐𝑠, 𝑇 ) = 𝑘(𝑇 )
√

𝑐e𝑐𝑠
(

𝑐maxs − 𝑐𝑠
)

, (7)

where 𝑘 is the reaction rate (Am−2 (m3mol−1)1.5), 𝑐e is the electrolyte 
concentration (molm−3), and 𝑐𝑠 is the particle surface concentration 
(molm−3). Under the small voltage perturbations applied during PEIS, 
it can be assumed that 𝑐e remains at its initial, bulk value 𝑐e,0, and 
that the particle surface concentration is approximated by the average 
concentration 𝑥𝑐max𝑠 , where 𝑥 is the mean stoichiometry at a given SOC. 
This simplification allows for a more computationally efficient fitting 
of the exchange current density while maintaining the essential SOC 
dependence: 

𝑗0(𝑥, 𝑇 ) = 𝑘(𝑇 ) 𝑐maxs

√

𝑐e,0𝑥 (1 − 𝑥). (8)

This equation is used to fit the reaction rate at a given temperature to 
the values of the reference exchange current density obtained via (4) 
from PEIS measured at five different values of SOC (𝑥).

The dependence of the reaction rate on temperature is modelled 
using an Arrhenius relation as follows. 

𝑘(𝑇 ) = 𝑘ref exp
[

𝐸ct
(

1 − 1
)]

, (9)

𝑅 𝑇ref 𝑇

4 
where 𝑘ref = 𝑘(𝑇ref) is the reaction rate constant, 𝑇ref is the reference 
temperature (K), and 𝐸ct is the activation energy (Jmol−1). The acti-
vation energy is fitted to the values of the reaction rate obtained from 
(8) at five different temperatures.

To model each GITT pulse, a spherical diffusion model with a 
stoichiometry-dependent diffusion timescale (𝜏𝐷) and a lumped resis-
tance (𝑅𝑠) is used. The convention is that a positive current (𝐼 > 0) 
corresponds to lithiation (discharging) of the half-cell:
𝜕𝑐
𝜕𝑡

= 1
𝑟2

𝜕
𝜕𝑟

(

𝑟2

𝜏𝐷(𝑐)
𝜕𝑐
𝜕𝑟

)

in 0 < 𝑟 < 1, (10)

with 1
𝜏𝐷(𝑐)

𝜕𝑐
𝜕𝑟

|

|

|

|𝑟=0
= 0, 1

𝜏𝐷(𝑐)
𝜕𝑐
𝜕𝑟

|

|

|

|𝑟=1
=

𝐼(𝑡)
3𝑄th.

, (11)

𝑉 (𝑡) = OCV
(

𝑐|𝑟=1
)

− 𝑅𝑠
(

𝑐|𝑟=1
)

𝐼(𝑡) (12)

Here, 𝑄th. = 𝐹𝜀ac𝑑𝐴𝑐max𝑠  is the theoretical capacity (A s). The two 
parameters (𝜏𝐷 and 𝑅𝑠) are fitted simultaneously to each pulse and 
subsequent relaxation using SciPy minimize within PyBOP, taking 
care to weight the unevenly-spaced data points by the proportion of 
time spent closest to each point.

The compiled NCM920305 PyBaMM half-cell parameters were val-
idated by comparing the simulation results with experimental rate 
capability data from both NCM920305 electrodes. Design optimisation 
was performed using PyBOP [29] and its implementation of the SciPy
differential evolution algorithm, using a maximum of 25 iterations, or
SciPy minimize with up to 250 iterations.

3. Results and discussion

3.1. Physicochemical parameterisation

The structures and compositions of the two NCM920305 electrodes 
were analysed using ICP-OES, PXRD, and SEM-EDX. SEM analysis of 
the electrode surface revealed small cuboid particles in both electrodes, 
measuring between 1-5 μm, with distinctive steps or ridges visible at 
certain angles (Figs.  1c and f). EDS mapping confirmed the uniform 
distribution of Ni, Co, and Mn elements throughout the electrodes (Figs. 
1d and g). PXRD analysis of the 2mAh cm−2 electrode identified a 
preferred orientation along the 003 plane, indicating crystal growth 
along the 𝑐-axis (Fig.  1a). This orientation likely contributes to the 
observed ridged surfaces and supports identification of the particles 
as single crystals. Additionally, PXRD Rietveld refinement showed that 
lithium predominantly occupies its designated site, with minimal tran-
sition metal-lithium mixing. Results from Rietveld refinement including 
chi-squared, wRp, Rp, lattice parameters, bond lengths, and preferred 
orientation ratios are summarised in SI Table S1.

Atomic ratios calculated from ICP-OES analysis of the 2mAh cm−2 
electrode were 86.1: 93.6: 2.8: 4.7 for Li: Ni: Co: Mn elements, closely 
matching the expected composition for the pristine
LiNi0.92Co0.03Mn0.05O2 material. The residue from microwave diges-
tion was further analysed to identify the binder and conductive additive 
in the electrode. SEM-EDS analysis of the washed and dried residue 
revealed the presence of C and F elements (SI Figure S1). These ele-
ments, which are resistant to aqua regia digestion [39], were attributed 
to PVDF binder and carbon-black conductive additive.

