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Soluble and Perfluorinated Polyelectrolyte for Safe and High-

Performance Li—O, Batteries

Qi Xiong', Gang Huang", Yue Yu, Chao-Le Li, Jian-Chen Li, Jun-Min Yan, and

Xin-Bo Zhang*

Abstract: The severe performance degradation of high-
capacity Li—O, batteries induced by Li dendrite growth
and concentration polarization from the low Li* transfer
number of conventional electrolytes hinder their prac-
tical applications. Herein, lithiated Nafion (LN) with the
sulfonic group immobilized on the perfluorinated back-
bone has been designed as a soluble lithium salt for
preparing a less flammable polyelectrolyte solution,
which not only simultaneously achieves a high Li*
transfer number (0.84) and conductivity (2.5mScm™),
but also the perfluorinated anion of LN produces a LiF-
rich SEI for protecting the Li anode from dendrite
growth. Thus, the Li—O, battery with a LN-based
electrolyte achieves an all-round performance improve-
ment, like low charge overpotential (0.18 V), large
discharge capacity (9508 mAhg™"), and excellent cycling
performance (225 cycles). Besides, the fabricated pouch-
type Li-air cells exhibit promising applications to power
electronic equipment with satisfactory safety. )

Introduction

As commercial Li-ion batteries approach their achievable
energy densities, it is becoming more difficult to satisfy the
growing demand of higher capacity for long-lasting electric
devices. Developing an advanced rechargeable battery has
the possibility to solve this dilemma. Among the various
battery systems, nonaqueous Li—O, batteries with an ultra-
high specific energy density of 3460 Whkg ', more than two
times higher than that of current Li-ion batteries, stand
out.! Despite being promising, the conventional electrolytes
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with a typical Li™ transfer number of around 0.2-0.5 can
induce concentration gradients” then the superfluous
anions accumulated on the electrode will cause a severe
potential drop for a large concentration polarization, leading
to a loss of energy density and rate capability of the battery.
Encouragingly, electrolytes with a high Li* transfer number
can alleviate this phenomenon even though the conductiv-
ities are much lower than conventional electrolytes.”! This
has made single Li* conductors, like ceramic electrolytes, a
research hotspot in recent years. However, given the fragile
nature and large interface and grain boundary resistances of
the ceramic electrolytes, their commercialization has a long
way to go.”*¥ Solid polymer electrolytes with inorganic
fillers (such as ZrO,, TiO,, SiO,, AlLO;, etc.) and solid
polyelectrolytes with the anions immobilized on a polymer
backbone can restrict the movement of anions, resulting in a
high Li* transfer number, but all of them present rather
poor conductivity (< 0.01 mScm ) compared to the conven-
tional electrolytes (1-10 mScm™") at room temperature, and
thus cannot meet the requirements for enabling a high-
performance battery.** Different from them, polyelectro-
lyte solutions, prepared by dissolving the polyelectrolytes in
nonaqueous solvents, with a Li* transfer number of
approaching unity and without significantly compromised
conductivity, have recently been considered to be an
extremely promising candidate for the next-generation non-
aqueous electrolytes and can be compatible with the
manufacturing  techniques of current lithium-ion
batteries.”®! Unfortunately, the study of polyelectrolyte
solutions is limited due to the fact that solid polyelectrolytes
nearly cannot dissociate in the solvents typically used for
batteries.”! Although the highly polar DMSO possesses a
high affinity to the charged group and the neutral polymer
backbone of the polyelectrolyte, which makes it good at
solubilizing the polyelectrolyte,” its instability towards the
bare Li metal anode brings new challenges.®! Consequently,
there is no report about the utilization of polyelectrolyte
solutions in rechargeable Li-metal batteries.

