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ABSTRACT: Lithium—metal batteries (LMBS) are the focus of In-situ GPE with in-built SEI
upcoming energy storage systems with extremely high-energy
density. However, the leakage of liquid electrolyte and the
uncontrollable dendritic Li growth on the surface of the Li
anode lead to their low reversibility and safety risks. Herein, we
propose a stable quasi-solid LMB with in situ gelation of liquid
electrolyte and an in-built fluorinated solid electrolyte interface
(SEI) on the Li anode. The gel polymer electrolyte (GPE) is
readily constructed via cationic polymerization between lithium
hexafluorophosphate and ether electrolyte. The fluorine-containing
additive, fluoroethylene carbonate (FEC), plays a crucial role in
the building of a dense SEI with fast interfacial charge transport. The ex situ spectroscopic characterizations suggest that the
enhanced LiF species in the SEI with the addition of FEC and the in situ optical microscopy reveal the inhibited dendritic Li growth.
Moreover, GRE@FEC exhibits a high oxidative stability beyond 5.0 V (vs Li/Li*). The significantly improved Li plating/stripping
efficiency (400 cycles, 98.7%) is presented for the Li||Cu cells equipped with GPE@FEC. Decent cycling stability is also available for
the cells with the LiFePO, cathode, reflecting the feasibility of GPE@FEC for practical LMBs with enhanced stability and safety.

KEYWORDS: lithium—metal battery, in situ gelation, gel polymer electrolyte, solid electrolyte interface, lithium dendrites
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1. INTRODUCTION shown to be very desirable.””~>” The liquid phase that does
not participate in polymerization is entrapped by the in situ
generated polymer framework, enabling high bulk ionic
conductivity. Therefore, the cathode structure is fully filled
with the GPEs, leading to good wettability.

Despite that the interfacial charge transport in the cathode
has been promoted, the in situ GPEs do not guarantee that the
reversible electrochemistry of the Li—metal anode will be
sustained. Previously, it has been believed that the quasi-solid/
solid-state GPEs/SSEs with a high mechanical modulus would
physically suppress the Li dendrites.”®* Indeed, the recent
studies have overturned the old views and revealed the possible
penetration of Li dendrites into SSEs.’*™** The security risks
and large volume change owing to the inhomogeneous Li
deposition still remain big challenges. An autogenetic solid—

At present, gel polymer electrolytes (GPEs) and solid-state electrolyte interface (SEI) on the Li anode with high chemical

electrolytes (SSEs) have shown improved stabilities toward Li stability, mechanical strength, and ionic conductivity would
anodes over traditional LEs for prospective LMBs 11-21 conquer the limitations. Various electrolyte additives including
v iti iv .

Nevertheless, GPEs and SSEs have usually been prepared in
self-standing films before being integrated into cells. The Received:  October 15, 2021
bottom part of the cathode hardly touches the electrolyte film, Accepted: November 29, 2021
leading to incomplete capacity release. To overcome the Published: December 9, 2021
contact problems, interphase design strategies have been

proposed, among which the approach to create a polymer

framework via an in situ gelation process within cells has been

Electric vehicles with long driving range have stimulated the
development of high-energy density storage devices."” The
insufficient capacity of graphite-based anodes has limited the
ability for lithium—ion batteries (LIBs) to meet the modern
needs of electric vehicles.>™> The low reduction potential
(—3.04 V vs SHE) as well as ultrahigh theoretical specific
capacity (3860 mAh g™') have raised hopes for metallic Li to
be the anode of the new generation of lithium—metal batteries
(LMBs).”” Despite the outstanding advantages, Li anodes
suffer from continuous corrosion and uncontrolled dendritic Li
growth at the electrode/electrolyte interface when in contact
with organic liquid electrolytes (LEs). Battery failure and
internal short circuits may occur upon a repeated Li plating/
stripping process.g_10
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Figure 1. Preparation and spectroscopic characterizations of in situ GPE. (a) Schematic illustration of the interfacial contact between the Li—metal
anode and ex situ GPE or in situ GPE. Inset: The reaction mechanism of the polymerization of DOL. (b) Optical photographs of LE and GPE@
FEC. (c) 'H NMR and (d) *C NMR spectra of GRE@FEC. (e) FTIR spectra of DOL, LE, GPE and GPE@FEC.

