Journal of Electronic Materials (2023) 52:6378-6390
https://doi.org/10.1007/s11664-023-10584-7

ORIGINAL RESEARCH ARTICLE q

Check for
updates

A High-Stability Lithium-Air Battery Using Electrolyte Doped
with PFDL

JieLi' - Xue Wang' - Tianyu Zhang' - Yanrui Zhai' - Mingfu Yu' - Qianhe Liu? - Hong Sun’

Received: 29 January 2023 / Accepted: 27 June 2023 / Published online: 15 July 2023
© The Minerals, Metals & Materials Society 2023

Abstract

At present, most of the research on lithium—air batteries (LABs) is carried out in a dry pure oxygen environment, and their
working stability still needs to be further explored in the air environment. In this paper, the synergistic effect of perfluoro-
naphthane (PFDL) was added to the organic electrolyte (LiTFSI-TEGDME) of LABs. An oxygenating additive was system-
atically studied to improve the working stability of the battery in the air environment. The electrochemistry of LABs doped
with PFDL electrolyte was studied by cyclic voltammetry, electrochemical impedance spectroscopy, a constant current and
constant volume charge—discharge test, and deep charge—discharge test. At the same time, scanning electron microscopy and
x-ray diffraction analysis were used to characterize the air cathode before and after the operation. The results showed that the
best volume ratio of electrolyte to PEDL is 7:3. Under the condition of the charge—discharge current density of 100 mA cm™2,
136 cycles (1360 h) of lithium—air battery using PFDL mixed electrolyte in the air environment were achieved, which was
about 5.5 times that of LABs with basic electrolyte, which is close to the cycle times of a battery in pure oxygen under the
same conditions. At the same time, the specific capacity of the battery at first discharge reached 4730 mAh g~'. In addition,
based on experiments, combined with simulation software, we established a mesoscopic mass transfer model to further verify
the influence of adding PFDL into electrolytes on oxygen mass transfer and diffusion. Experimental and simulation results
show that PFDL has excellent oxygen solubility and good hydrophobicity. It optimizes the oxygen transmission in the bat-
tery, makes the LABs more stable in air, and provides a wider space for the application of PFCs in LABs.
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Introduction

Energy promotes social progress. Excessive use of fossil
energy will lead to energy depletion and global warming.
Therefore, finding new types of energy storage systems that
are environmentally friendly, renewable, and sustainable
has become an urgent problem to be solved.! With the
gradual popularity of the concept of “carbon neutrality”, it
has evolved from the initial avant-garde idea to a common
goal of countries all over the world. Some environmental
protection energy sources such as wind energy, water energy,
and solar energy have gradually entered people’s lives.*?

P< Hong Sun
sunhongwxh@sina.com

School of Mechanical Engineering, Shenyang Jianzhu
University, Shenyang 110168, China

Shenyang Jianzhu University, Shenyang 110168, China

@ Springer

However, due to their high manufacturing cost, these new
energy sources cannot be mass-produced commercially. To
better commercialize and apply clean energy, researchers
have devoted increasing attention to non-aqueous electrolyte
LABs with high theoretical energy density and environmen-
tal friendliness.®” Non-aqueous electrolyte LABs consist of
a lithium negative electrode, electrolyte, and an air cathode.
The positive electrode is air, so the theoretical energy den-
sity is similar to gasoline (11,430 Wh kg™!). Oxygen is the
key reactive substance, and its transmission and diffusion
inside the battery have an important impact on the battery’s
capacity and efficiency.® However, most of the current tests
of LABs were in a dry pure oxygen environment, rather
than in the air environment. Because impurity gases such as
CO, and N, exist in the air environment, side reactions will
occur with the batteries, resulting in the degradation of bat-
tery performance.” At the same time, the lithium anode will
be corroded by water evaporated in the air and electrolytes
in the air environment. That makes the performance of the
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battery deteriorate in the air environment and even causes
safety problems.!” To solve this problem and make LABs
stable in the air environment, an oxygen-selective membrane
(OSM) had become the most concerned and extensively
researched method at present.!! By adding a thin film above
the positive electrode, the researchers effectively reduced
the entry of impurity gases and moisture from the air and
also prevented the volatilization of electrolytes. The work-
ing stability and safety of the battery in the air environment
are improved.'?"'* Although the performance of the battery
is optimized by OSM to some extent, the limited porosity
of OSM makes the oxygen entering the battery much less
than that of the LABs without OSM. At the same time, with
the progress of the electrochemical reaction in the battery,
a large amount of Li,0, was formed and attached to the air
electrode. As a result, the positive electrode pores of the bat-
tery are blocked, the oxygen inflow can not meet the internal
electrochemical reaction requirements, and the overpotential
increases, thus deteriorating the battery performance.