Besides the issues related to the electrolyte, the uncon-
trollable Li dendrite growth in the anode side of Li-O,
batteries can induce performance degradation and lead to
short-circuits, restricting the practical applications of the
battery. During the past few decades, many strategies have
been developed to prevent the Li dendrite growth, such as
electrolyte regulation, artificial solid electrolyte interface
(SEI) construction, etc. Among these strategies, building a
robust SEI film by electrolyte regulation has been consid-
ered to be an efficient and convenient tool, which can also
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be compatible with the existing battery production lines."
The SEI film derived from the decomposition of electrolytes
is usually composed of inorganic and organic components,
and the inorganic components show a higher interface
energy than that of organic components.'” Among all of the
inorganic components (LiF, Li,CO,, LiOH, Li,0, etc.), LiF
presents the highest interfacial energy of 73.28 meV A 2!
In addition, it also displays electronic insulation and the
ability to uniformly alter the electric field gradient.'?l All
these features make LiF a good candidate for building a
useful SEI film to prevent the Li dendrite growth. Up to
now, though many achievements have been made towards a
LiF-rich SEI, realizing a stable SEI through electrolyte
regulation is still full of challenges, not to mention the
requirement to simultaneously satisfy the needs of high Li*
transfer number and nonflammability for electrolytes.

Herein, a lithiated Nafion (LN) with sulfonic groups
(-SO;") immobilized on the perfluorinated polymer back-
bone has been proposed as a representative soluble poly-
electrolyte in dimethyl sulfoxide (DMSO), which can
simultaneously achieve a high Li* transfer number of 0.84
and a Li* conductivity comparable to that of liquid electro-
lytes (208 mScm ™' at room temperature). Moreover, the
anion (Nafion™) of LN with a well-tuned lowest unoccupied
molecular orbital (LUMO) energy level can be preferen-
tially decomposed into a LiF-rich and stable SEI, ensuring
the prevention of Li dendrite growth and the long-term
cycling of the Li-metal anode. Besides, this new polyelec-
trolyte solution also exhibits flame retardancy. Therefore,
the Li—O, batteries with LN in DMSO can promote the
solution discharge process with a large discharge capacity
(9508 mAhg' at 200mAg"), and enable an excellent rate
capability. Furthermore, the batteries show an ultralow
charge overpotential (0.18 V) with a high round-trip energy
efficiency (88.5%) in the 1st cycle and outstanding cycle
performance (225cycles at a limited capacity of
1000 mAhg™"). The fabricated pouch-type Li-air cells with
this less flammable polyelectrolyte solution incisively and
vividly present high safety. The nail penetration and corner-
cutting tests do not disturb the cells to power red light-
emitting diodes (LEDs), electric fans, smartwatches, and
smartphones, promoting the Li—O, batteries to be used for
next-generation energy storage.

Results and Discussion
Polyelectrolyte Design

To prepare a polyelectrolyte solution with a high Li*
transfer number and an ability to construct a robust LiF-rich
SEI, a desirable polyelectrolyte should be first designed.
The incorporation of F atoms into the molecular skeleton
can lower its LUMO energy level,"”) making the molecule
susceptible to decomposition prior to the solvent to produce
a LiF-rich SEI for protecting the Li anode from dendrite
growth and DMSO induced corrosion. With this in mind,
lithiated Nafion (LN), a kind of perfluorosulfonic ionomer
with the —SO;  anions fixed on the side chains of a
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perfluorinated polymer backbone, could meet all the
requirements and thus has been chosen as a representative
soluble polyanionic Li salt to behave as the polyelectrolyte
(Scheme 1).