Based on these findings, the solid volume fraction of the
NCM920305 electrodes was calculated as the ratio between the mea-
sured electrode coating density and the theoretical solid material 
density. A theoretical solid material density of 4.48 g cm−3 was deter-
mined, assuming the electrode composition ratios specified by the ven-
dor and considering electrode components including PVDF binder, car-
bon black conductive additive, and LiNi0.92Co0.03Mn0.05O2 active ma-
terial with a density of 4.796 g cm−3 as obtained from Rietveld refine-
ment (Fig.  1a). Using this density, the porosity of the NCM920305 elec-
trodes was calculated to be 29% and 33% for the 2 and 4mAh cm−2 
electrodes, respectively. Cross-sectional images of the electrodes
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Fig. 1. Analysis of NCM920305 single-layer pouch cell electrodes: observed (black ‘x’ symbols), calculated (red line), and difference (blue line) profiles from 
Rietveld refinement of PXRD data for the 2mAh cm−2 electrode, together with Bragg positions attributed to the NCM811 phase (green ticks) (a); cross-section 
SEM image of the 2mAh cm−2 electrode (b); electrode surface SEM image showing cuboid-shaped particles in 2mAh cm−2 electrode (c) and its corresponding 
EDS mapping of Ni (purple), Co (green), Mn (blue), O (orange), and C (red) elements (d); cross-section SEM image of the 4mAh cm−2 electrode (e); electrode 
surface SEM image showing cuboid-shaped particles in 4mAh cm−2 electrode (f) and its corresponding EDS mapping of Ni (purple), Co (green), Mn (blue), O 
(orange), and C (red) elements (g).
Table 1
Summary of parameters determined, and derived, from physicochemical characterisation of the two NCM920305 electrodes.
 Parameter (Symbol) Unit Value for NCM920305 electrodes Source/Definition  
 Nominal areal capacity mAh cm−2 2 4 Datasheet  
 Active material – LiNi0.92Co0.03Mn0.05O2 Datasheet  
 Current collector thickness (𝑑cc) m 12×10−6 Length gauge  
 Total electrode thickness m 44.5×10−6 85.0×10−6 Length gauge  
 Electrode diameter m 0.0148 Calipers  
 Particle radius (𝑟) m 1.88×10−6 Datasheet  
 Electrode coating weight (𝑤ct) g 0.018 56 0.03946 Electrode delamination/balance 
 Active material loading (𝑙ac) wt% 95.5 Supplier datasheet  
 Active material density (𝜌ac) gm−3 4.796×106 Rietveld refinement  
 Combined carbon-binder density (𝜌cb) gm−3 1.86×106 Supplier information  
 Electrolyte density (𝜌el) gm−3 1.203×106 Supplier information  
 Electrode coating thickness (𝑑) m 32.5×10−6 73×10−6 Total electrode thickness - 𝑑cc  
 Electrode area (𝐴) m2 1.72×10−4 𝜋(Electrode diameter/2)2  
 Representative electrode width and height m 0.0131 √

𝐴  
 Solid material density gm−3 4.48×106 [𝑙ac∕𝜌ac + (1 − 𝑙ac)∕𝜌cb]−1  
 Active material weight g 0.017 72 0.03768 𝑙ac𝑤ct  
 Active material mass loading (𝑚ac) gm−2 103 219 𝑙ac𝑤ct∕𝐴  
 Electrode mass loading gm−2 108 229 𝑤ct∕𝐴  
 Electrode coating density (𝜌ct) gm−3 3.32×106 3.14×106 𝑤ct∕(𝑑𝐴)  
 Electrolyte volume fraction (or porosity, 𝜀) – 0.259 0.299 1 - 𝜌ct/Solid material density  
 Active material volume fraction (𝜀ac) – 0.661 0.625 𝑙ac𝜌ct∕𝜌ac  
 Combined carbon-binder volume fraction – 0.080 0.076 1 − 𝜀 − 𝜀ac  
 Active surface area (𝑆) m2 0.0059 0.0125 3𝜀ac𝑑𝐴∕𝑟, from [33] eqn. (10)  
 Active surface area per unit volume m−1 1.05×106 0.997×106 3𝜀ac∕𝑟  
5 
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Fig. 2. Formation data for Li∥NCM920305 half-cells with different coating thickness: 2mAh cm−2 (a) and 4mAh cm−2 (b), together with the pseudo-OCV data 
measured after formation for 2mAh cm−2 (c) and 4mAh cm−2 (d) electrodes.
 

showed a consistent microstructure and particle distribution through-
out (Figs.  1b and e).

The parameters determined and derived from the physicochemical 
characterisation of the 2 and 4mAh cm−2 electrodes are summarised 
in Table  1, detailing the source or definition of each parameter. The 
parameters obtained in this study were used to create PyBaMM half-cell 
parameter files for each electrode, for model validation and electrode 
optimisation.

3.2. Electrochemical parameterisation

3.2.1. Formation, lithium concentration and stoichiometry
Figs.  2a and b show the formation results for both electrodes. The 

average practical capacities for the NCM920305 electrodes, achieved 
during the first formation cycle, were 2.02mAh cm−2 (±0.07) and 
4.16mAh cm−2 (±0.16), which closely matched the datasheet specifi-
cations. While the theoretical specific capacity for the
LiNi0.92Co0.03Mn0.05O2 active material is 275mAhg−1, the measured 
specific capacities were 196mAhg−1 (±7) and 190mAhg−1 (±7) for 
active material within the 2 and 4mAh cm−2 electrodes, respectively.

During formation, the average first and second cycle efficiencies 
were comparable: 86.8% (±0.4) and 99.4% (±0.03) for the 2mAh cm−2

electrode, and 87.1% (±0.8) and 99.5% (±0.1) the 4mAh cm−2 elec-
trode, respectively. The losses from the first formation cycle are as-
cribed to lithium inventory loss from active material to form SEI/CEI 
interphase layers, as losses associated with electrolyte decomposition 
are relatively small in comparison [25].

