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ABSTRACT: Electrolyte saturation can strongly affect the Li−O2 battery performance.
However, it is unclear to what extent saturation reduction will impact the battery
capacity. In this study, we investigated the influence of electrolyte saturation and
distribution within a porous positive electrode on the deep discharge−charge capacities
and cycling stability. The study used both models and experiments to investigate the
change of electrolyte distribution, double-layer capacitance, ohmic resistance, and O2
concentration in the positive electrode at different electrolyte saturations. Results
revealed that electrodes with 60% electrolyte saturation achieved almost the same
maximum discharge (6.38 vs 6.76 mAh/cm2) and charge (5.52 vs 5.65 mAh/cm2)
capacities with fully saturated electrodes. The partially wet positive electrode (40%
saturation) obtained more cycles than the electrode with 100% saturation before the discharge capacity dropped below the cutoff
point. However, the electrode with 40% saturation had a low average charging efficiency of 88.76%, whereas the fully saturated
electrode obtained 98.96% charging efficiency. Moreover, the fully wet positive electrode had the lowest overpotential during cycling
(1.26−1.39 V). The measured electrochemically active surface areas showed that even 40% saturation could sufficiently wet the
positive electrode surface and obtain a double-layer capacitance (18.12 mF) similar to that with 100% saturation (20.4 mF).
Furthermore, a considerable increase in O2 concentration at wetted surface areas was observed for the electrolyte saturation of less
than 60% due to the significantly higher O2 diffusivity in the gas phase.
KEYWORDS: lithium oxygen battery, deep discharge capacity, cycling stability, electrolyte distribution, electrolyte saturation,
double-layer capacitance, oxygen concentration

1. INTRODUCTION
Lithium−oxygen (Li−O2) batteries have attracted significant
attention due to their potential to have high energy densities,
which theoretically can surpass lithium-ion ones.1,2 The battery
consisted of lithium metal as the negative electrode, a separator
fully wet with electrolyte, and a carbon-based porous positive
electrode. In the discharge process, the Li metal is oxidized in
the negative electrode to produce lithium ions, transferring
through the electrolyte and reaching the positive electrode
surface areas, which is shown in eq 1. As it is depicted in eq 2,
the solid discharge product, Li2O2, is produced from the
reaction between Li+ and O2 in the positive electrode by the
oxygen reduction reaction (ORR).3 Li2O2 is decomposed in
the charging process through the oxygen evolution reaction
(OER) and generates oxygen and Li ions on the positive
electrode side. The overall electrochemical reaction in the
negative and positive electrodes is shown in eq 3.4
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The Li−O2 batteries using nonaqueous electrolytes can
provide relatively high charging and discharging efficiency5 and
will be used in this work. The electrochemical performances of
Li−O2 are dictated by mass transfer in porous electrodes,
which is complicated because of the wide range of pore size
distribution, irregular pore shapes, and gas-trapped regions in
pore spaces.6,7 Since the diffusivity of O2 in the gas phase is
several orders of magnitude higher than in the liquid phase, the
filling liquid electrolyte determines the effective transport
characteristics.8 Due to the slow O2 dissolution into the
electrolyte and slow mass transfer in the liquid, researchers
have studied the impact of the electrolyte amount, partially and
flooded electrodes, on Li−O2 battery performance. Xia et al.9

demonstrated that a partially wetted positive electrode can
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increase the discharge capacity by 60% and rate capability by 1
order of magnitude compared to a flooded positive electrode.
This is mainly attributed to the nonuniform deposition of
Li2O2 and incomplete utilization of positive electrode volume
due to insufficient oxygen solubility and diffusivity in the
electrolyte. Xu et al.10 showed that the amount of electrolyte
added to Li−air batteries affected discharge performance.
While the optimum amount of electrolyte may vary depending
on the positive electrode type, the maximum capacity and
specific energy were obtained with 135 μL of electrolyte
(which varied between 50 and 200 μL) for the positive
electrode with a very low mesoporous volume.
Given that studying the effect of pore structure, discharge

product distribution, and the concentration of the O2 on Li−
O2 performance is challenging through experiments, a group of
researchers have used modeling to investigate these factors. Li
et al.11 performed a modeling on oxygen effective diffusivity
and electrical conductivity and an experiment on deep
discharge capacity at different electrolyte saturations of a Li−
air battery. It was shown that the 60% saturation level was the
optimum electrolyte saturation, regarding the highest specific
capacity (5034.1 mAh/g) and electrical conductivity of around
100 S/m. Wang and Hao12 performed a simulation to
investigate the capacity of Li−O2 batteries with different
electrolyte filling modes, including flooded and partially wetted
positive electrodes. It was revealed that the discharge capacity
and voltage of a partially wetted positive electrode are 3.7 and
0.4 V higher than those of a flooded one. It resulted from
better O2 diffusion through a partially wet positive electrode. A
similar work carried out by Wang and Li13 performed a pore-
scale simulation to evaluate Li−O2 batteries’ specific capacity
at different levels of electrolyte saturation. They obtained
maximum and minimum capacities at saturation levels of 84.7
and 100%, respectively. Mayur and Bessler14 also developed a
2D multiphysics model to study the effect of electrolyte
saturation on Li−air batteries’ overpotential and current
density. It was revealed that the battery with high electrolyte
saturations, more than 90%, had a lower overpotential under
low current density. In the high current density region, which
had a higher consumption of O2, cells with low electrolyte
saturation performed better. The distribution of solid discharge
products can play a critical role in Li−O2 performance since
they can clog the pore throats and consequently prevent O2
from reaching reaction sites. A 3D transient model developed
by Gwak and Ju15 showed that the cell performance was poor
at very low and high electrolyte saturation since the solid
discharge products (Li2O2) were distributed more uniformly
within the partially wetted positive electrodes compared to the
flooded ones.
Some researchers studied the electrolyte volume effect on

battery performance. Xiao et al.16 varied the electrolyte amount
between 100 and 150 μL in air electrodes of Li−air batteries
made from Ketjen black with a specific pore volume of 7.65
cm3/g. The specific capacity increased considerably by
increasing the electrolyte volume from 100 to 150 μL, which
was attributed to the large volume expansion of the cathode.
The effect of pore volume and electrolyte saturation on Li−O2
battery performance was also studied by Saengkaew et al.17

