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a b s t r a c t 

Lithium metal batteries (LMBs) are plagued with non-uniform and dendritic electrodeposition of Li when used 
with liquid electrolytes, resulting in poor cycle life and Coulombic efficiency, and safety hazards. Herein, we 
report a novel gel polymer electrolyte (GPE) for LMBs enabling uniform and nondendritic Li electrodeposition, 
long cycle life, and high Columbic efficiency. The GPE is made by immobilization of liquid electrolytes within 
a crosslinked polymer matrix. At ambient temperature, the GPE shows a Li ion conductivity of 1.5 mS cm 

− 1 . 
Topology and morphology of the electrochemically deposited Li in the GPE were studied by operando optical 
microscopy and scanning electron microscopy (SEM). Cryogenic transmission electron microscopy (cryo-TEM) 
and X-ray photon spectroscopy (XPS) characterizations indicate that the solid electrolyte interphase (SEI) layer 
at the Li/GPE interface is a thin and LiF-rich while the SEI layer is thick and LiF-poor at the Li/liquid electrolyte 
interface. Density functional theory (DFT) calculations show that LiF crystals facilitate and regulate Li ions trans- 
port. Lithium|lithium iron phosphate (Li|LFP) cells with our GPE deliver an initial specific capacity of ∼130 mAh 
g − 1 and ∼70% capacity retention after 1000 cycles at 2C charge/discharge rate. This study offers a promising 
approach for engineering a stable and conductive Li/polymer electrolyte interface for dendrite-free LMBs. 
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. Introduction 

Li metal is an ultimate anode for future high-energy-density
echargeable batteries, when in combination with high-capacity cath-
des [1] . This is because of unique properties of Li metal including
ightweight (0.59 g cm 

− 3 ), high specific capacity (3860 mAh g − 1 ), and
ow reduction potential ( − 3.040 V vs. SHE) [2] . However, commercial
pplications of lithium metal batteries (LMBs) are impeded by critical
ssues of poor cycle life and Columbic efficiency (CE), and safety hazards
hat are correlated with dendritic growth of Li during plating/stripping
rocesses [3–8] . In general, the dendritic Li induces fragility to the Li
etal electrodeposits which can result in pulverization of the Li deposit,
roducing dead or inactive Li [ 9 , 10 ]. This phenomenon can accelerate
he electrolyte degradation and induces capacity loss, poor reversibility
nd low CE, and also can cause safety hazards such as cell shorting and
hermal runaway [11] . Therefore, the intrinsic chemical reactivity of Li
etal, that reacts with almost all organic liquid electrolytes, make liquid
lectrolytes unsuitable in LMBs [ 11 , 12 ]. Besides, flammability, toxicity,
nd solvent leakage further hinder practical commercial applications of
MBs when used with liquid electrolytes [ 13 , 14 ]. 
∗ Corresponding author. 
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Owing to high Li ion conductivity (10 − 3 -10 − 2 S cm 
− 1 ) at ambient

emperature and good electrode-electrolyte interfacial contact, gel poly-
er electrolytes (GPEs) are promising alternative to liquid electrolytes

 8 , 15 , 16 ]. Indeed, a GPE made of a polymer matrix swollen by a liq-
id electrolyte can combine the advantages of the liquid electrolyte and
olid component in a single system [ 13 , 17–20 ]. Stemming from high
lectrochemical stability, flexibility, electrically insulating nature, high
i ion solvating strength, compatibility with Li metal, and ability to
ffectively coordinate and regulate Li ions transport, polyethylene ox-
de (PEO) is shown to be the most promising candidate for polymer
lectrolytes [ 13 , 17–19 ]. Most of previous works on PEO-based GPEs
rosslink a regular PEO in the presence of a Li salt and/or solvent using
arge amount of radical initiators [ 13 , 19–21 ]. Those approaches suf-
er from several drawbacks: (i) Crosslinking occurs in the PEO back-
one, decreasing the PEO chains mobility and hence, ionic conductiv-
ty of GPE [17] ; (ii) There is a limitation and lack of control on the
egree of crosslinking, leading to nonuniform chemistry or structure
f the resulting GPE [21] ; (iii) Initial composition of GPE can be al-
ered by evaporation of solvents/liquids stimulated by light or heat dur-
ng crosslinking process [ 13 , 19 , 20 ]; (iv) Using a radical initiator (up
o 10 wt.%) can alter the original structure or chemistry of solid elec-
rolyte interphase (SEI) with detrimental effect on electrochemical per-
ormance [ 13 , 21 ]. Short chain length PEO, also called polyethylene gly-
ol (PEG), with self-crosslinkable ability, for example, polyethylene gly-
ol diacrylate (PEGDA), are also used to synthesize GPEs. Nevertheless,
 16 January 2022 
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PEs made of a crosslinked network with short chain length polymers or
ligomers demonstrate poor mechanical strength [19] , and these poly-
er matrixes usually are used in conjunction with a support/separator,
or example, cellulose acetate [19] . GPEs made using such oligomers
ypically also present a poor ionic conductivity or electrochemical per-
ormance [ 13 , 18 , 19 ]. It is well-known that ionic conduction in PEO
s mainly governed by hooping of Li ions through free and dynamic
olymer chains [21] . Thus, short polymeric chains with limited mobil-
ty within a crosslinked matrix result in a poor ionic conduction and
lectrochemical performance [ 13 , 14 , 20 ]. Additionally, GPEs made us-
ng a short chain length PEG are thermally unstable, as a low degra-
ation onset temperature is identified by thermogravimetric analysis
TGA) [ 13 , 14 , 19 ]. For example, Liu et al. reported a GPE made using
ligomeric PEGDA (molar mass of 400) which decompose below 250 °C
13] . 
Herein, we report a novel GPE for LMBs that is made using a

rosslinked polymer matrix based on modified PEO (m-PEO). The
-PEO is synthesized by introducing methacrylate functionalities
crosslinkable groups) to end chains of regular PEO. The GPE is prepared
y swelling the m-PEO matrix by LiPF 6 and carbonate solvents. At am-
ient temperature, Li|LFP cells with the GPE display an initial specific
apacity value of approximately 130 mAh g − 1 at 2C charge/discharge
ate with ∼70% capacity retention after 1000 cycles and around 99% CE.
his superior electrochemical performance is attributed to the uniform,
ondendritic growth of Li in the GPE as observed by o perando optical
icroscopy and scanning electron microscopy (SEM). Using cryogenic
ransmission electron microscopy (cryo-TEM) coupled with energy dis-
ersive X-ray spectroscopy (EDS) and X-ray photon spectroscopy (XPS)
haracterization, detailed structure and chemistry of the SEI formed in
he GPE and the liquid electrolyte is explored. To best of our knowledge,
ur work provides the first study on unveiling structure and chemistry of
he SEI layer formed in GPEs by cryo-TEM, and the first report on direct
isualization of electrochemical deposition of Li in GPEs by operando op-
ical/light microscopy. The critical role of LiF in improving the electro-
hemical performance is supported by density functional theory (DFT)
alculations. 