The as-formed cells were used in pseudo-OCV, PEIS, GITT, and rate 
capability measurements. Figs.  2c and d show the pseudo-OCV data 
for both electrodes, used in calculations of lithium concentration and 
stoichiometry according to Eq.  (3).
6 
The maximum lithium concentration, as well as all other parameters 
identified from the electrochemical characterisation, are summarised at 
the end of this section in Table  2.

3.2.2. Electronic transport
The electronic conductivity of the electrodes was characterised 

using 4-point probe conductivity measurement on delaminated elec-
trode coatings. Fig.  3f shows that the in-plane conductivity of the 
2mAh cm−2 electrode closely matches that of the 4mAh cm−2 elec-
trode. This similarity is expected, given that both electrodes were 
fabricated with identical formulations, including the same conductive 
additive content, differing only in electrode coating thickness.

3.2.3. Intercalation reaction kinetics
PEIS was conducted to investigate the charge-transfer resistance 

(𝑅ct) in Li∥NCM920305 half-cells across various states of charge (SOC): 
10, 25, 50, 75, and 90%, and temperatures spanning 5, 15, 25, 35, and 
45 °C, thereby elucidating temperature-dependent trends in the reaction 
kinetics of SC-NCM electrodes. The Nyquist plots of the PEIS spectra 
between 10 and 90% SOC, measured at 25 °C for both NCM920305 
electrodes, are shown in Fig.  4. The Nyquist plots of the PEIS spec-
tra summarising measurement results across all SOC points and tem-
peratures are depicted in SI Figure S2 and S3 for the 2mAh cm−2 
and 4mAh cm−2 electrodes, respectively. The fit (black lines on the 
plots) was performed using an equivalent circuit model (SI Figure S4), 
providing an excellent fit across all SOC and temperature conditions.

All 𝑅ct values exhibited a decreasing ‘L’-shaped trend with in-
creasing SOC, consistent with previous studies [31]. Notably, the 𝑅ct
values demonstrate only marginal variations between the two elec-
trodes (SI Figure S5). To elucidate the charge-transfer properties of 
both electrodes across different temperatures, the 𝑅ct values have 
been normalised with respect to the material active surface area (𝑆) 
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Fig. 3. Charge transfer resistivity (𝑅ct𝑆) identified from PEIS on Li∥NCM920305 half-cells for 2mAh cm−2 and 4mAh cm−2 electrodes measured at 25 °C (a); 
2mAh cm−2 electrode measured at 5, 15, 25, 35, and 45 °C (b); and 4mAh cm−2 electrode measured at 5, 15, 25, 35, and 45 °C (c). Derived values for reference 
exchange current density (d) for 2mAh cm−2 and 4mAh cm−2 electrodes at 25 °C. Arrhenius representation of temperature dependence of 𝑗0 for 2mAh cm−2 
and 4mAh cm−2 electrodes, based on PEIS results at 50% SOC, with linear fits (in black) (e). Electronic conductivity results for NCM920305 electrodes (f).

Fig. 4. The Nyquist plots of the PEIS for the 2mAh cm−2 (in red) and 4mAh cm−2 (in blue) electrodes, measured at 10% (a), 25% (b), 50% (c), 75% (d), and 
90% SOC (e) at 25 °C. The fit (black lines on the plots) was performed using an equivalent circuit shown in SI Figure S4. Magnifications of each Nyquist plot 
depict the high-frequency region and the series resistance of both electrodes (the 𝑥-axis intercept).
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of each electrode (total surface area of the active material particles 
contained within a 1.72 cm−2 electrode area). It should be noted 
that 𝑆 was calculated by assuming spherical shape of NCM920305 
particles, and not taking into account the preferred orientation of the 
particles, nor the anisotropic diffusion within particles. Fig.  3a depicts 
the normalised 𝑅ct values at 25 °C for both electrodes, whilst Figs.  3b 
and c show the temperature dependence of the normalised values for 
the 2mAh cm−2 and 4mAh cm−2 electrodes, respectively. Considering 
the electrode thickness difference, the 4mAh cm−2 electrode exhibits 
slightly reduced charge transfer efficiency. The highest 𝑅ct values were 
recorded at the lowest measured SOC of 10% for both electrodes across 
all temperatures. The values remain high at 25% SOC across all temper-
atures, indicating that the rate of the charge transfer process remains 
slow at low SOC. At 50% SOC, 𝑅ct values reached their minimum 
for both electrodes across all temperatures, indicating an accelerated 
intercalation of solvated Li+ ions in the electrolyte into the active 
material.

The double-layer specific capacitance and resistance values obtained 
from PEIS are reported in Table  2. The difference between the series re-
sistances of the 2 and 4mAh cm−2 electrodes stems from the increased 
amount of electrolyte used in the 4mAh cm−2 Li||NCM920305 half-
cell, variation in the thickness of the Li foil, and the 𝑥-axis intercept 
not being sharply defined in the collected spectra.

