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Figure 1. Workflow of our modeling approach. 

dispersion of results is observed in experiments, but insufficient 
attention is paid to the origin of this phenomenon. It is often 
assumed to result from the uncertainty in the material 
quantities ( e.g., mass loading, electrolyte amount), handling 
issues or variations from one experiment to another. 

On the modeling side, the common approach to study Li
O2 batteries is to use continuum models and to capture the 
effects of pores interconnectivity via a tortuosity factor. The 
tortuosity is usually described via the Bruggeman relationship, 
which oversimplifies the role of pore sizes and connectivity on 
transport.17-19 Recently, Mehta et al. showed, for the first time,
that the local variation of porosity and carbon surface area 
( CSA) in the cathode can lead to variations in performance as 
well.20 In their model, the positive electrode is discretized into
fine meshes, and each mesh is assigned slightly different 
porosity and CSA values. The porosity and CSA values are 
chosen based on the overall properties and standard deviations 
at the macroscopic level. However, the model uses a mean field 
approach and does not explicitly consider interconnectivity of 
pores, or pore size distribution (PSD ). As such, the importance 
of transport and changes in the mesostructure during the cell 
operation can be overlooked. 

To investigate the effect of pores interconnectivity on the 
electrochemical performances of carbon electrodes, we 
developed a pore network model (PNM), which enables us 
to calculate transport properties and simulate electrochemical 
reactions in three-dimensional (3D) porous structures. A 3D 
structure of Super P-type carbon is obtained from TXM 
(transmission X-ray microscopy) nanocomputed tomography 
with phase contrast imaging using synchrotron X-ray source 
(APS-ANL). The 3D reconstructed structure allows us to 
generate porous structures with realistic porosities and pore 
interconnectivities. Using this model and porous structures, we 
show that, without altering the mesh porosity or the CSA, 
mesoscopic differences in the porous cathodes, namely, the 
pores interconnectivity and the dynamics of pore clogging upon 
cell discharge, can also lead to a dispersion of the electro
chemical performances. 

The calculation of model discharge curves is made here 
following several steps as shown in Figure 1. The initial step is 
experimental and consists in preparing a porous carbon 
electrode made of Super P carbon. Prior to the thresholding 
treatment ( using FIJI and AMIRA) to make the segmentation 
and convert the image stack into a binary file, the tomogram 
(3000 projections) was properly reconstructed using the 
Tomopy Python script.21 

Then, the void (pore) space in the tomography data is 
mapped to spherical and cylindrical pores using the maximal 
ball approach,22 and a 3D pore network is extracted. We then
simulate a Li-O2 battery using the PNM approach on the 
extracted 3D pore network. 

For the pore network extraction, an open source code 
developed by Dong et al. is utilized and adapted to the current 
system.23 To extract the pore network, a pore is assigned to
each void voxel of the tomography data and expanded until a 
carbon site is reached. After that an iterative process is carried 
out to identify the clusters of overlapping pores, which are also 
called pore families, connected by bottlenecks (see Supporting 
Information for details). 

After identifying pore families (two are shown in Figure 2a), 
only two parameters need to be defined: an effective pore 
radius for each pore family and the length of the throats that 
connect these effective pores. To assign these parameters, we 
use a different approach from the one reported by Dong et al.23 

They use a parameter called the pore-throat segmentation 
coefficient (a) to determine the effective pore radius and throat 
length. To calculate the radii of the effective pores, the 
distances between the center of the parent pores and the 
bottleneck pore (1; and �) are calculated (Figure 2b) and the 
radii of the effective pores are given by 
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Figure 2. (a-d) Schematic illustrations of the pore network extraction. (a) Two pore familles connected via a bottleneck. (b) Dong et al. approach 
to define effective pore radii and throat lengths.23 (c) Approach used in this work to assign effective pore radii. (d) Effective pores and throat
obtained after assigning effective pore radiuses and throat lengths either by approaches b or c. ( e) Final pore network obtained using the pore 
network extraction. (f) illustration of the two mechanisms considered for Li2O2 

(in black) growth in our mode!: partide and thin film formation. 
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where I" l
i
, and 11 are radii of the effective pore for pore family i,

j and the length of the throat, (Figure 2d), r1 is the radius of the 
throat; r; is the radius of the parent pore for pore farnily i; l;i is 
the distance between centers of parent pores i and j. This 
method has two caveats; first, it uses a fitting pararneter a and 
second, it can assign more than one effective radius for a pore 
family depending on the number of throats it has. We amended 
this method to assign the effective pore radius (1;) so that the 
volume of the effective pore is equal to the total volume of the 
pore farnily (Figure 2c). A 3D pore network is then obtained 
(Figure 2e). 