In recent years, researchers have proposed a new method,
using perfluorocarbons (PFCs) to improve the oxygen dis-
solution and diffusion coefficient in batteries. Since 1966,
PFCs have been proven to increase oxygen content, and
were widely used in artificial blood."> At the same time,
the solubility of oxygen, as a nonpolar molecule, is 3—10
times higher in PFCs than in water and hydrocarbons. In
addition, a large number of C—F bonds and C—C bonds in
PFCs also ensure high chemical stability in the air envi-
ronment. That creates a new way to improve the dynamic
performance of LABs.!*"'® Wang et al.'” used phacoemul-
sification to disperse perfluorotributylamine (PFTBA) into
the LiPF6, which effectively increased the oxygen content
in the electrolyte and improved the rate performance of the
gas diffusion electrode (GDE). The internal redox ability of
the battery is also significantly improved, and the battery has
a good discharge capacity. PFTBA can be dissolved in the
electrolyte to a certain extent after being emulsified. How-
ever, the system cannot maintain stability in the air envi-
ronment for a long time, and there is still a long way to go
before complete miscibility. Subsequently, Nishikami et al.?
used lithium perfluorooctane sulfonate (LiPFOS) as a PFC
surfactant to better combine PFCs with electrolytes. High
fluorine organic electrolytes for lithium—oxygen batteries
(LOBs) were prepared, which broke the previous constraint
that PFCs and electrolytes could not be miscible. Experi-
ments show that this method can make PFCs highly compat-
ible with tetramethylene glycol dimethyl ether (TEGDME),
which provides a new solution for the application of PFCs
in the electrolyte.

To find out the real reason that PFCs improve battery
performance, Wang et al.”! took PFTBA as an example,
systematically studied the influence of PFCs on battery
performance by adding PFCs into Li-O, battery electrolyte,

and analyzed its synergistic effects. After adding a small
amount of PFTBA into the electrolyte, the battery showed
good discharge capacity and cycle times. The main reason
is that the growth morphology of Li,0, is changed with the
addition of PFTBA, and the optimized morphology is more
conducive to the transmission and diffusion of oxygen in
the battery. The discharge capacity reaches 9548.7 mAg~!,
and it is stable for 200 cycles in the dry pure oxygen envi-
ronment. Although it has been proved that PFCs have an
impact on the morphology of main products, since its test
environment is the pure oxygen environment, the impact of
PFTBA on battery performance in the presence of moisture
and other impurity gases in the air has not been considered.
At the same time, most of the materials used in PFC research
are PFTBA. At present, it is necessary to find new PFCs
to replace PFTBA, which can increase oxygen content and
reduce side effects in the air environment. At the same time,
the dissolved amount of other gases such as H,O and CO,
in PFTBA is much higher than that in other PFCs. That the
introduction of PFTBA in the air environment is more likely
to cause side reactions in the battery, thus affecting the bat-
tery performance.

To increase the amount of oxygen dissolved in the elec-
trolyte, overcome the influence of side reactions in the air
environment, and realize the LABs in the true sense with-
out the pure oxygen environment. We are inspired by mod-
ern medicine showing that perfluoronaphthane (PFDL) is
more suitable for artificial blood than PFTBA for its high
molecular stability.>? At the same time, the oxygen dis-
solution amount of PFDL is second only to PFTBA at 1
standard atmospheric pressure, and the dissolution amount
of water and other impurity gases is far less than PFTBA,
which is more conducive to the stability of the battery in
the air environment. As shown in Fig. 1, this paper attempts
to add PFDL as an oxygenation additive into the electrolyte
of LABs and improve the stability of the battery in the air
environment by optimizing the products at the positive elec-
trode. The presence of PFDL can increase the O, content
in the battery, further promote the ORR reaction, and pre-
vent the products from accumulating at the air cathode and
blocking the pores. In addition, a positive mesoscopic mass
transfer was established by Material Studios (MS) simula-
tion software. It was used to study the diffusion of oxygen
in LABs after adding PFDL into electrolytes. That provides
some help for the application of PFDL in LABs.