They demonstrated that the positive electrodes that had
relatively large pore volumes, such as KB-based electrodes,
showed reduced performance at the electrolyte injection ratios
of 80 and 60%, leading to a lower cycle life than the electrode
with 100% electrolyte. It was because of the additional

electrolyte amounts required to wet the surface of the
electrodes with large pore volumes.
Electrolyte distribution within a porous positive electrode is

usually heterogeneous due to gas entrapment through pore
spaces.18 Therefore, it is important to have a more uniform
electrolyte distribution since it affects the distribution of the
solid discharge products. Decreasing the amount of electrolyte
to a limited condition called lean electrolyte makes the
electrolyte distribution even more heterogeneous. This limited
amount of electrolyte causes the significant movement of
electrolytes with the formation/decomposition of discharge
products within the porous positive electrode.19 In this regard,
Matsuda et al. studied an electrolyte injection technology20

and revealed the stamping method using two highly hydro-
philic filters as electrolyte transfer agents could lead to a
uniform 2D distribution of electrolytes over the positive
electrode surface. It was also shown that for electrolyte loading
less than 100%, the inhomogeneous electrolyte distribution
decreased the effective electrochemical surface, leading to an
increase in overpotential during cycling. A study conducted by
Ono et al.21 revealed that the reason for the poor cycling
performance of Li−O2 batteries under lean electrolyte and
high-areal capacity conditions was not because of the limited
amount of electrolyte. The study showed that even adding the
same electrolyte amount as the lost amount did not make the
battery cycle longer since the decomposition of solid-state side
products caused carbon electrode degradation and finally
battery failure.
Energy density is one of the most important parameters that

should be considered for Li−O2 batteries. To achieve higher
energy densities, the weight of cell components should be
minimized as much as possible.22 Employing positive electro-
des with partial wetting conditions is an approach that can
reduce the weight of the internal components. The influence of
electrolyte injection ratio in the porous carbon electrode on
energy density was studied by Matsuda et al.23 They found that
the ratio of electrolyte amount to battery capacity should be
less than 10 g/Ah to develop batteries with an energy density
of more than 300 Wh/kg. They also used modeling to show
that the energy density of Li−O2 batteries increased by
decreasing the electrolyte injection ratio from 100 to 40%. The
effect of lean electrolyte conditions on the energy density of
Li−air batteries was studied by Matsuda.24 It was revealed that
the battery could achieve comparable energy density to Li-ion
batteries with electrolyte amount (<20 μL/cm2) and high-areal
capacity (>2 mAh/cm2).
According to the above studies, there is evidence that the

electrolyte amount can play a crucial role in overall Li−O2
battery performance and cycle life. However, it is still unclear
how spatial distributions of electrolytes affect the concen-
tration of the O2 at the wetted surface of the electrode,
electrochemically active surface areas, and ohmic resistance
within the positive electrode. These factors, in turn, have a
significant impact on deep discharge−charge capacities and
cycling stability. To fill this knowledge gap, first, we developed
a pore morphology model to visualize the heterogeneous
electrolyte distribution within porous positive electrodes. The
wettability distribution within the positive electrode was
determined by the binder fraction, discussed in EDX analysis
of the microporous layer (MPL) in the Supporting
Information (SI) and depicted in Figure S5 as well, to study
the wetting behavior of the electrode on electrolyte
distribution. We used the electrolyte distribution to calculate
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the O2 concentration at the wetted surface of the electrode and
the effective diffusivity of the cathode, as well. Second, we
conducted experiments to investigate the effect of electrolyte
saturation on positive electrode internal wettability, ohmic
resistance, maximum discharge and charge capacities, and
cycling performance at a given capacity.

2. MODELING
2.1. Electrolyte Distribution. We developed a computa-

tionally efficient pore morphology model to simulate the
heterogeneity of electrolyte distribution within a porous
positive electrode considering the geometry of a pore structure.
In porous media with irregular pores, pore throats with
different diameters result in different local capillary pressures in
the presence of a liquid−gas interface at the pore throats. This
local capillary pressure was used to determine whether a
meniscus could go through a pore throat with a specific
diameter.
If the liquid within porous media has a contact angle of less

than 90°, the local capillary pressure in eq 4 assists the liquid in
proceeding through pore throats. In contrast, for a lyophobic
case, the capillary pressure acts as a resistance to the liquid to
move through pore throats.