To further elucidate the kinetics of Li+ (de)intercalation in
NCM920305 electrodes, changes in the exchange current density (𝑗0), 
reaction rate constant (𝑘ref) and activation energy (𝐸ct) were charac-
terised, as defined in Eqs. (8)–(9). The 𝑗0 values are displayed in 3d, 
derived from 𝑅ct values obtained from PEIS at 25 °C. Both electrodes 
displayed similarly low 𝑗0 values at 10% SOC. However, at 50% SOC, 𝑗0
significantly increased to 1.390Am−2 for the 2mAh cm−2 electrode, 
whereas the 4mAh cm−2 electrode only reached 0.476Am−2. This 
represents an almost 200% increase in 𝑗0 for the thinner electrode 
relative to its higher-loading counterpart (Fig.  3d). These results are in 
good agreement with the 𝑗0 values obtained by modelling the reference 
exchange current density under the assumption of a symmetric reaction 
(SI Figure S12a and b), as described in (8). The modelled values are 
summarised in Table  2 and used for model validation and optimisation 
in this study.

Activation energy (𝐸ct) was determined by fitting the slope of 
the Arrhenius plot. The temperature dependence of experimentally 
derived 𝑗0 values for both electrodes is depicted in Fig.  3e, with all 
𝑗0 values derived from PEIS measurements at 50% SOC. The Arrhenius 
plot indicates that 𝑗0 increases with temperature for both electrodes, 
demonstrating temperature-dependent interfacial kinetics. It should be 
noted that the plotted 𝐸ct values correspond specifically to 50% SOC 
and represent apparent activation energies that encompass multiple 
interfacial processes, including Li+ desolvation, charge transfer, and 
near-surface migration [40–42]. Different values would be expected at 
other SOCs due to variations in electrode thermodynamics and inter-
facial conditions. The 2mAh cm−2 electrode exhibits higher 𝑗0 values 
across all temperatures, indicating more favourable charge transfer 
kinetics. Interestingly, this electrode also shows a higher 𝐸ct (56,410 
J/mol) compared to the 4mAh cm−2 electrode (46,040 J/mol). This 
suggests that although the 2mAh cm−2 electrode benefits from im-
proved interfacial kinetics and its performance is more sensitive to 
temperature variations, with pronounced improvement at elevated tem-
peratures likely due to reduced electrolyte mass transport limitations. 
The modelled 𝐸ct values are again in good agreement with experi-
mentally derived values, and are used in Table  2 at the end of this 
section.

3.2.4. Solid-state ionic transport
To determine apparent lithium diffusivity, GITT was conducted on 

Li∥NCM920305 half-cells. The modelled GITT profiles at 25 °C use 
particle radius of 1.88 μm. The results, including the root mean square 
error (RMSE) between the model-predicted voltage and the pulse data, 
8 
are shown in SI Figure S10. The diffusivity and resistance estimates 
with RMSE below 5 mV were interpolated to generate functions of 
stoichiometry. The interpolated functions were used to simulate each 
GITT experiment using the spherical diffusion model, and the results 
are plotted against the experimental data in SI Figure S11.

The GITT fitting results for the 2 and 4mAh cm−2 electrodes are 
shown in Figs.  5a and b, respectively. The results show that the appar-
ent solid-state diffusion of both electrodes is similar, which is expected 
since both electrodes contain LiNi0.92Co0.03Mn0.05O2 active material. 
Applying low current (C/10) during the GITT measurement eliminates 
any impact from electrolyte ion mass transport. Minimal differences in 
the apparent diffusion coefficient values between charge and discharge 
were observed, consistent with previous studies on SC-NCM materi-
als [43]. The apparent diffusion coefficient reached its highest values 
near 50% SOC for both electrodes (Figs.  5a and b), with an upward 
trend in values at temperatures above 25 °C for the 2mAh cm−2 elec-
trode, as pictured in SI Figure S6. In contrast, a decreasing trend was 
observed at temperatures below this threshold.

However, despite a 180-minute relaxation period after each pulse 
in GITT measurement, it was observed that above 3.9V versus Li/Li+, 
the steady-state potential was never fully reached for both electrodes 
as the voltage gradually decreased. One possible explanation for this 
is oxygen release occurring from cation mixing at the particle surface 
and gradual structure collapse, as previously studied elsewhere [44]. 
This phenomenon impacts the determination of apparent diffusion 
coefficients in some voltage ranges because the assumption of equilib-
rium underlying GITT analysis is no longer strictly valid. Therefore, 
the values reported above 3.9 V versus Li/Li+ should be considered 
lower-bound estimates of the true diffusion coefficient, as part of the 
relaxation signal includes parasitic processes rather than solely Li+
transport. This indicates that in the high-voltage region, the extracted 
coefficients are affected by electrode degradation phenomena and may 
not reflect the intrinsic Li+ transport properties of NCM920305.

For assessing the tortuosity factor of the NCM920305 electrode, 
PEIS was performed in a symmetric cell configuration, where two 
NCM920305 electrodes of identical thickness and capacity were placed 
on either side of a separator within a coin cell, and an ion-blocking 
electrolyte was used to restrict insertion of mobile ions. The tortuosity 
factor was calculated to be 3.43 and 3.88 for the 2 and 4mAh cm−2 
electrodes, respectively, using (5). SI Figure S7 illustrates how the 𝑥-
axis intercepts were determined for both electrodes, and the derived 
𝑅ion values are listed in Table  2. These relatively high tortuosity values 
are likely due to the active material shape and small average particle 
size, which is only 3.76 μm in diameter. Tortuosity critically affects 
ion transport and rate performance in Li-ion cells by increasing Li+
diffusion paths through porous electrodes. Higher tortuosity reduces 
ion transfer rates, as reflected in the lower rate capability of the 
4mAh cm−2 electrode (Fig.  6b), and may also impair long-term cycling 
stability due to stress-induced electrode degradation [45]. Interest-
ingly, the tortuosity does not increase significantly with increasing coat 
weight, indicating that further electrode design optimisation is possible.

