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Stabilized P—F Bond for Sustainable and Ultralong Life

High-Energy Lithium Batteries

Yuanming Liu, Yao Tian, Feiyu Kang, Marnix Wagemaker,* Baohua Li,*

and Guohua Chen*

The instability of P—F bond-based electrolyte (PFE) under ambient conditions
presents one of the biggest challenges for the production, usage, and
recycling of lithium (Li) batteries. It increases the cost of battery production,
decreases battery service life, and harms human health and environmental
sustainability during the use of batteries. Here a stabilized P—F bond
electrolyte (SPFE) is reported, which can effectively prevent the side-reactions
in PFE at ambient conditions. The SPFE, which is pristine, containing
ultra-high content of water (10 000 ppm or 10 g L"), can support the 2 Ah
Li-ion pouch cell (200 Wh kg~") cycling 400 times with 90.2% of its capacity
retained. The mostly dry room-free (DRF) production of commercial Li-ion
(2Ah, 200 Wh kg") and anode-free (AF) Li metal pouch cell (2 Ah, 410 Wh
kg~) also demonstrated excellent cycling stability with the SPFE. Moreover,
the SPFE enables AF Li-metal batteries (AFLMBs) to retain 54.1% of their
charged capacity even after 180 days of open circuit storage. By intrinsically
safeguarding PFE from hydrolysis, the present SPFE would have a broad
impact on future battery technology, simplifying battery production, extending

1. Introduction

Since the introduction of P—F bond (Specif-
ically, LiPF;) containing electrolytes (PFE)[]
in the 1990s along with lithium (Li) lay-
ered metal oxide as cathode and graphite as
anode,!?! lithium ion batteries (LIBs) have
become the dominant technology for en-
ergy storage systems accounting for a more
than US$ 100 billion manufacturing mar-
ket nowadays. Up to now, PFE is still indis-
pensable in Li battery technology for its bal-
anced properties such as excellent electro-
chemical stability, suitable Li-ion conductiv-
ity, wide operation temperature, and versa-
tile compatibility with various electrodes.
The sensitivity to humidity presents a
key challenge to PFE in ambient condi-
tions, necessitating expensive fabrication
in dry rooms with a very low dew point

battery service life, and safeguarding battery recyclability.
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(<—40 °C (~20 ppm)), which accounts for

more than 25% of the cost required for

the whole line of battery production.}! Fur-

thermore, the hydrolysis of P—F bond dur-

ing the long-term cycling process of bat-

teries will still hinder the performance of
LIBs significantlyl* and potentially initiate battery explosion.!>]
For the next generation high energy Li metal batteries (LMBs),
the unstable P—F bond can also induce severe corrosion of the
Li metal anode (LMA), causing a minimum capacity decay of 2%
to 3% per day.[®l Moreover, the unstable P—F bond also poses a
great challenge for human safety and environmental sustainabil-
ity during the recycling process of the used LIBs.!”]

The susceptibility of the P—F bond to hydrolysis, however,
is inevitable by the trace amounts of moisture in battery com-
ponents such as both anode and cathode electrodes, separa-
tor, and package film. The hydrolysis of the P—F bond pro-
duces hydrogen fluoride (HF) and various acidic species such as
HPO,F,, H,PO,F, inducing cracks in the solid-electrolyte inter-
phase (SEI), dissolution of transition metal (TM) ions in layered
metal oxide cathodes, and decomposition of electrolyte solvent.!®]
In addition, the degraded P—F bond would catalyze the ring open-
ing of cyclic carbonates to form the polymeric species having
a carbonate motif,°! which degrades the electrolyte by turning
the color from transparent into brown, and eventually black. The
amount of the as-formed acidic species is as high as 5.4 to 53.7
grams (g) in one electric vehicle battery pack,!'”) which makes
the processing of the used batteries challenging because of toxic-
ity to humans and the environment. Various strategies have been

© 2025 Wiley-VCH GmbH
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proposed to stabilize P—F bond in electrolytes, including the pro-
motion of LiPF dissociation,'!] the addition of PF scavenger,!1?]
the HF scavenger,|”*'?] and also the humidity reducer.*"'] How-
ever, until now, the humidity-tolerance of PFE is still below
1000 ppm (or 1 g L), although the battery electrodes are fab-
ricated under ambient and dry room free conditions, experienc-
ing water content of over 2000 ppm.*>'% Thus, it becomes ob-
vious that for a stable battery production, one can either com-
plete the manufacture in a dry room with ultralow dewpoint or
formulate a PFE with a tolerance of water content over 2000
ppm. The latter option is highly desirable, although extremely
difficult.

Here we report a stabilized P—F bond-based electrolyte (SPFE)
that could eliminate the water induced side-reactions in PFE ef-
fectively. By introducing NO,~, the PF; from LiPF -degradtion
can be largely absorbed, which thoroughly decreases the PF;-
catalyzed solvent decomposition. In the meantime, the H,O in-
side SPFE can be well contained without degrading the P—F
bond by the absorption of NO,~ and the Nef reaction produced
aldehydes. Moreover, the consumption of H,O by the Nef re-
action can effectively decrease the water content in SPFE. As
a consequence, the SPFE after 60 days of ambient storage ex-
hibits no decomposition of the P—F bond and solvent. A coin
LIBs (LiNi, (Mn,,Co, ,0,-graphite) with this electrolyte presents
more than 500 stable cycles. In addition, for the SPFE with pris-
tine 10 000 ppm of water and after 15 days of ambient-storage,
it could still support the 2 Ah (200 Wh kg™!) Li-ion pouch cell
with 90.2% of its discharge capacity retained after 400 cycles. The
SPFE electrolyte can also enable the mostly dry room-free (DRF)
production of 2 Ah Li-ion and anode-free (AF) Li metal pouch cell
with excellent cycling stability. Moreover, the SPFE restrains the
corrosion of charged high energy AF Li metal battery (AFLMB)
effectively, delivering an excellent cycling stability and retaining
54.1% of its charged capacity even after 180 days of calendar

aging.