Experimental
Materials

Multi-walled CNTs (95%) were obtained from Beijing
Deke Island Gold Technology. Manganese dioxide (AR)
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was obtained from Tianjin Hengxing Chemical Reagent
Co. Polytetrafluoroethylene reagent (60%) was purchased
from Shenzhen Tianchenghe Technology; 1M TEGDME-
LiTFSI was purchased from Shenzhen Beijie New Energy,
and PFDL (95%) was purchased from Aladdin Reagent.

Preparation of PFDL Mixed Electrolyte

The PFDL and 1M LiTFSI-TEGDME were proportioned in a
glove box filled with argon (Super (1220/750/900)). After the
electrolyte was sealed, it was taken out from the glove box and
put into the oscillator for repeated oscillation mixing, and then
ultrasonic oscillation treatment is carried out (Fig. 2). To com-
pare the influence of different mixing ratios on battery perfor-
mance, this experiment used five different ratios of electrolyte
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Air cathode Electrolyte Anode

Fig. 1 Schematic diagram of electrolyte containing PFDL.

Fig.2 Mixed electrolyte.
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for the control experiment. Conventional electrolyte without
PFDL was used as the basic control group. On this basis, the
optimum volume of PFDL was determined. The preparation
process is shown in Fig. 3.

Physical Characterization and Electrochemical Test

X-ray diffraction (XRD) measurement was implemented
on a D8 ADVANCE (Bruker AXS GmbH) with Cu Ka
(A=0.15405 nm). The scanning range was 10°-80°, and
the scanning rate was 10° min~'. Scanning electron micros-
copy (SEM) images with patterns were obtained from ZEISS
scanning. Cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) were measured in the electro-
chemical workstation (PARSTAT 4000+). The voltage range
of the cyclic volt-ampere characteristic test was 2-5 V, and
the scanning rate was 5 mVs™!. The frequency range of elec-
trochemical impedance spectroscopy was 10° to 1072 Hz,
and the amplitude of the AC potential wave was 5 mV s~.
Constant current and constant volume charge and discharge
test and deep charge and discharge tests were carried out in
the blue electric test system (SV10mAS8CT). The limited
capacity of constant current and constant volume charge
and discharge was 500 mAh g2, the protection voltage was
2-5V, and the current density was 100 mA cm™~2. The volt-
age range of deep charge and discharge was 2-4.5 V. All
tests were carried out in the air environment.

Results and Discussion

Measurement and Analysis of Dissolved Oxygen
Content in the Electrolyte

To further verify the effect of PFDL on the oxygen solubility
of batteries’ electrolytes, the oxygen content in electrolytes
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Fig.3 Schematic diagram of electrolyte containing PFDL.



A High-Stability Lithium—Air Battery Using Electrolyte Doped with PFDL

6381

was measured by a dissolved oxygen meter. The prepared
electrolyte was taken out of the glove box and exposed to
the air environment for 10 min to ensure sufficient oxygen
was dissolved in the electrolyte, and the oxygen content in
the electrolyte was measured at this time. Then, five groups
of electrolytes were sealed, and pure oxygen was intro-
duced into the sealed electrolyte to detect the influence of
electrolyte-containing PFDL on oxygen dissolution ability
in an oxygen-enriched state. The dissolved oxygen content
was recorded in the electrolyte every 5 min until the oxygen
content in the electrolyte did not change.

As shown in Fig. 4, when the electrolyte was in the air
environment, the oxygen content in the electrolyte added
with PFDL is higher than that in the electrolyte without
PFDL. When the volume ratio reaches 7:3, the oxygen con-
tent increases by about 1.67 times relative to the basic elec-
trolyte. However, when the ratio exceeds 7:3, the increased
oxygen content in the electrolyte was small. The reason is
that the amount of oxygen dissolved at this time reaches
saturation, and it is impossible to dissolve more oxygen by
continuing to add PFDL. As can be seen from the figure,
with the introduction of oxygen, the oxygen content in the
five electrolytes has increased to a certain extent. When oxy-
gen is introduced into the electrolyte for 15 minutes, the
oxygen content in the electrolyte tends to be stable. It shows
that the oxygen content in the electrolyte reaches saturation
at this time. At the same time, looking at the curve in Fig. 4,
we can find that when oxygen is introduced for 15 minutes,
comparing the curves of 6:4 and 5:5, it is close to coinci-
dent with the curves of 7:3, and there is no great change.
This means that when oxygen is introduced for a while, the
oxygen content in the electrolyte reaches saturation, and it
is impossible to continue to increase the oxygen content by
increasing the PFDL content in the electrolyte. This shows

22 | LiTFSI-TEGDME:PFDL
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Fig.4 Five kinds of electrolyte oxygen content test.

that adding a small amount of PFDL into the electrolyte can
greatly increase the oxygen content in the electrolyte, which
is more conducive to accelerating the electrochemical reac-
tion in the battery and improving the battery performance.