fluoroethylene carbonate (FEC),**™*° vinylene carbonate

(VC),” lithium chloride,*®*” and highly concentrated electro-
lytes*”*' have been employed to create an effective SEL
Notably, a LiF-rich SEI has been reported that can significantly
strengthen the electrode/electrolyte interfaces,”*™*® and as an
electrical insulator (107! S cm™), LiF can inhibit the
accumulation of dead Li.** Zhang et al.”> and Thenuwara et
al.* have shown the enhanced utilization of Li regulated by the
FEC-induced LiF-rich SEI in liquid electrolytes. Therefore, the
adopted in situ generated GPEs with in-built fluorinated solid
electrolyte interface are expected to be a feasible strategy for
safer LMBs with improved performance.

In this work, we propose the in situ conversion of cyclic 1,3-
dioxolane (DOL)-based electrolyte into GPE via LiPF-
initiated ring-opening polymerization and the simultaneous
creation of a LiF-rich SEI by addition of FEC. The GPE@FEC
with high bulk and interfacial ionic conductivity enables a
steady Li plating/stripping behavior with low voltage
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hysteresis. The unique quasi-solid electrolyte displays a high
oxidative stability beyond 5.0 V. In addition, a fast interfacial
charge transport across the SEI at low temperature has been
shown. As a demonstration, symmetric Li||Li cells with GPE@
FEC are capable of cycling for 400 h, along with a low voltage
hysteresis of ca. 30 mV at 0.5 mA cm > When they are
matched with a commercial LiFePO, (LFP) cathode, the
Li||LFP cells deliver a steady capacity exceeding 100 mAh g~
for 1000 cycles at 2 C (1 C = 170 mA g ).

2. EXPERIMENTAL SECTION

2.1. Preparation of Electrolytes. The in situ gel polymer
electrolyte of GPE@FEC was obtained with the addition of 2 M
lithium hexafluorophosphate (LiPF;, >99%, Innochem) and 10%
fluoroethylene carbonate (FEC, >99%, Adamas) additive (by
volume) into the ether-based liquid electrolyte (LE) in a glovebox
filled with Ar. The LE was prepared by dissolving 1 M lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) and 0.2 M lithium
nitrate (LiNO;) into 1,2-dimethoxyethane/1,3-dioxolane (DME/

https://doi.org/10.1021/acsami.1c19663
ACS Appl. Mater. Interfaces 2021, 13, 60054—60062
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Figure 2. Electrochemical characterizations of Li||Cu and Li||Li cells with different electrolytes. Voltage profiles of nucleation overpotential and
Coulombic efficiency of Li||Cu cells at (a, b) 0 °C and (¢, d) 25 °C. The current density is 0.5 mA cm™> with a fixed capacity of 1 mAh cm™ (e, f)
Voltage profiles of symmetric Li||Li cells at 0.5 mA cm™ for 1 mAh cm™ and at 1 mA cm™ for 1 mAh em™ (g) Voltage profiles of Li|Li cells at

different current densities. (h) Tafel curves of Li||Li cells in the range of —0.2 to 0.2 V at a sweep rate of S mV s ~".

1

DOL, 1:1 by volume). The in situ GPE without adding FEC was
tested as well for the systemic study. The precursor solution of
electrolytes was spontaneously transformed into GPE and GPE@FEC
after standing for ca. 12 h at room temperature.

2.2. Material Characterizations. The material characterizations
were conducted at ambient temperature. The nuclear magnetic
resonance (NMR) was performed on a Varian 600 MHz
spectrometer. The Fourier transform infrared (FTIR) spectra were
detected in the range of 400—4000 cm™ by thermo Nicolet iS50. For
the measurement of gel-permeation chromatography (GPC, Agilent
1260), the GPE@FEC was dissolved in tetrahydrofuran and sonicated
to a concentration of approximately 1 mg mL™". Scanning electron
microscopy (SEM) was performed on JSM-7500F and combined with
energy-dispersive X-ray spectroscopy (EDS). X-ray photoelectron
spectroscopy (XPS) was conducted on a spectrometer (Escalab
250Xi) with Al Ka X-ray radiation. Contact angles were tested on an
optical measuring device (OSA200, Germany). A quartz cell with
transparent quartz window (Beijing Scistar Technology Co., Ltd.,
LIB-MS-II) was assembled with an optical microscope camera
(Belona, 200X—800X) for in situ observation of the Li deposition
behavior.