2. Preparation of Stabilized P—F Bond-Based
Electrolyte (SPFE)

The bare electrolyte (IM LiPF; in EC/DEC (1/1, v/v) with 10
wt.% FEC, which is suitable for both Li ion batteries (LIBs) and
Li metal batteries (LMBs)), bare electrolyte with Li metal, bare
electrolyte with LiNO, particles and bare electrolyte with both
Li metal and LiNO, particles were prepared and stored in am-
bient conditions first, and they are denoted as Am, Am-Li, Am-L
and Am-Li-L, respectively. These well-prepared electrolytes were
placed in sealed glass vials and then stored under ambient con-
ditions with a temperature ranging from 15 to 30 °C and rel-
ative humidity (RH) varying from 40% to 70%. After 60 days,
the Am-L-60d and Am-Li-L-60d electrolytes remain transparent,
while the Am-60d electrolyte has gradually turned brown (Figure
S1, Supporting Information). After 90 days, the Am-90d elec-
trolyte becomes dark brown in distinct contrast with the color-
less Am-1-90d and Am-Li-L-90d electrolytes. For the electrolyte
stored in an argon (Ar) atmosphere, 90 days of storage can also
make the Ar-90d electrolyte become faint brown, while this is
totally not the case for other electrolytes (Figure S2, Supporting
Information).
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3. Component and Performance of SPFE

Solution nuclear magnetic resonance (NMR) is used to charac-
terize the components of ambient- and argon-stored electrolytes.
As shown in Figure S3 (Supporting Information), the '"H NMR
spectra of Am-60d and Am-Li-60d electrolytes show the evi-
dent presence of the defluorinated FEC, but this cannot be seen
for the Am-L-60d and Am-Li-L-60d electrolytes. In addition, for
the Li-L electrolytes (Am-Li-L-60d and Ar-Li-L-60d) stored in
ambient or argon environment, aldehydes (RCHO) are found
(Figure 1a; Figure S4a, Supporting Information). The formation
of aldehydes is the result of the Nef reaction involving water
consumption.['®] The 3!'P and F NMR spectra of the ambient-
and argon-stored electrolytes show that the decompositions in
Am or Ar electrolyte were effectively impeded in Am-L or Ar-L
electrolyte, whereas they were impeded more efficiently in Am-
Li-L or Ar-Li-L electrolyte (Figure 1b-d; Figure S4b-d, Supporting
Information). For both Am-Li-L-60d and Ar-Li-L-60d electrolytes,
the P—F bond degradation is almost eliminated during the 60
days storage. The comparison between the '"H NMR spectra for
the ambient- (Figure 1a) and argon- (Figure S4a, Supporting In-
formation) stored electrolytes shows that only the coexistence of
Li metal and LiNO; in PFE can produce aldehydes (RCHO).

The time-of-flight secondary ion mass spectrometry (TOF-
SIMS) depth profiling of several secondary ion fragments on
the Li metal surface in Am-Li-L-60d electrolyte is shown in
Figure le,f, which displays the existence of H-, O~, F~, LiF~,
C;H;~, C,H;O™ and C,HNO,". The presence of O~ and LiF~
should be derived from the LiNO, and LiPF, or FEC degrada-
tion, respectively. However, the C,HNO,™ must originate from
the reduction of LiNO, and carbonate solvent at the Li metal sur-
face, which initiates the Nef reaction in the presence of H,O or
H*. [16] After 60 or 90 days of ambient storage, the water content
for the Am electrolyte is only 33 or 54.4 ppm (Figure 1g), a conse-
quence of hydrolysis that leads to the brown color, in agreement
with the literature reports.8#13-1417] The addition of Li metal in
the Am electrolyte could eliminate the side reactions to some ex-
tent, resulting in a water content of 65.8 ppm (107.3 ppm after 90
days). In contrast, the Am-L and Am-Li-L electrolytes have water
content of 357.1 ppm (360.3 ppm after 90 days) and 225.5 (283.8
after 90 days) ppm, respectively, showing the suppressed detri-
mental hydrolysis.

The Am-Li-L-60d electrolyte supports the coin-type LIB
(LiNiy sMn, ,Co,,0, (NMC622) | graphite (G)) to cycle stably over
500 times with a capacity retention of 59%, much better than that
of Am-60d electrolyte with a capacity retention of 13% after only
100 cycles (Figure 1h—j; Figures S5 and Sé6a, b, Supporting In-
formation). It is worth noting that the Am-L-60d electrolyte al-
lows coin LIB to cycle stably during the initial 100 cycles. The
difference in performance between Am-L-60d and Am-Li-L-60d
electrolytes is supposed to be the consequence of the Nef reac-
tion with aldehydes produced, which decreases the water content
and subsequently suppresses the production of harmful species.
Anode-free LMB (AFLMB, NMC622 | Cu) were assembled to fur-
ther evaluate the electrochemical performance of the ambient-
stored electrolytes. The Am-Li-L electrolyte is found to withstand
calendar aging of the charged AFLMB (to 4.3 V). After 10 days
of calendar aging of the charged AFLMB, the cell with Am-Li-L-
60d electrolyte maintains 89% of its charge capacity, while the
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Figure 1. Preparation of stabilized P—F bond-based electrolyte (SPFE). a, b) "H and 3P solution NMR spectra of ambient (Am)-stored PFE electrolyte

after 60 days (Bare electrolyte (Am-60d), bare electrolyte with Li foil (Am-Li-
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60d), bare electrolyte with LINO; particles (Am-L-60d) and bare electrolyte

with both Li foil and LiNO; particles (Am-Li-L-60d)), respectively. ¢, d) '°F solution NMR spectra of Am, Am-Li-60d, Am-L-60d and Am-Li-L-60d samples.

e) Time-of-flight secondary ion mass spectrometry (TOF-SIMS) depth profi

ling of several secondary ion fragments on the Li metal surface of Am-Li-L-

60d sample. f) TOF-SIMS 3D reconstruction of the sputtered volume on the surface of Li metal of Am-Li-L-60d sample. g) Water content of different
ambient-stored electrolytes. h) Cycling performance of the LiNig gMng ,Coq ,0, (NMC622) | graphite (G) coin cell with ambient-stored electrolytes after

60 days. i, j) Voltage-capacity profile of NMC622 | G coin cell using Am-60d

Am-60d electrolyte records a capacity retention of 44.4% only
(Figures Séc, d and S7, Supporting Information). Even after 90
days of storage, the Am-Li-L-90d and Ar-Li-L-90d electrolytes can
still exhibit excellent aging and cycling performances of AFLMBs
(Figure S8, Supporting Information).

4, Mechanism of SPFE

As shown in Figure 2a, in general, the PFE electrolyte, the reas-
sociation of Li* and PF,~ would lead to the formation of PF, and
LiF.[4%b¢18] Then, the produced PF, would be subject to hydroly-
sis in the presence of water and produce POF, and HF. The POF,
could further hydrolyze to produce various acidic species and HF.
However, in SPFE, the NO;~ and carbonate solvent will form
C,HNO,™ at the surface of Li metal, as evidenced by the TOF-
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and Am-Li-L-60d electrolyte, respectively.