LABs Electrochemical Test and Analysis
of Electrolyte Containing PFDL

Cyclic Charge and Discharge Test and Analysis of LABs

Figure 5 shows the cyclic charge—discharge curves of lith-
ium-air batteries with different electrolyte ratios in the air
environment at a fixed capacity of 500 mAh g=2 and a cur-
rent density of 100 mAg~!. As can be seen from the figure,
in the absence of PFDL in the electrolyte, the battery only
circulates 25 times in the air environment due to the exist-
ence of moisture and impurity gas (Fig. 5a). With the addi-
tion of PFDL in the electrolyte, the charge—discharge cycle
times of the battery increase continuously. The improvement
of cycle performance is mainly due to the excellent oxygen
solubility of PFDL, which makes more oxygen enter the bat-
tery. This promotes the transmission and diffusion of oxygen
in the electrolyte so that more oxygen can be quickly trans-
ported to the three-phase interface of the battery. Decompo-
sition of Li,0, at the positive electrode was promoted at the
same time. Oxygen can normally enter the battery through
the porous positive electrode. In addition, as can be seen
from Fig. 6, PFDL is immiscible with the electrolyte in the
untreated state, and its density is higher than that of the elec-
trolyte. PFDL will transfer under the electrolyte. Because
perfluorocarbons have excellent waterproof properties,
PFDL transferred to the lower part will form a hydrophobic
film on the anode surface, that reduces the influence of mois-
ture on the Li anode. The residual PFDL in the electrolyte
can also reduce the influence of moisture on the electrolyte
to a certain extent, and ensure the stable operation of the bat-
tery in the air environment. When the volume ratio of PFDL
to the electrolyte is 7:3, the cycle performance of the battery
in the air environment reaches the best, and the cycle times
are increased by about 6 times compared with the battery
with basic electrolyte. However, with the addition of PFDL,
the cycle performance of the battery gradually decreases.
Combined with the test results of oxygen content in the elec-
trolyte, the main reason for the poor cycle performance is
that with the addition of PFDL, the oxygen content in the
electrolyte gradually reaches saturation. Adding PFDL will
dissolve more water and other gas impurities in the environ-
ment, and more water will erode the Li anode, while the side
reaction products will block the porous positive electrode.
Eventually, oxygen cannot enter the battery to maintain the
electrochemical reaction. At the same time, ether electrolyte
is used in this experiment, as it is easy to decompose and
produce water. The water produced by decomposition will
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Fig.6 Untreated electrolyte.

also erode the negative electrode of Li, which will also cause
the battery to fail to continue its normal electrical reaction.
It also can be seen from Fig. 5 that LABs with PFDL elec-
trolytes have smaller overpotential during the cycle. This is
beneficial to the working stability of the battery in the air
environment.

Analysis of LAB Deep Charge and Discharge Test

Figure 7 shows the deep charge—discharge curves of batter-
ies with different electrolyte ratios in the air environment
and a current density of 100 mAg~'. As shown in the fig-
ure, LABs without PFDL discharged only 5.19 mAh (about
2591 mAh g~!) in the air environment. After a small amount
of PFDL was added, the discharge capacity of the battery
improved. The main reason for the improvement of bat-
tery capacity is that PFDL has excellent oxygen solubility.
Through the porous positive electrode, more oxygen is dis-
solved in the electrolyte. Due to the increase of oxygen, the
oxygen reduction reaction ORR is promoted, which makes
Li,O, accumulate in the discharge process at the positive
electrode decompose rapidly, and effectively prevents the
reaction products from blocking the porous positive elec-
trode. In addition, PFDL, as a nonpolar molecule, is insol-
uble in organic electrolytes of polar molecules and has a
higher density. Incompletely miscible PFDL is deposited
on the surface of the Li anode to form a hydrophobic film.
The moisture in the air and the moisture evaporated from the

LiTFSI-TEGDME:PFDL
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Fig.7 Cycle depth charge—discharge curves of five different electro-
lyte lithium—air batteries.

