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Abstract

Lithium-ion batteries are the dominating electrochemical energy storage technol-

ogy for battery electric vehicles. However, additional optimization is needed to meet

the requirements of the automotive industry regarding energy density, cost, safety and

fast charging performance. In conventional electrode designs there is a trade-off be-

tween energy density and rate capability. Recently, 3D structuring techniques, such as

laser perforation, were proposed to optimize both properties at the same time and re-

markable improvements in fast-charging performance have been demonstrated. In this
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work we investigate the effect of structuring techniques on the thermal properties and

electrochemical performance of the battery using microstructure resolved simulations.

Particular attention will be paid to the heat evolution and lithium plating during fast-

charging of the batteries. According to our results, 3D structuring is able to reduce

the overall cell resistance by improving the electrolyte transport. This has a positive

impact on the fast charging capability of the cell and, moreover, reduces the danger of

lithium plating.
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1 Introduction

Global warming, increase of the greenhouse gas emissions, and scarcity of conventional energy

sources are some of the most fundamental challenges for present and future generations.1

Furthermore, the increasingly poor air quality registered in the big cities around the world

has led several countries, such as Norway, Sweden, the Netherlands, India and China, to set

ambitious targets to increase the share of emission-free cars. Moreover, sale of vehicles with

conventional combustion engines is planned to be very much restricted or forbidden in the

next 10-20 years.2 As a consequence, the increasing share of electric vehicles (EVs) in the

transport sector has received considerable attention, leading to an exponential growth of the

total EV production in the last few years.3

The high energy and power density combined with a long life-time has made lithium-ion bat-

teries the dominating electrochemical energy storage technology in the past decade. More-

over, the lithium-ion battery (LIB) has been the most successful battery for EVs so far and

also seems to be one of the most promising technologies for the near future. However, the
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number of EVs is still not comparable to the huge number of sold cars with conventional

combustion technology. In fact, many properties of LIBs need to be improved. Main issues

are limitations of energy density, cost, safety and fast charging performance. Especially,

improvements in the latter are considered to be crucial to improve the acceptance of EVs in

the market.4–8 The fast-charging of LIBs to a state-of-charge close to 80% in less than 15

minutes is generally regarded as a minimum target in the automotive sector.

The goal of performance improvement and cost reduction of LIBs has led to different and

novel battery concepts. For instance, a higher energy density can be achieved by increas-

ing the areal capacity through larger electrode thickness or higher electrode density. With

this approach the share of passive materials (current collectors, separators, etc.) can be de-

creased, thus improving the energy density and reducing material cost.9 Furthermore, fewer

cutting and stacking steps for the electrode sheets are needed, which potentially enables a

reduction of costs in the battery production process.10

However, increasing the active material loading can cause transport limitations which also

reduce the practical capacity and fast-charging capability of the cell.11–14 In fact, thicker

electrodes lead to longer transport pathways for lithium ions and, thus, to a drastic increase

of the internal resistance.15 Moreover, concentration gradients across the two electrodes lead

to a low utilization of the active material.8 This highlights the dilemma in electrode devel-

opment where all aspects need to be addressed at once.

One route towards batteries with higher energy density and at the same time sufficient

fast-charging capabilities is a 3D structuring of the electrodes. Previous studies8,16–22 have

highlighted that electrode structuring is indeed an efficient strategy to reduce mass transport

limitations. Chen et al.8 and more recently Kriegler et al.,16 demonstrated that batteries

with electrode microstructures modified by laser treatment allow charging rates as high as

6C which is even beyond the current targets of the battery program of the US Department

of Energy.23 Furthermore, similar studies using laser perforation and mechanical structuring

techniques are presented in the literature24,25 and some authors even investigate the appli-
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cation of such techniques in industrial LIB manufacturing processes.10,26 The experimental

work on laser structuring of electrodes is also supported by simulation studies using con-

tinuum models to reproduce the experimental setup8,17,24 and identify optimal parameters

and configurations.27,28 These studies demonstrate that perforation creates a hierarchical

pore network with macroscopic transport pathways between anode and cathode which re-

duces concentration gradients and improves the performance of the cell. Mai et al.28 use

a 2D model in order to optimize different structuring parameters and demonstrate that

structuring of anode and cathode provides the best performance assuming ideally aligned

trenches. However, the 2D setup is not suitable for hole geometries which generally reduce

the removal of active material. Moreover, in all previous simulation work8,17,24,27,28 homog-

enized models are used which do not resolve the actual electrode microstructure. Therefore,

these models neglect important microstructural features like the shape and size distribution

of active material particles or anisotropic transport in the electrolyte due to the electrode

microstructure. All of these aspects potentially have a strong effect on the occurrence of

lithium plating during fast-charging. Finally, heat generation and removal is an important

issue during fast-charging and has to our knowledge not been addressed in simulation studies

of laser-structured electrodes.

In this paper we present microstructure resolved electrochemical-thermal simulations of bat-

tery cells consisting of NMC111 cathodes and graphite anodes. Virtual but realistic electrode

microstructures are generated by stochastic 3D microstructure models, which are calibrated

by tomographic image data obtained by synchrotron tomography. Spatially resolved electro-

chemical simulations therefore intrinsically take into account the structural aspects related to

particle morphology or anisotropic transport. The electrochemical simulations are performed

with the ’Battery and Electrochemistry Simulation Tool’29 (BEST) which is based on several

models previously developed by our group.30–32 An overview of the simulation methodology

is presented in Section 2. In particular, we investigate the effect of laser perforation on the

electrochemical and thermal properties of electrodes and cells. Results of our simulations
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are presented in Section 3. First, we set a focus on performance aspects, demonstrating

superior fast-charging properties of perforated electrodes. Moreover, the simulations allow

to assess the risk of lithium plating during high charging currents. We investigate the risk

of lithium plating both for ideally isothermal conditions as well as in thermal simulations

taking into account heat generation. Finally, we investigate the effect of processing related

parameters, such as hole shape and relative hole position, on cell performance. Our study

provides detailed insights of the transport processes in hierarchically structured electrodes

and cells which sets the ground for future optimization of structuring concepts for high

energy electrodes in lithium-ion batteries.