SIMS results in Figure 1e,f, which will further react with H,O or
H* in SPFE and produce aldehyde species and N, O (Figure 2b, as
evidenced by the NMR results in Figure 1a; Figure S4a, Support-
ing Information)."® This is helpful in decreasing the contents of
water and HF in SPFE, thus inhibiting the harmful degradation
significantly. Such a result can also be testified by the pH tests
shown in Figure S1 (Supporting Information), where the Am-Li-
L electrolytes exhibit the lowest acidity compared with others.
To reveal the interactions between representative molecules
in SPFE, a density functional theory calculation was conducted
(Figure S9, Supporting Information). The calculated Gibbs free
energy for the interactions between different molecules is shown
in Figure 2c. Typically, the LiPF, degraded product, PF;, is in-
clined to absorb H,O (Binding energy AE = —39.7 k] mol™),
forming POF; and HF. The interaction between POF; and H,0

© 2025 Wiley-VCH GmbH
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Figure 2. Mechanism and function of SPFE. a) Schematic showing the degradation routes of LiPFg salt in PFE. b) Schematic showing the reaction routes
on Li metal surface in SPFE. c) Calculated Gibbs free energy for the interactions between different molecules in SPFE. d) SPFE enabled mostly dry room

free (DRF) production of commercialized lithium batteries.[??]

is not that strong (AE = 19.7 k] mol™'), with external energy re-
quired for their reaction to proceed. However, with the addition of
LiNO;, the NO; ™ ions can absorb PF; spontaneously AE = —80.2
kJ mol~'). The value of binding energy for the absorption be-
tween NO,~ and PF; is two times that between H,O and PF, in-
dicating that the hydrolysis of PF; would be largely restrained in
SPFE if there are sufficient NO,~. This simulation result agrees
well with the reported research that the addition of LiNO; can
only stabilize LiPF,-based electrolyte effectively and achieve a hu-
midity tolerance of 1000 ppm.['?! The interaction between NO,~
and POF, is weaker than that between H,O and POF,. However,
the binding energy values of NO,~ and the as-formed aldehy-
des, for example, the CH;CHO derived from the ethyl group of
DEC) absorption with water are relatively smaller than that be-
tween POF, and H,O, which further inhibits the hydrolysis of
POF,. It is also worth noting that the interactions between PF~
anions and H,O molecules (—81.3 k] mol~! between PF~ anion
and single hydrogen atom of H,O (Figure S9c, Supporting In-
formation) and —75.8 k] mol~! between PF;~ anion and double
hydrogen atom of H,O (Figure S9d, Supporting Information))
are comparable to the interactions between PF; and NO,~, which
further show that the only existence of LiNO; in LiPF,-based

Adv. Funct. Mater. 2026, 36, €19229
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electrolyte cannot restrain its hydrolysis effectively when the con-
tent of H, O is very high (for example, >2000 ppm). These calcu-
lations are based on the FEC dielectric constant!?®) of e = 78.4,
while it has also been reported?!] to exceed a value of 100. Al-
though we believe that the dielectric constant of FEC should be
smaller than EC (89.8), and that the ey = 78.4 is a realistic value
(Note S1 and Figure S10, Supporting Information), DFT calcula-
tions are also performed with e, assumed to be 102.9. Except
for the interaction between NO;~ and PF; resulting in a positive
absorption energy, the interactions between NO,~ and H,0 and
between CH;CHO and H, O are preferable compared to that be-
tween POF, toward H,O, supporting the aforementioned results
(Figure S11, Supporting Information).

5. Ambient Stored SPFE Containing 10000 ppm

There are three major processes for battery production, in-
cluding electrode production, cell production, and conditioning
(Figure 2d).[?2] Generally, all these processes should be carried
out in a dry room with a very low dew point to avoid mois-
ture contamination of the electrolyte. However, if the PFE could
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tolerate the ambient humidity (a few thousand ppm),i*®! then the
operations marked in red in Figure 2d can be carried out under
ambient conditions, significantly decreasing the cost of battery
production.

To test the tolerance of SPFE to moisture, it was subjected to
a more severe condition where 1wt.% of H,0O (10000 ppm) was
added to the electrolyte. As expected, the SPFE electrolyte is ef-
fective in suppressing the harmful decomposition reactions in
PFE, as shown in Figure 3a—d and Figure S12 (Supporting Infor-
mation). After 15 days of ambient storage, the water content of
H,0-Am-15d electrolyte decreased to 110.3 ppm, demonstrating
the serious decomposition of PFE, while this has been strongly
suppressed in the H,0-Am-L-15d (6238.9 ppm) and H,O-Am-Li-
L-15d (3987.6 ppm) electrolytes. The NMR results for the water
containing electrolyte after 15 days of ambient storage show that,
when the water content increases to 10 000 ppm, there is also a
clearly existence of POF; and HF,~ for the ambient-stored elec-
trolyte with LiNO; only (Figure S13, Supporting Information),
which is contrast to the undegraded electrolyte protected by both
LiNO; and Li metal. Even when the temperature is increased
to 40 °C, the electrolyte containing both LiNO,; and Li metal is
still more efficient than the electrolyte containing LiNO, only in
protecting the PFE electrolyte (Figure S14, Supporting Informa-
tion). For the pouch type LIB cells (Figure S15, Supporting Infor-
mation) with newly prepared water-containing electrolytes and
ambient-stored water-containing electrolytes, the gassing phe-
nomena for the pouch cells injected with the H,0-0d (Figure
S16b, Supporting Information), H,O-L-0d (Figure S16¢, Support-
ing Information), H,0-Am-L-15d (Figure S17c, Supporting In-
formation; Figure 3g) and H,0-Am-Li-L-15d (Figure S17d, Sup-
porting Information; Figure 3h) electrolytes can be clearly seen,
while this cannot be observed for the pouch cells injected with
the newly prepared clean electrolyte (Figure S16a, Supporting In-
formation), H,0-Am-15d (Figure S17a, Supporting Information;
Figure 3e) and H,0-Am-Li-15d electrolytes (Figure S17b, Sup-
porting Information; Figure 3f), demonstrating the strong mois-
ture tolerance of our SPFE electrolyte.

For the newly prepared water-containing electrolytes, the H,O-
L-0d electrolyte could support the 2 Ah (200 Wh kg™!) Li-ion
pouch cell maintain a discharge capacity of 1.2 Ah and energy
efficiency of 85.7% after 400 cycles, while the cell with H,0-0d
electrolyte exhibits a discharge capacity of 1.3 Ah and energy ef-
ficiency of 84.8% after only 100 cycles (Figure S18, Supporting
Information). After ambient storage, the electrochemical perfor-
mance for the cell with Am-H,0-15d electrolyte (Figure 3i,j,],
with less than 0.5 Ah capacity after only 50 cycles and energy ef-
ficiency lower than 85%) is even worse than the cell with H,0-0d
electrolyte, ascertaining the significant decomposition of H,0-0d
electrolyte during ambient storage. Whereas, the H,O-Am-Li-L-
15d electrolyte could maintain the Li-ion pouch cell running at
95% (1.93 Ah) of its designated capacity (2Ah) at the first cycle
of 0.5 C, and still delivering a high capacity of 1.74 Ah (90.2%
capacity retention) and energy efficiency of 92% even after 400
cycles (Figure 3i,j,m), which is almost equivalent to that of newly
prepared clean electrolyte (with a capacity retention of 94% and
energy efficiency of 95% after 400 cycles, Figure S18, Support-
ing Information). The addition of Li metal (H,0-Am-Li-15d) or
LiNO, particles (H,0-Am-L-15d) independently can also increase
the capacity retention as well as the energy efficiency of LIBs to
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some extent; the electrolyte that contains both of them shows
the obvious advantage of SPFE electrolyte. Since the density of
LiNO,; and Li metal is ~2.38 and 0.534 g cm~3, respectively, the
LiNO, particles will precipitate at the bottom of SPFE electrolyte,
whereas the Li metal will float on its surface during the long-term
aging process, because the density of SPFE is ~#1 g cm™. And
therefore, there is no existence of LiNO, particles in the above
pouch cells. The water tolerance for the present SPFE is one mag-
nitude or more higher than published results,3#?3] and the re-
ported cell capacity as well as the capacity retention are also signif-
icantly higher than most of them (Figure 3k; Table S1, Supporting
Information).