electrolyte can not erode the Li-negative electrode, which
fully ensures the stability of the battery in the air environ-
ment. When the addition ratio exceeds 7:3, the charge and
discharge capacity of the battery decreases. The main rea-
son for the performance degradation is that too much PFDL
is added, which leads to a decrease in electrolyte content.
The contact area between the electrolyte and medium and
the transport carrier of Li* is reduced, which cannot main-
tain normal electrochemical reaction, and finally reduces
the capacity of the battery. At the same time, the excessive
addition of PFDL dissolves more impurity gas, which leads
to more side reactions in the battery. Irreversible side reac-
tion products block the porous air electrode, leading to a
decrease in surface porosity. Oxygen cannot enter the bat-
tery to maintain an electrochemical reaction, and the overall
discharge capacity of the battery will also decrease.

LAB Cyclic Voltammetry Test

To verify their redox performance, five kinds of lithium—air
batteries were tested by cyclic voltammetry. As shown in the
Fig. 8, the battery without PFDL in the electrolyte had no
obvious oxidation peak and reduction peak after testing, and
the curve fluctuates greatly, which indicates that the OER
(oxygen evolution) and ORR (oxygen reduction) ability of
the battery was poor at this time. With the addition of PFDL,
an obvious oxidation peak and reduction peak gradually
appeared in the battery, which means that the OER (oxygen
evolution) and ORR (oxygen reduction) ability of the battery
was improved after PFDL was added to the electrolyte. This
is due to the excellent oxygen-dissolving ability of PFDL,
which causes more oxygen to dissolve in electrolytes and
promotes the redox reaction of the battery. When the volume
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Fig.8 Cyclic voltammetry test curves of five different electrolytes in
lithium—air batteries.

Table Oxidation peak and reduction peak of lithium air battery with
different proportion of electrolyte

LiTFSI- Oxidation peak ~ Reduction peak  i,.:ip,
TEGDME:PFDL Iy MA i A

5:5 0.00222 0.00326 0.6810
6:4 0.00274 0.00361 0.7591
7:3 0.00234 0.00239 0.9791
8:2 0.00189 0.00194 0.9742
1:0 0.00112 0.00177 0.6328

ratio of PFDL to electrolyte reaches 7:3, the voltammetric
cyclic test curve shows the best symmetry (the ratio of oxi-
dation peak to reduction peak to peak is close to 1). Under
this ratio, the battery has the best redox performance and
reversibility, and the redox performance ensures the working
stability of the battery in the air environment, which is also
consistent with the previous test results of cycling charge
and discharge of the battery. A large amount of Li,O, and
side reaction products block the porous positive electrode,
which eventually leads to a decrease in the working stability
of the batteries in the air environment and a decrease in the
cycle life and discharge capacity performance of the batter-
ies (Table I).

LABs Electrochemical Impedance Test

In this study, the equivalent circuit method is used, and the
equivalent circuit can be obtained by fitting electrochemical
impedance spectroscopy (EIS). The fitting circuit is shown
in Fig. 9, where R, represents the electrolyte solution resist-
ance, which is determined by the high-frequency value of the
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Fig.9 Equivalent circuit diagram.
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Fig. 10 EIS curves of five kinds of lithium—air batteries.

semicircle intercept on the real axis. R, represents charge
transfer resistance, which is controlled by electrochemical
reaction kinetics. Cy; denotes the capacitance between the
electrode and the electrolyte. Zy, represents diffusion imped-
ance, the impedance of reactant diffusion from the electro-
lyte to the electrode reaction interface. The EIS spectrum
consists of semicircles in the high-frequency regions and
slashes in the low-frequency regions. The semicircle in the
high-frequency region corresponds to R, in the equivalent
circuit diagram, and the larger the semicircle diameter, the
larger the R . The diagonal line in the low-frequency region
corresponds to Zy, in the equivalent circuit diagram, and
the larger the slope of the diagonal line, the smaller the Zy,.