. Experimental section 

.1. Materials 

Polyethylene oxide (PEO) with molecular weight of 20,000 g/mol,
iethyl ether, anhydrous dimethyl carbonate (DMC), polyvinylidene flu-
ride (PVdF) with molecular weight of 534,000 g/mol, and N-Methyl-
-pyrrolidone (NMP) are purchased from Fisher Scientific. Trimethy-
amine (TEA), methacrylic anhydride (MA), dichloromethane (DCM),
euterated chloroform (CD 3 Cl) with 0.3 wt% tetramethylsilane (TMS),
iquid electrolyte of 1 M LiPF 6 in 1:1 v/v% ethylene carbonate/diethyl
arbonate (EC/DEC) are purchased from Sigma-Aldrich. Lithium disk
Li, 0.3 mm thickness) and super-P carbon black ( + 99%) are purchased
rom Alfa Aesar, lithium iron phosphate (LFP) is purchased from MTI
USA), and Celgard® 2500 membrane battery separator (25 𝜇m thick-
ess) is purchased from Celgard. 

.2. Gel polymer electrolyte (GPE) preparation 

PEO (10 g, 0.5 mmol) is dissolved in 20 ml DCM at ambient tempera-
ure and TEA (0.112 g, 1.1 mmol) is slowly added to the mixture. Then,
A (0.17 g, 1.1 mmol) is slowly added, and the resulting mixture is
tirred for at least 24 hours. Afterwards, the m-PEO, which is a telechelic
olymer with two polymerizable methacrylate groups, is isolated by pre-
ipitating in at least 10-folds diethyl ether. The isolated polymer is redis-
olved in DCM and reprecipitated in diethyl ether for at least three times
o remove impurities and dried under vacuum at ambient temperature.
t is worthy to mention that the methacrylate functionality is chosen
353 
ue to its many advantages including facile and fast polymerization ki-
etic, insensitivity to air and moisture, stability and durability. MA is
hosen as methacrylate functionality precursor due to low cost, non-
oxicity, facile and efficient reaction with alcoholic groups. TEA is also
sed as base to deprotonate alcoholic functionality (OH) of the PEO and
enerating strong nucleophile to react with MA, thus enhancing the ki-
etic and efficiency of the PEO methacrylation. The crosslinked m-PEO
olymer matrix or film is made by dissolving m-PEO in DMC and cast-
ng the resulting viscous solution into a polytetrafluoroethylene (PTFE)
etri dish, followed by a chemical crosslinking under UV light (UV-lamp
odel B100AP, 360 nm wavelength, 100 mW/cm 

2 power, Black-Ray)
or up to 10 minutes. The GPE is prepared by adding the conventional
iquid electrolyte (1 M LiPF 6 in EC/DEC) to the crosslinked m-PEO film
circular disk) in a sealed glass vial at ambient temperature. Amount
f the liquid electrolyte incorporated into the GPE is adjusted to keep
he molar ratio of ethylene oxide to Li ions (EO:Li) equal to 20. For in-
tance, 1 ml of the liquid electrolyte, which contains ∼0.153 g (1 mmol)
f LiPF 6 salt, is added to 1 gr (0.05 mmol) of the crosslinked m-PEO
olymer film. The prepared GPE is stored in an Ar-filled glovebox. 

.3. Cell design 

Electrochemical cells for operando optical/light microscopy experi-
ents are prepared by sandwiching the GPE or the liquid electrolyte
etween two symmetric Li foils in sealed quartz cuvette cells. A con-
tant current density of 5 mA cm 

‒2 is applied to the cells using Gamry
00 Potentiostat/Galvanostat. Long-term stability test of the GPE or the
iquid electrolyte against Li metal anode is performed using Li|Li coin
ells. Li|LFP coin cells are prepared by sandwiching the GPE or the liq-
id electrolyte between a Li disk (anode electrode) and LFP (cathode
lectrode). To prepare the LFP cathode, a homogenous slurry consist-
ng of 70 wt.% LFP, 15 wt.% Super-P carbon black, and 15 wt.% PVdF
n NMP solvent is casted onto aluminum foil (current collector) by a
octor blade coating machine. The resulting film is dried at 60 °C for
 hour and then 80 °C for 24 hours under vacuum and cut into circular
isks using a punch machine. Mass load of the active material in the LFP
athode is around 2 mg cm 

− 2 . 2032 coin-type cells are assembled in the
lovebox. 

.4. General characterization 

NMR is performed on a Bruker Avance 500 NMR spectrometer. Dif-
erential scanning calorimetry (DSC) is performed on TA Instruments
SC Q2000 at temperature range of -90°C to 100°C ( ± 0.1% precision)
ith heating rate of 10°C/min. Alumina pans are used for both of sam-
le and reference. TGA test is performed on TA Instruments Q5000
 ± 0.1% precision) at temperature range of 25°C to 600°C with heat-
ng rate of 10°C/min. Fourier transform infrared (FT-IR) spectroscopy
s performed on Bruker LUMOS FTIR microscope. Tensile test is per-
ormed on Zwick-Roell zwickiLine Z0.5 instrument. A specimen with
.75 mm width and 0.75 mm thickness is tested using a tensile test
peed of 25% initial thickness/min. Swelling test is performed to mea-
ure the degree of crosslinking (gel content) of the crosslinked m-PEO
lm using acetonitrile solvent. The gel content is calculated using the
quation D = (m/m 0 ) × 100, where m 0 and m are the initial mass of
he crosslinked polymer film and the final mass of the crosslinked poly-
er film after solvent removal (dried sample). Operando optical/light
icroscopy is performed on Nikon optical microscope. A constant cur-
ent density of 5 mA cm 