2.3. Fabrication of Batteries. The greparation of a LiFePO,-
based cathode was as previously reported.” In the final dried cathode,
the mass ratio of LiFePO,, Ketjen Black, and poly(vinylidene
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fluoride) was 90:5:5. The aluminum foil (18 ym thick) was used as
the current collector. The thickness of the dried electrodes including
Al foil is ca. 40 um, and the loading of LFP is ca. 4 mg cm 2. The
Li||LFP coin-type cells were assembled with a metallic-Li anode (d =
14 mm, 0.3 mm thick), which was separated from LFP by a
microporous separator (Celgard 2325, d = 18 mm, 25 pm thick).
Each cell was injected with 50 uL of electrolyte.

2.4. Electrochemical Tests. The electrochemical tests are
performed after storage of the fresh cells for 24 h. The galvanostatic
cycling was performed on a battery test system (LAND, Wuhan) at
room temperature. The electrochemical impedance spectroscopy
(EIS) was tested in the frequency of 0.1—10° Hz with an amplitude of
10 mV at the open-circuit potential. Tafel tests of symmetric cells and
linear sweep voltammetry (LSV) tests of electrolytes were performed
on an electrochemistry workstation (CHI660E, Chenhua) within
—0.2—0.2 V or 1=7 V (vs Li/Li"), respectively.

According to the EIS results at temperatures of 0—50 °C, the ionic
conductivity (6) of GPE@FEC is calculated by

o6 =L/RS (1)

where L is the thickness of the electrolyte; S is the surface area of the
stainless steel; and R is bulk resistance.

According to chronoamperometry and EIS results of Li||Li cells,
the lithium transference number (t;;,) of GPE@FEC is calculated by

https://doi.org/10.1021/acsami.1c19663
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Figure 3. (a) LSV curves of LE and GPE@FEC. (b) The ionic conductivity of LE and GPE@FEC. (c) GPC profile of GPE@FEC; the THF was
used as the eluent. (d) The plot of current as a function of time for the symmetric Li||Li cell with GPE@FEC. The inset is the EIS plot of the cell.

tiy = L(AV — I;R()/I(AV — IR,) @)

where I and Igg are the initial and steady-state currents; AV is the
polarization potential of 10 mV; and R, and Rgg are the initial and
steady-state resistances.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterizations of GPE@FEC. A
schematic comparison of the Li anode/electrolyte interphase
with ex situ GPE film and LiPF¢-initiated in situ formed GPE@
FEC is shown in Figure la. Briefly, the common ex situ GPE
contacts poorly with the Li anode, hindering the interfacial
transfer of Li* and allowing the uncontrollable dendritic Li
growth. In contrast, the GPE@FEC prepared by in situ
gelation of liquid electrolyte provided better interfacial contact
with the Li anode. With the aid of the film-forming FEC
additive, the robust in-bulit LiF-rich SEI layer permits fast
interfacial transport of Li ions as well as uniform Li deposition.
The contact angle test shows that the precursor solution of
GPE@FEC has a contact angle of 16.7° on the LiFePO,
cathode, which is slightly higher than the 16° of LE (Figure
S1), indicating the addition of LiPF4 and FEC into LE would
not affect the wettability. The gelation of the precursor
electrolyte involves a cation-induced ring-opening polymer-
ization of DOL.*"* The phosphorus pentafluoride (PF;)
initiator is produced by the spontaneous decomposition of
LiPF,, and then PFg combines with a trace amount of water to
form H*(PF;OH)", which induces the conversion of a DOL
monomer to a linear-chain poly-DOL at room temperature.
Afterward, a homogeneous GPE@FEC framework can be in
situ generated inside the electrochemical cells. The macro-
scopic optical images show that the precursor solution is
transformed into a viscoelastic gel state (Figure 1b), which
would reduce the safety risk of flammable liquid electrolyte
leakage.