The resolution ofX-ray tomography (20 nm voxel size in this 
work) cannot capture nanopores, and the capacity contribution 
from those pores is neglected here. We note that experiments 
on activated carbons, for which the high surface area largely
originates from nanopores, do not report high capacities. 5,24 

This is presumably because these pores are readily blocked. 

However, this issue with acquiring the 3D structure through 
experiments can be bypassed via in-silico structure generation, 
and does not restrict the capability of our model. 

The transport equations for the PNM are adapted from the 
polymer electrolyte membrane fuel cell work of Fazeli et al.25 
The evolution of the concentration in each pore is calculated by 
solving the balance eq 4, written in terms of the fluxes between 
neighboring pores 

neighbours 

dt 
L k;i)cj,x -

c;) + si,x
(4) 

where c;,x is the concentration of mobile species x (Lt or 02) in 
the pore i, and cj

,x is the concentration in the pores connected 
to i. k;j,x is the transfer parameter between pores i and j, and s;,x 
is the sink term for species x, which is calculated by the 
electrochemical reactions taking place in pore i. k

ij
,x is a function 

of the bulk diffusion coefficient of x (D0,x), the distance 
between the centers of pores i and j, and the cross-sectional 
areas of pores i, j and the connecting throat, which are A" � 
and A1 respectively, and can be formulated as 



(a) 

(c) 

4-' ..._,_, 12-i--' 2·5 
400 mA/ 100 mA/ 20 mA/ 

0 20 40 60 80 100 120 140 
Discharge capacity (mAh/g) 

(b) 
'b 2.0 

(d) 

:E. u, 1.5 l!:' 0 a. 0 1.0
ai Ê 0.5 
::; 

z 

-zone1 
--Zone2 
--Zone3 
--Zone4 

25 50 75 100 125 150 Pore radius (nm) 
3.o---===-zo_n_e_1 ___ � 

� 2.9 

& 2.8 
.!!! 

--Zone2 
--Zone3 
--Zone4 •······· Reversed electrodes

� :::+--_-E:-l!e_c_lr-o; .. •j--... il<]rm,,fü'\ 
2.5 ···-� 100 mA/g 

0 20 40 60 80 100 
Discharge capacity (mAh/g) 

Figure 3. ( a) illustration of the 4 zones taken from the tomography data. (b) PSDs corresponding to the four slices. ( c) Calculated discharge curves 
for the four slices at three different applied current densities. ( d) Calculated discharge curves for the flipped electrodes (A: separator side; B: air inlet 
side). 
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�; and t
p
,i are the thickness of the Li2O2 thin film and the radius of the Li2O2 particle formed in the pores considered (Figure 2f). The transport coefficients calculated here neglect the electromigration. This assumption seems reasonable as the discharge capacity is mainly limited by the 02 (neutral-charge) transport. The electrochemical discharge reaction generally does not happen in a single step but can involve several intermediate steps such as the formation of superoxides (LiO2).26'27 In this work, for simplicity reasons, an overall reaction is considered 

(8) 

The associated electrochemical reaction rate is formulated as 

2 (-/JnF(U - U0)) v = kfaLi+aoi 
exp RT 

( (1 - fJ)nF(U - U0)) -k a exp b Li202 RT (9) 
where /y and kb are the forward and backward reaction rate constants; a refers to the activities of Li+, 021 and Li2O2 respectively; /J is the charge transfer coefficient, n is the number of electrons involved in the electrochemical reaction, U is the electrostatic potential of the electrode, and U0 is the standard potential of the reaction; R is the universal gas constant, T is the temperature, and F is Faraday constant. The cell potential U is calculated by equating the sum of al! currents from al! the pores in the network to the input current density or discharge current (I101) 