‒2 is applied to the Li|Li cuvette cells. A flexible
nd inert spacer is used between the GPE and Li foils to ensure a good
lectrode/electrolyte interfacial contact. SEM images are collected us-
ng JEOL JSM-IT500HR FESEM microscope operated at an accelerating
oltage of 5 kV. The Li disk containing electrochemically deposited Li
s prepared for SEM characterization by disassembling the symmetric
i|Li cuvette cells or the symmetric Li|Li coin cells inside the glove-
ox, followed by washing the electrode using 1,3-dioxolane to remove
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esidual electrolyte. Dried samples are sealed in hermetic vials inside
he glovebox and are transferred for SEM characterization. XPS is per-
ormed on Thermo Scientific ESCALAB 250Xi. XPS spectra are collected
sing a monochromatized Al K 𝛼 radiation under a base pressure of 10 − 9
orr. To avoid exposing the samples to moisture and air, samples are
rst loaded into an air-free XPS chamber and then transferred inside
he XPS spectrometer. Survey scans are performed with a step size of
.0 eV, and high-resolution scans with 0.1 eV resolution are collected
or lithium (Li) 1s, carbon (C) 1s, oxygen (O) 1s, fluorine (F) 1s, and
hosphorous (P) 2p regions. Cryo-TEM images are recorded on JEOL
RM200CF TEM, equipped with a Gatan Oneview camera operated at
00 kV. Li is electrochemically deposited onto a carbon-coated Cu grid
laced between the electrolyte and Cu foil within Li|Cu coin cells. A
onstant current density of 0.5 mA cm 

‒2 is applied. After Li electrode-
osition, the coin cells are disassembled in the glovebox, TEM grid is
etached and rinsed with 1,3-dioxolane to remove residual electrolyte.
hen, the Li metal deposited Cu grid is placed in a cryo grid box, and
he grid box is placed in a vial container and sealed in the glovebox.
he TEM grid is immersed into liquid nitrogen and then mounted onto
 single-tilt Gatan 626 liquid nitrogen cryo-holder (Gatan, USA) using
 cryo-transfer workstation. The cryotransfer station is used to ensure
hat the specimen is under cryogenic and inert nitrogen environment
hroughout the transfer process to keep the specimen in its native state.

.5. Electrochemical test 

Electrochemical tests are performed on BioLogic VMP3 potentio-
tat/galvanostat and Neware CT-4008 battery cycler. All electrochem-
cal tests are performed at ambient temperature ( ∼20°C), unless it is
tated. To measure Li ion conductivity, the GPE or the liquid electrolyte
re sandwiched between two symmetric stainless-steel discs as blocking
lectrodes and sealed in CR2032 coin cells. A PTFE ring with 14 mm
nner diameter and 0.5 mm thickness is used as a separator between
he stainless-steel electrodes (the opening of the PTFE ring is filled with
he liquid electrolyte or the GPE). The electrochemical impedance spec-
roscopy (EIS) data is collected in the frequency range of 1 MHz to 100
Hz in a temperature range from 20 °C to 60 °C, regulated by a cli-
ate chamber (Binder, Tuttlingen, Germany). The Li ion conductivity
s calculated using the equation 𝜎 = L/R b × S, whereas 𝜎 is the Li ion
onductivity ( S cm 

− 1 ), R b is the bulk electrolyte resistance ( Ω ), L is the
hickness of the electrolyte or separator ( cm ), and S is the surface area of
he electrolyte in contact with the stainless-steel disk. Electrochemical
tability window of the electrolytes is evaluated by linear sweep voltam-
etry (LSV) using a stainless-steel disc as the working electrode and a
i disc as the counter and reference electrode. The voltammograms are
ecorded between 2 V and 6 V (vs. Li|Li + ) at a sweep rate of 0.5 mV s − 1 .
he long-term stability of the electrolytes against Li metal are measured
n symmetric Li|Li cells under constant current density of 0.5 mAcm 

− 2 

nd 1.0 mAcm 
− 2 , with a 30 min platting/stripping for each cycle. Long-

erm cycle performance of LMBs with the GPE and the liquid electrolyte
re tested at 1C and 2C charge/discharge rates (1C = 160 mA g − 1 ) with
 voltage cut-off of 4.2 V and 2.5 V for charging and discharging, re-
pectively. The rate performance of the GPE and the standard liquid
lectrolyte at different charge/discharge rate is also explored. Li|Li and
i|LFP cells with the GPE or the liquid electrolyte ( ∼100 𝜇L) are assem-
led in standard 2032 coin-type cells. 

.6. Computational details 

DFT calculations are performed using the Vienna Ab Initio Simu-
ations Package (VASP) [22] code employing the generalized-gradient
pproximation (GGA) [23] using the PBE (Perdew, Burke, and Ernzer-
of) [24] functional to account for the exchange-correlation effects. For
ystems with an even number of electrons non-spin polarized calcula-
ions, and for systems with an odd number of electrons unrestricted spin-
olarized calculations are performed. Li ions migration paths and barri-
354 
rs are determined using the linear nudged-elastic-band (NEB) method
s implemented in VASP code. For all calculations, a cutoff energy of
50 eV is used. The further increase of cutoff energy to 500 eV led to the
hange of the total energy of less than 0.01 eV. All structural optimiza-
ions are carried out until the forces, acting on atoms, are below 0.01
V/Å. The criterion for energy change is set to 0.1 eV. The ground-state
attice constants of LiF are first calculated. Then, using a slab method,
he (111) surface energy is calculated. The k-point samplings are set
ased on the geometry of each structure for surface structure optimiza-
ion, with one k-point in the surface normal direction defined with at
east 15 Å vacuum region and same number of in-plane k-points as in
he bulk calculations. The presence of EC/DEC solvents influences Li ad-
orption as well as other adsorbate structures over the LiF surface. To
onsider the influence of the solvent on the adsorption energies of Li
ntermediates, we have used the implicit solvent (polarized continuum)
odel as implemented in the VASPsol. EC/DEC electrolyte is considered
s a medium with the dielectric constant of 32. 

. Results and discussion 

Polymer crosslinking is a typical method of making free-standing
olymeric gels [ 19 , 20 ]. Chemical crosslinking is also shown to induce
mprovement in dimensional stability and modulus of polymer elec-
rolytes [ 19 , 20 ]. We employed a one-step, facile methacrylation process
o modify the regular PEO and make it self-crosslinkable ( Fig. 1 a). The
-PEO has ability to polymerize and form chemical crosslinks at the
olymer end chains, thus preserving the original polymer chain length
nd mobility of the regular PEO. Proton NMR ( 1 H NMR) is used for
hemical characterization of the m-PEO and the regular PEO. As dis-
layed in Fig. S1, the regular PEO shows a sharp and wide signal ∼3.5-4
pm related to ethylene (-CH 2 -CH 2 -) protons of the PEO backbone. Be-
ide this signal, m-PEO also shows new signals at ∼1.5 ppm and ∼5.5-
.0 ppm related to CH 3 and CH protons, respectively, of the introduced
ethacrylate groups. A photograph of the crosslinked m-PEO polymer
atrix punched into a circular disk is shown in Fig. 1 b. A photograph of
he GPE made by swelling the crosslinked m-PEO matrix using the con-
entional liquid electrolytes (1 M LiPF 6 in EC/DEC) is shown in Fig. 1 c.
e have also performed 1 H NMR to measure the gel content or de-
ree of crosslinking of m-PEO matrix within the GPE (Fig. S2). This is
one by calculating number of the unpolymerized m-PEO or remain-
ng ethylenic or vinyl protons (CH) in the GPE. Due to a small fraction
f ethylenic protons versus polymer backbone protons upon chemical
rosslinking, a magnified region related to the ethylenic protons is also
hown as inset. By integrating the area under the peak of an ethylenic
roton (CH) with regards to the peak of methyl protons (CH 3 ) of the
ethacrylate functionality or the polymer backbone protons (-CH 2 -CH 2 -
, ∼5% of the ethylenic bonds is found to be remained unpolymerized
fter the crosslinking (degree of crosslinking is ∼95%). A similar degree
f crosslinking for the m-PEO film is obtained by the swelling test. 
DSC is performed to assess the effect of chemical modification and