To demonstrate the effectiveness of the present SPFE toward
industry-scale production of LIBs, Li-ion pouch cells (2Ah) were
further produced under mostly dry room-free conditions. Typi-
cally, apart from the filling of electrolyte and the conditioning of
cells, all the other processes were carried out in ambient con-
ditions with a temperature range from 25 to 28 °C and humid-
ity range from 55% to 75%, the red font processes described in
Figure 2d. The cell with SPFE electrolyte can still deliver a high
capacity of 1.88 Ah and energy efficiency of 93.1% even after be-
ing cycled 500 times at 0.5 C, while the cell with PFE electrolyte
can only maintain a capacity of 1.36 Ah and energy efficiency of
88.2% after only 400 cycles (Figure 3n,0; Figure S19, Supporting
Information).

6. SPFE for Decreased Corrosion in AFLMBs

For the next-generation high energy density Li metal batteries
(LMBs), the corrosion of Li metal anode (LMA) is a very serious
problem during the cycling and calendar aging process,[®**] espe-
cially for the anode-free LMBs (AFLMBs), which have a very lim-
ited Li source for the high energy density of LMBs. Therefore,
we further tested the SPFE in AFLMBs for suppression of the
P—F bond decomposition induced corrosion. According to the
former results, the SPFE is formed by the co-existence of Li metal
and LiNO, in PFE. The difference between LIBs and AFLMBs
is that, during the charging process of AFLMBs, Li metal would
be formed accordingly. Therefore, only LiNO, was added as elec-
trolyte additive in PFE by using the PP/LiNO, /PP separator!?]
(PP: polypropylene) as SPFE electrolyte in AFLMBs. Although
many research works have reported the increased cycling stabili-
ties of LMBs!%-26) or even the LMBs with water containing PFE"’]
when LiNO, was used as electrolyte additive in PFE, the corrosion
resistance of LiNO;-added PFE has been rarely explored. Espe-
cially for the interplay between Li metal and LiNO, in stabilizing
PFE in practical batteries, which has never been reported.

First, AFLMBs with PP/PP separator (PFE) or PP/LiNO, /PP
separator (SPFE) were charged to 4.3 V, and then it was followed
by remaining to OCV for 2 or 30 days. Due to the larger dimen-
sion of Cu foil (16 mm in diameter) compared to the cathode
(12 mm in diameter), an obvious Cu border can be observed for
the extracted anodes of charged AFLMBs (Figure S20, Support-
ing Information). The Cu border for the PFE-4.3 V sample ex-
hibits a distinct black color compared to the unchanged Cu bor-
der from the cells with SPFE electrolyte (Figure S20a, ¢, Sup-
porting Information). After 2 days of calendar aging at OCV of
charged AFLMBs (to 4.3 V), the black color of Cu border of PFE-
4.3V-2d sample deepens, and the morphology for the deposited Li
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Figure 3. Performance of LIBs with SPFE. Digital photos for the electrolyte containing 10 000 ppm of water and after ambient-storage of 15 days:
a) bare electrolyte (H,0-Am-15d); b) bare electrolyte with Li foil (H,0-Am-Li-15d); c) bare electrolyte with LiNO; particles (H,O-Am-L-15d); d) bare
electrolyte with both Li foil and LINO; particles (H,O-Am-Li-L-15d). e, f, g, h) Front and side digital images of the activated pouch cell which was injected
with the ambient-stored electrolyte of H,0-Am-15d, H,0-Am-Li-15d, H,0-Am-L-15d and H,O-Am-Li-L-15d, respectively. i, j) Cycling performance and
energy efficiency of NMC811-Graphtie pouch cells (2Ah, 200 Wh kg™') injected with ambient-stored and water-containing electrolytes, respectively. k)
Comparisons for the cycling performance of LIBs with the present SPFE and with other reported stabilized PFEs. |, m) Voltage-capacity profile of NMC811-
Graphtie pouch cell with H,O-Am-15d and H,0O-Am-Li-L-15d electrolyte, respectively. n, 0) Cycling performance and energy efficiency of NMC811-
Graphtie pouch cells (2Ah, 200 Wh kg~') which were fabricated under the mostly dry room free (DRF) conditions and injected with PFE and SPFE
electrolytes, respectively.

Adv. Funct. Mater. 2026, 36, €19229 €19229 (6 of 12) © 2025 Wiley-VCH GmbH

85U80|7 SUOWWIOD @A a1 8|qeo! dde ayy Aq pausenob are sejolie YO ‘8sN JO Se|n. 10} Areiqi8ulUQ A8]IM UO (SUORIPUCO-PUE-SWLBY/LICD" A3 | 1M ATe1q 1jBUI [UO//SANY) SUORIPUOD PUe SIS 1 8u3 88S *[9202/20/60] Uo AkeiqiTauliuo AB11M ‘BRa NL A 6226TSZ0Z W Pe/Z00T OT/I0P/W0 A8 | IM"Ae.d Ul |UO"peoUeApe//Sdny WOy papeojumoq ‘6 ‘920z ‘820E9TIT


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

www.afm-journal.de

i j k |
S {20 min 3 {20 min 3 3
& & oA &
= = = =
(72} [%] (%} (72}
£ v S £ £ £p
25,0\.0 0 min 25,0«_0 0 min 252.0 0 min 259_9 0 min
E 3 3 3
& A & &
z = = 2
£ £ £ £
960 952 944 936 960 952 944 936 960 952 944 936 960 952 944 936
Binding energy (eV) Binding energy (eV) Binding energy (eV) Binding energy (eV)
m e n o]
| < 0020 ——
Li metal G 0.0041 — PFE (NoFEC) 5 —_
— < — SPFE (No FEC) < 0.015{ __SPFE
: pLit : > >.0.010
v v v v (A)‘a';- "5
o ? 4(3 © $ 0.005
° °
A &,o = £0.000
N . o) 50.
c n_E1 = EINNNN £-0.002 | 2 ! : |
UL '~ e = 0 80 160 240 5 0 80 160 240
| O Time (h) o Time (h)