P
d r

2 cos
1 1

2c
i
k
jjj y

{
zzz= +

(4)

In eq 4, γ represents interfacial tension between the
nonwetting and wetting phases, and θ is the static contact
angle of the liquid phase at the solid surface, which was
measured using a goniometer. The contact angle measurement
was discussed in the contact angle measurement section of the
SI. Deionized (DI) water on the PDMS surface had a contact
angle of 96°, as depicted in Figure S2b.
The depth of the channel and throat diameter are depicted

as d and 2r, respectively. Channel depth is fixed, and r is
determined by the regular digital disk radius.
The algorithm was designed for circular-shaped solid

particles25 and our model extends its application to solid
particles with irregular shapes using the hydraulic diameter of
each solid particle. The boundary conditions applied to the
model are explained in the boundary and initial conditions
section in the SI and are also shown in Figure S4. The pore

morphology method is primarily based on the erosion and
dilation of the pore spaces using a digital disk. In Figure S3, the
algorithm flowchart used for this modeling is depicted. Rmax
and r represent the maximum radius and radius of the digital
disk, respectively. The maximum radius was determined to be
50 pixels in this study. At the maximum radius, no void was left
using the erosion of pore spaces. We assumed that only
lyophobic solid particles can impede the movement of the
liquid and lyophilic surfaces can be automatically wetted by
liquid upon contact. To apply the erosion process to the
interface of the solid and pore, the radius of the digital disk
should be modified depending on whether the pixels to be
eroded are on a flat or irregular surface.25,26 The modified
radius of the digital disk is shown in eqs 5 and 6.

r r cos1 = | | (5)

r R r R r R2 cos2 h
2 2

h h= + + (6)

where r1 and r2 represent the modified radius for flat and
irregular surfaces, respectively. The regular radius of the digital
disk is shown as r, while Rh displays the hydraulic radius of
solid particles with an irregular shape. We differentiated the
solid particles by employing a MATLAB function, bwlabel.
The connectivity check in the algorithm was conducted to
make sure that after the erosion process, there was a direct
path through the pore spaces to the liquid reservoir, as shown
in Figures S4 and S6. After the unconnected pore spaces were
removed, the dilation process using the digital disk with a
radius of r was performed to return the removed pixels in the
erosion process and locate the liquid−gas interface.
To validate the modeling results, we fabricated a micro-

channel using polydimethylsiloxane (PDMS) based on a
scanning electron microscopy (SEM) image of the positive
electrode, as shown in Figure S1. The water−air two-phase
flow in the transparent microchannel was visualized using an
inverted microscope in the experimental setup as shown in
Figure 1. We used a pressurizer (OB1MK3+ ELVE FLOW) to
control the inlet pressure of the liquid, which was connected to
a flow controller. The liquid was then supplied through the
reservoir to the inlet of the macroporous channel at the
intended pressure. An inverted microscope was utilized for
observation. The movement of the interface between the liquid

Figure 1. Schematic of the experimental setup used for the capillary−saturation experiment.
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and gas phases, water and air, was captured using a 5 megapixel
camera connected to the microscope, and the images were
transferred to the computer for postprocessing.
The comparison between the experimental results and

modeling is shown in Figure 2. We can observe that there is
good agreement between the liquid distribution from the
experiment and modeling, as depicted in Figure 2a−d and 2e−
h, respectively. The discrepancy between the pressure from the
experiment and capillary pressure from modeling could be
caused by the small differences in the pore structure of the
fabricated macroporous channel and the one used in the
modeling.
Figure 3 exhibits the comparison of saturation versus

capillary pressure of the experiments and modeling. A slight

discrepancy in the pressure and saturation levels between the
three experiments is observed, which was caused by the
sensitivity of the microfluidic devices to the amount of pressure
applied to the system. The slight decrease in the experimental
saturation level within the pressure range of 0−0.45 mbar was
caused by the noise from ambient light, which affected the
image processing for counting the pixels. The results showed
that this model could simulate the steady state invasion
behavior of a nonwetting phase in a macroporous structure
with irregular solid particles.

To simulate the electrolyte distribution within a porous
positive electrode, we implemented the reconstructed porous
structure shown in Figure S6. This geometry was reconstructed
based on the structure of the microporous layers shown in
Figure S1. The reconstruction was done using an efficient
digital reconstruction technique that was previously developed
in a separate study.27 The boundary conditions and computa-
tional domain are also shown in Figure S6.

2.2. Effective Diffusivity and O2 Concentration. We
calculated the effective diffusivity of the microporous layer and
O2 concentration at each electrolyte saturation using the mass
conservation equation, shown in eq 7.

x
D

c

x y
D
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y
0O

O
O

O
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2

2

2
i
k
jjjjj

y
{
zzzzz

i
k
jjjjj

y
{
zzzzz+ =

(7)

where DOd2
and cOd2

represent the mass diffusivity and
concentration of O2 in the electrolyte, respectively. We made
the local O2 concentration dimensionless using the oxygen
concentration on the left and right boundaries using eq S1.
The diffusion coefficient of O2 in liquid and air was selected as
1.6 × 10−7 and 1.98 × 10−1 cm2/s, respectively.28,29 Equation 7
was numerically solved using a simple central differencing
scheme from the finite volume method.30 The boundary
conditions and computational domain are listed in Figure S7.
The calculated concentration from eq 7 was used to estimate
the effective diffusivity of oxygen through the electrode at each
electrolyte saturation using eq 8.

D
J W

C Ceff
A

R L
=

*

(8)

In which, Deff, JA*, and W show the effective diffusivity,
average dimensionless mass flux of O2, and dimensionless
length of the channel. CR and CL represent the dimensionless
normalized concentration at the right and left of the
computational domain, respectively, shown in Figure S7. We
utilized the electrolyte distribution within the microporous
layer at each saturation level as a model input. The model was
validated using the theoretical/analytical results for a case with
a parallel and series arrangement of a solid and liquid (eqs S2
and S3 respectively), which is depicted in Figure S8. The
numerical model and results were generated using resources

Figure 2. Comparison of the liquid distribution through a porous media achieved from the experiment using fabricated microchannel (a−d) and
simulation results (e−h).