60057

Both NMR and FTIR spectra support the successful
polymerization of monomer DOL. The 'H NMR spectrum
of the GPE@FEC-containing dimethyl sulfoxide (DMSO)
solution shows the H peaks at 4.69 and 3.66 ppm (Figure 1c),
belonging to H atoms of poly-DOL, whereas the '"H NMR of
monomer DOL shows the absence of the two characteristic H
peaks, indicating the DOL has been polymerized into poly-
DOL in GPE@FEC (Figure S2). The *C NMR spectrum
confirms that the chemical shift at 64.23 ppm corresponds to
the C group of —O—CH,—CH,—O— and at 94.67 ppm
corresponding to —O—CH,—O— (Figure 1d).*"* To estimate
the degree of polymerization, we integrated the 'H peak areas
of the redundant DOL and the poly-DOL. As summarized in
Table S1, the polymerization degree of DOL is 87.6%. The
FTIR spectra reveal the structural difference between the
quasi-solid and liquid electrolytes (Figure le). After gelation,
the clear change in the position of the —O—C~ vibration, the
disappearance of the C—H out-of-plane vibration, and the
appearance of the long-chain —C—C— vibration at 840 cm™
indicate the polymerization of DOL.** In addition, the
chemical structure of the polymer framework remains stable
over time, as verified by the FTIR spectra of the electrolyte
after gelation for 1, 2, and 7 days (Figure S3).

3.2. Electrochemical Characteristics of GPE@FEC. The
effect of FEC additive on the SEI properties was evaluated first
by the Li plating/stripping with Li||Cu cells at different
temperatures. Under 0 °C, a sharp voltage drop (871.8 mV)
during the initial Li nucleation stage is observed with LE
(Figure 2a) at 0.5 mA cm™? which is much higher than that
with in situ formed GPE (74.5 mV) or GPE@FEC (62.3 mV).
The Li||Cu cell using LE delivers very low Coulombic
efficiency (CE) ranging from 60% to 0% after 20 cycles with
a capacity of 1 mAh cm™ (Figure 2b). With GPE, a high CE
above 90% can be maintained for some time; however, it
decays quickly after 50 cycles. The CE of the cell with GPE@

https://doi.org/10.1021/acsami.1c19663
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Figure 4. In situ optical microscopy observations on the electrode/electrolyte interface of the symmetric Li||Li cells with (a) LE and (b) the

precursor solution of GPE@FEC during Li plating/stripping at a current density of 0.5 mA cm™.
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FEC keeps stable at ~90% after 100 cycles, reflecting the
significant role of FEC on regulation of Li deposition behavior
at low temperature. At 25 °C, an initial nucleation phase of 137
mV is shown for the Li||Cu cell with LE, which decreases to
23.2 mV with GPE@FEC (Figure 2c). The plating/stripping
profiles show the steady-state cycling with GPE@FEC (Figure
$4). The GPE@FEC exhibits a higher CE > 98.7% over 400
cycles, compared to that of 60% less than 250 cycles with LE
(Figure 2d). The microstructure of Li deposits on Cu at
various temperatures was studied by optical and SEM images
(Figure SS). The deposited Li exhibits a loose and dendritic
morphology with LE, irrespective of at 0 or 25 °C. Notably, the
surface of deposited Li with GPE@FEC shows much a denser
surface with larger Li particle size, contributing to alleviating
side interfacial reactions.