Figure 4. SPFE suppressed corrosion of Li metal anode in high energy AFLMBs. SEM images of charged anode (to 4.3 V) in AFLMB: a, b) with PFE
electrolyte (PFE-4.3V); ¢, d) with SPFE electrolyte (SPFE-4.3V). SEM images of aged anode (to 4.3 V and after 2 days storage at open circuit voltage
(OCV)) in AFLMB (to 4.3 V) after 2 days with e, f) PFE electrolyte (PFE-4.3V-2d) and g, h) SPFE electrolyte (SPFE-4.3V-2d). i, j) XPS Cu2p depth spectra
on the Cu part of charged anode (to 4.3 V) and aged anode (to 4.3 V and after 2 days storage at OCV) in AFLMB with PFE electrolyte, respectively. k,
I) XPS Cu2p depth spectra on the Cu part of charged anode (to 4.3 V) and aged anode (to 4.3 V and after 2 days storage at OCV) in AFLMB with SPFE
electrolyte, respectively. m) Schematic illustration of the half-cell to test the galvanic corrosion of Li metal anode. n, o) Galvanic corrosion current for
the cell with FEC-free electrolyte (PFE (No FEC) and SPFE (No FEC)) and FEC-containing electrolyte (PFE and SPFE), respectively.

metal changes from densely packed to mossy like porous fibers
(Figure S20Db, Supporting Information; Figure 4a,b,e,f). In con-
trast, the color of Cu border of SPFE-4.3V-2d sample remains
unchanged, and the Li metal still has a densely packed structure
(Figure S20d, Supporting Information; Figure 4c,d,g,h). Even af-
ter 30 days of calendar aging, the SPFE-4.3V-30d sample still re-
tains a large amount of deposited Li metal, showing little reaction
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by-products on both the anode and separator (Figure S20h—j, Sup-
porting Information), while the deposited Li metal for the PFE-
4.3V-30d sample has been completely corroded, showing large
amounts of reaction by-products on both the anode and separator
(Figure S20e—g, Supporting Information). For the electrochemi-
cal impedance spectroscopy (EIS) of the charged AFLMBs with
PFE and SPFE electrolyte, a significant increase in impedance
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for the battery with PFE electrolyte can be clearly observed after
10 days of calendar aging process (Figure S21a, Supporting Infor-
mation), while the cell with SPFE electrolyte shows little change
before and after 10 days of calendar aging process (Figure S21b,
Supporting Information).

X-ray photoelectron spectroscopy (XPS) was utilized to charac-
terize the disassembled anode in AFLMBs. For the disassembled
anodes in AFLMBs with PFE, the signals of the Cu element can-
not be captured at the Cu border of both the charged anode (PFE-
4.3V, Figure 4i) and the aged anode (PFE-4.3V-2d, Figure 4j), even
after 20 min of depth profiling. However, clear Cu signals for
both the disassembled anodes in the charged AFLMBs (SPFE-
4.3V, Figure 4k) and the aged AFLMBs (SPFE-4.3V-2d, Figure 4])
have been captured, showing the strongly suppressed galvanic
corrosion between Li metal and Cu current collector. This can
also be testified by the much-reduced galvanic corrosion current
between Li metal and Cu foil in Li | Cu half cells with SPFE elec-
trolyte (Figure 4m-—o). For the aged anodes in charged AFLMBs
after 30 days, the C1s spectra on Li metal of PFE-4.3V-30d sample
is rich in inner C—C groups, showing serious decomposition of
carbonate solvent. However, the C—C groups of SPFE-4.3V-30d
sample are mainly located at the surface (Figure S22, Support-
ing Information), reflecting less decomposition of electrolyte.
In addition, the Ols spectra on both the Li metal and Cu bor-
der of SPFE-4.3V-30d sample are abundant in Li,O (Figure S23,
Supporting Information), which should result from the LiNO,
decomposition, supporting the cycling stability of AFLMBs.[?’]
Moreover, as shown in Figure S24 (Supporting Information), the
formations of Li,PF, O, and LiF species (F1s spectra) on both
the Li metal and Cu border have been largely suppressed in
AFLMBs with SPFE electrolyte. This agrees well with the P2p
spectra (Figure S25, Supporting Information), where the forma-
tion of Li,PF,O,, Li;PO, and Li;P species has also been signifi-
cantly decreased on both the anode and cathode. Because LiPF is
the only source for phosphorus species, and because both LiPF,
and FEC are the only sources for fluorine species, the above XPS
results demonstrate the restrained decomposition of LiPF; and
FEC in SPFE. Severe dissolutions of manganese (Mn) ions can
also be observed in the PFE sample (Figure S26a, ¢, Supporting
Information). The dissolution of Mn ions in the layered oxide
cathode and their redeposition on the anode surface is harm-
ful for battery operation to their reactivity toward SEI and elec-
trolyte, which would result in severe capacity fading and safety
concerns.[*“>28] However, such phenomena have been totally pre-
vented in AFLMBs with SPFE (Figure S26b,d, Supporting Infor-
mation). The XPS analysis clearly shows that the decomposition
of PFE electrolyte induced corrosion on both anode and cath-
ode, but the cross-talk of dissolved transition metal (TM) ions has
been totally suppressed in AFLMBs with SPFE.

To further demonstrate the SPFE suppressed corrosion in
AFLMBEs, all the anode, separator, and cathode (Figure S27, Sup-
porting Information), the only anode (Figure S28, Supporting In-
formation), and the only cathode (Figure S29, Supporting Infor-
mation) were disassembled from the charged AFLMBs (to 4.3V)
with PFE electrolyte, and then they were soaked in PFE electrolyte
(1M LiPF, in EC/DEC (1/1, v/v) with 10wt.% FEC, denoted as
PFE) or PFE electrolyte with LiNO; particles (denoted as SPFE)
and further submitted to ambient storage. The PFE electrolyte
with all the disassembled-anode, separator, and cathode changes
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to reddish-brown after 14 days, while the SPFE electrolyte re-
mains transparent (Figure S27, Supporting Information). The
color of the reddish-brown should originate from the dissolution
of transition metal ions of the layered oxide cathode, because af-
ter 60 days of ambient storage, the PFE electrolyte with disas-
sembled anode only still remains colorless (Figure S28, Support-
ing Information), whereas the PFE electrolyte with disassembled
cathode only changes to be reddish-brown (Figure S29, Support-
ing Information). Itis worth noting that the SPFE electrolyte with
disassembled-anode or cathode still remains colorless even af-
ter 60 days, demonstrating the effectiveness of SPFE to suppress
the dissolution of transition metal ions, consistent with the XPS
results.

7. SPFE for Ultralong Life AFLMBs

To investigate the capacity retention and cycle life under realis-
tic cycling conditions, we fabricated AFLMBs with PFE or SPFE
electrolyte for long-term corrosion tests. First, a one-day inter-
mittent aging test was employed for AFLMB with high loading
NMC622 or single crystalline LiNi,sMn,,;Co,;0, (SCNMC811)
cathode, with the battery charged to 4.3 V and held at this OCV
for one day (24 h) followed by a discharge to 2.8 V, as shown
in Figure 5a,b and Figure S30,S31 (Supporting Information).
The average Coulombic efficiency (ACE) for the SPFE sample is
97.2% and 98.1% for the NMC622 and SCNMC811 cathode, re-
spectively, which is superior to that of the PFE sample (89.8% and
93% for the NMC622 and the SCNMC811 cathode, respectively).
In addition, the same one-day intermittent aging test was also ap-
plied to Li | Cu half cells with an ACE for SPFE of 97% and PFE
of 95.8% found, as shown in Figure 5c and Figure S32 (Support-
ing Information). The comparisons for the ACE between these
AFLMBs and Li | Cu half cells show that for PFE samples, the
serious dissolution of transition metal ions and the as-induced
side reactions would decrease the ACE value from 95.8% (for Li
| Cu half cells) to 89.8% and 93% for AFLMBs with NMC622
and SCNMC811 cathode, respectively. However, the ACE for the
AFLMBs with SPFE electrolyte (97.2% for NMC622 and 98.1%
for SCNMCB811) is higher than that of Li | Cu half cells with the
same configurations (97%), demonstrating that not only the side
reactions associated with the dissolution of transition metal ions
were totally avoided, the galvanic and chemical corrosion of Li
metal anode has also been suppressed, agreeing well with the
galvanic test results in Figure 4m-—o.