Rate capability measurements for Li∥NCM920305 half-cells at 25 °C 
are shown in Figs.  6a and b for the 2 and 4mAh cm−2 electrodes, re-
spectively. The 2mAh cm−2 electrode demonstrated excellent high-rate 
performance, retaining 98% and 96% of its C/10 capacity at 1C and 
2C (1.71 and 1.68mAh cm−2). In contrast, the 4mAh cm−2 electrode 
showed reduced retention of 90% and 32% (3.31 and 1.90mAh cm−2) 
at the same rates, consistent with transport limitations in thicker elec-
trodes. The improved performance of the thinner electrode is attributed 
to lower tortuosity and reduced thickness, which enhance Li+ transport. 
Limitations imposed by the Li metal counter electrode—especially at 
high current densities may contribute to the poor 2C performance of 
the 4mAh cm−2 cell, where current reaches 8mAcm−2 [31,46,47]. At 
such rates, the Li-metal surface undergoes rapid dendrite formation, 
uneven stripping and plating, and accelerated electrolyte depletion, 
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Fig. 5. The diffusivity estimates calculated as 𝐷 = 𝑅2∕𝜏𝐷 for the 2mAh cm−2 
(a) and 4mAh cm−2 (b) electrodes, where 𝑅 is the particle radius of 1.88 μm.

leading to unstable interphase growth and increased interfacial resis-
tance. These processes consume electrolyte and active lithium, leading 
to large overpotentials on the Li side that artificially limit the measured 
capacity and rate capability of the 4 mAh cm–2 NCM920305 electrode 
in a half-cell configuration. As a result, the intrinsic kinetic performance 
of this electrode cannot be fully isolated under these conditions. A more 
precise assessment could be obtained through full-cell studies (although 
these can have their own limitations due to the size of the negative 
electrode), or ideally, using a three-electrode setup, where a stable 
reference and a larger counter electrode enable accurate monitoring 
of the positive electrode potential under various operating conditions. 
To avoid artefacts from counter electrode limitations, model validation 
excluded the 2C rate data.

3.3. Model validation

The determined and derived physicochemical and electrochemical 
parameters for 2 and 4mAh cm−2 NCM920305 electrodes are sum-
marised in Tables  1–2. Based on the parameters collected in this 
work, PyBaMM half-cell parameter files were created for each elec-
trode and made available on GitHub. The half-cell parameter files for 
NCM920305 electrodes use previously published Li metal parameters 
from Xu et al. [38], and 1M LiPF6 in EC:EMC (3:7) electrolyte pa-
rameters from Landesfeind et al. [48]. The information on separator 
thickness and porosity came from the supplier datasheet, whilst the 
Bruggeman coefficient for electrolytes was also used by Xu et al. [38]. 
The completed PyBaMM half-cell parameter files are discussed and 
validated in this section.

To validate the parameters obtained from the experimental meth-
ods, model simulations were compared against discharge data from rate 
capability experiments, as shown in Fig.  7. A detailed breakdown of 
the model validation at each C-rate is provided in SI Figure S13. Model 
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validation was performed by adjusting the apparent diffusion coeffi-
cient for each C-rate to achieve good agreement between experiments 
and simulations, as required for previous validations of the DFN model 
versus experimental data [33,49]. Building on prior model validations, 
the apparent diffusion coefficient function is used during validation to 
account for changes in diffusivity with increasing stoichiometry. How-
ever, it was still observed that the model required different diffusion 
coefficient parameters at each C-rate. The variation in the diffusivity 
scaling factor and root mean squared error (RMSE) for the validation 
at each C-rate are shown in SI Figure S14. This is expected if the model 
overlooks specific physics, such as particle size distribution, or if there 
are inaccuracies in calculated parameters, for example, in determining 
the electrochemically active area of SC-NCM electrodes, or if fixed 
parameter values are used during validation. The need to adjust the 
apparent diffusion coefficient at each C-rate likely reflects physical 
heterogeneities not captured by the assumption of uniform, spherical 
particles in the DFN model. In reality, the SC-NCM electrode exhibits a 
distribution of particle sizes (Fig.  1c and f), meaning smaller particles 
lithiate and delithiate more rapidly, leading to local variations in Li+
concentration and overpotential. Moreover, preferred crystallographic 
orientation along the (003) axis and the intrinsically anisotropic Li+
diffusion in layered oxides further contribute to spatially heterogeneous 
transport, as Li+ mobility across basal planes is limited. These effects 
become increasingly pronounced under high-rate conditions, resulting 
in apparent diffusivity variations with C-rate and limiting the full 
generalisability of the optimised model parameters.

For design optimisation, a generalised parameter set was compiled 
based on the values identified for the two different electrode thick-
nesses (SI Table S2). Using a generalised parameter set is necessary 
because it provides a starting point for the optimisation, constrained 
by the boundary conditions defined by 2 and 4mAh cm−2 electrodes. 
The open-circuit voltage, diffusion coefficient, and maximum lithium 
concentration of the 2mAh cm−2 electrode were used. For every other 
parameter, either a mean value or a fitted function was used in the 
generalised parameter values. The fitted functional parameters are 
listed in Table  3. The corresponding results for 2 and 4mAh cm−2 
electrodes are also plotted for comparison against the optimised results.