As a proof-of-concept, the molecular orbital energy
levels of the molecules were firstly investigated by density
functional theory (DFT) calculations to check whether the
anion of the LN could be decomposed earlier than the
solvent to engender a stable SEI layer.'¥ DMSO was
selected as the solvent for its high stability™ ! and the ability
to dissolve LN. Additionally, the molecular orbital energy
levels of other commonly used lithium salts in Li—O,
batteries were also calculated as a comparison. As shown in
Figure 1a, Nafion™ displays a lower LUMO energy level
than DMSO and the other anions; the LUMO is mainly
located on the perfluorinated backbone, ensuring its prefer-
ential reduction to produce the LiF-rich component in SEI.
Besides, NO;~ and bis(trifluoromethane)sulfonamide anions
(TFSI") just exhibit slightly lower LUMO energy levels than
DMSO, indicating their potential ability to produce anion-
derived SEI with rich inorganic components. Then, these
three Li salts and the popularly used salt of LiCF;SO;, which
also contains the same anion (—SO;”) as Nafion™, were
selected to respectively prepare the electrolyte for further
analysis. The physical properties of the electrolytes with a
concentration of 0.5M were studied first. Due to the
restricted movement of the anion, LN-DMSO shows the
highest Li* transfer number of 0.84 (Figure 1b; Supporting
Information, Figure S1 and Table S1), meanwhile, it also
offers a comparable Li" conductivity (2.08 mScm™"') with
the other three electrolytes (Figure 1b; Supporting Informa-
tion, Figure S2). It should be mentioned that this conductiv-
ity of LN-DMSO (2.5mScm™'; Supporting Information,
Figure S2) is the highest value among all the reported
polyelectrolyte solutions (Supporting Information, Ta-
ble S2). As Li* desolvation is a key rate-determining step
for Li deposition,['! temperature-dependent electrochemical
impedance spectra (EIS) were carried out. Just as shown in
the Supporting Information, Figure S3 and S4, LN-DMSO
possesses the lowest desolvation energy Dbarrier
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Scheme 1. Schematic illustration of the design principle of the poly-
electrolyte.
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Figure 1. a) Molecular orbital energy levels of the salt anions and
DMSO. b) Li* transfer number and Li* conductivity of the electrolytes.
c) LSV of the electrolytes at 0.1 mVs™". d) Cycling performance of

Li| | Li symmetric cells under O, atmosphere and at a current density of
0.1 mAcm™2

(32.4kJmol™) among the four electrolytes, revealing its
superiority for improving the mass transfer and electrode
kinetics.

The reduction behavior of the salt anions were then
studied by checking the electrochemical windows of the
electrolytes through linear sweep voltammetry (LSV) to
verify whether they follow the results of DFT calculations.
As expected, LN-DMSO shows a sharp reduction peak with
the highest onset reduction potential (Figure 1c) due to the
perfluorinated backbone of Nafion, in accordance with the
results of the DFT calculations. However, NO;~, TFSI™ and
CF;SO;™ with a slightly lower or higher LUMO energy level
than the solvent (DMSO) display similar onset reduction
potentials, indicating the accompanied solvent decomposi-
tion. Since the SEI derived from the decomposition of the
solvent is mainly composed of organic components, which
has a lower interfacial energy than the inorganic compo-
nents, making it insufficient to suppress the Li dendrite
growth. The SEI derived from the preferential decomposi-
tion of anions is mainly composed of inorganic components,
especially for the perfluorosulfonic polyanions here, which
can offer LiF-rich decomposition products to better protect
the Li metal. Besides, the electrolyte with LN also shows the
highest oxidative stability (Supporting Information, Fig-
ure S5). To demonstrate the advantage of the LN-DMSO,
the Li plating and stripping experiments of Li| | Li symmet-
ric batteries with the four electrolytes in an O, atmosphere
were carried out. Unsurprisingly, the symmetric battery with
LN presents an ultralong cycling lifetime of more than
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1500 h under a current density of 0.1 mAcm 2 (Figure 1d).
The symmetric batteries with LiTFSI, LiNO; and LiCF;SO;
can only operate for 1041, 711 and 357h, respectively,
before they short circuit. We hereafter select LiTFSI as a
comparative lithium salt for LN due to the second longest
lifetime of the Li metal in the batteries. Because the sole
difference of the four electrolytes is the salt anion, we can
deduce that the longest cycling performance of the Li metal
in Li| |Li symmetric batteries with LN could be attributed
to the LiF-rich SEI, which is derived from the preferential
decomposition of perfluorosulfonic polyanions before the
solvent.