Figure 3. Comparison of capillary pressure versus saturation levels
from modeling with the experiments.
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from the ACCESS program.31 The code used for this analysis
along with further documentation is available on GitHub.1

3. EXPERIMENTAL DETAILS
This section explains the approach to preparing electrolytes, cell
assembly, contact angle measurement, pore volume measurement of
the positive electrode, and operating parameters in deep discharge
and charge and cycling stability tests.
3.1. Electrolyte Preparation. Tetra ethylene glycol dimethyl

ether (TEGDME-99%) was purchased from Sigma-Aldrich and was
used to prepare electrolytes in an argon-filled glovebox with H2O and
O2 of less than 0.01 ppm. Bis(trifluoromethane) sulfonimide lithium
salt (LiTFSI) (99.95%) from Sigma-Aldrich was dissolved in
TEGDME using a magnetic stirrer for at least 2 h to have a uniform
solution with the concentration of 1 mol/L (M).
3.2. Contact Angle. Static contact angles were measured by using

a goniometer (rame-hart instrument 250-U4) at room temperature.
The contact angle of 1 M LiTFSI in TEGDME, was 104° on the MPL
coating, as shown in Figure S2a.
3.3. Preparation of Li−O2 Cells. The battery consists of negative

electrode and positive electrode current collectors, a positive electrode
with a diameter of 1.27 cm, a Celgard 2500 separator from Fisher
Scientific with a diameter of 1.59 cm, and a lithium chip with a
thickness of 0.25 mm and a diameter of 1.56 cm as a negative
electrode. A commercially available positive electrode (W1S1011)
purchased from the Fuel Cell Store was utilized as the positive
electrode. It consisted of a substrate made from carbon cloth coated
by mixtures of PTFE binder and Vulcan XC-72R as the microporous
layer (MPL) with an average thickness of 100 μm, as shown in Figure
S1. The customer-designed current collectors were made from highly
corrosion-resistant 316L stainless steel.32 A parallel channel with
height and width of 9 and 9 mm, respectively, and an open ratio of
0.38 was used to supply oxygen to the positive electrode. The
separator was soaked in the electrolyte to make sure that it was fully
wet before assembly. A specific amount of electrolyte, calculated by
the desired saturation, was injected into the MPL and spread over the
MPL surface until no excess liquid was left. The negative current
collector was separated from the positive current collector by using
PTFE gaskets. The thickness of the gaskets was chosen to have a
compression ratio of approximately 80% for the internal components.
The cell was assembled and tightened appropriately in the glovebox to
avoid any leakage before being taken out for electrochemical testing.
3.4. Pore Volume of the Positive Electrode. Ethanol (99%)

purchased from Sigma-Aldrich was used to measure the total pore
volume of the positive electrode. Ethanol was selected for its low
surface tension 22.85 10 N

m
3× 33 and high capability to wet the positive

electrode. By measuring the weight difference between the dry
electrode and the electrode fully saturated by ethanol with a density of
0.789 g/mL, the total pore volume of the positive electrode with a
diameter of 1.27 cm was calculated as 44.9 ± 1.28 μL. It should be

mentioned that this was the pore volume of the MPL and carbon
cloth substrate together. The total pore volume of the positive
electrode was used to determine the saturation level of the electrolyte.
We applied 44.9, 27, 18, and 9 μL of the TEGDME electrolyte,
corresponding to the saturation levels of 100, 60, 40, and 20%,
respectively.

3.5. Double-Layer Capacitance. The electrochemically active
surface area of the positive electrode at different saturations was
estimated by using double-layer capacitance (DLC) by cyclic
voltammetry (CV). The CV tests were conducted using a Squidstat
Prime potentiostat from Admiral Instruments inside the glovebox.
The DLC of symmetric cells made from two positive electrodes at
controlled saturation levels sandwiched a Celgard separator. CV tests
were conducted at ±0.1 V around the open circuit voltage (OCV) at
scanning rates ranging from 0.3 to 20 mV/s. The DLC is calculated
using eq 9.34

C
v

i1
2 ( )

( )dtotal
a c c

a=
(9)

In which, v, ηa, and ηc are scan rate, the maximum polarization in
the negative electrode and positive electrode direction, respectively.
The current density as a function of the voltage is shown as i(η). Ctotal
represents the total capacitance, mF/cm2, including the DLC and
pseudo capacitance. The total capacitance values achieved from eq 9
are plotted versus

v
1 , and the Y-axis intercept of the linear-curve

fitting of the data points shows the DLC.35

3.6. Ohmic Resistance. The ohmic resistance of the separator
and the positive electrode was determined by using the electro-
chemical impedance spectroscopy (EIS) method. We first measured
the ohmic resistance of the separator using the symmetric cell made
from two lithium chips sandwiching a Celgard separator.34 The
galvanostatic mode with starting and ending frequencies of 1 MHz
and 0.1 Hz was applied. The DC bias current and AC excitation
amplitude were set to 0 A and 20 μA, respectively. Similarly, the
symmetric cells made from two positive electrodes, with controlled
electrolyte saturation, sandwiching a Celgard separator, were used to
measure the total ohmic resistance. The frequency range applied to
the cell using galvanostatic mode was from 5 kHz to 0.1 Hz with the
DC bias current and AC excitation amplitude of 0 A and 20 μA,
respectively.

3.7. Deep Discharge and Charge Capacities and Cycling
Test. Assembled battery cells were connected to a four-channel
battery tester, a Squidstat Prime from Admiral Instruments. Pure
oxygen was supplied at a flow rate of 3 standard cubic centimeters per
minute, SCCM, for each battery cell. All cells were assembled in the
glovebox before taking out and purged with pure oxygen for 3 h under
OCV at room temperature. All tests were performed at a current
density of 0.1 mA/cm2 for both the discharge and charge processes.
The discharge and charge cutoff voltage were set to 2 and 4.5 V,
respectively. For cycling stability, the cutoff areal capacity was set to
0.5 mAh/cm2.