Figure 10 shows the electrochemical impedance curves
of five kinds of LABs. It can be seen from the figure that
when a small amount of PFDL was added, the resistance R,
of the electrolyte solution was not much different. When the
ratio was more than 7:3, the curve clearly changed, which
indicates that under the condition of constant volume, exces-
sive addition of PFDL leads to the decrease of Li* content
in the electrolyte and the increase of electrolyte impedance.
At the same time, it can be seen from the figure that the
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specific change of impedance appears in the charge-transfer
impedance. However, when the volume ratio was 7:3, the
battery shows the smallest charge-transfer impedance. The
main reason for the decrease in charge-transfer impedance
is that PFDL dissolves more oxygen in the electrolyte and
promotes the electrochemical reaction. At the same time, the
existence of PFDL in the electrolyte reduces the influence of
moisture on the electrolyte and Li-negative electrode, which
is more conducive to charge transmission and transfer. When
the ratio of PFDL to electrolyte exceeds 7:3 the electrolyte
impedance and charge transfer impedance in the battery
increase. The main reason is that the volume of electrolytes
decreases, which makes Li* transport carriers reduce and
cannot maintain the normal electrochemical reaction. Exces-
sive addition of PFDL will also introduce more water in the
solvent, that will lead to the side reaction of the Li anode
being eroded by water and increase the internal resistance
of the battery (Table II).

Material Characterization Analysis
Scanning Electron Microscope Analysis and Test (SEM)

Figure 11 is an SEM image of LABs containing different
electrolytes before and after 20 cycles of the test. It can be
seen from Fig. 11a that before the test, manganese dioxide
and carbon nanotubes have a large number of connected
pore structures, which was convenient for the transmission
and diffusion of oxygen in the external environment and
provides enough space for the discharge products to attach.
Figure 11b and c present porous air-positive SEM images
of LABs assembled with the original electrolyte and LABs
with a mixed electrolyte ratio of 8:2 after charging and dis-
charging for 20 cycles, respectively. It can be seen that when
a small amount of PFDL is added to the electrolyte, com-
pared with the air electrode without PFDL in the electrolyte,
the structure of the product in the SEM images obviously
changes. Larger pores are produced that are more conducive
to the transmission and diffusion of oxygen in the positive
electrode and ensures the normal electrochemical reaction of
the battery. The stability of the battery in the air environment
improved, which is also consistent with the results of the

Table Il EIS value of lithium-air battery with different proportions of
electrolyte

LiTFSI-TEGDME:PFDL R, Q R, Q Zy, Q

55 88.49 302.01 0.0056
6:4 29.70 101.6 0.0099
7:3 29.69 65.41 0.0071
8:0 28.59 74.00 0.0059
1:0 26.2 68.65 0.0062

electrochemical test of the battery. When the volume ratio
of PFDL to electrolyte reaches 3:7 (Fig. 11d), the shape of
discharge products is more orderly, and a larger pore struc-
ture is formed between them. At this time, LABs maximize
the utilization rate of oxygen in the air, and oxygen enters
the battery to the maximum extent, which makes LABs show
the best performance in both cycle life and discharge capac-
ity. However, when the volume ratio of PFDL to electrolyte
exceeds 7:3, the positive electrode surface is covered by a
large number of reaction products (Fig. 11e and f). A large
number of irreversible reaction products block the gap struc-
ture on the electrode surface, which makes O, in the air
environment unable to normally enter the battery to continue
to participate in chemical reactions, and finally leads to the
decline of the stable working ability of the battery.

X-Ray Diffraction Analysis (XRD)

To further study the specific reasons for the influence of
PFDL on the electrochemical performance of LABs after
20 cycles, XRD analysis was carried out for the products on
the negative electrode surface of the battery. As shown in the
Fig. 12, when PFDL is not added to the electrolyte after the
battery is circulated in the air environment for 20 cycles, a
large number of irreversible products LiOH and LiOH-H,O
are generated on the negative electrode surface due to the
erosion of water in the air and water evaporating from the
ether electrolyte in the air environment. A large amount of
LiOH and LiOH-H,O0 increases the internal impedance of
the battery, which affects the working stability of the bat-
tery in the air environment, and finally leads to the decrease
of the cycle life of the battery in the air environment. After
adding PFDL into the electrolyte, it is obvious that there is
no large amount of LiOH in XRD images because PFDL has
excellent waterproof performance. This effectively prevents
the erosion of the Li negative electrode surface by the water
evaporating from the electrolyte in the air environment and
effectively ensures the working stability of the Li negative
electrode in the air environment. In addition, a small amount
of Li,O appeared in XRD images after adding PFDL into
the electrolyte. The appearance of Li,O is mainly due to the
excellent oxygen solubility of PFDL. Due to the existence of
PFDL, more O, was dissolved in the electrolyte, and excess
oxygen reacted with the lithium anode to form part of Li,O
attached to the surface of the Li anode. Li,O formed a pro-
tective film that further protects the negative electrode from
erosion, protects the electrochemical reaction from normal
progress, and improves the working stability of the battery
in the air environment. The reason for the appearance of
Li,COs5 is that PFDL not only can dissolve more O, but also
dissolved more CO,. It reacts with LiO formed on the nega-
tive electrode surface to form Li,CO;.
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Fig. 11 SEM image of battery positive electrode.
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Fig. 12 XRD images of negative electrode surface products of five kinds of lithium air batteries after 20 cycles.