rosslinking on original properties of the unmodified PEO. The DSC
urves indicating melting temperature ( T m ) and crystallization temper-
ture ( T c ) of the regular PEO and the crosslinked m-PEO film are shown
n Fig. S3. The unmodified PEO shows T m ∼ 61 °C during heating cycle
nd T c ∼ 42 °C during cooling cycle (Fig. S3a). These values are very
imilar for the crosslinked m-PEO film with T m ∼ 58 °C and T c ∼ 42 °C
Fig. S3b). This suggests that the polymer chain length and mobility of
he regular PEO does no considerably change upon the chemical mod-
fication or crosslinking [25] . Fig. S3c shows DSC curve of the GPE at
hich no T m or T c can be detected, indicating that the polymer matrix
s fully amorphous. The small peaks ( T m ∼ 15 °C and T c ∼ -45 °C) can
e attributed to the melting and crystallization of the EC/DEC carbon-
te solvents [26] . Thermal stability of the GPE is explored by TGA (Fig.
3d) and two major weight loss is observed. The first major weight loss
 ∼53%) up to 250 °C can be attributed to evaporation/decomposition of
he liquid electrolyte (Li salt and organic solvents) and the second major
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Fig. 1. The GPE preparation. (a) Synthesis of m-PEO by chemical modification (methacrylation) of the regular PEO. (b) A photograph of the semi-crystalline, 
crosslinked m-PEO polymer film and schematic illustration of its molecular structure. (c) A photograph of the GPE made by swelling of the crosslinked m-PEO matrix 
by the conventional liquid electrolyte (1 M LiPF 6 in EC/DEC) and schematic illustration of its molecular structure. 
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eight loss ( ∼47%) at ∼400 °C can be attributed to thermal decomposi-
ion of the m-PEO polymer matrix. A similar decomposition behavior for
 M LiPF 6 in EC/DEC and PEO/PEG is reported elsewhere [ 19 , 27 , 28 ].
urthermore, the TGA curve indicates that the weight loss related to
he liquid electrolyte is slightly larger than the m-PEO matrix. This is
onsistent with the designed GPE composition made of 1 ml ( ∼1.2 g)
f the liquid electrolyte versus 1 g of the m-PEO matrix. FT-IR is also
mployed to characterize the chemical composition and structure of the
egular PEO before and after the chemical modification and crosslink-
ng (Fig. S4). PEO shows several major signals around 841 cm 

− 1 (C-O-C
ond), 1097 cm 

− 1 (C-O bond), 1340 cm 
− 1 (CH 2 bond), and 2880 cm 

− 1 

C-H bond) [29–31] . The major difference between regular PEO and m-
EO is the presence of methacrylate functionality, H 2 C = C(CH 3 )-C = O-.
ence, appearance of new signals around 1641 cm 

− 1 and 1718 cm 
− 1 

an be attributed to the ethylene (C = C) and carbonyl (C = O) bonds in-
roduced upon methacrylation of the PEO [30] . Furthermore, there is a
mall shift in position of C = O bond of the crosslinked m-PEO compared
o uncrosslinked m-PEO. This can be attributed to conversion of unsatu-
ated C = C bonds into saturated C-C bonds upon the chemical crosslink-
ng, leading to a change in electronegativity of the neighboring group
f the C = O bond. It is important to mention that relatively weak signals
bserved for C = C and C = O bonds is because m-PEO consists of a small
raction of methacrylate functionality with respect to the polymer back-
one. FT-IR spectra of the GPE is also presented in Fig. S5. Beside signals
elated to the crosslinked m-PEO film, some new signals appear upon the
iquid electrolyte addition which can be ascribed to the LiPF 6 salt and
C/DEC organic solvents [ 32 , 33 ]. A tensile mechanical test is also per-
ormed to measure mechanical property of the developed GPE (Fig. S6).
he stress-strain curve indicates that the GPE posseses an elastic nature
ith high strechablility and resistance against fracture. Electrochemical
tability window of the GPE is measured by LSV and is compared with
he liquid electrolyte (Fig. S7). The liquid electrolyte exhibits an anodic
xidation onset around 3.8 V (vs. Li|Li + ), while the GPE exhibits an an-
dic oxidation onset around 4.2 V (vs. Li|Li + ). This value is beyond the
ut-off voltage of 2.5 V (for discharge) and 3.8 V (for charge) of L Li|LFP
atteries. Li ion conductivity of the GPE and the liquid electrolyte is also
easured at different temperatures, and the corresponding results are
355 
hown in Fig. S8. According to the findings, the GPE shows an ion con-
uctivity of 1.5 mS cm 

− 1 at ambient temperature, which is close to that
or the liquid electrolyte (8.1 mS cm 

− 1 ). 
Fig. 2 a and b display time-lapse snapshots of the electrochemical

eposition of Li in the liquid electrolyte and the GPE, respectively, cap-
ured by operando light microscopy. An uneven nucleation and growth of
i electrodeposits with mossy structure occur for the liquid electrolyte.
nevenness and heterogeneity in Li electrodeposition are well-known
or liquid electrolytes with carbonate solvents and is correlated to un-
egulated Li ions flux [12] . It is important to note that this topology can
esult in constant consumption of organic solvents, leading to constant
ormation and accumulation of the SEI layer which can result in capac-
ty instability or loss and poor CE in LMBs [34] . In contrast to the liquid
lectrolyte, a uniform and even Li platting is observed for the GPE which
an be ascribed to regulation of Li ions flux by PEO-based polymer ma-
rix. The cuvette cells are disassembled after the experiment and the
opology of the deposited Li particles is characterized by SEM ( Fig. 2 c
nd d). The SEM images further indicates microscopic homogeneity of
he Li deposition for the GPE in contrast to the heterogeneous Li depo-
ition for the liquid electrolyte. 
To further explore the Li platting behavior, topology and morphol-