The battery with SPFE shows a capacity retention of 90.4% in-
stead of 25.2% for that with PFE electrolyte after 30 days of cal-
endar aging of the charged AFLMBs (Figure 5d-f; Figure S33,
Supporting Information). The one with PFE worked for only
36 cycles, while that with SPFE operated with a high capacity-
retention of 81.8% for the 2nd aging test and a longer cycling life
of over 90 times. Both the charge protocol and cathode chemistry
have little impact on the aging and subsequent cycling perfor-
mance of AFLMBs (Figure S34, Supporting Information). Even
for the cell that was initially injected with PFE electrolyte, re-
placing the PFE electrolyte with SPFE electrolyte at the charged
state of AFLMBSs can also increase the cycling and aging perfor-
mances of AFLMBs significantly (Figure S35, Supporting Infor-
mation). The most impressive result is that the AFLMBs with
SPFE electrolyte could retain 54.1% of their charged capacity after
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Figure 5. SPFE for ultralong life AFLMBs. a, b) Intermittent cycling and aging test results for the AFLMBs with NMC622 (28 mg cm~2) and SCNMC811
(26 mg cm~2) cathodes, respectively. c) Coulombic efficiencies for the intermittent cycling and aging test of Li | Cu half cells. d) 30 days calendar aging
performance of AFLMBs (NMC622 (28 mg cm~2) | Cu) charged through volcano current (3 h charge). Specifically, the 22nd and 43rd cycle were the
aging cycles, where the AFLMBs were charged to #65% SoC first and then followed by remaining to open circuit-voltage (OCV) for 30 days. Then the cell
was discharged to 2.8 V. Voltage-time curves for the calendar aging cycle (22nd) of AFLMBs (30 days) with €) PFE and f) SPFE electrolytes, respectively.
g) 180 days calendar aging performance of AFLMBs with NMC622 (28 mg cm™2) cathode. h) Voltage-time curves for the calendar aging cycle (22nd) of
AFLMBs (180 days). i) Comparisons for the calendar aging performance of AFLMBs in present research with other reported researches.

180 days aging (Figure 5g,h), a record high valuel®?°! (Figure 5i;
Table S2, Supporting Information). The concept of SPFE, such
as the combination of Li metal and LiNO, can stabilize PFE elec-
trolyte under harsh conditions, can also be expanded for LIBs
with graphite anode or silicon&graphite hybrid anode. For exam-
ple, the LIBs with graphite anode which use PP/LiNO, /PP sepa-
rator can increase the CE of 68.1% for the cell use PP/PP separa-
tor to be 96% at the 10th cycle of intermittent cycling and aging
test (Figure S36, Supporting Information), and the LIBs with sil-
icon&graphite hybrid anode which use PP/LiNO, /PP separator
can increase the CE of 76.3% for the cell use PP/PP separator to
be 94.7% at the 10th cycle of intermittent cycling and aging test
(Figure S37, Supporting Information). To demonstrate the effec-
tiveness of the present SPFE toward industry-scale production of
AFLMBs, AF Li metal pouch cells (2Ah, 410 Wh kg~!) were fur-
ther fabricated under mostly DRF conditions. The cell with SPFE
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electrolyte can still deliver a capacity of 1.38 Ah and energy effi-
ciency of 90.9% after 20 cycles, while the cell with PFE electrolyte
can only deliver a capacity of 0.61 Ah and energy efficiency of 84%
after 20 cycles (Figure S38, Supporting Information).

8. Conclusion

A stabilized P—F bond-based electrolyte (SPFE) is formulated to
suppress the hydrolysis of LiPF,. In this system, the quadruple
reactions toward harmful species such as PF; and H,O were de-
signed, which include: I, the absorption between NO,~ and PF;;
II, the absorption between NO,~ and H,O; III, the consump-
tion of H,O by nitrogenated organics through Nef reaction; IV,
the absorption between aldehydes and H,O. Among them, the
latter two should be the keys for the co-existence of high con-
tent of water (3987.6 ppm) and LiPF,-based electrolyte, where the
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existence of Li metal will reduce the water content from 10 000
ppm to 3987.6 ppm, and the as-formed aldehydes can further re-
strain the degradation of LiPF¢-based electrolyte. With this SPFE,
the corrosive decomposition of LiPF, has been largely restrained,
resulting in an excellent stability of commercialized Li-ion pouch
cells with electrolyte containing ultrahigh pristine water content
of 10 000 ppm. This high moisture tolerance offers the mostly
dry-room free (DRF) production of Li-ion pouch cells and next-
generation high energy AFLMBs. This provides perspective on
simplified manufacturing with decreased costs and improved sta-
bility upon cycling, aging, and recycling of lithium batteries.

9. Experimental Section

Materials:  LiPF¢ particles and EC solids were provided by CAPCHEM.
DEC solvent, FEC solvent, and LiNO; particles with purity over 99% were
purchased from Aladdin. Li metal foil was purchased from China Energy
Lithium Co., Ltd. NMP solvent (>98%) was purchased from Macklin. The
commercial NMC622, SCNMC811, graphite and silicon&graphite hybrid
powder, PVDF binder (PYDF5130, MW = 1200 000 Da, particle size: 100
um, 99.5%), Super P (particle size: 40-50 nm, 99.5%), Al foil (thickness: 20
um, 99.9%), Cu foil (thickness: 10 um, 99.9%), separator (Celgard 2400)
and coin cell components were purchased from Guangdong Canrd New
Energy Technology Co., Ltd.

Ambient-Storage of Electrolyte:  First, base electrolyte (1M LiPFg in
EC/DEC (1/1, v/v) with 10 wt.% FEC, 10 mL), base electrolyte (10 mL)
with 4 pieces Li metal foil (with diameter of 16 mm and thickness of 100
um), base electrolyte (10 mL) with TM LiNOs-added and base electrolyte
(10 mL) with both 4 pieces Li metal foil and 1M LiNO; were placed into
different glass vial (20 mL), and they were denoted as Am, Am-Li, Am-
L and Am-Li-L, respectively. Then these electrolytes were stored 90 days
in ambient conditions with a temperature ranging from 15 to 30 °C and
humidity ranging from 40% to 70%. After 60 days or 90 days of ambient
storage, 2 mL of electrolyte from all four samples (Am, Am-Li, Am-L, and
Am-Li-L) was pipetted from the storage vial in the glovebox for the pH test,
water content test, NMR test, the redox cycling test of coin LIBs, and the
calendar aging test of AFLMBs. The remaining samples would be kept for
further storage in ambient conditions.