Simulation Analysis of Mesoscopic Mass
Transfer

We have established a mesoscopic mass transfer model for
LABs. The influence of PFDL on LABs and on the mass
transfer and diffusion of O, in electrolytes was investigated
based on the simulation.

Mesoscopic Mass-Transfer Model Force Field

To further validate the effect of PFDL in the electrolyte
on the battery performance, we used the Mesocite mod-
ule of Materials Studio (MS) software and used coarse-
grained molecular dynamics and other methods to simulate
the battery performance. The advantage of this method
is that some groups or particles in the simulation system
are coarse-grained mesoscopic particles. This greatly
improves the operation speed without sacrificing certain
accuracy, and it also can carry out dynamic operations
with larger mass on a larger scale. The coarse-grained
force field is the Martini force field, which is used to study
the interaction between CNTs, O,, LITFSI-TEGDME, and
PFDL particles in the cathode of the battery.

Based on the Martini force field, Leonard—Jones (L-J)
12-6 potential energy was used to express van der Waals
interaction potential energy, and the Lorentz—Berthelot
combination rule was used to express the interaction
between different particles. The expressions of effective
particle size and potential well depth are as follows: (1)
and (2).

1
Oy = 5(011‘“722) (D

€12 = V€118 2)

where o, represents the effective distance of 1 particle;o,,
represents the effective distance of 2 particles;o |, represents
the effective distance between 1 particle and 2 particles;e
represents the potential well depth of 1 particle;e,, repre-
sents the potential well depth of 2 particles;e |, represents the
depth of the potential well between particle 1 and particle 2.

The electrostatic force interaction between particles with
different dots is expressed by the universal Coulomb law and
the expression is as Eq. 3.

q:4;

T 4nee, r

3
where g, represents the charge carried by / particles; g, repre-
sents the charge carried by the jth particle; £, represents the
vacuum dielectric constant; €, denotes the relative dielectric
constant.

To prevent the energy discontinuity of the system at the
truncated radius in the mesoscopic dynamics calculation,
it is necessary to constrain the condition function of this
simulation. R, represents the preset truncation radius, and
R, is the initial point of the conditional function, which is
expressed as follows.

Whenr < ry
s =130 _g 4)
dr
whenr > r.:
s =030 _g )
dr

whenr, <r<r.:
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(re - r)z(ré +2r—3rg) dS(r)
T odr

_ 6(rc - r) (rs - r)

(’c—rs)3

S(r) = ;
e =T s)
(6)
The transfer properties of matter are expressed by dif-
fusion coefficient D. According to Einstein’s diffusion
law, the expression of the diffusion coefficient of par-
ticles is shown in (7). If time is sufficient, the diffusion
coefficient D is approximately equal to one-sixth of the
derivative of mean square displacement (MSD) concern-
ing time, that is, Eq. 8. In the model, the diffusion coeffi-
cient of particles can be obtained by truncating the linear
part of the MSD curve and calculating its slope.

1 ;
D=l mdt2[|r(t)—r(0)| | 7
D= %tllg}: dgMSD (8)

Parameter Setting and Simulation Process

The electrolyte used in this simulation is 1M/L LiTFSI-
TEGDME LABs organic electrolyte. CNTs are the posi-
tive electrode of the battery, and the initial density of
the Mesocite module system was set to 0.25 gcm™>. As
shown in Fig. 13, the CNTs, O,, Li*, TFSI~, TEGDME,
and PFDL particles in the model were coarse at first. The
effective size and potential well depth of each particle is
adjusted and each particle is put into a mesoscopic box

PFDL

—>

Fig. 13 Mesoscopic model beads and coarse-grained processing.

@ Springer

with a size of 150 Ax 150 A X 150 A to construct a meso-
scopic mass transfer model (Fig. 14).

After modeling, structural optimization and dynamic opti-
mization are carried out to reduce the energy of the solution
system and make it reach the equilibrium state. The Smart
algorithm is used for structural optimization, The NPT ensem-
ble is used for dynamic optimization, and a reliability analysis
of the optimized model is carried out.