2 Simulation methodology

In this section we provide details on our simulation approach. First, the governing equations

of our 3D model will be described (Section 2.1). Moreover, we give additional information

on parameters (Section 2.2), electrode microstructures (Section 2.3), and simulation setup

(Section 2.4).

2.1 Model description

In our simulations we use the Battery and Electrochemistry Simulation Tool BEST which is

developed in collaboration between the DLR Institute of Engineering Thermodynamics and

the Fraunhofer Institute for Industrial Mathematics (ITWM).29 The models are based on

the general principles of non-equilibrium thermodynamics and a detailed derivation can be

found in our previous publications.30–32 Table 1 summarizes the complete set of equations

for the simulation of mass, charge and heat transport within NMC111-graphite cells investi-

gated in this work. In the remainder of this paragraph we provide a brief description of the

model equations.

Eq. 1 describes the temporal evolution of lithium ion concentration in the electrolyte. The
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corresponding fluxes of lithium ions are mainly given by three contributions. I) A diffusive

flux due to Li-ion concentration gradients, II) migration due to the electric field or gradient

in potential, respectively, and III) a flux due to temperature gradients in the electrolyte

phase. Similarly, Eq. 4 tracks the lithium concentration in the active material phase due to

concentration and temperature gradients.

Eq. 2 describes the charge conservation equation in the electrolyte phase. It can be derived

in the same manner as Eq. 1 under the assumptions of charge neutrality and a fully dissoci-

ated binary salt. Eq. 5 is the charge conservation equation in the solid phase which basically

reduces to Ohms law for the calculation of the solid potential distribution.

In the equations described above temperature gradients affect the transport in the different

materials. Eq. 3 is the energy balance in the electrolyte which is used to calculate the

temperature distribution. The temperature in the electrolyte can change due to thermal

conduction and two different heat sources. Namely, Joule’s heat and the heat of mixing.

Similarly, Eq. 6 is used to calculate the temperature distribution in solid materials.

Eqs. 7-10 are the interface conditions and are required to couple the transport in electrolyte

and active particles. Eq. 7 describes the intercalation and deintercalation reactions between

active material and electrolyte as derived in Latz et al.31 Eq. 8 is derived starting from the

energy balance by integration over an infinitesimal small volume element. The terms on the

right-hand side of Eq. 8 are given by an irreversible heat production due to Joule heating

and the heat of mixing.

Note that in the original derivation of our model,30,32 additional terms describing the Thom-

son and Soret effect are also included in the final energy balance. The effect of the different

contributions is analyzed in Ref.32 However, to the best of our knowledge Seebeck (βe, βs) and

Soret-Dufour coefficients (kT) of battery materials are not reported and are often neglected

in the literature.32,33 Therefore, we also do not consider these effects in the simulations

presented in this paper.
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Table 1: Governing equations for thermal simulations of NMC111-graphite cells.

Electrolyte

Material balance

∂ce
∂t

= ∇ · (De∇ce) –∇ ·
(

t+
z+F

~j

)
(1)

Charge balance

0 = ∇ · (κ∇ϕe) –∇ ·
(
κ
1 – t+
z+F

∂μ

∂c
∇ce

)
–∇ ·

(
κ

z+F

(
∂μ

∂T

)
∇T
)

(2)

Energy balance

cp,e ρ
∂Te

∂t
= ∇ · (λe∇T) +

~j
2

κ
+

(
∂μ

∂c

) ( ~N+ –
t+
Fz+

~j
)2

De
(3)

Active material

Material balance

∂cs
∂t

= ∇ · (Ds∇cs) (4)

Charge balance
0 = ∇ · (σ∇Φs) (5)

Energy balance

cp,s ρ
∂Ts

∂t
= ∇ · (λs∇T) +

~j
2

κ
– z+F

∂U0

∂c

~N+
2

Ds
(6)

Interface conditions

Butler-Volmer

ise = i′00 · c
αa
el · c

αa
s

(
exp

[
αaF

RT
ηs

]
– exp

[
–αcF

RT
ηs

])
(7)

Energy balance

–λs~n · ~∇Ts + λe~n · ~∇Te = –iseηs – Tise

∂
(
U0 +

μe
z+F

)
∂T

 (8)

Ionic flux
~js · ~n = ise and ~je · ~n = ise (9)

Electric current

~N+,s · ~n =
ise
z+F

and ~N+,e · ~n =
ise
z+F

(10)

2.2 Model parametrization

For the model described above, material, transport, and kinetic parameters need to be

defined. With our simulations we aim at a qualitative understanding of the effect of perfo-

ration on performance and degradation. Therefore, we compile sets of parameters for the
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materials of interest provided in the literature. A description of the different parameters

as function of concentration and temperature is provided in the supporting information in

Section S-2. Additionally, we report all parameters at room temperature (298K) and for

a fully discharged cell (ce = 1100 · 10–6mol/cm3, cgraphite = 716.13 · 10–6mol/cm3 and

cNMC111
= 27118.74 · 10–6mol/cm3) in Table 2.

Table 2: Transport, kinetic and thermodynamic parameters at room temperature and at the
beginning of the charging simulations.