To further test the ambient-storage performance of water containing
SPFE, T wt.% (10 000 ppm) of deionized water was injected into the
four vials of newly prepared base electrolyte (20 mL) in ambient condi-
tions. Then, these electrolytes were transferred into glovebox, with nothing
added (H,0-0d), with 6 pieces of Li metal foil (with diameter of 16 mm and
thickness of 100 um) added (H,O-Li-0d), with 4M LiNO; added (H,O-L-
0d), and with both 6 pieces of Li foil and 4M LiNO; added (H,O-Li-L-0d),
respectively, and then they were transferred to ambient conditions. These
electrolytes were ambient-stored for 15 days in ambient conditions with
temperature ranging from 22 to 27 °C and humidity ranging from 60% to
70%. It was worth noting that the Li metal in H,0-Li-0d and H,O-Li-L-
0d samples will be gradually corroded by H,O. Therefore, the corroded Li
metal (6 pieces) in these two samples will be replaced by fresh Li metal
(6 pieces) every 5 days. After 15 days of ambient storage, 0.3 mL of elec-
trolyte from all these samples (H,0-Am-15d, H,0-Am-Li-15d, H,O-Am-
L-15d, and H,O-Am-Li-L-15d) was withdrawn from the storage vial in the
glovebox for water content testing. Then these electrolytes were employed
for Li-ion pouch cell making (2 Ah, 200 Wh kg™").

Preparation of Anodes, Cathodes, and Separators: The commercial Cu
foil with a thickness of 10 um was punched into slices of 16 mm in di-
ameter, and then they were immersed in dehydrated alcohol for 30 min
of ultrasonic processing. Afterward, they were dried in a vacuum oven at
60 °C for 12 h. The as-obtained Cu slices were then transferred to a glove-
box (H,0<0.1 ppm, 0,<0.1 ppm) for further usage.

The high loading LiNiy ¢Mng,C0y,0, (NMC622, 28 or 11 mg cm™2),
single crystal LiNiggMng 1Cog 10, (SCNMC811, 26 mg cm~2) cathodes,
graphite anode (G, 6 mg cm™2) and silicon&graphite hybrid anode (Si&G,
3 mg cm~2) were prepared via slurry-coating method. Typically, the pre-
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dried active material (NMC622, SCNMC811 and graphite), super P and
PVDF were mixed in a mass ratio of 8:1:1. After grinding in a mortar, mix-
ing with NMP and 6 h of stirring in a beaker, the as-formed slurries were
blade-coated on Al foil with thickness of 20 um (NMC622 and SCNMC811)
or Cu foil with thickness of 10 pm (graphite and silicon&graphite). Upon
evaporation of NMP in an oven at 80 °C, the Al supported cathodes were
punched into slices of 12 mm in diameter, while the graphite coated Cu foil
was punched into slices of 14 mm in diameter. Upon weighing and further
drying in a vacuum oven at 60 °C for 12 h, these slices were transferred
to the glovebox for further usage. Polypropylene (PP, Celgard 2400) with
a diameter of 19 mm was used as the separator. The punched PP slices
were washed with dehydrated alcohol first, and then they were dried in a
vacuum oven at 60 °C for 12 h and transferred to the glovebox for further
usage.

Coin Cell Assembly: The coin Li ion batteries (LIBs) were fabricated
by matching high loading NMC622 cathodes (11 mg cm~2) with Cu sup-
ported graphite anodes (6 mg cm™2) or Cu supported silicon and graphite
anodes (3 mg cm~2) directly. To test the cycling and aging performances
of anode-free LMBs (AFLMBs) with the ambient-stored electrolyte, the
NMC622 cathodes (11 mg cm~2) were matched with Cu slices directly. The
ambient-stored electrolytes (60 or 90 days) were injected into the LIBs and
anode-free LMBs directly in a glovebox, and one piece of PP membrane
was used as the separator.

To quantify the corrosion resistance of SPFE in AFLMBs, the newly pre-
pared electrolyte (1M LiPFg in EC/DEC (1/1, v/v) with 10 wt.% FEC) was
used as a reference. The NMC622 cathodes (28 mg cm™2) and SCNMC811
cathodes (26 mg cm™2) were matched with Cu slices directly to test the in-
termittent aging and long-term aging performances of AFLMBs. The newly
prepared electrolytes were injected into AFLMBs directly in a glovebox, and
two pieces of PP membrane (PP/PP, PFE) or two pieces of PP membrane
intercalated with LiINO; particles!?’! (PP/LiNO;/PP, SPFE) were used as
the separator. In this research, 60 uL of electrolyte was used for the coin
cell test.

Dry Room Preparation of Pouch Cells: The preparation of 2 Ah (200
Wh kg~') Li-ion battery with different water content was carried out in
the dry room (with a dew point of ~—40 °C) of Guangdong Graphene In-
novation Center. For the cathode preparation, the dried NMC811 particles
(Guangdong Canrd New Energy Technology) were mixed with PVDF, Super
P and carbon nanotubes (CNTs) at mass ratio of 95:3:1.8:0.2. After mixing
with NMP to form a homogeneous slurry, it was coated on Al foil (with
thickness of 16 um, Guangdong Canrd New Energy Technology) double-
sided with an areal-loading of 30 mg cm~2. After oven drying at 80 °Cin a
dry room (with a dew point of =50 °C) for 12 h, the coatings were sliced
into NMC811 cathode (56 mm x 80 mm). For the anode preparation, the
dried graphite particles obtained from Xiangfenghua Technology (TN-19)
were mixed with PVDF, Super P, and carbon nanotubes (CNTs, Guang-
dong Canrd New Energy Technology) at a mass ratio of 95:3:1.8:0.2. After
mixing with NMP, forming a homogeneous slurry, it was coated on Cu
foil (with a thickness of 9 um, Guangdong Canrd New Energy Technology)
double-sided with an areal-loading of 11 mg cm~2. After oven drying at
80 °C in a dry room (with a dew point of =50 °C) for 12 h, the coatings
were sliced into Graphite anode (59 mm X 83 mm). Then the above cath-
odes (9 pieces) and anodes (10 pieces, eight double-sided and two single-
sided) were stacked with a PP membrane. Upon packaging with Al-plastic
film and injected with different electrolyte (3 g Ah™, the upper liquid layer
after equilibrium between added LiNO; particles and Li metal foils), the
un-activated Li-ion pouch cells were obtained. The N/P ratio for the pouch
cell was 1.17, which was based on the actual capacity of anode (320 mAh
g~") and cathode (200 mAh g~'). Before the ex-factory test, these cells
were first charged at 0.1 C current (1 C = 2 A) to 4.3 V and then further
discharged to 3.0 V.