SEI Analysis and Li Deposition Behavior

To wvalidate the above deduction, X-ray photoelectron
spectroscopy (XPS) analysis was performed to identify the
SEI components on the Li metal electrodes of the Li| |Li
symmetric batteries after 50 cycles. Based on the different
forms of Li-containing compounds from the Li 1s spectrum
in the SEI, it shows a dominant content of LiF (85.3 atom%)
in the LN (Figure 2a; Supporting Information, Table S3),
while this value is only 45.9 atom % in the LiTFSI (Figure 2c;
Supporting Information, Table S3). Even performing Ar*
sputtering for 5 minutes, the Li-containing compounds in the
Li 1s XPS spectrum show that the content of LiF in the
inner layer of SEI in the LN is still almost one time higher
than that in the LiTFSI (26.4 atom% vs. 13.3 atom%,
Figure 2a, c; Supporting Information, Table S3), manifesting
the inorganic LiF-rich SEI layer enabled by the LN. F 1s
spectra further confirm the presence of LiF in the SEI
(Figure 2b, d), which originates from the reductive decom-
position of the fluorine-containing lithium salts. To verify
this, EIS spectra were employed to investigate the evolution
of interfacial resistance (R;,) and charge transfer resistance
(Ry) in Li||Li symmetric batteries after different cycles.
The battery with LN shows slowly increasing R;,, and R,
during the long-time plating/stripping process (Figure 2e;
Supporting Information, Figure S6a). In contrast, the battery
with LiTFSI displays decreased R;, and R, initially, which
can be attributed to the Li dendrite growth induced surface
area increase, then followed by a significant rise in R;, and
R, (3 orders of magnitude larger than those of the battery
with LN, Figure 2f; Supporting Information, Figure S6b, c).
Subsequently, the morphology of the Li electrodes after
50 cycles was investigated by scanning electron microscopy
(SEM). Evidently, the surface of the Li electrode in LN is
relatively smooth with a SEI thickness of about 18 um
(Figure 2g, i). But the Li electrode in LiTFSI shows large
cracks and pulverization with a SEI thickness of around
70 um due to the Li dendrite growth induced continuous
fracture and regeneration of the SEI and the persistently
parasitic reaction of the exposed Li with the electrolyte
(Figure 2h, j). Next, the deposition morphology of Li was
investigated by SEM and in situ optical microscopy. It is
clear that the deposited Li in LN exhibits dense and uniform
morphology (Figure 2k) without observable dendrite growth
(Figure 2m), whereas that in LiTFSI shows nodule-like
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Li| | Li symmetric cells in LN (e) and LiTFS (f) after different cycles. g)—j) The morphology of the Li metals in Li| | Li symmetric cells with LN (g)
and LiTFSI (h) after 50 cycles, and the corresponding SEI thickness in LN (i) and LiTFSI (j). k), I) SEM images of the Li deposition morphology in
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microscope images of the Li morphology evolution in LN (m) and LiTFS

morphology (Figure 21) with severe dendrite growth (Fig-
ure 2n). The characterizations of the SEI ingredients, cycled
Li morphology, and Li deposition behavior in LiCF;SO; and
LiNO; are also provided in the Supporting Information
(Supporting Information, Figure S6-S12 and Table S3) to
further demonstrate the advantages of the LN. Based on the
above experimental evidence, we can draw a conclusion that
the Nafion™ with a well-tuned LUMO energy level can
engender a LiF-rich SEI, enabling it to efficiently protect
the Li anode and suppress Li dendrite growth.

Discharge Performance of Li—O, Batteries

After confirming the beneficial functions of the LN, its
effects on the practically electrochemical performance of
Li—O, batteries were firstly checked by galvanostatic dis-
charge tests at different current densities. As shown in
Figure 3a, the Li—O, battery with LN exhibits a good rate
capability with a much larger discharge capacity of

Angew. Chem. Int. Ed. 2022, 67, 202116635 (4 of 9)

I (n) at a plating current density of 1T mAcm™

9508 mAhg™' at a current density of 200 mA g than that
with LiTFSI (6849 mAhg™"), and even maintains a discharge
capacity of 4240 mAhg™' at a high current density of
2000 mA g~'. After discharge, flake-typed products form on
the cathode of the Li—O, battery with LiTFSI (Figure 3c),
while enormously toroidal assemblies (&4 pm) accompa-
nied by micrometer-sized particles emerge on that with LN
(Figure 3b), which can be identified as Li,O, by Fourier
transform infrared (FTIR) spectra and X-ray diffraction
(XRD) patterns (Figure 3d; Supporting Information, Fig-
ure S13). To shed light on the origin of the morphology
difference for the discharge product, rotating ring-disk
electrode (RRDE) measurements were carried out. Since
the total oxygen reduction reaction (ORR) charge can be
divided into two parts, one from the solution pathway and
the other from the surface pathway, the proportion of the
solution-mediated ORR charge can be calculated by divid-
ing the ring charge (Q,,) into the disk charge (Qg) and
the collection efficiency () of RRDE,"! and the n here is
corrected to be 34.7% (Supporting Information, Fig-

© 2022 Wiley-VCH GmbH
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ure S14). Consequently, the proportion of the solution-
mediated ORR charge with LN is quantitatively estimated
to be 78.1 % (Figure 3e), much higher than that with LiTFSI
(56.2 %; Figure 3f), indicating Nafion™ can efficiently pro-
mote the solution discharge by increasing the solubility of
the discharge intermediate (LiO,) to generate large-sized
Li,0.,.