gy of the electrochemically deposited Li for Li|Li cells with the GPE and
he liquid electrolyte is investigated by SEM ( Fig. 3 ). Consistent with
perando light microscopy results, Li electrodeposition is uneven and
endritic in the liquid electrolyte ( Fig. 3 a and b). On the other hand, a
niform and dendrite-free Li electrodeposition is observed in the GPE
 Fig. 3 c and d). The high surface area of dendritic Li significantly fa-
ilitates side reactions between the deposited Li and electrolyte. This
an cause in constant consumption of the electrolyte, formation of a
hick SEI layer with poor Li ion conductivity, and formation of electri-
ally isolated or “dead/inactive ” Li ( Fig. 3 e). All of these incidents lead
o increasing battery cell impedance, a low CE, capacity loss and short
ifespan in LMBs. It is known that morphology and structure of elec-
rochemically deposited Li are related to the deposition time, applied
urrent density, and electrolyte chemistry [35] . Since a similar depo-
ition time and applied current density is employed for the Li platting
n both the liquid electrolyte and the polymer electrolyte, electrolyte
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Fig. 2. Time-lapse snapshots of electrochemical deposition of Li in the liquid electrolyte (a) and the GPE (b) after 0, 5, 10, and 20 min of Li deposition captured by 
operando light microscopy. SEM images of the bottom Li electrode surface after 20 min of Li plating in the liquid electrolyte (c) and the GPE (d). 
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hemistry is playing the major role in controlling topology or morphol-
gy of the deposited Li. Therefore, it can be concluded that the uniform
i platting observed for the GPE can be correlated to regulation of Li
ons flux by the PEO-based polymer matrix. The formation of pits on
i electrode surface (Fig. S9) after five cycles of Li platting/stripping in
he liquid electrolyte also indicates the presence of Li ions gradient on
he Li electrode and lack of Li ions regulation by the conventional liquid
lectrolyte. Based on the space-charge theory, the formation and evolu-
ion of Li dendrites is related to Li ions transport driven by the electric
eld on the Li anode. It is well-known that PEO own a high Li ion solvat-
ng power, enabling Li ions regulation and uniform distribution within
he polymer electrolyte [ 11 , 17 , 34 , 36 ]. Moreover, PEO-based polymer
lectrolytes intrinsically own higher Li salt dissociation rate than liquid
lectrolytes, indicated by higher Li ion transference number. This can
esult in stronger electrolyte-Li ions complexation and more uniform
istribution of Li ions in the polymer electrolytes [ 11 , 36 ]. EDS elemen-
al mapping (Fig. S10) further indicates a uniform distribution of C, O, F,
 elements on the surface of the electrochemically deposited Li particles
n the GPE. 
It is also widely believed that the morphology of electrochemically

eposited Li is closely dependent on structure and composition of the
EI layer [35] . Therefore, we have investigated the Li/GPE interface as
ell as Li/liquid electrolyte interface at nanoscale by cryo-TEM. Fig.
11 shows voltage profiles for Li metal electrodeposition in Li|Cu cells
ith the liquid electrolyte and the GPE. A voltage drop at the initial
tage of the Li deposition followed by a flat plateau are observed, cor-
esponding to the nucleation region (the nucleation overpotential) and
he growth region (the plateau overpotential), respectively [37] . Mag-
itude of the nucleation overpotential defines the nucleation barrier be-
356 
ween the Li and Cu for the electrodeposition. Figs. 4 and 5 exhibit
orphology, crystalline structure and chemistry of the electrochemi-
ally deposited Li in the liquid electrolyte and the GPE, respectively,
fter the first discharge acquired by cryo-TEM. Similar to the SEM re-
ults, low-magnification TEM images ( Figs. 4 a and 5 a) show a dendritic
i growth in the liquid electrolyte versus a nondendritic Li growth in
he GPE. The SEI layer formed in the liquid electrolyte show a mosaic-
ype nanostructure, whereas Li-based inorganic nanocrystals are embed-
ed in an amorphous organic/polymeric matrix ( Fig. 4 b, Table S1 and
2) [ 35 , 38 , 39 ]. The SEI layer formed in the liquid electrolyte appears
o be mostly amorphous which is consistent with the previous reports
 35 , 37 , 40 ]. It is well-known that inorganic and organic decomposition
roducts derived from the electrolyte (Tables S1 and S2) are precipitated
nd heterogeneously distributed throughout the SEI, forming a mosaic-
ype microphases containing both crystalline and amorphous phases
41] . It is also known that the SEI layer formed in carbonate solvents-
ased liquid electrolytes is typically uneven and thick mostly composed
f amorphous organic/polymeric phase with a poor Li ion conductiv-
ty [ 35 , 39 , 42–44 ]. The presence of crystalline nanograins is also con-
rmed by selected area electron diffraction (SAED) pattern illustrated
n Fig. 4 c. High-resolution TEM (HRTEM) images are also captured to
tudy detailed nanostructure and chemistry of the Li/liquid electrolyte
nterface. HRTEM images of the crystalline nanocrystals within the SEI
lm are identified to be LiOH, Li 2 O and Li 2 CO 3 ( Fig. 4 d-f). Lattice spac-
ngs of 4.4 Å, 2.66 Å and 4.2 Å are identified by HRTEM, which match
ell with (001), (111), and (110) planes of LiOH, Li 2 O and Li 2 CO 3 , re-
pectively. Moreover, the rings observed in the fast Fourier transform
FFT) patterns ( Fig. 4 g-i) of the high-resolution images suggest that the
EI layer is mostly rich in Li 2 O and LiOH. This is found from calibrated
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Fig. 3. SEM images at different magnifications of the Li electrode surface after five cycles of Li plating/stripping in the liquid electrolyte (a,b) and the GPE (c,d). 
The Li platting/stripping is performed under a constant current density of 0.5 mA cm 

− 2 with 30 min platting/stripping for each cycle at ambient temperature. Insets 
in (a) and (c) show photographs of the Li electrode surface after five cycles of Li plating/stripping in the liquid electrolyte and the GPE, respectively. (e) Schematic 
illustration of the formation of excessively thick SEI layer and dead/inactive Li as result of dendritic Li growth in the liquid electrolyte. 
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nterplanar spacings of 4.4 Å and 2.66 Å which match well with the
001) and (111) planes of LiOH and Li 2 O, respectively. 
The SEI layer formed in the GPE ( Fig. 5 b) also shows a mosaic-type

