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ABSTRACT. While large dispersions in electrochemical performance have been reported for
lithium oxygen batteries in the literature, they have not been investigated in any depth. The
variability in the results is often assumed to arise from differences in cell design, electrode
structure, handling and cell preparation at different times. An accurate theoretical framework
turns out to be needed to get a better insight into the mechanisms underneath and to interpreting
experimental results. Here, we develop and use a pore network model to simulate the
electrochemical performance of three-dimensionally resolved lithium-oxygen cathode
mesostructures obtained from TXM nano-computed tomography. We apply this model to the 3D
reconstructed object of a Super P carbon electrode and calculate discharge curves, using identical
conditions, for four different zones in the electrode and their reversed configurations. The
resulting galvanostatic discharge curves show some dispersion, (both in terms of capacity and
overpotential) which we attribute to the way pores are connected with each other. Based on these

results, we propose that the stochastic nature of pores interconnectivity and the microscopic
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arrangement of pores can lead, at least partially, to the variations in electrochemical results

observed experimentally.
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Since Abraham and Jiang demonstrated the first proof of concept of an aprotic Li-O. battery,
there has been a significant interest due to its superior theoretical capacity (5.2 kWh.kg?)
compared to state of the art Li-ion batteries.} In the last two decades numerous aspects of Li-O;
batteries have been investigated. Research efforts have demonstrated how the positive electrode
mesostructure affects the cell capacity,®® the influence of the electrolyte stability and its
contribution to the cell performance,”® and the use of mediators to favor formation of large
discharge particles.®! There has been a wide range of capacities reported in the literature, going

from a few hundreds of mAh.g? ! to 29,375 mAh.g' for catalyzed porous graphene



nanostructures®3, and 37,523 mAh.g* for carbon electrodes with tailored architectures.'* These
works use different types of carbons and operating conditions. However, even if only a single
parameter is altered, the results can differ significantly. Meini et al. reported that the discharge
capacities of Ketjenblack EC600JD and Black Pearls 200 increase from around 438 mAh.g* and
517 mAh.g! to 1833 mAh.g?! and 2168 mAh.g?, respectively, when simply replacing the
diethylene glycol dimethyl ether solvent by the tetraethylene glycol dimethyl ether solvent.* As
shown by Read, simply using different pressing methods during electrode preparation can affect
the discharge capacity significantly.™® In his work, a Super P based electrode with PTFE binder is
prepared by hot and cold pressing methods and the discharge capacity obtained for the hot
pressing approach is 1347 mAh.g? while a capacity of 2120 mAh.g? is achieved for the cold
pressed one. All these studies have shown that Li-O. batteries are extremely sensitive to

operating conditions and cell components.

The sensitive nature of Li-O; batteries leads to a non-negligible dispersion of experimental
results. Griffith et al. reported reproducibility tests for 60 cells at 5 different current densities via
well controlled experimental procedures, yet still a large variation of discharge capacities was
observed.!® The 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 modelling side, the common approach to study Li-O. batteries is to use continuum
models and to capture the effects of pore interconnectivity via a tortuosity factor. The tortuosity
is usually described via the Bruggeman relationship that oversimplifies the role of pore sizes and

connectivity on transport.1’*® 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.2% 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 pore 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)
nano-computed 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 electrochemical performances.
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Figure 1. Workflow of our modeling approach.

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 Tomopy Python script.?!

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

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.? To extract the pore network, a pore is assigned to each void
voxel of the tomography data and expanded till 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 supplementary 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 which connect
these effective pores. To assign these parameters we use a different approach from the one
reported by Dong et al.?® They use a parameter called the pore-throat segmentation coefficient
() 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 (I} and lf) are

calculated (Figure 2b) and the radii of the effective pores are given by:

T;

=1t (1—a7§) 1)
Tt

=1 (1 - a;j) )

where [;, I;, I, are radii of the effective pore for pore family i, j and the length of the throat,
(Figure 2d), 7 is the radius of the throat; r;is the radius of the parent pore for pore family i; [;;
is the distance between centers of parent pores i and j. This method has two caveats; first, it uses

a fitting parameter 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 ([;) so that the volume of the effective pore is equal to the total volume of the pore family

(Figure 2c). A 3D pore network is then obtained (Figure 2e).
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Figure 2. (a)-(d) Schematic illustrations of the pore network extraction. (a) Two pore families

connected via a bottleneck. (b) Dong et al. approach to define effective pore radii and throat



lengths.?® (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 Li;O> (in black) growth in our model: particle and thin film

formation.

The resolution of X-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.>** 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.?® The evolution of the concentration in each pore is calculated by

solving the balance equation 4, written in terms of the fluxes between neighboring pores

neighbours
dCi,x

Frae Z kijx(Cix = Cix) + Six (4)

J

where c;, is the concentration of mobile species x (Li" or O2) in the pore i and ¢;, is the
concentration in the pores connected to i. k;j, is the transfer parameter between pores i and j,
and s; , is the sink term for species x which is calculated by the electrochemical reactions taking

place in pore i. k;;, is a function of the bulk diffusion coefficient of x (D), 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;, A; and A, respectively, and can be formulated as

-1
1 1 1
kijx = |—+—+— )
v <ki,x kj,x kt,x)

_ AiDg, (6.2)

ki,x - l

i
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The cross-sectional areas are calculated by:

Ap=m|(li—tr)" — tp? (7.3)
ap=m|(l—tr))" —t7] (7.0)
At =T :(Tt - tf’t)z - tp’tz: (7C)

tr; and t,; are the thickness of the Li>O: thin film and the radius of the Li»O> 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 O> (neutral) 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)**?” In this work,

for simplicity reasons, an overall reaction is considered

2Li* + 0, + 2~ - Li,0, (@)

The associated electrochemical reaction rate is formulated as
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—pnF (U — Uo>> aer ((1 — BnF(U ~ uo)> o)

v=krarex
rrexp < RT RT
where kg, kj, are the forward and backward reaction rate constants; ar and a;, are the activities of

Li*, 0, and Li,0, respectively; B 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 U, is
the standard potential of the reaction; R is the universal gas constant, T is the temperature and F
is Faraday’s constant. The cell potential U is calculated by equating the sum of all currents from

all the pores in the network to the input current density or discharge current (I;,;)

Allpores
i=1
where S4; 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 Li2O> formation path depends on several
parameters, such as the electrolyte used,?® the current density?® and the presence of impurities
(e.g. the H>O content in the electrolyte enhancing the LiO: solubility).*® In our model, both the
formation of large particles and the deposition of a thin film are considered using the escape
function concept reported in our previous work.’! The escape function is the probability of LiO»
to escape or dissolve in the electrolyte once it is formed close to the carbon surface. The
dissolved LiO: is assumed to follow a solution phase mechanism leading to the formation of
large Li2O: particles, whereas the LiO2 molecules adsorbed on the carbon surface lead to thin
film formation. The discharge reaction, including the escape function (), can be represented by

equations 11.a to 11.d, and the amounts of Li,0, particles and thin films (equation 11.e) can be

11



calculated by combining these equations. The escape function values used in this work are given

in the supplementary information.

Lit+0,+e” - LiO, (11.a)

LiO; » x LiOyg4is + (1 — x) LiOy g4 (11.b)
. X . X

X LlOZ,dis - E LlZOZ,particle + EOZ (11-C)

(1= Li0y a4 + (1 — LT + (1 —x)e™ > (1 — ))Liz 04 fitm (11.d)
2—2y X

2LiT + 0,4+ 2™ >

Liz 02,film + mLiz Oz,particle (11-8)

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).

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!, 23% for 100 mA.g"!' and 16% for 20 mA.g . These variations in capacities are much
larger than the ones for porosity and CSA. To make sure these differences are not due to slight
differences in porosities and CSAs, the four electrodes are flipped; the air inlet and separator

sides of the cathode are exchanged. In this case the macroscopic properties are identical. Yet, the

12



discharge profiles again show variations (Figure 3d). The main reasons of these large
dispersions are inherent to the stochastic nature of the pores interconnectivity and the dynamic

change of the porous mesostructure.

Table 1. Porosities and specific surface areas for the four zones.

Zone number Porosity Surface area

1 0.356 7.97 x 10° m*/m?
2 0.352 7.68 x 10° m*/m’
3 0.382 7.67 x 10° m*/m’?
4 0.363 7.27 x 10° m*/m’?

13
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Figure 3. (a) [llustration of the 4 zones taken from the tomography data. (b) PSDs corresponding
to the four slices. (¢) 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).

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-O» batteries, the transport of O, and Li* 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. Besides, unlike in Li-ion batteries, discharge products of

Li-O; batteries are solid particles that fill up the porous volume. As such, the porous structure

14



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 does not only affect itself but also its neighboring pores. This blocks the transport
of Oz 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 which do not contribute to the cell

capacity.
a b
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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"!, in normal and reversed configurations. Pores are considered
inactive if they are 1) clogged, ii) passivated by the Li2O2 deposit or iii) depleted in Oz (see SI for

a detailed description of the criteria).

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. Yet, 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

15



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.!”"!° For the color maps of the two zones at point (b), the concentration profiles
are very different. This is because along the discharge the porous network evolves due to
formation of Li,O» discharge products and several pores get clogged. For zone 2, there is lack of
O; transport and a huge gradient of concentration is observed. At this point, the transport of O»

cannot catch up with the consumption rate and the cell voltage drops.
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Figure 5. Calculated oxygen concentration color maps at two different depths of discharge, (a)
55 mAh.g"! and (b) 97 mAh.g’!, for two zones at 20 mA.g"' discharge current density. Throats

(cylindrical pores) are removed for clarity.
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In conclusion, we have developed a new model to calculate discharge curves for Li-O» batteries
directly comparable with experiments. The model uses tomography images as an input which
allows us to generate a realistic 3D porous structure for which we can simulate 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-O, 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 pore interconnectivity and the mesostructural differences contribute
to the dispersion of results observed in experiments. 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 electrochemical performance.

ASSOCIATED CONTENT

Supporting Information. A table of symbols and their descriptions, a table of parameters and
their values, a description of the home-made python script used to convert gray scale
tomography images to binary format files, details about the electrode preparation, the
tomographic imaging, the procedure followed for electrochemical tests and additional details

about the PNM model are provided along with detailed description and plot of inactive pores and
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gradient of discharge products along electrode thickness. Supporting information also includes
two .avi videos showing the calculated oxygen concentration color map along the discharge for
normal and reversed electrodes (details provided in the Supporting Information text) and values

of the escape function.
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