Mostly Dry Room Free (DRF) Preparation of Pouch Cells: The prepara-
tion of pouch cells under mostly dry room free (DRF) conditions was car-
ried out in ambient conditions (with temperature ranging from 25 to 28 °C
and humidity ranging from 55% to 75%.) directly. Typically, the parameters
of cathodes, anodes, and the separator were the same as those of pouch
cells prepared in dry room conditions. After stacking the cathodes, separa-
tor, and anodes, the obtained cells were packaged with Al-plastic film, and
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then they were dried in a vacuum oven at 80 °C for 24 h. The dried cells
were then transferred to a glovebox (H,0<0.1 ppm, 0,<0.1 ppm) to fill
with electrolyte. For the cell with PFE electrolyte, the base electrolyte (1M
LiPFg in EC/DEC (1/1, v/v) with 10wt.% FEC) was added directly into it.
For the cell with SPFE electrolyte, the PFE electrolyte with dispersed LiNO;
particles (0.2 m) was prepared and then injected into the pouch cell first.
Afterward, four pieces of Li metal foil (with a diameter of 16 mm and a
thickness of 100 um) were placed inside the pouch cell (without contact-
ing with either the anode or the cathode). After 24 h of calendar aging, the
four Li metal foils were taken out, and the pouch cell with SPFE electrolyte
was obtained. For cell activation in a dry room, the pouch cells fabricated
under ambient conditions were first charged at 0.1 C current (1C =2 A)
to 4.3V and then discharged to 3.0 V. Afterward, the gas bag of these cells
was cut to release the gases produced, if any, before these cells were com-
pletely sealed.

Electrochemical Test:  For the coin LIBs, the cells were charged to 4.3 V
at 0.5 mA cm~2 (based on the area of cathode) and then discharged to 2.8V
at 0.5 mA cm~2 first. Then these cells were cycled at 1 mA cm~2 in between
4.3 and 2.8 V. For the cycling and calendar aging performance of the coin
AFLMBs (0.5 mA cm™2) with different ambient-stored electrolytes, after
the first cycle, these AFLMBs were charged to 4.3 V and then they were
held at this open circuit voltage (OCV) for calendar aging. After 10 days,
these AFLMBs were discharged to 2.8 V, and then it was further cycled in
between 4.3 and 2.8 V. For the cycling performance of Li-ion pouch cell, the
activated pouch cell was charged/discharged at 0.5 C current (1 C =2 A)
in between 4.3 and 2.8 V. For the cycling performance of AF Li metal pouch
cell, the activated pouch cell was charged/discharged at 0.25 C current (1
C=2A) in between 4.3 and 2.8 V.

For the aging one-day test, the coin AFLMBs with NMC622 cathode
(28 mg cm~2) or SCNMC811 cathode (26 mg cm~2) were charged to
4.3 V first. After that, the cells were held at this OCV for 24 h, and
then it was discharged to 2.8 V and followed by the repeatedly inter-
mittent charge-aging-discharge processes. For the long-term aging test
of AFLMBs with NMC622 cathode (28 mg cm™2) or SCNMC811 cath-
ode (26 mg cm™2), the as-prepared AFLMBs were charged with constant
current or volcano current with a capacity of 3mAh cm=2 (the state of
charge (SoC) was ~65-70%), then they were discharged to 2.8 V. Af-
ter being cycled 21 times, they were charged with the previous proto-
col, and then held at this OCV for 720 h (30 days) or 4320 h (180
days) before discharging to 2.8 V. The same procedure would be car-
ried out in the 43th cycle (30 days of aging). All these cells were cycled
at 25 °C.

Characterization: X-ray photoelectron spectroscopy (XPS) was
adopted to explore the chemical information of disassembled electrodes.
A PHI5000 VersaProbe Il XPS with Al Ka irradiation (1486.6 eV) was
employed. Scanning electron microscopy (SEM) was utilized to charac-
terize the morphologies of the newly deposited Li metal in AFLMBs (to
4.3 V), and its corroded morphologies after being held at OCV for 48 h.
The facility for SEM characterization was a cold field scanning electron
microscope (SU8010, HITACHI) operated at 5 kV. Typically, to test the
morphologies and XPS spectra for the charged anode before and after
aging, the NMC622 cathode with a mass loading of 11 mg cm™2 was used
to package AFLMBs. The SEI component and 3D distribution were ob-
tained by time-of-flight secondary ion mass spectrometry (ToF-SIMS, PHI
nanoTOF Il, 30 keV, 2 nA) in a 200 pm (length) x 200 um (width) region
on the Li metal surface in Am-Li-L-60d electrolyte. The electrochemical
impedance spectroscopy (EIS) measurements were conducted on a
VMP3 electrochemical workstation (Bio Logic Science Instruments) over
the frequency range of 10 kHz to 10 MHz with a disturbance amplitude
of 10 mV.

Solution NMR:  The ambient-stored electrolyte (0.2 mL) was mixed
with 0.6 mL of Chloroform (CCl;D)-d (with 0.03% V/V TMS) for 5 min.
The solution was then transferred to an airtight NMR tube fitted with a
plastic tap. 1D "H, '°F, and 3'P NMR spectra were recorded on a Bruker
AVANCE 11l HD 400MHz spectrometer using a BBO probe. 'H spectra
were internally referenced to TMS at 0 ppm (8 "H); "°F and 3'P spectra
were internally referenced to LiPF¢ at —74.5 ppm (6 '°F) and —145.0 ppm
(63'P).
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Density Functional Theory (DFT) Calculations: Based on the density
functional theory (DFT), the Gaussian 16 and Gauss View 6.0 software
were used to carry out all the calculations in this work. Typically, the
B3LYP/6-311++G(d, p) basis set level and the ground state method were
selected to optimize the molecular structure, and the basis set superposi-
tion error (BSSE) scale was set as 1.0 in the meantime.[3% In addition, the
Solvation Model based on Density (SMD) model was used to treat the sol-
vent effects.31] To simplify the calculation process, the solvent system of
LiPFg-based carbonate electrolyte (1M LiPFg in EC/DEC (1/1, v/v) with 10
wt.% FEC) is treated as EC/DEC/FEC (5/5/1, v/v/v), where the egc = 89.8,
epec = 2.8, epgc = 78.41200 or 102.9.2'] Therefore, the dielectric constant
for the electrolyte should be 49.21818 (ergc = 78.4) and 51.44545 (gpec =
102.9).

The Gibbs free energy (AG) of each reaction was calculated according
to Equations (1) and (2):

AG=E+ G(corr) Q)]
AGyec ap) = AGp + AGg — AGyg (2)

where AG is the Gibbs free energy for the group, E is the zero-point energy
of the group at the M05-2X/6-31G(d) level, G,y is the thermal corrected
free energy of the group at the B3LYP/6-311++G(d, p) level, AG . (ap
is the Gibbs free energy for the decomposition reaction of group AB into
group A and group B, AG,, AGg and AG,j are the Gibbs free energies of
group A, B, and AB, respectively.
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