Parameter Description Electrolyte NMC111 Graphite Ref.
D Diffusion coefficient [cm2 s–1] 2.3755e-6 7.6581e-11 3.4558e-10 34–36

κ Ionic conductivity [mS cm–1] 7.8 - - 34

σ Electronic conductivity [S cm–1] - 100e-2 100e-2 -
t+ Transference number [-] 0.1929 - - 34

f Activity coefficient [-] 1.505 - - 34

U0 Open circuit potential [V] - 3.5 0.5 -
Cdl Double layer capacitance [F cm–2] - 80.23e-4 0.92e-4 35

i′00 BV prefactor [A cmmol–1] - 0.049 0.0254 33,37

cp Specific heat [J kg–1K–1] 1647.7 803.588 759 38,39

λ Thermal conductivity [W cm–1K–1] 0.0017 0.0175 0.1091 38,39

ρ Density [kg cm–3] 1249e-6 4476e-6 2310e-6 39

Electrolyte Transport parameters for an electrolyte consisting of LiPF6 in EC:DEC (1:1,

by weight) were measured by Lundgren et al.34 with salt concentrations between 0.5 and

1.5M and at temperatures between 10 and 40 °C. In our simulations we observe concentra-

tions exceeding this range and, therefore, extrapolate the data to higher concentrations. The

resulting set of parameters and corresponding correlations can be found in the supporting

information in Section S-2.

Separator In our simulations we model a separator with a thickness of 25 µm and an

effective conductivity of 18.4% of the bulk electrolyte conductivity which is representative

for the family of Celgard separators.40 Additionally, for the thermal model we also need the

heat capacity (1.75 kJ kg–1 K–1)38 and thermal conductivity (0.002W cm–1K–1) of typical
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separator materials. Finally, the density was set to 989.6 kg m–3, according to Werner et

al.39

NMC111 Positive electrodes consist of NMC111 particles and a collection of relevant elec-

trode properties is provided in Table 2. Among the different parameters the electronic

conductivity σ and the double layer capacitance Cdl are constant in the simulations due to a

lack of temperature dependent data in the literature. Moreover, we neglect the temperature

dependence of the OCV which is generally minor and only observable at low SoC.41,42 The

OCV is parametrized based on our previous research.14 The corresponding correlation is

given in the supporting information.

Graphite The negative electrode consists of layered graphite particles and all relevant

parameters related to the material are included in Table 2. Correlations describing the

temperature dependence of the electronic conductivity σ and the OCV are not reported in

the literature. Moreover, we assume a constant capacitance Cdl. The OCV of graphite is

given in the supporting information.

2.3 Electrode microstructures

Electrode microstructures used in this paper are created by stochastic 3D microstructure

models. In particular, the cathode has been generated by the stochastic modelling framework

presented in Ref.43 , where the target volume fraction of active material equals 50%. The

number-based radius distribution is given by a Gamma distribution with shape parameter

3.94 and rate parameter 2.17µm–1, leading to a volume-based d50-diameter of 5.9 µm. After

discretizing the non-spherical particles, which are modelled by Gaussian random fields on the

sphere44 , a morphological closing is applied, where the structuring element is given by a ball

with a radius of two voxel sizes. The anode is modelled by an excursion set of a Gaussian

random field.45,46 This modelling approach has been already used to simulate the anode

morphology in Ref.47 , where the volume fraction of active material is now given by 60%.
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In both cases, the voxel size equals 0.876µm. The microstructures consist of active material

and a homogeneous carbon black and binder domain (CBD). The CBD has a significant

effect on transport processes within the electrode.48 We assume that the CBD is located

closely to contact points of the active material particles which we identified as most probable

configuration in our previous work.48 The effective ionic conductivity in the CBD is assumed

to be 10% of the bulk electrolyte conductivity.47,49 We observe a percolating network of CBD

for transport of electrons and therefore assume constant electronic conductivity in the solid

phase given in Table 2.

The trend in lithium ion battery development is going towards higher areal loadings to

improve energy density.9 Therefore, we chose areal capacities of 4.25 and 3.5mAh cm–2 for

anode and cathode sheets, respectively. The density of our electrodes is 1.48g · cm–3 for the

anode and 2.42g · cm–3 for the cathode, resulting in 88µm and 100 µm electrode thickness,

respectively.

Recall that the scope of this study is the investigation of the effect of laser perforation

on cell performance, especially for fast charging scenarios. Therefore, we virtually perforate

electrode sheets by removing active material and binder within an ideal cylinder with defined

hole diameter. We choose a square grid with a hole distance of 200µm and cylindrical holes

with a diameter of 40 µm. The properties are in line with values reported in literature.8,16

These parameters result in a capacity loss of ≈ 0.13mAh cm–2 (3.1%).

In experiments typically conical holes are observed.8,16 Therefore, we additionally investigate

the effect of the hole geometry removing active material and binder in conically shaped holes

with different angles. The volume of the holes is the same resulting in electrodes with the

same nominal capacity.

2.4 Simulation setup

In this study we perform impedance spectroscopy simulations on symmetric cells as well as

galvanostatic charge and discharge simulations on half- and full cells. In all cases we simulate
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Figure 1: a) Simulation domain of a perforated full cell with graphite anode (red color) and
NMC111 cathode (blue color). CBD is shown in both electrodes in green and the separator
is shown in dark grey color. The electrolyte inside the perforation hole is transparent. b)
View on the perforated graphite electrode in through direction (x ).

both perforated and unperforated electrodes in order to evaluate the effect of the peroration

on cell properties. Depending on the setup different simulation domains are considered.