Figure 4. Electrolyte distribution and the corresponding O2 concentration through the MPL with (a) 6.9%, (b) 18.3%, and (c) 61% saturations.
The fractions of PTFE and carbon particles are 10.51 and 89.49%, respectively.
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4. RESULTS AND DISCUSSION
First, we used our model, explained in Section 2, to simulate
the electrolyte distribution through the porous positive
electrode. This visualization gave us an understanding of the
heterogeneity of the electrolyte distribution at different
saturation levels, affecting the oxygen concentration and
wetting behavior of the positive electrode. Second, we
investigated the saturation effect on the deep discharge and
charge capacities and cycling performance. Furthermore, the
impact of the wettability of positive electrodes on electrolyte
saturation and ionic conductivity was studied. It should be
noted that the saturation levels in the experiment were
calculated according to the supplied volume of the electrolyte,
resulting in 100, 80, 60, 40, and 20%. However, the saturation
level in the modeling was determined by the capillary pressure.
Therefore, we aimed to match the closest electrolyte
saturations between experiments and modeling.
4.1. Electrolyte Distribution in the Porous Positive

Electrode. Figure 4 displays the electrolyte distribution with
the corresponding dimensionless concentration of the O2
through the reconstructed porous geometry at three different
saturation levels. The height and width of the porous geometry
are 108 and 54 μm, respectively, which is depicted in Figure
S6. Red solid particles are representative of PTFE particles
with a volume fraction of 10.51% and a contact angle of 105°,
while green solid particles show the carbon particles,
considered lyophilic with the fraction of 89.49%. The liquid
phase (electrolyte) and gas phase (air) are depicted in blue and
black, respectively. It was assumed that the flow was capillary-
dominated and viscous forces were neglected. Figure 4a depicts
the electrolyte distribution at a saturation of 6.9% and the
average dimensionless O2 concentration of 0.7 at the wetted
surface. It showed that the electrolyte interface reached
lyophilic areas (carbon particles) as long as it was not impeded
by lyophobic particles (PTFE). In Figure 4b, more electrolytes
were supplied, corresponding to a saturation of 18.3% and an
O2 concentration of 0.69. Although more solid surfaces were
wetted, the average O2 concentration at the wetted surface
remained almost unchanged. This was attributed to the fast
diffusion of the O2 in the gas phase and the relatively short O2
diffusion path in the liquid at this saturation level. The O2
concentration at the wetted surface showed a significant
decrease to 0.37 at the saturation of 61.2%, as depicted in
Figure 4c. It resulted from the filled pore spaces with the

electrolyte, particularly at the right boundary, where the O2
entered the positive electrode. The gas-trapped regions, shown
in Figure 4c, could act as highways for the diffusion of the O2
to reach the wetted surface.

4.2. Deep Discharge and Charge. The discharge and
charge curves with the highest capacity at the four electrolyte
saturations are displayed in Figure 5a. The highest areal
discharge capacity of 6.76 mAh/cm2 was obtained at 100%
saturation. When the saturation decreased to 60 and 40%,
there were only a 5.6 and 7.7% reduction (6.38 and 6.24 mAh/
cm2) in discharge capacity. A considerable decrease in
discharge capacity (5.03 mAh/cm2) was observed at a
saturation of 20%. This significant reduction in capacity
could be attributed to the insufficient electrolyte to get the
positive electrode surface wet. As we observed in Figure 4b, the
positive electrode with 18.3% saturation showed a relatively
high average O2 concentration (0.69) at the wetted surface, but
these wetted regions were not enough for ORR. On the other
hand, the positive electrode with 61.2% saturation, as shown in
Figure 4c, had a lower O2 concentration (0.37) at the wetted
surface but more wetted surface areas for ORR, which
compensated for the lower average O2 concentration.
The deep charge capacity at 60% saturation was only 2.3%

lower than that at 100% positive electrode saturation, 5.52 and
5.65 mAh/cm2, respectively. When the saturation decreased to
40%, a 22.65% reduction in the charge capacity was observed.
A negligible charge capacity of 0.042 mAh/cm2 was achieved at
20% saturation. This was mostly attributed to the dry positive
electrode surface areas, resulting in the sudden increase of
charging voltage and reaching cutoff voltage, which was also
observed by Matsuda et al.20 In Figure 5b, a summary of the
average discharge and charge capacity is shown. By decreasing
the electrolyte saturation from 100 to 40%, the average
discharge capacity remained almost the same (0.6% increase).
In comparison, the average charge capacity decreased by
40.46%. These results showed that by decreasing the
electrolyte saturation to 60%, no considerable degradation in
discharge and charge capacity was observed. This helps us to
decrease the internal weight of the battery with a negligible
change in capacity.
Energy density is a crucial factor in determining achievable

energy, calculated using the weight of all of the internal
components. Table 1 displays the energy density and charging
efficiency at the four saturation levels. The weight of

Figure 5. Comparison of (a) maximum areal discharge−charge capacity at different saturation levels and (b) average of the three capacities at each
saturation level.
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electrolytes at 100, 60, 40, and 20% saturations was measured
at 53, 31, 21, and 10 mg, respectively. The mass of the dry
positive electrode, fully wet Celgard 2500 separator, and
lithium chip were recorded as 29, 12, and 23 mg, respectively.
It should be noted that the energy density was measured
according to the average discharge capacity and average
discharge voltage at each saturation level. It was shown that the
highest energy density corresponded to 60% saturation with
247.13 Wh/kg, while it was 238.55 Wh/kg for a 40% saturation
level. Increasing the electrolyte amount to 100% decreased the
energy density to 172.91 Wh/kg, which was even lower than
that with the 20% saturation (187.85 Wh/kg). Furthermore,
the battery with 100% saturation achieved a charging efficiency
of 85.36%, while those with 60 and 40% could get charging
efficiency of 57.98 and 50.53%, respectively. The minimum
charging efficiency was achieved at 20% saturation due to the

negligible charging capacity, as discussed earlier. It was
revealed that while the battery with 100% saturation could
get higher charging efficiency, partially wet positive electrodes,
40 and 60%, have higher energy densities.