Ail pores I101 = L SA;Fv i=l (10) 

where SA; is the surface area of pore i, which can be either a spherical or a cylindrical pore with the surface area being considered accordingly. The discharge products can follow two types of pathways: the formation of large particles and the deposition of a thin film. Experimentally, the Li2O2 formation path depends on several jarameters, such as the electrolyte used, 28 the currentdensity and the presence of impurities ( e.g., the H2 0 content in the electrolyte enhancing the LiO2 solubility).30 In our mode!, both the formation of large particles and the deposition of a thin film are con�idered usi�f the escape functio� co.nceptreported in our previous work. The escape funct1on 1s the probability of LiO2 to escape or dissolve in the electrolyte once it is formed close to the carbon surface. The dissolved LiO2 is assumed to follow a solution phase mechanism leading to the 



formation of large Li2O2 particles, whereas the LiO2 molecules 
adsorbed on the carbon surface lead to thin film formation. The 
discharge reaction, including the escape function (x), can be 
represented by eqs lla to lld, and the amounts of Li2O2 

particles and thin films (eq Ile) can be calculated by 
combining these equations: 

Li02 ➔ XLi02,dis + (1 - x)Li02,ads 

(lla) 

(llb) 

(llc) 

(1 - x)Li02,ads + (1 - x)Li+ + (1 - x)e- ➔ (1 - x)Li202,film 
(lld) 

.+ _ 2-2x . X . 
2L1 + 02 + 2e ➔ ---L1202fi1m + --L1202 particle 

2-x 
, 

2-x
, 

(lle) 

The escape function values used in this work are given in the 
Supporting Information. 

To investigate the effect of mesostructural differences on the 
dispersion in electrochemical results and analyze it further, we 
select four random zones from a single tomography image 
acquired for a Super P carbon electrode (Figure 3a) and apply 
our model to these distinct regions. The active surface areas 
and porosity values are very close to each other (Table 1). 
There is only a difference of about 7% for the porosity and 8% 
for the CSA The PSDs are also superimposed (Figure 3b ). 

Table 1. Porosities and Speci Surface Areas for the Four 
Zones 

zone number porosity surface area 

0.356 7.97 X 106 m2/m3 

2 0.352 7.68 X 106 m2/m3 

3 0.382 7.67 X 106 m2/m3 

4 0.363 7.27 X 106 m2/m3 

While the four selected regions have similar CSAs, porosities, 
and PSDs, the discharge curves of these four slices show a 
significant dispersion of capacities for the three current 
densities explored (Figure 3c). The relative differences between 
the discharge capacities are 29% for 400 mA·g-1

, 23% for 100 
mA·g-1 and 16% for 20 mA·g-1

• These variations in capacities 
are much larger than the ones for porosity and CSA To make 
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sure these differences are not due to slight differences in 
porosities and CSAs, the four electrodes are flipped; the air 
inlet and separator sicles of the cathode are exchanged. In this 
case, the macroscopic properties are identical. Y et, the 
discharge profiles again show variations (Figure 3d). The 
main reasons for these large dispersions are inherent to the 
stochastic nature of the pores interconnectivity and the 
dynamic change of the porous mesostructure. 

For the four selected zones, while the macroscopic properties 
are similar, the mesoscopic arrangement of pores is not 
identical, and, in particular, the pores are not connected in the 
same fashion. In Li-O2 batteries, the transport of 02 and Lt in 
the electrolyte crucially determines the cell capacity, and it is 
expected that the differences in interconnectivity and pore 
arrangements will generate a significant dispersion. Besicles, 
unlike in Li-ion batteries, discharge products of Li-O2 batteries 
are solid particles that fill up the porous volume. As such, the 
porous structure dramatically evolves along the discharge. This 
is illustrated in Figure 4, which shows the evolution of the pore 
size distribution along the discharge for zone 2 and the number 
of inactive pores as a function of time for the same zone in 
normal and reversed configurations. Once a pore gets clogged, 
it not only affects itself but also its neighboring pores. This 
blocks the transport of 02 and Li+ to the connected pores
through this clogged pore. This can impede long-range 
transport and also form isolated regions in the pore network 
that do not contribute to the cell capacity. 

