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1. Abstract
Lithium-sulfur (Li-S) batteries are a high energy density technology with
specific energies of ~550Wh/kg, which is over twice as much as lithium-ion
batteries offer. However, to produce Li-S batteries in an economical manner, it
is important to determine the factors that affect their performance.
Mathematical models help understand physical mechanisms quantitatively
and are essential for accurate predictions of battery behavior.

We adopted a modelling ethos to start with the simplest possible model, and
to add new mechanisms as we identified inaccuracies. We introduced an
improvement to the activity functions used in the 0-dimensional model for Li-
S batteries proposed by Cornish and Marinescu (2022) [1].

Existing models assume a dilute electrolyte solution, which ignores the effect
of interactions amongst the solutes, and the electrolytes are seldom dilute.
Using the updated activity functions, the simulated discharge and charge
voltage curves were a better fit to experimental data. The model was
validated against out of sample resistance data provided by Hunt et al. (2017)
[2]. Gradient descent was used to compute the parameters of the model.

2. Activity Function
During discharge, lithium-sulfur batteries are modelled using the following set
of electrochemical reactions:

𝑆8 + 4𝑒− → 2𝑆4
2−, 𝑆4

2− + 2𝑒− → 2𝑆2
2−, 𝑆2

2− + 2𝑒− → 2𝑆↓
2−.

In the dilute limit, the activity of 𝑆8 for example, is given by 𝑎𝑆8 = 𝑥𝑆8
where 𝑥𝑆8 is the mole fraction of 𝑆8. To move away from dilute solutions,

we introduced the activity coefficient 𝛾 which acts as a measure of non-
ideality of the solution. Hence, we redefined the activity as 𝑎𝑆8 = 𝛾𝑥𝑆8 ,

where 𝛾 = exp 𝛼𝑥𝑆42−
2 and the parameter 𝛼 was to be found. The

dependence of 𝑎𝑆8 on 𝑥𝑆42− is derived from the chemical potential 𝜇, which is

the rate of change of Gibbs free energy with respect to change in number of
particles. In the high plateau reaction, 𝑥𝑆42− and 𝑥𝑆8 vary while the rest of the

sulfur species mole fractions stay constant. Since 𝜇𝑆8 ∝ ln(𝑎𝑆8), the activity

is a function of 𝑥𝑆42− and 𝑥𝑆8 (likewise for 𝑎𝑆42−). The analytical form of 𝛾

was inspired by regular solution theory [3]. Effect of 𝛼’s polarity on
activity is shown in Fig. 1 (𝛼 = 0 is for dilute solution).

The new activity function model produced six unknown parameters (two
for each reaction). Sensitivity analysis showed that only three of these
parameters had any significant effect on voltage curves. The darker areas
(green) on the heatmap (Fig. 2) shows their possible range of values.

3. Gradient Descent
We computed the three activity parameters, the voltage plateau standard
potentials, and the precipitation/dissolution rates using gradient descent.
Results from Fig. 2 were employed for choosing seed values.

A modified least-squares function was minimized to find the parameters. One
of the modifications accounted for the model’s ability to predict a different
total cell capacity than the experimental cell. The voltage curve was also
biased to have some vertical offset compared to the experimental data. This is
because a real cell has inefficiencies that are not accounted for in the model.

Fig. 3: Plot of log of error metric 
(cost function value) vs. the number of 
gradient descent iterations. The error 
metric decreases rapidly in the first few 
iterations. A stochastic version of gradient 
descent was used, hence the fluctuations 
at high iteration numbers [4]. 

4. Results and Summary
We developed an activity function model for non-dilute electrolyte
solutions. Using the parameter values from gradient descent, we simulated
a discharge-charge run. The discharge voltage curve with the new activity
function matches the data better than the old model between 0.0Ah to
0.05Ah (Fig. 4.1). The new charge voltage simulation captures general
features of the voltage data (Fig. 4.2).

When comparing the resistance simulations to data, the discharge
simulation fits well, but the charge simulation’s peak is shifted. This may
be due to voltage fitting issues related to the dissolution rate. Overall, the
activity model incrementally improves voltage curve accuracy.

5. Impact / Next steps
▪ Li-S modelling research is still at a nascent stage –

there is no agreed upon standard. However, dilute
electrolytes are a core assumption in all existing
models. The new activity function will have an impact
on models beyond the one used in this study.

▪ Further physical chemistry research is to determine a
general activity function for a multi-solute electrolyte
solution.

▪ After implementing the new activity function model,
the charge voltage curve was insensitive to the
dissolution rate of solid sulfur. The resistance
simulation inaccuracy is likely due to this parameter,
which indicates that a new dissolution model needs to
be developed.
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