Fig. 1 shows the final simulation domain of a NMC111-graphite full cell with perforated

electrodes. In our simulations we make use of the symmetry of the perforation pattern

in order to save computational resources. At the boundary of the computational domain

we apply no-flux conditions for heat, mass, and charge in y- and z -directions. Similar

simulation domains were also chosen by Chen8 and Habedank et al.24 in their simulations

with homogenized models. The dimensions of the simulation domain considered in the

present paper are 210 x 100 x 100µm using cubic voxels with a voxel size of around 0.876 µm.

The galvanostatic charge and discharge simulations are performed at different C-rates in

order to evaluate the effect of perforation on cell performance. Note that for perforated cells

we use the same current density as in the reference case to provide a consistent comparison

of the concepts. Moreover, we focus on ideally aligned hole configurations but provide an

estimate on the effect of misalignment in Section 3.4.

In the symmetric cell setup two identical anode and cathode microstructures are facing each

other. This setup has been extensively used in the literature to determine the tortuosity of

electrodes.40,47,50 In our simulations we evaluate the influence of the perforation on effective
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electrode transport parameters. A description of the simulation procedure for impedance

simulations is provided in Ref.48

3 Results and discussion

In this section we present the results of our electrochemical simulations using different cell

setups. First, we use impedance simulations on symmetric cells to determine the pore trans-

port resistance of each electrode in the unperforated reference state as well as the perforated

state. Then, full cell impedance simulations are analyzed to determine the effect of perfo-

ration on the overall cell resistance. In a next step we present results of isothermal as as

well as thermal galvanostatic cycling simulations in full cell configuration. During charge,

particular attention will be paid to the analysis of electrolyte and active material concen-

tration distributions and to the risk of lithium plating. Finally, we investigate the influence

of deviations from our idealized cell setup using electrodes with perfectly aligned cylindrical

holes. These studies provide insights on different aspects related to the realization of the

perforation concept in a production process.

3.1 Impedance simulations

3.1.1 Symmetric cell

In our electrochemical impedance simulations of symmetric cells (EIS-SC) we determine the

ionic pore transport resistance of the virtual electrodes prepared in this work. For homo-

geneous samples the pore transport resistance which is given by the effective electrolyte

conductivity can also be determined by simpler transport simulations.48 However, for the

inhomogeneous perforated electrode structures investigated in this work this approach is not

applicable. Therefore, the impedance simulations provide a better description of the relevant

transport processes occurring in the battery during operation.

Fig. 2 a) shows the impedance spectra of symmetric NMC111 cells for both the reference
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a) b)

Rion/3 = 12.3 Ωcm²

f =  140mHz

Rion/3 = 15.8 Ωcm²

f =  255mHz 

Rion/3 = 12.7 Ωcm²

f =  96mHz

Rion/3 = 10.3 Ωcm²

f =  125mHz 

Figure 2: a) Impedance spectra of symmetric NMC111 cells (99% SoC) made of per-
forated (dashed line) and unperforated electrodes (solid line) under blocking conditions.
b) Impedance spectra of reference (solid line) and perforated (dashed line) graphite elec-
trodes enforcing blocking conditions. The contribution of the electrolyte accounts for
Relyte=1.8 Ω cm2 in both cases. A dashed red line with an angle of 45° to the real axis
is included as guide for the eye.

(solid line) and perforated electrodes (dashed line). In order to suppress contributions of

Faradaic processes in our simulations we set the initial lithium concentrations in the active

material close to the fully lithiated state (SoC of 0.99). Under these conditions the slope

of the OCV is large (ca. -135.03 V/SoC) and small perturbations in potential result in

negligible Faradaic currents. These conditions are often referred to as blocking conditions,

i.e. allowing no charge transfer across the solid/electrolyte interface. In experiments this

situation is often ensured by using non-intercalating salts.40 The Nyquist plot of a symmet-

ric cell under ideally blocking conditions is supposed to show a straight 45° increase of the

imaginary part at high frequencies followed by a vertical line at low frequencies due to the

blocking conditions.51 The intersection of the linear increase with the vertical line can be

used to determine the pore transport resistance of the electrodes.51

The impedance spectra of the symmetric NMC111 cells presented in Fig. 2 a) show close to

ideal behavior. At high frequencies the simulations perfectly match the 45° increase indi-

cated by the red dotted line. In our simulations the perforation decreases the overall pore
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transport resistance which can be seen by a shift of the intersection between the first part

(45° line) and the second part (vertical line) to the left. This demonstrates that the hierar-

chical pore space introduced by the perforation indeed improves transport of lithium ions in

the electrolyte by around 19%.

In our simulations we use a consistent set of parameters for the simulation of both the

NMC111 and graphite electrodes to ensure the same blocking conditions during the impedance

simulations in the symmetric setup. Impedance spectra of symmetric graphite cells are shown

in Fig. 2 b). The graphite electrodes show a slight deviation from the expected behavior of

ideally blocking electrodes (dashed red line) at high frequencies. We assign this deviation

from ideal behavior to a microstructural effect probably caused by the particle shape and

size distribution of graphite. Similar impedance spectra are also reported in15 . Overall,

the pore transport resistance of the graphite electrodes is slightly larger compared to the

NMC111 electrodes. In this case perforation is able to reduce the pore transport resistance

by around 22%.

3.1.2 Full-cell

In the previous section we demonstrated that laser perforation of the electrodes is able to re-

duce the pore transport resistance. However, on the other hand, by removing active material

we also reduce the specific active surface area which increases the charge transfer resistance.

Both effects contribute adversely to the overall impedance of the full cell setup.