Figure 5 shows snapshots of the oxygen concentration at two 
different depths of discharge for two structures. For the 
snapshots corresponding to point (a), there are no significant 
differences of oxygen concentrations in the electrode volume. 
Y et, for both zones, there are some pores and clusters of pores 
that are depleted from oxygen, (represented in blue in Figure 
5). These pore clusters are isolated from the oxygen source due 
to pore/throat clogging. They do not contribute to the cell 
capacity once they become isolated. This long-range effect 
explains why pore size distribution evolution is insufficient to 
explain the discharge capacities observed. Instead, we have to 
consider all the possible reasons of pore inactivity as given in 
Figure S3. This is a clear added-value of this model compared 
to continuum and mean-field computational approaches. This 
type of features cannot be captured without an explicit 
description of pores interconnectivity.17

-
19 For the color

maps of the two zones at point (b), the concentration profiles 
are very different. This is because along the discharge the 
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Figure 4. (a) Calculated evolution of PSDs and (b) calculated number of inactive pores along discharge for Zone 2 at 100 mA·g-1, in normal and
reversed configurations. Pores are considered inactive if they are (i) clogged, (ü) passivated by tbe Li202 deposit, or (ili) depleted in 02 (see 
Supporting Information for a detailed description of tbe criteria). 
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porous network evolves due to formation of Li202 discharge 
products, and several pores get clogged. For zone 2, there is 
lack of 02 transport and a huge gradient of concentration is 
observed. At this point, the transport of 02 cannot catch up 
with the consurnption rate, and the cell voltage drops. 

In conclusion, we have developed a new model to calculate 
discharge curves for Li-02 batteries directly comparable with 
experirnents. The model uses tomography images as an input, 
which allows us to generate a realistic 3D porous structure for 
which we can sirnulate the electrochemical performances. To 
the best of our knowledge, neither the pore network extraction 
approach nor the PNM have been used so far in the context of 
Li-02 batteries and batteries in general. Part of the work 
reported here was focused on adapting these two approaches, 
already used in other fields, to the case of batteries. With this 
model, we clearly demonstrate that extra insights can be gained 
by introducing a 3D representation of porous structures and an 
explicit description of the pores interconnectivity in modeling 
works. In particular, we show that the inherent stochastic 
nature of pores interconnectivity and the mesostructural 
differences contribute to the dispersion of results observed in 
experirnents. Based on these results, we believe that the 
variations in the measured capacities/voltages should be 
reported when presenting experimental discharge curves. This 
is critically needed to allow comparison of data. Our newly 
developed model is a useful tool to compare performances of 
different electrode structures and suggests that structures with 
less bottlenecks and high porosity will give better electro
chemical performance. 
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Experimental methods: 

Cathode electrode preparation: 

The cathode electrode used for the tomography imaging is made by mixing Super P carbon 

(Timcal)  90% and PVDF binder 10% weight ratios. The binder and carbon materials are mixed 

with N-Methyl-2-pyrrolidone (NMP) solvent and dip-coated on a stainless steel mesh. The 

electrode is dried overnight in a vacuum oven at 110˚C.  

 

Tomography imaging: 

For the nano-CT (Computed Tomography) measurements, a series of TXM (Transmission X-ray 

Microscopy) images at different angles are acquired on the beamline 32-ID of the Advanced 

Photon Source (APS) synchrotron at Argonne National Laboratory. Data set is acquired at 

energy of 8 keV with 1 s of exposure time per projection in a “flying scan” mode, i.e. in 

continuous rotation. X-ray objective lens is similar to Fresnel zone plate (FZP) and a FZP 

numerical aperture that matches by the beam shaping condenser, which is a grating with 1.32 

mm diameter and 60 nm spacing for the outermost grating. Zernike phase contrast is used to 
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enhance the contrast of light element (here carbon) using a phase ring localized after the FZP. 

1500 projections were acquired along 180˚. Pixel is 20 nm large but the true spatial resolution is 

60 nm (60 nm features with at least 3 pixels can be seen). Reconstruction is made using Tomopy 

tools
1–3

 using the algorithm from the ASTRA toolbox
4
 and accurately approximating algebraic 

tomographic reconstruction by filtered back projection. As used in previous work,
5,6

 the final 3D 

reconstructed object is segmented using FIJI and AMIRA software. A part of tomographic image 

is shown in Figure S1. 