4.3. Cycling Stability. In this section, we investigated the
impact of electrolyte saturation on the cycling stability of Li−
O2 batteries. All cycling tests were performed at a current
density of 0.1 mA/cm2 for both discharge and charge processes
with the limited areal capacity of 0.5 mAh/cm2, as shown in
Figure 6. Figure 6a displays the cycling performance at 100%
saturation. It completed 10 cycles before the discharge voltage
reached cutoff. Similarly, the battery with 60% saturation could
achieve nine cycles, while the one with 40% saturation could
complete 14 cycles. The battery with the least electrolyte
amount, 20% saturation, had the lowest cyclability with only
three cycles. In the third cycle, the overpotential sharply
increased, and the charge cutoff voltage was reached. This
could be attributed to the electrolyte shortage and electrolyte
movement toward the gas diffusion layer because of lithium
peroxide formation. Although the solid discharge products
start to decompose during the OER process, the bulk
electrolyte may not be able to fully return to the porous
positive electrode near the separator, which can create a dry
region in the positive electrode without any path for the ions to
transfer. It should be noted that the number of cycles discussed
here was according to the criterion of discharge voltage cutoff
point. Since it could not show the efficiency of cycling at each

Table 1. Comparison of Discharge Energy Density at Each
Saturation Level Based on the Average of the Maximum
Discharge Capacity and Charging Efficiency at Each
Saturation

saturation level (%) energy density (Wh/kg) charging efficiency (%)

100 172.91 85.36
60 247.13 57.98
40 238.54 50.53
20 187.85 1.25

Figure 6. Discharge−charge cycles at a limited areal capacity of 0.5 mAh/cm2 and discharge−charge current density of 0.1 A/cm2 at (a) 100%
saturation, (b) 60% saturation, (c) 40% saturation, and (d) 20% saturation.
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saturation, the cycling efficiency is discussed in the following
section.
To better understand the effect of the saturation level on

cycling performance, we measured the charging efficiency and
overpotential during cycling, as shown in Table S1. It was
shown that the charging efficiency decreased during cycling for
both fully and partially wet positive electrodes. The battery
cycled with the average efficiency of 98.86% for nine cycles at
100% saturation. It dropped sharply to 16.73% in cycle 10th.
On the other hand, the battery with partial wetting, 40%
saturation, cycled with an average efficiency of 89.09% for 11
cycles. The efficiency started to decrease considerably from
cycle 12th until it reached 44.02% at cycle 14th. The battery
with 60% saturation showed an average efficiency of 88.76% up
to cycle eighth. However, the efficiency dropped to 47.02% at
cycle ninth. For the first five cycles, the battery with 60%
saturation performed with a higher charging efficiency
compared to 40% saturation. However, from cycle six forward,
the battery with 40% saturation showed a charging efficiency
higher than that with 60% saturation. Indeed, the battery
cycled 11 and eight times before a significant reduction in
charging efficiency at 40 and 60% saturation, respectively. The
battery with the least amount of electrolyte, 20% saturation,
experienced a sharp reduction in charging efficiency only after
two cycles, reaching 44.52% in the third cycle. Furthermore,
the battery with the fully wet positive electrode showed an
overpotential in the range of 1.26−1.39 V and an average of
1.33 V. In comparison, partially wet positive electrodes, 40 and
60% showed an overpotential range of 1.48−1.69 and 1.43−
1.71 V with an average of 1.58 and 1.56 V, respectively. The
lower overpotential of fully wet electrodes compared to
partially wet electrodes can be ascribed to two factors. First,
at low current density (0.1 mA/cm2), there is less demand for
O2 compared to high current density, resulting in better
performance (lower overpotential) in fully wet electrodes than
partially wet ones due to higher wetted areas.14 Second, the
electrolyte distribution at saturation (<100%) gets more
heterogeneous, leading to a decrease in effective electro-
chemical surface and an increase in overpotential.20 It was
depicted that the significant increase in the charge voltage and
decrease in discharge voltage took place earlier, in cycle 10th,
at 100% saturation compared to 40% saturation, which
occurred in cycle 14th. This could be attributed to two
factors. First, it becomes more difficult for O2 to diffuse

through pore spaces filled with the electrolyte due to the lower
O2 diffusivity in liquids, resulting in lower oxygen concen-
tration in wetted surface, which was also reported by Matsuda
et al.20 Second, the discharge products formed during cycling
are likely to push out the electrolyte toward the oxygen
channel, which can clog the O2 diffusion paths and
consequently decrease the O2 concentration.36,37 In this
condition, when the positive electrode is partially wet, not all
of the O2 diffusion paths are filled with liquid electrolyte and
some paths filled with gas remain, paving the way for O2
diffusion. To quantitatively correlate the battery capacity and
cycling stability with the internal wettability of the partially and
fully wet positive electrodes, the electrochemically active
surface area, effective diffusivity, and electrolyte resistance
were measured and exhibited in the following sections.