Subsequently, DFT calculations were employed to fur-
ther unravel the salt anion induced changes of discharge
mechanisms."*!®1 The surface electrostatic potential maps
show that the negative charge of the Nafion™ is dominantly
located on —SO;°, while that of TFSI™ is discretely
distributed on the large sulfonimide group (Figure 3g),
suggesting that there will be a stronger interaction between
LiO, and Nafion™, which is confirmed by the following
thermodynamic and Mayer bond order analysis.'”’ When
anions bind with LiO,, the overall Gibbs free energy change
for Nafion~ (—0.34eV) is larger than that for TFSI™
(-0.16 eV), and the total Mayer bond orders of Li—O
(0.169) and Li—N (0.057) for TFSI™ are lower than those of
Li—O (0.230) and Li—F (0.042) for Nafion~ (Figure 3h),
clearly demonstrating the stronger interaction of LiO, with
Nafion™ than that with TFSI™. After this, the difference
maps of electron density and electron localization function
(ELF) were employed to characterize the chemical bond
between —SO;~ and LiO,. As illustrated in Supporting
Information, Figure S15, there is an obvious increase of
electron density between the region of intermolecular
interaction, indicating the electron transfer from —SO;~ to
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LiO,, which is further supported by the decrease of electron
localization near the Li atom induced by the Pauli repulsion
effect (Figure 3i). The DFT calculations together with the
experimental observations evidently prove that the Nafion™
can promote solution discharge by strengthening its inter-
action with LiO,.

Cycling Performance of Li—O, Batteries

Apart from discharge performance, the energy efficiency
and cycling stability are also important indicators to evaluate
the performance of Li—O, batteries. The 1st cycle discharge—
charge curves of Li—O, batteries with LN and LiTFSI are
shown in the Supporting Information, Figure S16. Though
the battery with LN can facilitate the decomposition of
Li,O, in a relatively low charge voltage (Figure 3d; Support-
ing Information, Figure S17 and S18), its energy efficiency is
still far away from the value that can enable the practical
applications of Li—O, batteries, thus an excellent catalyst for
reducing the charge overpotential is indispensable.

With the incorporation of the catalyst of RuO, nano-
particles coated on carbon nanotubes (RuO,@CNTs),!*2!
the Li—O, battery with LN exhibits an ultralow charge
voltage of 3.13V and a discharge-charge voltage gap of
0.30 V, obtaining an energy efficiency as high as 88.5%
(Figure 4a). Nevertheless, for the battery with LiTFSI, a
higher charge voltage (3.21 V) and a larger discharge—charge
voltage gap (0.38 V) are observed (Figure 4d). The lower

© 2022 Wiley-VCH GmbH



GDCh
~~

Research Articles

Angewandte

intemationaldition’y) Chemie

5.0 5.0 0
a b c*s
LN 1st cycle 45
45 - . -
4.0
4.0 25]
B B B
g 35 g 30 Y
s < 25 ]
S 30 030V S~ S
2.0
25 ——1st ——10th ——20th 50th ——1st ——5th ——10th—— 15th
151 ——100th — 150th —— 200th —— 225th 151  ——30th — 50th —— 70th —— 90th
2.0 - . : : . 1.04 1.0
200 400 600 800 1000 0 200 600 800 1000 500 1000 1500 2000
Capacity (mAh g") Capacity (mAh g”) Capacity (mAh g”)
d>° e 5° f 50
LiTFS! 1st cycle LiTFSI LiTFSI
45 45 B 45
4.0
40 a5 o e
S s e
35 ]
ig. % % 3.0
230 038V 3 g 25
209 ——1st —10th ——20th ——50th 201 ——1st —2nd —5th ——10th
25 —— 80th —— 100th —— 110th —— 117th —— 15th — 20th—— 21th
15 154
20 10 10 . . . ;
0 200 400 €00 800 1000 0 200 600 800 1000 500 1000 1500 2000