The Li deposition behavior was also investigated with the
symmetric Li||Li cells. At 0.5 mA cm™ for 1 mAh cm™, the
overpotential of the cell with LE increases to 150 mV after
cycling of 320 h, whereas that with GPE@FEC is performed at
a significantly lower ca. 30 mV (Figure 2e). The voltage
hysteresis remains below 50 mV after 400 h. At 1 mA cm™?, the
Li||Li cell with LE suffers from a large polarization of 200 mV
upon the 200 h (Figure 2f). In contrast, the steady cycling of
the cell using GPE@FEC can be maintained at a low
overpotential for more than 400 h. The value of voltage
hysteresis functions with cyclic time supplies a clearer
estimation of the stable Li deposition/dissolution behavior
with GPE@FEC (Figure S6). Even at 2 mA cm™?, the Li||Li
cell can cycle stably for 200 h without exceeding a voltage
hysteresis of 130 mV (Figure S7), and increasing to 5 mA
cm™?, the cell with GPE@FEC also shows lower voltage
polarization compared to LE (Figure 2g). The exchange
current density of GPE@FEC/Li (I, = 1.489 mA cm™2) is
much larger than that of LE/Li (I, = 0.044 mA cm™>) (Figure
2h), suggesting a faster interfacial transport of Li ions.

The oxidative stability of the electrolytes was estimated by
the electrochemical window. The LSV curve of GPE@FEC
shows a higher electrochemical window under 5.02 V than that
of 435 V for LE (Figure 3a). The in situ constructed GPE@

FEC demonstrates a bulk ionic conductivity of 7.81 X 107* S
cm™' at ambient temperature (Figure 3b). The value can be
ranked in the high level in comparison with the other GPEs
(Table S2). The GPC measurement (Figure 3c and Table S3)
shows that the number-average molecular weight (M,) and
molecular weight (M,,) of the GPE@FEC is as high as 4.6 X
10* and 9.0 X 10% respectively. The value of polydispersity
(PDI) is 1.95, which is lower than published reports,>*
indicating the formation of poly-DOL chains with uniform
length. Besides, GPE@FEC exhibits a good Li transference
number (t;;,) of 0.71 (Figure 3d), reflecting the good mobility
of Li ions.

3.3. Electrochemical Lithium Plating/Stripping Mech-
anism. In situ optical microscopy, as the illustration shows in
Figure S8, has been applied as an effective technique to
observe Li dendrites.”"” The precursor solution of GPE@
FEC and LE was injected into the symmetric Li||Li cells,
respectively. The smooth surface of fresh Li can be seen before
a Li plating/stripping test at 0 min. After plating for 30 min at
0.5 mA cm ™2, mossy Li dendrites are visible on the Li electrode
with LE (Figure 4a). Increasing the plating time to 50 min, the
dendrites grow more thick and start to accumulate at localized
areas. During the reverse stripping, the mossy Li dendrites are
also observed on the counter Li electrode. When using the
precursor solution of GPE@FEC, the mossy and dendric Li
deposition is greatly suppressed (Figure 4b), indicating a
robust SEI has been constructed before the transformation of a
gel state electrolyte.

The microscopic view of the Li surface after cycling for 100
h at 0.5 mA cm™? and 1 mAh cm™ was further investigated by
SEM. The pristine Li foil shows a smooth surface and a
thickness of 301 ym (Figure Sa). The predominantly mossy
dendritic Li surface is shown after cycling in LE (Figure Sb).
The loosely packed Li deposition leads to the severe expansion
of Li foil to ca. 397 ym. Meanwhile, optical and SEM images of
the separator confirm the adsorbent dark broken Li dendrites
(Figure S9a). In comparison, the Li metal that uses GPE@FEC
shows the dense deposition of Li (Figure Sc), showing an
expansion of less than 2% in thickness, and the separator is
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Figure 5. Top-view and cross-sectional SEM images of (a) pristine Li and Li deposition morphology in Li||Li cells with (b) LE and (c) GPE@FEC,
respectively. The inset of (a), (b), and (c) are high-magnification images. Schematic surface morphology of Li after plating in (d) LE and (e)
GPE@FEC. (f) High-resolution C 1s, O 1s, and F 1s XPS spectra of the Li—metal surface with LE or GPE@FEC. (g) Atomic ratios of elements in

the surface of Li.

clean and free of dark Li dendrites (Figure S9b). The surface
evolution of the Li electrodes with LE and GPE@FEC can be
depicted schematically. During cycling, the side reactions
between LE and Li cause erosion and random deposition of Li
(Figure 5d). Instead, the robust SEI of the Li with GPE@FEC
ensures a high Li plating/stripping efficiency (Figure Se). The
microscopic view supports the critical role of FEC on the
formation of the SEI, which presents a strong ability for the
stabilization of the Li/electrolyte interface.