N\ ]

s’:y 3 I.n:& I
o &
B‘E ° s
-
. e e
f'?s& 6’
h L]
%) =
s b ~
il .
3 o1
*o ﬁ“ *~\
. ; i
f . ’. 2 *
o o 0 e S T

Fig. 14 Mesoscopic model construction.



A High-Stability Lithium—-Air Battery Using Electrolyte Doped with PFDL

6389

Analysis of Simulation Results
Diffusion Coefficient Analysis

Figure 15 is the mean square displacement curve of O, in
five electrolytes. It can be seen from the figure that when
the time reaches about 400 ps, the internal chemical reac-
tion of the battery tends to be stable, so the stable diffusion
coefficient is selected to compare it. The slope of the mean
square displacement curve increases with the increase of
PFDL content, indicating that the corresponding diffusion
coefficient is increasing. However, The slopes all decrease
when the ratio exceeds 7:3. Table III shows the diffusion
coefficient of O, in PFDL-mixed electrolytes at different
proportions. It can be seen from the table that with the
increase of PFDL content, the diffusion coefficient of O,
in electrolytes gradually increases. However, Its diffusion
coefficient decreases when too much PFDL is added. Based
on the oxygen content values shown above, it is speculated
that too large a proportion can improve the oxygen diffusion
rate in the battery, but at the same time, PFDL absorbs more
water into the battery. Based on the oxygen content values
shown above, it is speculated that too large a proportion
can improve the oxygen diffusion rate in the battery, but at
the same time, PFDL absorbs more water into the battery.
More side reactions occur on the positive surface of the bat-
tery, which leads to the weakening of the working stability
of the battery in the air environment but does not greatly

1600
LiTFSI-TEGDME:PFDL
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—
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(=3
=]
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Fig. 15 Mean square displacement curve after 400 ps.

improve the performance of the battery. The diffusion coef-
ficient of O, in the electrolyte is the largest when the ratio
of electrolytes is 7:3. This is also similar to the results of
electrochemical tests.

Radial Distribution Function Analysis

The influence of PFDL on the distribution of O, in the
electrolyte was studied by RDF. Figure 16 shows the radial
distribution function of O, and TEGDME, and the main
peak reflects the positional relationship between TEGMDE
beads and O, due to intermolecular forces. It can be seen
from the figure that with the increase of PFDL content, the
peak value of the O,-TEGDME radial distribution function
gradually increases. It is confirmed that the probability of
oxygen molecules appearing around electrolyte molecules
becomes larger, which shows that the distribution of O, in
the equilibrium position of solvent molecules in electrolyte
gradually increases, which distributes O, in the electrolyte
in a more orderly manner, thus improving the diffusion of
oxygen in the electrolyte.

Conclusion
To sum up, the effect of PFDL on improving the elec-

trochemical performance of Li-air cells was demon-
strated in this paper. When PFDL was added to 1M/L

8 } LiTFSI-TEGDME:PFDL

g(r)

r(A)

Fig. 16 O,-TEGDME radial distribution function.

Table lll Diffusion coefficients
of O, mixtures in different

LiTFSI-TRGDME:PFDL

1:0 8:2 7:3 6:4 5:5

proportions of electrolyte

Diffusion coefficient (10~°cm?s™")

0, 0.564 0.96 1.2887 1.113 0.945
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LiTFSI-TEGDME in different proportions under a con-
stant volume of organic electrolyte for lithium-air bat-
tery, the oxygen content in the electrolyte was significantly
increased compared with that of ordinary LiTFSI-TEGDME,
which was about 0.7 times that of basic electrolyte. Under
the condition of charge and discharge current density of
100 mAh g™, the performance of LABs using PFDL mixed
electrolyte is more stable in the air environment. The cycle
times reached 136 (about 1360 h), which was about 6 times
longer than that of the basic electrolyte battery. The specific
discharge capacity increased to 4730 mAh g~!. The enhance-
ment of electrochemical performance is attributed to the
excellent oxygen solubility of PFDL, which dissolves more
oxygen in electrolytes and promotes the electrochemical
reaction. Related characterization tests show that the excel-
lent hydrophobic properties of perfluorocarbons can also
effectively protect the Li anode from water erosion in the air
environment and electrolyte evaporation and decomposition.
Due to the addition of PFDL, the growth morphology of
reaction products attached to porous cathode was effectively
improved. Larger pores were formed, which rendered the
structure more conducive to the normal entry of oxygen to
participate in the electrochemical reaction. This study will
provide a new method for the application of PFDL in LABs.
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