Capacity (mAh g”)

Capacity (mAh g')

Capacity (mAh g")

o

i 4oJCrrsi 50th cycle i 400]LiTFsI 50th cycle
9w 20 j s J\
0 0
35 40 20th cycle 400 20th cycle
20 200
x s 0 0 A
2 30 g 40 10th cycle 400 10th cycle
8 8 20 200
© 0, S 0 Q
4 25 40 5th cycle 400 Sth cycle
b 20 200
co, 0 0
g‘( s e PO 40 15t cycle 400 tst cycle
% 200
0 200 400 600 800 1000 1200 1400 22 0
Capacity (mAh g") ~ 407N 50th cycle ~ 4007 N 50th cycle
S 20 S 200
h 40 S 0 8 0
2 40 Z 400 20th cyc
fp— 5% 20th cycle 2 200 cycle
L 0 K] 0
35 £ 40 10th cycle £ 400 10th cycle
20 200
x < 0 o
2 30g 40 I 400 Sth oycle
< ',Q % 55 5th cycle 200
¢ of \ £ 03 o
. 40 1stcycle
1’\/’ 25 p 1st cycle 200
4 co, > 0 0
= 2.0 N HCOOLi N CH,COOLI
0 200 400 600 800 1000 1200 1400 86 85 84 83 82 20 19 18 17 16
Capacity (mAh g”) Chemical shift (ppm) Chemical shift (ppm)

Figure 4. The first discharge—charge curves of the Li—O, batteries with a) LN and d) LiTFSI. b), c), e), f) Cycling performance of the Li—O, batteries
with capacities of 1000 mAhg™' (b, ) and 2000 mAhg™' (c, f) at a current density of 500 mAg™". In situ gas evolution profiles of the Li~O,
batteries with LN (g) and LiTFSI (h) during charge. "H NMR spectra of the cathodes of Li—O, batteries for HCOOLI (i) and CH,COOLi (j) after

different cycles.

overpotential of the battery with LN than that with LiTFSI
can be attributed to the high Li* transfer number induced
decrease of concentration polarization. Then, the cycling
performance of Li—O, batteries was tested. We can see that
the battery with LN can stably operate for 225 cycles at a
current density of 500mAg ' and a cut-off capacity of
1000 mAhg™' (Figure 4b), accompanied with a minimal
increase of the discharge—charge overpotential before
200 cycles (Supporting Information, Figure S19). When in-
creasing the cycling capacity to 2000 mAhg™, a long lifetime
of 90 cycles can still be reached (Figure 4c). However, the
battery with LiTFSI can only operate for 117 and 21 cycles
at the limited capacities of 1000 and 2000 mAhg~!, respec-
tively (Figure 4e, f), much shorter than those of the batteries
with LN.

To get insight into the influence of salt anions on cycling
performance, in situ differential electrochemical mass spec-
trometry (DEMS) and 'H nuclear magnetic resonance (‘H
NMR) measurements were executed. Unlike the battery
with LiTFSI that releases a great deal of CO, during the
charge process (Figure 4h), there is negligible CO, evolution
for the battery with LN (Figure 4g), signifying that the use
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of stable LN can promote the reversible decomposition of
Li,O, with fewer side reactions. This can be further
validated by the less parasitic products (HCOOLi and
CH;COOLi) formed on the cathode of the LN-based battery
after different cycles (Figure 4i, j; Supporting Information,
Figure S20). Since the capture of LiO, by Nafion™ can
decrease the amount of free LiO,, it is reasonable that the
Li-O, battery with LN reduces the related parasitic reac-
tions with LiO,.”"! For the Li anode side, the one in LN
possesses a more obvious metallic luster than that in LiTFSI
(Supporting Information, Figure S21), revealing the efficacy
of LN for protecting the Li anode in real Li—O, battery
operation conditions. Thus, the superb cycling performance
of the battery with LN is due to the synergetic contributions
of Nafion -induced LiF-rich SEI for efficient Li protection
and less parasitic reactions from the depressed activity of
LiO,. Given that the previous works demonstrated that high
concentration electrolytes could induce the formation of
high-quality SEI, we also compare the performance of the
0.5 M LN-based battery with that of the batteries with high
concentration electrolytes. Different from the excellent rate
capability of the LN-based battery, the performance of those