Fig. 3 a) shows impedance spectra of NMC111-graphite full cells for varying SoC. The ref-

erence configuration and perforated electrodes are represented by solid and dashed lines,

respectively. Despite the loss in active surface area, it is evident that perforation is able to

reduce the overall impedance of the cell. Thus, the increase in charge transfer resistance is

smaller compared to the reduced pore transport resistance. This is also illustrated in Fig.

3 b). The green curve represents an ideal case where the cell resistance of the unperforated

NMC111-graphite reference cell at a frequency of 1mHz is corrected by the reduction in trans-
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a) b)

Reduction of

active surface area

Figure 3: a) Impedance spectra of NMC111-graphite full cell, for different SoCs in the fre-
quency range from 100 kHz-1mHz. b) Relative resistance of the perforated cell compared to
the unperforated reference. Green line: Estimated improvements in cell resistance based on
the pore transport resistance Rion of the symmetric cells. Yellow line: Relative cell resistance
derived from the simulation of the NMC111-graphite full cells.

port resistance Rion determined by the simulations of symmetric graphite and NMC111 cells.

These two contributions add up to an overall reduction in resistance of around 8.85Ωcm2.

Combining the data provides the optimum you can expect neglecting the negative effects

of the perforation. The yellow curve instead represents the simulated relative decrease in

cell resistance of the perforated NMC111-graphite cell. Our simulations demonstrate that in

the full cell the decrease in resistance is smaller compared to the ideal case. The difference

between the green and yellow curve can be assigned to the decrease in reaction kinetics due

to the loss in active surface area.

We emphasize that perforation reduces the overall cell impedance. Therefore, we expect im-

proved cell performance at high currents during galvanostatic operation which is investigated

in the following paragraph.

3.2 Galvanostatic operation

In this section we present the simulation results of galvanostatic charge and discharge pro-

cesses at different currents. The simulations are used to validate performance improvements
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of the perforated electrodes indicated by our impedance simulations. First, we focus on

idealized isothermal conditions before we also investigate the effect of perforation on heat

sources within the cell. The latter is an important aspect for the development of battery

packs.

3.2.1 Isothermal conditions
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Figure 4: a) Charge and b) discharge curves of NMC111-graphite cells for varying C-rates
using conventional (solid line) and perforated (dashed line) electrodes at room temperature
(298 K).

Fig. 4 shows a) charge and b) discharge curves of NMC111-graphite full cells at room

temperature. At low charging and discharging rates our simulations confirm that perforation

reduces the practical capacity of the cell compared to the unperforated reference configura-

tion due to the removal of active material. The loss in active material associated with the

perforation process in this work is 3.1% which is only marginally higher compared to the loss

in capacity at C/10 rate which is around 3% for both charge and discharge simulations. At

higher currents the perforated configuration outperforms the reference configuration which

is in line with the corresponding reports in the literature.8,24,52 In our case the beneficial

effects due to improved electrolyte transport in the macroscopic transport channels become

important at currents as low as 1C. It is interesting to notice that improvements due to

the perforation for the charge and discharge process are not symmetric. In fact the relative
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gain in capacity during a 1C discharge is larger compared to the 1C charging process. This

effect is mainly due to the choice of cut-off potentials. But also the asymmetric concentra-

tion distributions arising from different effective transport and geometric properties of the

electrodes contribute to the behavior. Additional spatial distributions of the concentrations

are presented in the supporting information in Figs. S9-S10. A more detailed analysis of

transport processes in electrodes with high areal loading can also be found in Ref.47

a)

c)

b)

d)
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1
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ce / mol l-1

3.6
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ce / mol l-1
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0

Graphite
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Graphite
NMC

Figure 5: Distribution of local lithium concentrations in the active materials (a,c) and elec-
trolyte (b,d) in reference (top row) and perforated geometries (bottom row) at the end of a
2C constant current charging phase (4.3V cut-off voltage) at 298K.

In our discussion we focus on the concentration distributions at high charging currents.

Fig. 5 shows the concentrations in the active material (left column) and electrolyte (right

column) at end of the 2C charging process. The top row (Figs. 5 a, b) and bottom row (Fig.

5 c, d) represent the reference and perforated setup, respectively. Looking at the concentra-

tion distribution in the electrolyte in Figs. 5 b) and d), it is evident how perforation affects

electrolyte transport in the cell. In the graphite electrode, we generally see a depletion of the

salt in the electrolyte for both the reference and perforated case. Only in the center of the

channel slightly higher salt concentrations are predicted for the perforated electrode. In the

cathode the effect of the perforation is more pronounced. In the vicinity of the hole the salt
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concentration is lower compared to the reference case. This highlights the beneficial effect

due to the macroscopic channels created by laser perforation.

The salt distribution in the electrolyte directly influences the lithium concentration distribu-

tion in the active material. Figs. 5 a) and b) show the normalized lithium concentration in

graphite and NMC particles. In the unperforated NMC electrode the local SoC distribution

is rather homogeneous with slightly higher concentrations close to the current collector. How-

ever, at the negative electrode only the graphite close to the separator interface is lithiated.

This confirms that the performance of the cell is limited by the transport of lithium ions in

the graphite electrode. Perforation of the electrode improves transport in the electrolyte and

additional active material close to the hole surface becomes accessible for intercalation. This

is illustrated by the red regions in the graphite electrode in Fig. 5 c). This improvement

in active material utilization corresponds to an increase in charging capacity of around 25%

during constant current (CC) charging.