The uniform distribution of C, O, F, and sparse P in the SEI
with GPE@FEC was observed from the EDS images (Figure
$10). The chemical composition of the SEI with LE or GPE@
FEC was probed by XPS. The survey XPS spectra show the
same peak positions of C, O, F, and Li for the SEI with LE and
GPE@FEC (Figure S11).>° As shown in Figure 5f, three peaks
including —CO;—Li, C—C/C—H, and Li—C are shown at
287.9, 284.8, and 279.6 eV, respectively, in the C 1s spectra.
Nevertheless there is a prominent increase of the intensity in

terms of the —CO;—Li and Li—C peaks with GPE@FEC,
suggesting an increase of Li-ion conducive inorganic species.42
The O 1s spectra reveal that the Li,O is formed with both
electrolytes. The F 1s spectrum of the SEI with GPE@FEC
shows an obviously higher intensity of the peak at 683.4 eV,
which is the characteristic peak of LiF. According to the area of
the LiF peak, the surface F content increases from 2.74% for
LE to 5.71% for GPE@FEC (Figure Sg), which is ascribed to
the reduction of FEC on the Li surface. The compact SEI with
high inorganic components would facilitate the charge transfer
as well as prevent the continuous decomposition of electrolyte.

3.4. Cell Performance with LiFePO, Cathode. To
evaluate the feasibility of the GPE@FEC electrolyte in the
practical batteries with commercial cathodes, the LFP cathode
was adopted to assemble Li||LEP cells. The cycling of the cells
using LE or GPE@FEC at a current rate of 0.5 C (1 C = 170
mA g') is shown in Figure 6a. The cells deliver almost the
same specific capacity at initial cycles. However, gradual
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curves with (b) LE and (c) GPE@FEC at a current rate of 0.5 C (1 C = 170 mA g™'). (d) Rate performance measured at different current

densities. (e) Cycling performance at 2 C.

capacity fading is observed for the cell with LE after 100 cycles,
along with increased voltage polarization between charge and
discharge profiles (Figure 6b). In contrast, the cell with GPE@
FEC shows improved cycling with lower polarization (Figure
6¢). The rate capability test shows that the reversible capacity
could recover to 160 mAh g™' from 5 to 0.1 C quickly,
indicating a good reversibility (Figure 6d). The long-term
cycling at 2 C shows a significant capacity decay of 47.2% over
500 cycles for the cell with LE (Figure 6e). Instead, the cell
delivers 102 mAh g™' over 1000 cycles with a capacity
retention rate of 77.6%. The SEM image reveals the rough Li-
anode surface with inhomogeneous deposits for cells with LE
after long-term cycling (Figure S12a). The compact and
homogeneous Li surface (Figure S12b) of the cell with GPE@
FEC further prove its dendrite inhibition effects.

4. CONCLUSIONS

In summary, we demonstrate the in situ construction of the
GPE along with the in-built fluorinated SEI for dendrite-free
Li—metal batteries. By encapsulating the liquid electrolyte and
FEC additive into the matrix of poly-DOL, a quasi-solid
electrolyte and a LiF-rich SEI are obtained simultaneously.
Therefore, the thermal runaway due to the leakage of liquid
inflammable solvents and uncontrollable Li dendrites are
greatly suppressed. The robust fluorinated SEI functions as a
Li* conductor and prevents sustained electrolyte decom-
position during the prolonged cycles. In addition, it guides the
uniform deposition of Li by regulating the Li* flux. The high
bulk and interfacial transference of Li* guarantee the stable
LMBs. The symmetric Li||Li cells with the GPE@FEC exhibit
improved cycling stability and rate capability, especially at low
temperature. The cells with a commercial cathode further
demonstrate the feasibility of the rationally designed GPE@
FEC, providing an alternative solution for safe and high-energy
Li-metal batteries.
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