3.4. Electrode design optimisation

Electrode design must be tailored to the intended application, 
whether prioritising high gravimetric and volumetric energy density 
at low rates or high power delivery at elevated rates. At the pack level, 
optimisation targets focus on maximising usable energy and power 
(Whkg−1, WhL−1, Wkg−1, WL−1). In contrast, at the electrode level - 
particularly in half-cell studies - the focus shifts to transport and kinetic 
limitations within the coating, with parameters such as thickness, 
porosity, and active material loading tuned to balance energy- and 
power-oriented performance. Areal metrics are particularly suitable 
here, as they avoid assumptions about full-cell component masses or 
volumes.

Although particle size was not explicitly investigated in this study, 
it would be expected to have a profound effect on the simulation 
results. With a distribution of particle sizes in the SC-NCM electrode, 
the time to fully (de)lithiate each particle will differ. Smaller particles 
have shorter Li+ diffusion lengths and can therefore fully lithiate more 
quickly, with the high surface area leading to faster apparent kinetics. 
However, the large surface area also increases interfacial reactivity, 
which can exacerbate first-cycle irreversible capacity loss through side 
reactions at the electrolyte–electrode interface. In contrast, larger par-
ticles have longer diffusion paths, leading to steeper concentration 
gradients, increased overpotential, and longer complete (de)lithiation 
under high-rate conditions, due to a lower surface area to particle 
volume ratio. Additionally, the preferred crystallographic orientation 
along the (003) axis imposes anisotropic Li+ mobility, as diffusion 
across the basal planes is comparatively sluggish. These combined 
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Fig. 6. Rate capability of the NCM920305||Li half-cells, showing variable rate CC discharge (lithiation), measured at 25 °C for the 2mAh cm−2 (a) and 
4mAh cm−2 electrode (b).
Table 2
Summary of parameters determined, and derived, from electrochemical characterisation of the two NCM920305 electrodes.
 Parameter (Symbol) Unit Value for NCM920305 electrodes Source/Definition  
 2mAh cm−2 4mAh cm−2  
 Open-circuit voltage (OCV) V Function, Fig.  2a Function, Fig.  2b Pseudo-OCV after formation 
 Maximum lithium conc. (𝑐maxs ) molm−3 49225 49225 Eq. (1)  
 55370 48980 Fit to C/10 discharge  
 Electronic conductivity Sm−1 0.416 0.427 4-point probe  
 Charge transfer resistivity (𝑅ct𝑆) Wm2 Function, Fig.  3a Function, Fig.  3a Normalised ECM fit to PEIS 
 0.0194 0.0564 Value at 50% SOC, 25 °C  
 Double-layer specific capacitance Fm−2 6.86×10−3 3.74×10−3 Normalised ECM fit to PEIS 
 Series resistance W 2.5 3.4 PEIS x-axis intercept  
 High-frequency resistance W 4.20 5.30 ECM fit to PEIS  
 Lumped resistance W 6.70 8.70 Sum of PEIS resistances  
 22.4 23.4 Fit to 1C discharge  
 Solid-phase diffusivity (𝐷+

Li) m2 s−1 Function, Fig.  5a Function, Fig.  5b GITT  
 1.81×10−16 5.52×10−16 Value at 50% SOC, 25 °C  
 Diffusivity scaling factor – 8.58 2.46 Fit to 1C discharge  
 Ionic resistance (𝑅ion) W 17.25 37.98 PEIS on symmetric cells  
 Electrolyte conductivity (𝜅) Sm−1 0.29 Interpolated from [34]  
 Initial electrolyte conc. (𝑐e,0) molm−3 1000 Supplier datasheet  
 Reference temperature (𝑇ref) K 298.15 Unless otherwise stated  
 Lithium metal reaction rate (𝑚ref) Am−2 (molm−3) 3.5 × 10−8𝐹 [38]  
 Pure metal lithium conc. (𝑐Li) molm−3 1∕(1.3 × 10−5) [38]  
 Ref. exch. current density (𝑗0) Am−2 Function, Fig.  3e Function, Fig.  3e Eq. (4), at 25 °C  
 1.328 0.456 Value at 50% SOC, 25 °C  
 Reaction rate constant (𝑘ref) Am−2 (m3mol−1)1.5 1.037×10−6 0.436×10−6 Fit to Eqs. (8)–(9)  
 Activation energy (𝐸ct) Jmol−1 56410 46040 Fit to Eqs. (8)–(9)  
 Tortuosity factor (𝜏) – 3.43 3.88 Eq. (5)  
 Bruggeman exponent – 1.90 2.12 1 − log(𝜏)∕ log(𝜀) [33,34]  
effects influence both the apparent diffusivity and reaction uniformity 
within the electrode. Currently, the model lacks a mechanistic link 
between increased surface area and first-cycle loss, which means that 
the negative impact of particle size reduction on practical capacity 
is not captured. Future model extensions incorporating particle size 
distributions and anisotropic solid-state diffusion would provide a more 
physically representative description of transport and rate limitations.

In this work, electrode-specific properties are investigated in PyBOP
using areal 1C-discharge capacity (mAh cm−2) and areal fixed-rate 
discharge energy (mWhcm−2) as primary optimisation targets. These 
targets directly capture the balance between electrode architecture 
parameters that govern performance in high-energy and high-power ap-
plications. For these 1C-discharge targets, the C-rate must be estimated 
as part of the optimisation.