tructure where Li 2 O, LiOH, Li 2 CO 3 , and LiF nanocrystals are embedded
n an amorphous organic/polymeric phase. The presence of crystalline
anograins is also confirmed by SAED pattern ( Fig. 5 c). Particularly,
he indexed crystal structures of Li 2 CO 3 , Li 2 O, and LiF are presented in
ig. 5 d-f. Using the FFT patterns ( Fig. 5 g-i), Li 2 CO 3 , Li 2 O, and LiF crys-
als with d-spacings of 4.2 Å, 2.66 Å, and 2.32 Å, and lattices aligning
long (110), (111), and (111), respectively, can be identified [ 37 , 41 , 45 ].
357 
t worth to mention that in contrast to the SEI layer formed in the liquid
lectrolyte being mostly amorphous ( Fig. 4 b and c), the SEI layer formed
n the GPE is highly rich in inorganic nanocrystals ( Fig. 5 b and c). It is
ell-known that nanocrystalline grains in the SEI layer facilitate fast Li
ons transport through the amorphous organic/polymeric matrix [43] .
ost of these ceramic-like nanocrystals (i.e., Li 2 O, Li 2 CO 3 ) are known to
wn low bulk Li ion conductivity, making the Li ions conduction path-
ays to mostly present at the nanocrystals-amorphous phase interface
 39 , 40 ]. Many reports in the literature also experimentally demonstrate
ignificant ionic conductivity enhancement when ceramic nanocrystals
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Fig. 4. Nanostructure of the electrochemically deposited Li in the liquid electrolyte (1 M LiPF 6 in EC/DEC). (a) A low magnification cryo-TEM image of the 
electrochemically deposited Li particles. (b) HRTEM image illustrating the nanoscale SEI layer with its structure and chemistry. (c) The corresponding SAED pattern 
of the Li particle. Representative HRTEM images and FFT patterns of Li 2 CO 3 (d, g), Li 2 O (e, h), and LiOH (f, i) in the SEI layer. 
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re dispersed within solid polymer electrolytes, a system very similar to
he mosaic-type SEI [ 46 , 47 ]. A possible explanation could be a strong
ffinity between acidic groups on the nano-oxide or nano-hydroxide
rains and Li salt anion in the electrolyte (PF 6 − in this case) [46] . This fa-
ilitates separation of the Li + -PF 6 − ion pairs and allow rapid motion of Li
ons at the polymer-ceramic interface. The importance of space-charge
ffects in facilitating ionic conduction at interface of heterostructure ma-
erials is shown previous studies [48] . We also found that the Li/GPE
nterface is rich in LiF, in a sharp contrast to the Li/liquid electrolyte
nterface. The HRTEM image of LiF exhibits a lattice spacing of 2.32 Å,
hich matches well with (111) plane of LiF [38] . According to the SAED
358 
attern ( Figs. 4 c and 5 c), the extent of LiF in the SEI formed in the GPE
s significantly higher than that for the conventional liquid electrolyte
f 1 M LiPF 6 in EC/DEC. 
By employing scanning transmission electron microscopy (STEM)

oupled with EDS under the cryogenic condition, the elemental distri-
ution of C, O, F, and P is spatially mapped ( Fig. 6 a and b). A signifi-
ant difference in the chemical composition can be identified for the SEI
lm formed in the GPE when compared to the conventional LiPF 6 -EC-
EC liquid electrolyte. Quantitative analysis of the EDS data reveals that
tomic ratio of C to O is higher in the SEI layer formed in the liquid elec-
rolyte, further indicating a highly amorphous nature of the SEI layer.
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Fig. 5. Nanostructure of the electrochemically deposited Li in the GPE. (a) A low magnification cryo-TEM image of the electrochemically deposited Li particles. 
(b) HRTEM image illustrating a nanoscale SEI layer with its structure and chemistry. (c) The corresponding SAED pattern of the Li particle. Representative HRTEM 

images and FFT patterns of Li 2 CO 3 (d, g), Li 2 O (e, h), and LiF (f, i) in the SEI layer. 
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ince the organic/polymeric components of the SEI layer are degrada-
ion products of the organic solvents, the carbon content and the oxygen
ontent are expected to be comparable in a region that is predominantly
morphous. Contrarily, a more crystalline SEI is observed at the Li/GPE
nterface. A highly crystalline SEI layer rich in crystalline grains of Li 2 O,
iOH, and Li 2 CO 3 is expected to have a higher content of oxygen than
arbon. Consistent with the cryo-TEM images, the EDS results ( Fig. 6 a
nd b) also demonstrate that the Li/GPE interface contains higher LiF
ontent compared to the Li/liquid electrolyte interface. 
The Li|LFP cells with the GPE and the liquid electrolyte are disassem-

led after 100 charge/discharge cycles to characterize the surface of the
359 
i metal electrode by XPS ( Fig. 6 c,d and Fig. S12). Based on the findings
nd consistent with the cryo-TEM results, both the Li/GPE interface and
he Li/liquid electrolyte interface are composed of LiOH, Li 2 O, Li 2 CO 3 
nd LiF. The signals related to the amorphous organic/polymeric phase
an also be observed in C 1s and O 1s spectrums. It is also important to
ention that similar to the cryo-TEM results, the SEI film formed in the
PE is richer in LiF compared to the SEI film formed in the liquid elec-
rolyte. The LiF-rich SEI layer formed in PEO-based polymer electrolytes
s also shown by cryo-TEM and XPS studies elsewhere [ 38 , 39 ]. 
A schematic illustration of the electrochemically deposited Li mor-

hology, and structure and chemistry of the SEI layer formed in the GPE
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Fig. 6. Surface elemental analysis of the electrochemically deposited Li by EDS. (a) High-angle annular dark-field STEM (HAADF-STEM) image of the electrochemi- 
cally deposited Li in the GPE and the corresponding elemental maps of C, O, F and P. (b) HAADF-STEM image of the electrochemically deposited Li in the conventional 
liquid electrolyte (1 M LiPF 6 in EC/DEC) and the corresponding elemental maps of C, O, F and P. XPS analysis of the Li electrode surface obtained from Li|LFP cells 
with the GPE and the liquid electrolyte after 100 cycles at 1C charge/discharge rate. LiF identification in the SEI layer formed in the GPE (c) and the liquid electrolyte 
(d). 
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nd the liquid electrolyte is shown in Fig. 7 . Due to numerous advan-
ages including low electronic conductivity, high electrochemical stabil-
ty, high mechanical modulus, low energy barrier ( ∼0.19 eV) for Li ions
urface conductivity and diffusion, LiF is one of the most favorable com-
onent in the SEI layer [ 39 , 49 ]. Enhancement in electrochemical per-
ormance of LMBs via LiF-rich interfaces is widely reported in previous
tudies [ 38 , 39 , 43 , 45 ]. Low energy barrier for Li ions diffusion at LiF
urface promotes Li ions migration along LiF-surface, regulating the ho-
ogeneous of Li ions flux. While bulk LiF is a poor Li ion conductor, its
nterfacing with other crystalline grains in the SEI (e.g. Li 2 O, Li 2 CO 3 ) at
he nano-scale is shown to possess high Li ion conductivity [ 39 , 40 ]. Ra-
asubramanian et al. [40] showed that the fastest Li ion diffusion rate
ccurs for the heterogeneous LiF/Li 2 O grain boundary. Similarly, Zhang
t al. [50] demonstrated that the interface formed between Li 2 CO 3 and
iF particles can promote ionic carriers concentration. Nanostructured
iF in the SEI is also reported to induce uniform diffusion field gradient
n Li metal electrode [35] . 
Galvanostatic Li plating/stripping for the Li|Li cells with the GPE and

he liquid electrolyte is performed to determine stability of the elec-
rolytes against Li metal anode. Measurements are carried out under
urrent densities of 0.5 mA cm 