Similar qualitative effects of the perforation on fast-charging performance are also observed

             

                

 

   

 

   

 

   

 

   

 
 
  

 
  

 
  

  
  
 
  
  

 
 
  

 
 

         

          

      

      

      

a) b)

Figure 6: a) Simulated capacity of a constant current charging process for different tem-
peratures and charging rates. Solid and dashed lines indicate results of the reference and
perforated setup, respectively. b) Corresponding relative gain in capacity of the perforated
cell setup.

at higher temperatures. The simulated areal capacities at the end of the constant current

charge process are summarized in Fig. 6 a). The blue lines representing the simulations at
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room temperature show a significant drop in capacity at charging currents corresponding to

a 2C rate. At higher temperatures this drop in capacity is less pronounced. This effect is

related to improved ion mobility at higher temperatures which mitigates transport limita-

tions in the electrolyte. This has an immediate effect on the relative gain in charge capacity

which is shown in Fig. 6 b). At higher temperatures (see Fig. S6) the beneficial effect of the

perforation becomes visible only at charging currents above 1C. Here we observe a maximum

gain in our simulations at 298K and 313K reaching up to 25% capacity improvement. At

higher currents mainly the surface of the graphite electrode is active due to almost complete

salt depletion in the electrolyte. Therefore, the beneficial effect of improved transport in the

holes is less pronounced. Interestingly, this maximum is shifted at 323K even beyond the

currents investigated in this work. Still, we do not expect major improvements at higher

currents, neither relative nor absolute, since the CC charging capacity shown in Fig. 6 a)

decreases nearly linearly at high currents and temperatures.

The simulations presented in this paragraph indicate that already a moderate increase in

cell temperature is able to improve fast-charging performance. Therefore, we investigate in

the next section the evolution of temperature and the influence of perforation on the most

significant heat sources in the cell.

3.2.2 Thermal simulations

In this section we investigate the effect of the perforation on the heat generated during

fast charging and the resulting cell temperature. As indicated in the previous paragraph

increasing cell temperatures do also have a noticeable influence on the resulting CC capacity

predicted by our simulations. Fig. 7 shows thermal simulations using different charging rates

with an initial cell temperature of 298K. All other initial conditions are the same like in the

isothermal simulations. As indicated in Fig. 7 a) charging characteristics are similar to the

isothermal case. Still, we see an improvement of fast-charging performance of the perforated

electrodes. Especially for a 2C charging rate, the areal capacity is a factor of two larger
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a) b)

Figure 7: a) Charging curves of NMC111-graphite full- cells with an initial temperature of
298K and b) corresponding evolution of the average cell temperature.

compared to perforated electrodes under isothermal conditions.

A direct comparison between isothermal and thermal charging curves can also be found in

Fig. S5. Fig. 7 b) shows the corresponding evolution of the average cell temperature during

charge. In our simulations we do not see major temperature gradients on the cell level.

Spatial distributions of temperatures and heat sources can also be found in Fig. S11 in the

SI. Since we apply adiabatic boundary conditions in our simulations we see at all currents

an increase in cell temperature which becomes more prominent at higher rates. Also, we

observe that the cell temperature is slightly lower in the case of perforated electrodes. How-

ever, differences are minor and can be mainly attributed to reduced heat generation in the

electrolyte.

Therefore, we conclude that a moderate increase in cell temperature due to internal heat

sources improves fast-charging performance. However, perforation does not provide an ad-

ditional benefit compared to the improvements already seen for isothermal simulations. For

a detailed analysis of the thermal behavior of whole cells and battery packs this analysis is

not comprehensive enough. Still, our simulations indicate that structural modification on

electrode level will not have a significant impact on the overall thermal behavior. Another

interesting aspect closely linked to the cell temperature is the probability of lithium plating
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in the cell. In the next section we will analyze the risk of lithium plating at high charging

currents and provide a qualitative analysis on the influence of electrode perforation on the

probability, and location of plated lithium in the cell.

3.3 Plating

a)

SOC / -
1

0

b)

ce / mol l-1

1.1

0

Reference

(298K, 475s)

Perforated

(298K, 475s)

Reference

(Thermal, 1090s)

Perforated

(Thermal, 1360s)

c)

-0.34

ηPl / V
0

-0.17

Figure 8: Distributions of a) graphite SoC, b) electrolyte concentration and c) plating over-
potential during a 2C charging process. At the top of each column the respective simulation
set up is indicated. The left two columns show isothermal simulations after 475 s when the
unperforated cell exceeds the upper cut-off voltage of 4.3 V (Qref,iso = 0.9 mAh cm–2). The
right two columns show thermal simulations, where the 4.3 V cut-off is reached after 1090 s
and 1360 s for the reference and perforated electrodes, respectively (Qref,th = 2.1 mAh cm–2

and Qperf,th = 2.6 mAh cm–2).

Lithium plating is one of the major degradation mechanisms in lithium ion batteries
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during fast charging. Due to the relatively low lithium mobility in the active material,

especially at low temperatures, the composition at the particle surfaces rapidly reaches one

lithium atom per C6. The OCV of this highly lithiated graphite phase is close to 0V vs

lithium metal. Due to additional kinetic losses the local potential step at the electrode

electrolyte interface becomes negative. In our formulation this potential step corresponds to

the overpotential of the lithium metal plating and stripping reaction53

ηPl = ΦSo – φ
Li+
El +Unuc

0 < 0. (11)

Note that a negative potential step at the interface is a necessary condition but not suffi-

cient to predict lithium plating. Additional nucleation barriers (Unuc
0 ) or kinetic limitations

might prevent the formation of a metallic lithium phase. In the literature additional plating

overpotentials of up to Unuc
0 = 30mV are reported depending on the substrate.54,55 The

corresponding plating current is then given by

iPlating = i00Plating ·
√
cEl

(
exp

(
F

2RT
· ηPlating

)
– exp

(
–

F

2RT
· ηPlating

))
(12)

Once the plating barriers are overcome, however, the exponential dependence of the plating

current on the overpotential causes fast lithium plating. In our study we neglect additional

barriers (Unuc
0 = 0). In addition to a negative overpotential also a non-vanishing concen-

tration of lithium ions is needed close to the surface for the deposition of a metallic lithium

phase. Therefore, the three decisive parameters for the analysis of lithium plating during

fast charging are the lithium concentration in the active material or local SoC, the lithium

ion concentration in the electrolyte, and the overpotential of the plating reaction.