To illustrate the sensitivity of specific capacity (mAhg−1) to elec-
trode design, an additional optimisation was performed using an esti-
mated negative-electrode mass, with results shown in SI Figure S15. 
This example highlights the trade-off between increasing electrode 
thickness—which raises areal capacity—and the corresponding de-
crease in specific capacity once counter-electrode mass is considered.
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The aim of the optimisation is to quantify how controllable material 
parameters influence cell performance. In PyBOP  the active material 
volume fraction and electrode thickness are varied to assess their 
combined effect on capacity and rate capability. Increasing either pa-
rameter raises the theoretical capacity but also reduces porosity, which 
exacerbates electrolyte transport limitations and accelerates the onset 
of power-limited behaviour at higher rates. These competing effects are 
quantified using the validated parameter sets from this work, as shown 
in Fig.  8.

3.4.1. Areal discharge capacity
The first target selected for design optimisation is the areal 1C-

discharge capacity (mAh cm−2), defined as 

𝑄ar. =
1

3.6𝐴 ∫

𝑡=𝑡f

𝑡=0
𝐼(𝑡) d𝑡, (13)

where 𝐴 is the cell area (cm2); 𝐼(𝑡) is the current (A) required to 
discharge the half-cell from 4.2 to 2.5V followed by a 30-minute rest; 
and 𝑡  is the time taken (s). The areal 1C-discharge capacity is an 
f
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Fig. 7. Validation of model predictions (dashed lines) against experimental CC discharge-rest data (solid lines) for the 2mAh cm−2 electrode (a, c) and 
4mAh cm−2 (b, d) using the DFN parameter values from Tables  1 and 2. Only the apparent diffusion coefficient is required to vary with C-rate to reproduce the 
rate-performance (SI Figure S14).
appropriate target for high-energy applications, as it favours thicker 
cells with a higher accessible capacity.

3.4.2. Areal discharge energy
The second target for design optimisation is the areal fixed-rate 

discharge energy (mWhcm−2), defined as 

𝐸ar. =
1

3.6𝐴 ∫

𝑡=𝑡f

𝑡=0
𝐼(𝑡)𝑉 (𝑡) d𝑡, (14)

where 𝐴 is the cell area (cm2); 𝐼(𝑡) is the current (A) corresponding to 
a 5mA discharge for 30 min or until 2.5V, followed by a 30 min rest; 
𝑉 (𝑡) is the output voltage (V); and 𝑡f is the time taken (s). As expected, 
the areal fixed-rate energy also favours thicker cells. In this case, the 
cost function is 
𝐿
(

𝜀ac, 𝑑
)

= 𝐸ar.. (15)

3.4.3. Nominal capacity
The nominal capacity (which defines the C-rate) for different bat-

tery designs cannot be defined a priori, as the value specified in the 
validated PyBaMM files was measured at a C/20 rate rather than at 
1C. To account for this, the nominal capacity (𝑄nom.) is included as 
an additional optimisation parameter along with a penalty term in the 
cost function equal to the number of seconds a simulation is short of 
the target length of the experiment, which is 1.5 h. The cost function 
(𝐿) to maximise is therefore defined as 
𝐿
(

𝜀ac, 𝑄nom., 𝑑
)

= 𝑄ar. + 5400 − 𝑡f. (16)

The optimisation parameters are bounded by minimum and maximum 
values, which are given in Table  3. Also listed are the set of other 
model parameters which are assumed to directly depend on one of the 
optimisation parameters, namely the lumped resistance, reaction rate 
constant, Bruggeman exponent, double-layer capacitance, the diffusiv-
ity factor identified from the 1C rate capability test, and the porosity. 
A full set of model parameters is given together in the SI Table S2.
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3.4.4. Optimisation results
The optimisation results shown in Fig.  8 explore the impact of 

the electrode thickness and active material volume fraction on the 
theoretical rate-performance of SC-NCM electrodes. The cost landscape 
in Fig.  8a illustrates how the areal 1C-discharge capacity varies with the 
two geometric optimisation parameters. A higher electrode thickness 
increases the electrode capacity, however, as expected, there is a trade-
off between the active material volume fraction and the porosity (for 
any given electrode thickness), which can be seen from the drop 
in discharge capacity at very high active material volume fractions 
(low porosity). Through joint numerical optimisation of the three op-
timisation parameters, it is found that a theoretical increase in the 
areal 1C-discharge capacity from 3.31 on the validated 4mAh cm−2 
parameter set to 4.07mAh cm−2 for a 70 μm-thick electrode may be 
achieved.