‒2 and 1.0 mA cm 
‒2 with 30 min of Li

lating/stripping at ambient temperature ( ∼20 °C). Voltage profile for
he Li|Li cells with the GPE ( Fig. 8 a and Fig. S13) shows a smaller volt-
ge polarization in comparison to the Li|Li cells with the liquid elec-
rolyte ( Fig. 8 a and Fig. S13). This can indicate a higher Li ion conduc-
ivity of the Li/GPE interface enabled by the LiF-rich SEI compared to
he Li/liquid electrolyte interface. Moreover, the stable nature of the
i/GPE interface leads to a long lifespan of Li plating/stripping cycles
up to 800 cycles). In a sharp contrast, unstable nature of the Li/liquid
360 
lectrolyte interface leads to a short lifespan of the symmetric Li|Li cell.
n particular, a constant increase in the polarization over cycling is ob-
erved in the case of the Li/liquid electrolyte, which is followed by the
ell shorting, as evident form sudden drop in the potential ( Fig. 8 a). This
an be attributed to the dendritic morphology of the electrochemically
eposited Li in the liquid electrolyte, resulting in constant degradation
f the organic solvents, leading to thickening and build-up of the SEI
lm ( Fig. 3 e) [51] . The numerical studies have shown that the overpo-
ential of Li metal anode contributes mostly to the voltage shift at initial
tages, that is due to dynamic evolution of the surface morphology of
i deposits [52] . However, during later cycles, growth of inactive/dead
i proceeds, creating a porous Li deposits and a tortuous pathway for Li
ons transport across electrode/electrolyte interface ( Fig. 3 e) [51] . This
an decrease the local ionic diffusion coefficient, and suppress ohmic
ransport in the electrolyte by the inactive/dead Li layer [53] . With con-
inued cycling, the inactive/dead Li layer becomes more tortuous and
enser, causing in a further decrease in the effective ionic conductivity
nd diffusion coefficient. It is also known that aggressive Li dendrites
ormed during cycling can penetrate through the separator leading to
n internal short-circuit in LMBs [35] . 
The electrochemical performance at different C-rates for the LMBs

ith the GPE and the liquid electrolyte is shown in Fig. S14. Cycle
erformance of the LMBs with the GPE and the liquid electrolyte at
C and 2C charge/discharge rates is also explored. According to the
harge/discharge profiles (Fig. S15) and the cycle performance results
 Fig. 8 b), the LMB with the GPE indicate a low polarization with a spe-
ific capacity of ∼140 mAh g ‒1 and ∼70% capacity retention after 1000
ycles at 1C charge/discharge rate. In a sharp contrast, the LMB with the
iquid electrolyte indicate a relatively large voltage polarization with a
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Fig. 7. Schematic illustration of the electrochemically deposited Li with the corresponding SEI layer formed in the liquid electrolyte (a) and the GPE (b). 
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pecific capacity of ∼125 mAh g ‒1 and less than 40% capacity reten-
ion after 1000 cycles at 1C charge/discharge rate. Similar results are
bserved for the LMBs cycled at 2C charge/discharge rate ( Fig. 8 c and
ig. S16). In particular, the Li|LFP cells with the GPE and the liquid
lectrolyte show specific capacities of ∼130 mAh g ‒1 and ∼110 mAh
 
‒1 , respectively, at 2C charge/discharge rate. While the LMB with the
PE shows ∼70% capacity retention after 1000 cycles, the capacity re-
ention for the LMB with the liquid electrolyte is only ∼30%. The long
ifespan and the high capacity retention rate observed for LMBs with
he developed GPE in this work also exceeds the lifespan and capacity
etention rate of LMBs with PEO-based GPEs reported in the literature
Table S3) [ 13 , 17 , 18 , 20 ]. Capacity fluctuations observed for the LMBs
ould be due to ambient temperature fluctuations [54] , SEI evolution
nd irreversible interface destruction [ 55 , 56 ], defective Li ion transport
57] , mechanical strength of the electrolyte [57] , instability of the Li
node [58] . 
The superior cycle performance of the LMBs with the GPE can be cor-

elated to the Li ions regulation via oxygen atoms of the m-PEO within
he GPE matrix, leading to uniform Li platting/stripping [ 11 , 34 , 36 ]. As
iscussed earlier, PEO is shown to effectively regulate Li ions transport
hich can lead to uniform and nondendritic Li plating [ 34 , 36 ]. Assegie
t al. [11] showed that coating a thin layer of PEO onto Cu foil can
ead to a uniform Li deposition in the liquid electrolyte. Through host-
ng Li ions and regulating its inevitable reaction with the electrolyte,
361 
he PEO layer also results in high compatibility of electrode–electrolyte
nterface, promoting the formation of a thin and robust SEI layer. The
odified electrode exhibited stable Li cycling with > 99% CE over 200
ycles and low voltage polarization at 0.5 mA cm 

− 2 current density. Be-
ides, the superior electrochemical performance of the GPE versus the
onventional liquid electrolyte can be due to the sharp difference in
he SEI structure and chemistry. The presence of LiF-rich SEI promote a
ense and smooth Li deposition, facilitate Li ions transport and enable
niform Li platting. Indeed, a more crystalline and LiF-rich interface for
he GPE enables a surface-growth of electrochemically deposited Li and
hus, suppress the formation of Li dendrites. As a result, the LMBs with
he GPE exhibit a longer lifespan and higher CE compared to the LMBs
ith the LiPF 6 -EC-DEC liquid electrolyte. 
To further analyze the Li/electrolyte interface, the impedance be-

avior before cycling for the LMBs with the GPE and the liquid elec-
rolyte is studied (Fig. S17). The simulated graphs are plotted using the
losest values of the equivalent circuits with regards to the correspond-
ng experiment. The equivalent electrical circuit is a useful technique
o distinguish resistive behavior of battery components at various fre-
uencies [59] . As illustrated in Fig. S17, two different time-constants
re observed for both the GPE and the liquid electrolyte: one for the
lectrode/electrolyte interface (SEI layer, cathode electrolyte interphase
CEI), and charge-transfer resistive at Li/electrolyte or electrolyte/LFP
nterfaces) and the other one for a semi-infinite diffusion [ 59 , 60 ]. It
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Fig. 8. Electrochemical cycle performance of LMBs and Li|Li cells with the GPE and the liquid electrolyte (1 M LiPF 6 in EC/DEC). (a) Overpotential profile of the Li|Li 
cells with the GPE and the liquid electrolyte. Magnification plots of selected periods of 2 nd –7 th cycles and 235 th –245 th cycles are also shown. Cycling is performed at 
constant current density of 0.5 mA cm 