4.4. Electrochemically Active Surface Area and
Ohmic Resistance. The electrochemically active surface
area gives us an understanding of the internal wettability of
the fully and partially wet positive electrodes. Figure 7a exhibits
the change in DLC at different electrolyte saturations. The
DLC increased significantly from 0.51 to 13.55 mF by
increasing the saturation level from 0 to 10%. The DLC
showed a moderate increase to 18.11 mF at 40% saturation,
and it gradually increased to 20.4 mF at 100% saturation. It is
worth mentioning that in the experiment, the coating layer,
MPL, was attached to the carbon cloth as the gas diffusion
layer, which was lyophilic for the electrolyte. Consequently, by
injecting more electrolyte volume, the excess electrolyte moved
to the gas diffusion layer. As a result, the DLC did not increase
significantly after saturation reached 40% or higher. Mean-
while, the liquid likely forms a thin film over the solid surface
once the electrolyte is in contact with the carbon surface due
to the lipophilicity, and the wetted solid surface contributes to
the DLC. This phenomenon results in a high DLC at the
electrolyte saturation of 40%. The above results can also
explain that the low discharge capacity, 3.99 mAh/cm2, and
low cycling stability, three cycles, at 20% saturation, were likely
caused by insufficient wetted surface areas. Moreover, the
behavior of DLC depicted that for the positive electrode used
in this study, 40% electrolyte saturation was sufficient to
provide reaction sites for the ORR.
An important parameter showing the ionic conductivity

within a positive electrode is the ohmic resistance. Figure S10
depicts the high-frequency impedance spectrum of a single-

Figure 7. Double-layer capacitance and ohmic resistance of (a) a symmetric positive electrode cell at different electrolyte saturation levels and (b)
the battery cell with 100% initial saturation level during cycling with the limited capacity of 1 mAh/cm2.
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layer Celgard 2500 separator. The x-axis intercept of the linear-
fit curve, which is 7.53 Ω, represents the ohmic resistance of
the separator. Figure S11 displays the impedance spectrum
values of the positive electrode at different electrolyte
saturation. It was shown that for each saturation, there were
two slopes corresponding to the high and low-frequency
regions with the frequency range of 5 kHz to 2 and 2−0.1 Hz,
respectively.34,38 Figure 7a exhibits the relationship between
the electrolyte saturation and the ohmic resistance of the
positive electrode. There was a significant decrease in
electrolyte resistance by increasing the saturation from 10 to
30%, corresponding to 64.22 and 7.08 Ω, respectively. It was
shown that the ohmic resistance did not change considerably
for saturation levels greater than 30%. Indeed, the ohmic
resistance of the electrode depends on the electrolyte
distribution or tortuosity of the porous structure. If there is a
shorter path for the ions to transfer through the electrolyte, the
ohmic resistance of the electrode is smaller. The above results
revealed that the battery with a saturation of less than 30%
could suffer from a low ionic conductivity. For instance, the
battery with 20% saturation showed a low charge capacity
(0.04 mAh/cm2) and poor cycling performance (three cycles).
Once the saturation is greater than 30%, the ionic conductivity
of electrodes was not the limiting factor.
As we discussed the impact of electrolyte saturation on the

internal wetting behavior of the symmetric positive electrode,
we investigated how the internal wettability of a positive
electrode changed during cycling under a limited discharge/
charge capacity of 1 mAh/cm2. The CV test was performed at
±0.1 V around the OCV using different scan rates to quantify
the DLC. Figure 7b demonstrates the DLC values determined
after each discharge and charge cycle. It shows a downward
trend for both discharge and charge cycling except for the
second discharge cycle, which increased from 19.8 to 24.7 mF.
It could be ascribed to the movement of the electrolyte within
the positive electrode due to the deposition and decomposition
of the solid discharge product.39 The DLC gradually reduced
from 24.7 mF at the second discharge cycle to 20.6 mF at the
sixth cycle. It started to drop significantly, reaching 9.8 mF in
the eighth cycle. The moderate decrease in DLC could be
attributed to the deposition of lithium peroxide solid particles
over the positive electrode surface. Since discharge products
have poor electrical conductivity, the formation of discharge
products on the electrode surface leads to the reduction of
DLC. The sharp decrease after the sixth discharge cycle could
be caused by the decomposition of the positive electrode
structure and also the formation of solid lithium−carbonate-
based side products due to the decomposition of the
electrolyte solvent during cycling. It has been shown that
side products, such as lithium carbonate, can form during
repeated cycling, which is difficult to decompose during the
charging process.20,23 In the charging process, there was no
considerable change in DLC for the first two cycles, while it
started to decrease after the second cycle. The DLC decreased
during charge cycling from 26.45 to 14.8 mF from the first
cycle to the seventh cycle. The comparison of the DLC values
after discharge and charge for the same cycle showed that it
increased gradually after the charging process, resulting from
the decomposition of solid discharge products. However, for
the fifth and sixth cycles, the DLC values were slightly less than
the corresponding discharge values. This could be attributed to
the production of lithium−carbonate-based products as a
result of side reactions. Moreover, it could be caused by the

decomposition of the positive electrode structure, leading to
the reduction of reaction sites and consequently smaller wetted
surface areas contributing to DLC. These results supported our
reasoning for the decrease and increase in discharge and charge
voltage during cycling, shown in Figure 6.