Fig. 8 gives an overview of these three decisive parameters towards the end of a 2C charg-

ing process. The risk for plating is highest at lower temperatures. Therefore, we focus

on isothermal simulations at room temperature comparing the unperforated and perforated
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setup. As discussed in the previous paragraph high charging currents will also increase the

cell temperature. Therefore, we additionally analyze thermal simulations which are shown

in the last two columns of Fig. 8. Note that the first two columns represent snapshots at

475 s, corresponding to the end of the CC charge process of the reference setup at 298K.

The first row in Fig. 8 shows the local SoC in the active material. In the isothermal sim-

ulations of the perforated, as well as the unperforated electrode, we see complete lithiation

close to the separator surface. In the perforated electrode the hole walls are also almost

completely lithiated. In the thermal simulations the increase in temperature improves trans-

port processes in both the electrolyte and active material. Still, at the end of the constant

current charging process (1090 s) the surface of the graphite electrode close to the separator

is completely lithiated and regions close to the current collector are not utilized. In contrast,

the thermal simulations of the perforated electrodes show a much higher utilization of the

region close to the current collector, which is in line with the increase in capacity reported

in the previous paragraph.

The corresponding distributions of lithium ions in the electrolyte are shown in the second

row of Fig. 8. In the unperforated electrodes we observe very low salt concentrations close

to the current collector. Only next to the separator there is still some non-vanishing lithium

concentration. In the perforated electrode, salt concentrations are overall slightly higher.

Major improvements can be observed in the thermal simulations due to the increase in tem-

perature. In this case, even close to the current collector, the concentration of lithium ions

is larger than 0.1 mol/l. Low lithium ion concentrations might initially prevent or reduce

a deposition of metallic lithium. In a latter stage it was shown that such conditions can

promote dendrite growth following the gradient in concentration.56

Finally, overpotential distributions are shown in the last row of Fig. 8. Here, the differ-

ence between the unperforated reference and the perforated electrode is significant. In the

reference case plating overpotentials close to the separator interface exceed 300mV which

is sufficient to overcome thermodynamic and kinetic nucleation barriers.55 In contrast, the
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overpotentials in the perforated electrodes are much lower. Nevertheless, in the isothermal

simulations at 298K we see negative overpotentials which indicate a risk for lithium plating.

The thermal simulations show that even the slight increase in temperature observed in our

simulations is able to reduce the risk of lithium plating (see Fig. 8). Critical conditions can

be avoided in the first phase of the charging process and much smaller negative overpoten-

tials are observed during charge to the upper cut-off limit (ηPl = 170mV). Perforation of the

electrodes has a significant effect on the plating overpotential in the thermal simulations.

Even at the upper cut-off limit plating potentials are negligible and below reported values

of nucleation barriers. Most likely perforation will help to avoid lithium plating under these

conditions.

Overall, our simulations demonstrate that perforation is a very effective strategy to reduce

lithium plating during fast-charging of the battery. This result is in excellent agreement with

the observations of Chen et al. and Kriegler et al.8,16 who reported significant improvements

in cycle life.

3.4 Influence of hole shape and configuration

In previous paragraphs we demonstrated that cells consisting of structured electrodes with

perfectly aligned cylindrical holes show improved performance and a lower tendency for

lithium plating during fast charging. However, during cell manufacturing, especially on

an industrial scale, both the ideal cylindrical hole shape as well as an ideal alignment are

challenging to realize and and thus deviations from the optimal case are expected. Moreover,

in most experimental studies only the graphite anode is perforated to improve fast-charging

performance.8,16 Recent simulation work suggests that structuring of both electrodes,28

provides additional improvements in fast-charging performance. Therefore, we investigate

in this paragraph the influence of hole shape and alignment and additionally benchmark the

performance of symmetrically perforated electrodes to cells with a perforated graphite anode

only.
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a) b) c)

100µm 200µm

relative hole positions

144µm

Figure 9: a) Gain in relative charge capacity for cells with unperforated electrodes (black),
symmetrically perforated electrodes (blue) and perforated anode only (green). b) Gain
in relative charge capacity for different configurations representing misalignment of laser
holes. c) Corresponding schematic image illustrating the relative positions of ideally aligned
(blue) holes and configurations with moderate (red) and maximal (yellow) misalignment.
All simulations are performed under isothermal conditions at 298K.

3.4.1 Influence of symmetrical perforation

Fig. 9 a) shows the relative gain in constant current charge capacity for three different elec-

trode configurations. The unperforated reference cell is shown in black color. The green line

represents the cell with a perforated anode only. The simulations show that perforation of

the anode already improves the capacity during the constant current charging phase by up to

13%. However, perforation of both electrodes always provides superior performance. Maxi-

mum improvements of around around 27% are observed at a 2C charging rate. This is twice

as high compared to the cell with perforation only on the anode side and demonstrates that

improved transport in the cathode additionally enhances cell performance during charging.

Note that in the case with only a perforated anode we adjust the thickness of the unperfo-

rated cathode in order to provide the same nominal capacity compared to a symmetrically

perforated cell.