 

Figure S1. A slice of tomographic image used in this work. 

Image processing algorithm: 

Tomography data conversion: 
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A python script is written for the transformation of the tomography grayscale images into a 

binary file. Each image is divided into pixels, where each one has a gray scale value (or RGB 

values). In an electrode image stack, a zero gray value represents a pore. This algorithm takes the 

gray value of each pixel image by image. If it is different from zero it will be represented by ‘1’ 

in the binary text file, which represents a carbon electrode site. The final file will be a text 

sequence with a succession of 0 and 1, where each number corresponds to one pixel. 

Depending on the quality of the image, segmentation could be needed. In this case the algorithm 

has to divide the image into two domains (solid part and pore) and then apply the binarization 

described previously. 

 

 

Pore network extraction: 

After filling up the pore space of the tomography data, an iterative process is carried out to 

identify the clusters of overlapping pores, connected by bottlenecks. To do that (step 1), the 

largest pore is taken from the list and assigned as a parent pore and all the pores overlapping 

with that pore are assigned as child pores. Then the pores overlapping with the child pores are 

also included as child pores of the parent pore unless they have a bigger size than the parent 

pore. This process continues till there are no new overlapping pores or the expansion is truncated 

by larger overlapping pores.  This cluster of pores is designated as pore family i, where i is the 

index of this pore family. All of these pores are removed from the initial list of pores and the 

process returns to step 1. The process is repeated till all the pores are assigned to a pore family.  



 5 

 

Computational model: 

Initially, we specify the operating conditions (e.g. discharge current density, temperature and 

lithium ion concentration). The pore network simulated in this work contains about 8,000 pores 

and corresponds to a volume of 5 μm (electrode thickness) x 4 μm x 4 μm. For the PNM, an 

electrolyte composition of 1M Li
+
 ion concentration in TEGDME solvent is considered. A 

constant oxygen concentration (solubility of O2 in TEGDME) and zero oxygen flux boundary 

conditions are applied at the oxygen gas inlet side and at the separator side respectively. For the 

Li
+
 ions, boundary conditions of a constant 1 molar concentration and zero flux are used at the 

separator side and at the gas inlet end respectively. Periodic boundary conditions are used along 

the in plane (perpendicular direction to electrode thickness). The initial condition for the model 

is uniform concentrations of O2 and Li
+
 ions. The code developed is written in C and 

parallelized.  Calculations are carried out on the Odyssey computer cluster owned by the Grey 

Group. Two nodes with 8 cores each and 2.7 GHz processor speed are used with a RAM of 64 

Gb per node. 

We simulate an electrochemical reaction leading to the formation of solid Li2O2 in both spherical 

and cylindrical pores. A pore is considered to be blocked when it is filled with discharge 

products, i.e. the thickness of the thin film added to the particle size is equal to the radius of the 

pore. In this case there can be no reaction in that pore anymore and no transport through it. 

Additionally, a pore is surface passivated when the thickness of the thin film reaches 10 nm. This 

is a consequence of the electronic insulator character of the Li2O2. There can be no 
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electrochemical reaction in a surface passivated pore but it can still contribute to the transport of 

species.  

 

Table S1. Parameter values used in the model 

Parameters Values Units Sources 

Physical constants 

Gas constant 8.31 J.K-1.mol-1 universal value 

Faraday constant 96485 C.mol-1 universal value 

Cell parameters 

Cathode thickness (Z direction)  510
-6

 m Defined 

Cathode width (X-Y directions) 
perpendicular to electrode 

thickness 

410
-6

 m Defined 

Li+  initial concentration 110
3
 mol.m-3

 Assumed 

O2 initial concentration 4.43 mol.m-3
 Ref 

7 

Li2O2 molar volume 1.9810
-5

 m3.mol-1 Ref 8 

Li+ diffusion coefficient 110
-10

 m².s-1
 Assumed 

O2 diffusion coefficient 2.1710
-9

 m².s-1
 Ref 

7 

Temperature 298 K Defined 

Electrochemical parameters 

Reaction equilibrium potential 2.96 V Ref 9 

Charge transfer coefficient 0.5 / Assumed 

Kinetic parameters 

Forward reaction rate constant 110
-10

 mol.s-1.m-² Fitted 
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Backward reaction rate constant 110
-10

 mol.s-1.m-² Fitted 

Tunneling distance 10 nm Ref 10 

 