4.5. Effective Diffusivity. It is helpful to understand how
effective diffusivity and the O2 concentration within the
positive electrode change with the electrolyte saturation. Both
effective diffusivity and O2 concentration were nondimension-
alized and normalized, as discussed in Section 2.2 and eq S1, in
the SI to have a reasonable comparison. Figure 8 compares the

effective diffusivity of the microporous layer with the average
dimensionless concentration of the O2 at the boundary of the
wetted surfaces of the positive electrode at different electrolyte
saturations. It is shown that by increasing the saturation to
around 18%, the effective diffusivity decreased significantly
from 1 to 0.55. In contrast, the average concentration of the O2
at the wetted surfaces remained almost constant at around 0.7.
This is attributed to the thin layer of bulk electrolyte within the
MPL, providing short O2 diffusion paths, as shown in Figure
4a. We could observe a considerable reduction in both effective
diffusivity and the concentration of the O2, reaching 0.17 and
0.37, respectively, at 60% saturation. This is ascribed to the
increase in bulk electrolyte filling the pore spaces, resulting in a
longer diffusion path for O2 in the liquid phase, as shown in
Figure 4c. By increasing the saturation to 100%, the effective
diffusivity decreased to 0.042, while the average O2
concentration remained almost constant around 0.37. Indeed,
the O2 concentration at the wetted surface of the carbon
particles close to the right boundary (gas diffusion layer) is
higher than those close to the separator, resulting in an
insignificant change in the average O2 concentration for
saturation greater than 60%. These results showed that by
decreasing the electrolyte saturation to 60%, there was no
significant increase in the average O2 concentration in the
wetted surface areas, while a considerable increase was
observed for saturation less than 60% (e.g., 40%). This could
explain the higher cycling performance at 40% with 14 cycles
compared to 60 and 100% saturation with nine and 10 cycles,
respectively, before the discharge voltage reached cutoff.
Indeed, the higher average O2 concentration at the boundary
of the electrode-wetted surfaces of 40% compared to 60 and

Figure 8. Comparison of the normalized dimensionless effective
diffusivity of the positive electrode microporous layer with normalized
dimensionless average O2 concentration at wetted surfaces of the
positive electrode at different electrolyte saturations.
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100% saturation caused the battery with 40% failure later than
60 and 100% saturation.
4.6. Effect of Electrolyte Evaporation. We investigated

the maximum possible electrolyte evaporation rate to analyze
how much electrolyte loss due to evaporation could affect the
positive electrode wetting behavior. It was assumed that the
partial pressure of the electrolyte was the same as the
saturation pressure at the outlet of the cell, explained in the
maximum electrolyte evaporation rate section in the SI and eq
S4. Table S2 depicts the following observations: (1) electrolyte
loss due to the evaporation at each saturation, (2) the
corresponding change in DLC, and (3) effective diffusivity,
which were quantified using the nonlinear curve fitting, shown
in Figure S9. It should be noted that this electrolyte loss was
calculated according to the initial electrolyte volume at each
saturation and the corresponding experiment time. The
minimum and maximum electrolyte loss (6.14 and 13.93%)
were measured at 100 and 20% electrolyte saturation,
respectively. According to the electrolyte loss, the change in
DLC was insignificant for saturation of 100, 60, and 40% (less
than 1.15%), while it reduced by 4.63% at the initial saturation
of 20%. The effective diffusivity increased by 37.61% at the
initial saturation of 100%, while the increase was lower for
initial saturation of 60, 40, and 20%, corresponding to 20.17,
16.58, and 8.28%, respectively. The reason for the significant
increase in effective diffusivity at 100% saturation was the
formation of some pore spaces occupied by gas, making the O2
diffusion easier. This analysis revealed that evaporation could
be a double-edged sword in positive electrode wettability. On
one hand, it resulted in the reduction of wetted areas of the
positive electrode. On the other hand, it could improve the
effective diffusivity, particularly for the fully saturated positive
electrode.

5. CONCLUSIONS
In conclusion, our study highlights the influence of electrolyte
saturation and distribution on deep discharge and charge
capacities and cycling stability of Li−O2 batteries. We
investigated the internal wettability of the positive electrodes,
electrolyte distribution, and the O2 concentration at the wetted
surfaces at different electrolyte saturations using models and
experiments.

• We found that by decreasing the electrolyte saturation to
40%, the average discharge capacity was almost the same
as the fully wet cathode, 6.1 and 6.08 mAh/cm2,
respectively. However, the average charge capacity, 40%
saturation, achieved a lower charge capacity (3.09 mAh/
cm2) than the electrode with 100% saturation (5.19
mAh/cm2). This could be attributed to electrolyte
movement due to discharge product deposition,
resulting in more heterogeneous electrolyte distribution
at 40% compared to 100% saturation.

• The highest energy density was achieved at 247.13 Wh/
kg for 60% electrolyte saturation, showing the optimum
electrolyte amount regarding the battery’s internal
component weight and discharge capacity.

• The highest number of cycles (before reaching discharge
cutoff voltage) was achieved for the battery with 40%
saturation; however, the fully wet battery showed a
higher average charging efficiency (98.96%) compared
to the 40% saturation (89.09%). This was ascribed to the
lower demand for the O2 at low current density (0.1

mA/cm2), and more uniform electrolyte distribution at
100% saturation, which resulted in a lower overpotential
for the fully wet battery.

• We depicted that the minimum electrolyte saturation of
40% was sufficient to provide enough reaction sites
(wetted surface areas) within the positive electrode.
Similarly, 30% saturation could provide a low ohmic
resistance (7.08 Ω) compared to the fully wet electrode
with (∼7 Ω).

• The average O2 concentration at the boundary of the
wetted surfaces was considerably higher at 40%
compared with 60 and 100% saturation.

These findings contribute to a deeper understanding of the
effect of electrolyte saturation, porous structures of electrodes,
and internal wettability on the Li−O2 performance to obtain
high capacity and energy density. Although our model has
limitations, it could depict the electrolyte distribution within a
porous electrode according to the contact angle of the
electrolyte on the electrode, which is extremely difficult to
observe experimentally due to the small scale (nanometers) of
the porous electrodes. A comprehensive understanding of the
influence of porous structure on the mass transfer within the
positive electrodes facilitates the future development of
positive electrodes. Based on this study, the design of positive
electrodes with gradient porosity and controlled wettability
could be a promising research direction.
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■ ADDITIONAL NOTE
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