3.4.2 Influence of misalignment

The misalignment of the laser induced holes is an issue which can be hardly avoided during

stacking of the electrodes. Therefore, we investigate the influence of two representative cases
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of misalignment on cell performance.

Fig. 9 b) shows the relative gain in charging capacity curves for two different configurations

representing two extreme cases of misalignment. Both cases are illustrated in Fig. 9 c).

In the first case (red color) the holes are shifted by 100 µm resulting in a relative position

between two holes on the opposite electrode side. In the second case the hole sits directly

in the center between the four opposite holes (yellow color), which is the maximum distance

of hole centers compared to the ideally aligned case (blue color). The simulations show that

the effect of misalignment on charging performance is moderate. Still, it can reduce the

beneficial effect of the perforation by around 5% at a 2C charging rate. The differences

between the misaligned configurations are minor.

In addition to the negative effect on capacity, misalignment also results in a local imbalance

between anode and cathode which might cause lithium plating during fast charging. In

our simulations we also analyze the risk of lithium plating for the different configurations

considered above. However, local fluctuations in the plating overpotential (Eq. 11) on the

surface to the separator are minor and stay within 7% of the average plating overpotential.

This result indicates that misalignment on this rather small scale does not have a major

impact on degradation phenomena. The corresponding distributions of ηPl at the end of the

charging process are shown in the supporting information.

3.4.3 Influence of hole geometry

Another issue arising during the manufacturing process is the realization of ideal cylindrical

hole shapes. In the following, we consider the influence of tapered holes with different en-

trance angles. In all cases the tapered holes have the same volume resulting in approximately

the same electrode capacity (see inlets i-iv) in Fig. 10. First we investigate the effect of the

entrance angle on the pore transport resistance. For this purpose, we simulate impedance

spectra of symmetrically perforated graphite cells following the setup described in Section

3.1.1. Fig. 10 a) shows a Nyquist plot of simulated impedance spectra. The black line
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represents the unperforated graphite reference and the different colors from blue to orange

represent increasing entrance angles. For small angles (< 20◦) the hole depth is still close

to the electrode thickness and we do not observe a relevant increase in pore transport resis-

tance. However, with increasing angle the resistance rises and at 60◦ the reduction in pore

transport resistance between the structured electrode and the unperforated reference elec-

trode is only 50% compared to the reduction with ideal cylindrical holes. This trend is also

reflected in the fast-charging performance. Fig. 10 b) shows the difference in charge capacity

relative to an electrode with ideal cylindrical holes. Similar to the impedance deviations are

minor for small angles. In fact we observe a slight increase in charge capacity for an angle

of 20◦. However, for angles larger than 20◦ differences become noticeable with a maximum

reduction in capacity of up to 6%. For a 2C charging current the improvement in capacity

of the cylindrical pores compared to the unperforated reference is 13%. Therefore, despite

the reduction of capacity due to deviations from an ideal cylindrical hole shape, perforation

still promises improvements in fast-charging performance.

These studies indicate that the conical shape does not have a significant impact on fast-

charging performance as long as the depth of the holes is still close to the thickness of the

electrodes. From a fabrication point of view this might allow for faster processing without

compromising the benefits of the structuring approach.
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a) b)

i) 0°

ii) 20°

iii) 45° iv) 20°

Figure 10: a) Simulated symmetrical impedance spectra of cone shaped holes with increasing
entrance angle. b) Corresponding difference in relative charge capacity with respect to a
cylindrical hole (0◦). All perforated electrodes have the same capacity and simulations are
performed under isothermal conditions at 298K. i)-iv) Schematic cross sections with graphite
(blue), NMC111 (red) and CBD (green).

4 Summary and Conclusions

A sufficiently good fast-charging performance is a key property of the battery to promote the

breakthrough of battery electric vehicles. However, at the same time improvements in fast-

charging performance should not come at the cost of a reduction of energy density. Several

structuring concepts are suggested in the literature in order to resolve this dilemma. In this

paper we investigate the effect of electrode perforation on the capacity, temperature evolu-

tion, and degradation in lithium ion batteries using microstructure resolved simulations.

Our simulations demonstrate that perforation is able to improve the fast-charging perfor-

mance which is measured as capacity which can be charged into the cell during the CC

charging phase. This is an important criteria since it is indicative for the overall duration

of the charge process. This improvement can be mainly attributed to a reduction in pore

transport resistance which is quantified by simulating impedance spectra in a symmetric cell

setup. Although improvements in the CC capacity reach up to 25% the major advantage

of the perforation is a significant reduction of the risk for lithium plating. Our simulations

suggest that suitable perforation concepts are able to significantly improve the cycle life of
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Li-ion batteries which are charged at high rates. This is in good agreement with results

reported in the literature.

In our studies we set a focus on perfectly aligned cylindrical holes in order to evaluate im-

provements under ideal conditions. In an industrial production process deviations from this

ideal case can be expected. We simulate different scenarios including conical holes and mis-

alignment to estimate the effect on fast-charging performance. Generally, deviations from the

ideal setup cause a decrease in fast-charging performance. Still, in all cases the performance

as well as the tendency towards lithium plating are improved compared to unperforated

electrodes.

In the future we will apply our modeling and simulation tool to investigate optimal hole

configurations and protocols for fast-charging of lithium-ion batteries. We will combine our

studies with our recently developed detailed degradation models.53 Additionally, improve-

ments for models on the material level need to be developed to include e.g. staging or

anisotropic diffusion and interacalation in graphite. These extensions will give us the oppor-

tunity to quantitatively study and mitigate the main aging mechanisms during fast-charging.
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