The optimisation results reveal that, for example, an improved, 
70 μm-thick NCM electrode would have an optimal porosity of just 
16.4%. Such a low value in comparison to the identified porosity values 
suggests that the model of electrolyte transport may be too simplistic 
to fully capture the importance of a high porosity. While electrodes 
with very low porosity, such as 16%, can be fabricated, particularly in 
PVDF binder-containing versions, through ‘over-calendaring’ at higher 
temperatures. Reduction in porosity will increase the gravimetric and 
volumetric energy densities of the cells. However, their practical use 
may be limited due to various challenges. Lithium transport through 
solid-state diffusion in the active material is significantly lower than 
in liquid electrolyte within the pores of the electrode. This means that 
such electrodes may only operate at very low current densities. Addi-
tionally, at 16% porosity, some pores could remain inaccessible to the 
electrolyte due to the percolation theory. Achieving this would require 
the pore size to be very small and uniformly dispersed throughout 
the electrode. However, there may still be substantial lithium mass 
transport limitations to the surface of the active material particles 
throughout the electrode, leading to high overpotentials and possible 
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Fig. 8. Electrode optimisation results from PyBOP: (a) Cost landscape showing areal 1C-discharge capacity as a function of two of the three optimisation 
parameters: active material volume fraction and electrode thickness. The third optimisation parameter is nominal capacity, which controls discharge rate; optimal 
discharge rate is 1C for the corresponding geometric parameters. The cell parameters validated in Fig.  7 are depicted using white pentagons (with predicted 
𝑄ar. of 1.57 and 3.31mAh cm−2 for the 2 and 4mAh cm−2 electrodes, respectively). Optimised active material volume fraction for theoretical 40, 50, 60 and 
70 μm-thick electrodes are indicated by the connected white crosses. (b) Simulations of 1C discharge from 4.2 to 2.5V, followed by 30-minute rest, for three 
different parameter sets: the two validated parameter sets and the 70 μm-thick optimised parameter set in Table  3. (c) Cost landscape showing areal fixed-rate 
discharge energy as a function of active material volume fraction and electrode thickness, with white markers as in (a). (d) Simulations of 5mA discharge for 
30 min or until 2.5V, followed by 30-minute rest, for validated and 70 μm-thick optimised parameter sets.
poor long-term performance. Fig.  8b shows the very similar discharge 
profiles of the validated and the optimised 70 μm-thick electrode de-
signs. The corresponding difference in areal capacity is due to the 
1C-discharge rate rising from 5.69 to 7.00mA.

The cost landscape in Fig.  8c shows the impact of the two geometric 
optimisation parameters on the areal fixed-rate discharge energy. As 
before, mass transport through the electrolyte provides an upper limit 
on the active material volume fraction for a given electrode thick-
ness. Overall, the areal energy shows a much lower sensitivity to the 
electrode thickness, shown by the large area of the parameter space 
that predicts a value of 5.6mWhcm−2 or higher (yellow area). Only 
a slight increase in the areal discharge energy from 5.52mWhcm−2 
for the validated 2mAh cm−2 parameter set to 5.77mWhcm−2 for a 
70 μm-thick electrode is predicted. In this case, the optimised porosity 
is 23.4%. Fig.  8d shows simulated discharge profiles which underpin 
the calculation of the areal fixed-rate discharge energy.

4. Conclusions

In this study, two single-crystal NCM920305 electrodes of vary-
ing thickness and capacity were characterised to evaluate the influ-
ence of electrode architecture on transport and interfacial kinetics. Al-
though both electrodes exhibited similar in-plane conductivity, reflect-
ing their identical formulation and conductive additive content, sub-
stantial differences in transport behaviour were observed. The thicker 
4mAh cm−2 electrode was found to suffer from electrolyte mass trans-
port limitations, attributed to its increased tortuosity (3.88 versus 3.43 
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for the thinner 2mAh cm−2 electrode), hindering lithium-ion diffusion 
through the porous structure. These effects, combined with increased 
charge-transfer resistance and reduced exchange current density, con-
tributed to diminished rate capability and kinetic performance in the 
4mAh cm−2 electrode.

A parameterised half-cell model was developed using PyBaMM and 
validated against experimental rate capability data. Numerical opti-
misation of selected parameters, performed using PyBOP framework, 
further explored the interplay of key electrode design aspects, active 
material volume fraction and electrode thickness, and their impact 
on specific 1C-discharge capacity. The optimisation predicted a po-
tential increase of 23% in the areal 1C-discharge capacity, reach-
ing 4.07mAh cm−2 for a 70 μm-thick electrode with a higher active 
material volume fraction and reduced porosity.

The integration of experimental data with modelling and optimi-
sation tools has demonstrated a viable approach to guiding electrode 
design. The presented methodology provides a foundation for acceler-
ating the design of SC-NCM electrodes and addressing the trade-offs 
between energy and power performance in LIBs. The optimisation 
results underscore the importance of electrode design in achieving 
high-energy-density applications, highlighting that carefully chosen pa-
rameters can minimise resistive losses and maintain favourable kinetic 
profiles in thicker electrode designs. By making the parameter sets and 
simulation files openly available, the authors support transparency and 
accessibility of the results. The methodology developed in this work 
may be extended to a broad range of chemistries, including layered 
oxides with different compositions or emerging battery chemistries, 
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Table 3
Summary of optimisation parameters and functional dependence of other model parameters on optimisation 
parameters. Areal 1C-discharge capacity and areal fixed-rate discharge energy are the design targets.
 Optimisation parameter Unit Range Optimised value  
 Electrode coating thickness (𝑑) m [40, 50, 60, 70] ×10−6 70×10−6  
 Active material volume fraction (𝜀ac) – 0.5 – 0.85 0.758  
 Nominal capacity mAh 2.5 – 7.5 7.00  
 Areal 1C-discharge capacity mAh cm−2 – 4.07  
 Areal fixed-rate discharge energy mWhcm−2 – 5.77  
 Function parameter Function used in the optimisation
 Lumped resistance Ohm 21.5 + 2.60×105𝑑
 Reaction rate constant (𝑘ref) Am−2 (m3mol−1)1.5 3.27×10−11/𝑑
 Bruggeman exponent – 1.72 + 5432𝑑
 Double-layer specific capacitance Fm−2 2.48×10−7/𝑑
 Diffusivity factor at 1C – 1 + (7.42×10−5/𝑑)2
 Electrolyte volume fraction (or porosity, 𝜀) – 1 - 𝜀ac - 0.078
m-
and leveraged to investigate advanced electrode designs. This approach 
offers a powerful tool for accelerating electrode optimisation and bridg-
ing the gap between materials discovery and cell-level performance 
engineering.
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