 

Table S2. List of symbols and their descriptions 

Symbol Description 

𝒍𝒕 Length of a throat or cylindrical pore 

𝒍𝒊 Radius of pore 𝑖 

𝒓𝒕 Radius of a throat 

𝒍𝒊𝒋 Distance between pore centers of 𝑖 and 𝑗 

𝒓𝒌𝒊 Radius of a pore in pore family 𝑖 

𝒄𝒊,𝒙 Concentration of 𝑥 in pore 𝑖 

𝒌𝒊𝒋,𝒙 Transfer parameter of species 𝑥 between pore 𝑖 and 𝑗 

𝑺𝑨𝒊 Surface area of pore 𝑖 

𝑨𝒊 Cross-sectional surface area of pore 𝑖 

𝑨𝒕 Cross-sectional surface area of a throat 

𝑫𝟎,𝒙 Bulk diffusion coefficient of 𝑥 

𝒕𝒇,𝒊 
Thickness of electrochemically grown Li2O2 thin film in 

pore 𝑖 

𝒕𝒑,𝒊 
Radius of electrochemically grown large Li2O2 particle, 

also referred as solution phase formation 

𝒗 Reaction rate for the electrochemical reaction 

𝒌𝒇 Forward reaction rate constant 

𝒌𝒃 Backward reaction rate constant 
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𝒂𝒇 Forward direction activity 

𝒂𝒃 Backward direction activity 

𝜷 Charge transfer coefficient 

𝒏 
Number of electrons involved in the electrochemical 

reaction 

𝑭 Faraday’s constant 

𝑼 Cell potential 

𝑼𝟎 Standard potential 

𝑹 Gas constant 

𝑻 Temperature 

𝑰𝒕𝒐𝒕 Discharge current 

 

Escape function: 

The escape function depends on several parameters. Since it contains information about 

dissolution of LiO2 intermediate discharge products, every factor related to the LiO2 solubility 

also affects the escape function such as the nature of the solvent and additives. On top of these, 

the discharge rate also influences the formation of large discharge products which can be easily 

seen on SEM images. The chosen escape function values are similar to the values obtained in our 

previous work by fitting them to experimental capacities.
11

 These values are plotted in Figure S2.  
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Figure S2. The values of escape function used in this work.  

Based on equation 11.e in the main text and the escape function values in Figure S2, the ratios of 

large particles and thin films are given in the Table S3. 

Table S3. Values of escape function and fractions of particle and film formation. 

Discharge current 
Escape function 

value 

𝑳𝒊𝟐𝑶𝟐,𝒑𝒂𝒓𝒕𝒊𝒄𝒍𝒆 

fraction 
𝑳𝒊𝟐𝑶𝟐,𝒇𝒊𝒍𝒎 fraction 

400 mA.g
-1

 0 0 1 

100 mA.g
-1

 0.48 0.32 0.68 

20 mA.g
-1

 0.7 0.54 0.46 

 

 

Results: 
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A pore is considered inactive if any of the below conditions are met: 

1. Clogged: A pore is filled by Li2O2 discharge products.  

2. O2 depleted: The concentration of O2 drops below 0.1 mM . This can happen for two 

main reasons: i) if neighboring pores are clogged and isolate the pore from the O2 source 

(O2 inlet side) ii) if the transport of O2 decreases significantly due to change in the 

electrode mesostructure, and it can’t catchup with the O2 consumption rate. 

3. Passivated: The thickness of the thin  Li2O2 film on the pore surface reaches the tunneling 

distance limit, 10 nm. 

The detailed plot of inactive pores can be seen in Figure S3.  
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Figure S3. Three types of inactive pores. 

 

The gradient of discharge product along electrode thickness is given in Figure S4. Li2O2 forms 

more on the O2 inlet side than the separator side.  
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Figure S4. Amount of Li2O2 product along electrode thickness for 4 zones at 100 mA.g
-1

. 

The videos in .avi format correspond to the calculated evolution of oxygen concentration at 100 

mA.g
-1

 for zone 2 in normal and reversed configurations. The separator/cathode interface is 

located in the face on the left side.  
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