© 2022 Wiley-VCH GmbH
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with high concentration electrolytes is rather poor (Support-
ing Information, Figure S22), which can be ascribed to the
high viscosity induced sluggish mass transfer kinetics,”” and
the easily passivated cathodes by discharge products (Sup-
porting Information, Figure S23), further proving the advan-
tages of our designed LN-based polyelectrolyte solution.

Safety and Applications of Pouch Cell

As the safety of batteries is the premise for commercial
applications, the flammability of the LN-based electrolyte
was checked. We find that though the glass fiber membrane
swollen with LN-based electrolyte can be ignited with a
lighter, it shows low flammability and soon extinguishes
(Figure 5a; Supporting Information, Video S1), while for
that with LiTFSI-based electrolyte, it violently burns with
the formation of black substances (Figure 5b; Supporting
Information, Video S2). Then, a pouch-type Li-air cell that

(7;\
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Battery
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Before
puncture

Capacity after 0 min: 57%
-
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Before it After
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could power a red LED and electric fan was fabricated for
further safety tests (Figure Sc, i; Supporting Information,
Figure S24a, b, and Video S3). When the cell suffers from
nail penetration (Figure 5d, e), its voltage is maintained
pretty well without the occurrence of burning and short
circuit (Supporting Information, Figure S24c). Moreover,
the penetrated cell can still power the red LED and electric
fan (Figure 5f, j; Supporting Information, Video S4), and its
temperature just goes up several degrees (Figure 5g, h).
Even when the cell further sustains a corner cutting, it can
also power the electric fan and experiences a negligible
voltage decay (Figure 5k; Supporting Information, Fig-
ure S24d and Video S5). All these tests reveal the superior
safety of the Li-air battery with a LN-based electrolyte.
Finally, the fabricated pouch cell was employed to power
smart electronics. As expected, the cell can successfully
charge a smartwatch with its power increasing from 57 % to
62% in 7 minutes (Figure 5l,m), as well as supplying
electricity for a smartphone (Figure 5n). The LN-based Li-

e
/ After
}Qu ncture

i

k After
corner cutting

\
Powered by Li-air battery

Figure 5. Flammability tests for the electrolytes of LN (a) and LiTFSI (b). Photographs of the red LED powered by the pouch cell before (c) and
after puncture (f). Photographs of the puncture test (d, ) and the corresponding infrared thermal images (g, h). Photographs of the electric fan
powered by the pouch cell before (i) and after puncture (j) and corner cutting (k). Photographs of the smartwatch (I, m) and smartphone (n)

charged by the pouch cell.

Angew. Chem. Int. Ed. 2022, 61, €202116635 (7 of 9)

© 2022 Wiley-VCH GmbH



GDCh
=

air battery with satisfactory safety and an ability to provide
power to veritable electronics exhibits promise towards
practical applications.

Conclusion

In summary, a novel design strategy of polymerization and
fluorination of the salt anions to satisfy the needs of high
Li* transfer number and efficient Li protection for electro-
lyte has been proposed, and lithiated Nafion (LN) as a
representative soluble perfluorinated polyanion has been
introduced to prepare the polyelectrolyte solution, which
delivers low flammability and a high Li* transfer number
(0.84) and conductivity (2.5 mScm ™). The anions of the LN
with a lower LUMO energy level than the solvent and
strong interaction to LiO, can produce a LiF-rich SEI film
for protecting the Li anode, and reduce the parasitic
reactions associated with LiO,. Benefiting from these
advantages, we have successfully realized the application of
the polyelectrolyte solution in Li—O, batteries. The LN-
based polyelectrolyte solution endows the Li—O, battery
with a low discharge—charge overpotential (0.30 V, energy
efficiency 88.5%), a large discharge capacity, an excellent
rate capability, as well as a long lifetime. Furthermore, the
pouch cells with LN-based electrolyte possess prominent
safety and an ability to power commercial electronic equip-
ment, exhibiting superb application prospects.
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