‒2 with 30 min Li platting/stripping for each cycle. Cycle performance of Li|LFP cells with the GPE and the liquid electrolyte 
at 1C charge/discharge rate (b) and 2C charge/discharge rate (c). All the tests are performed at ambient temperature ( ∼20 °C). 
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s important to mention that these processes are typically subtle and
mpedance range distinction for each individual transfer process is very
ifficult and complicated. To simplify the analysis, a resistor, R b , is
odeled for bulk ionic resistance of the electrolyte, a parallel resistor,
 Int , with non-ideal capacitor, Q, is modeled for the interfacial resis-
ance, and Warburg diffusion, W, is modeled for the semi-infinite diffu-
ion resistance. A similar simplification is also reported in the literature
 57 , 61 , 62 ]. The time-constant around 54 Hz (for the GPE) and 36 Hz (for
he liquid electrolyte) is related to the diffusion-limited processes related
o Li ions within the Li metal and LFP electrode material [59] . The bulk
onic resistance of the electrolyte, R b , is around 3 Ω and 7 Ω for the liq-
id electrolyte and the GPE, respectively, and the interfacial resistance,
 Int , is approximately 72 Ω and 135 Ω for the Li/GPE/LFP cell and the
i/liquid electrolyte/LFP cell, respectively [ 59 , 60 ]. The interfacial resis-
362 
ance for the electrode/GPE is up to 40% lower than the interfacial re-
istance for the electrode/liquid electrolyte. The lower resistance value
an be due to higher Li ion conductivity of the electrode/GPE interface
n comparison to the electrode/liquid electrolyte interface. This could be
lso correlated to the more inter-connection between the highly elastic,
exible GPE and the Li/LFP electrodes, compared to the mechanically
tiff and electrochemically inactive Celgard polypropylene separator. 
We have also tracked the impedance evolution after different cy-

les for the LMBs with the GPE and the liquid electrolyte (Fig. S18).
IS curves show a depressed semicircle at high to medium frequency
ollowed by a slope tail at low frequency. The depressed semicircle is
elated to the impedance for migration of Li ions through the SEI or
assivation layer resistance (R SEI ) as well as charge transfer (R CT ) at the
i/electrolyte or the electrolyte/LFP interfaces [35] . R CT + SEI increases
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Fig. 9. DFT calculation results. The pathway (left) and the corresponding energetics (right) of Li diffusion onto LiF(111) surface in the presence of one (a) and two 
(b) hexafluorophosphate (PF 6 − ) anions. 
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or the Li|LFP cell with the liquid electrolyte, which can be due to
uild-up, reconstruction, and thickening of the SEI layer arising from
endritic Li growth [63] . Due to ultrahigh reducing power of Li metal,
arasitic reactions (e.g., Li reacts with carbonate solvents to form Li 2 O,
 2 H 4 and H 2 ) inevitably take place at the Li/liquid electrolyte interface
o harm the electrochemical performances of LMBs. Thus, the Li/liquid
lectrolyte interface can be continuously thickened during the battery
peration as result of repeated reactions between fresh Li surface and
he organic solvents ( Fig. 3 e). This can lead to an uneven surface mor-
hology of the Li metal anode along with the formation of large electro-
hemical impedance, which eventually lead to capacity loss and short
ifespan of LMBs. In contrast, the R CT + SEI for the Li|LFP cell with the
PE (Fig. S18) show a non-linear change, increase slightly at the ear-
ier cycles followed by a constant decrease [63] . This can be correlated
o the stable and conductive SEI layer formed in the GPE. The initial
ncrease of R CT + SEI can be related to the adverse interfacial reactions
uring initial steps of the SEI formation. 
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DFT calculations are performed to further understand the molecular-
evel mechanism behind the uniform Li deposition in the GPE enabled by
he LiF-rich interface. Firstly, the most favorable atomic configuration of
EO fragments and the Li salt (LiPF 6 ) on LiF surface are calculated, fol-
owed up by the nudge elastic band (NEB) calculations to reveal energy
arrier of Li ions diffusion. Following the experimental results shown
n Figs. 5 and 6 , and consistent with the prior literature reports [64] ,
he DFT calculations are performed over (111) surface orientation of
iF slab as shown in Fig. S19. Several configurations varying PEO and
iPF 6 number are considered, and five most stable atomic slabs are se-
ected for further study. As shown in Fig. S19, the atomic slab with one
EO fragment and LiPF 6 at the surface of LiF(111) is the most stable con-
guration. The total energy per atom measure is used to find the most
table atomic structure. Comparing the total energy per atom shown in
ig. S19, the presence of one PF − 6 anion over the LiF(111) surface (Fig.
19b) is beneficial for Li adsorption due to the presence of an excess of
 negative charge at the LiF surface. However, with the increase of the
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egative charge at the LiF surface (Fig. S19c), the configuration becomes
lightly less favorable, similar to the one with more PEO fragments (Fig.
19d). Thus, the second (Fig. S19b) and the third (Fig. S19c) configu-
ations are chosen for further study of the Li ions diffusion. We have
tudied the favorable pathways for Li deposition at the LiF(111) surface
n the presence of one and two PF 6 fragments. Fig. 9 shows the pathway
left) and the energetics (right) of Li adatom diffusion from the PEO bind
onfiguration to LiF(111) surface following our experimental observa-
ions ( Figs. 5 and 6 ). It is found that Li deposition onto the LiF(111)
urface in the presence of one PF 6 fragment ( Fig. 9 a) is more favorable
han onto the LiF surface with two PF 6 fragments ( Fig. 9 b) by 0.17 eV.
omparing the activation energy barrier for these two cases (0.045 eV
s. 0.058 eV), we can conclude that these two processes are equally pos-
ible, due to very low energy barrier. These findings are consistent with
ur hypothesis that the excess of negative charge at the LiF(111) surface
timulates Li adsorption, leading to a more uniform electrodeposition. 

. Conclusion 

In summary, a novel and efficient GPE is designed for LMBs by the
ntrapment of liquid electrolytes (1 M LiPF 6 in EC/DEC) within the
rosslinked m-PEO matrix. In contrast to the liquid electrolyte, a uni-
orm and nondendritic Li electrodeposition in the GPE is observed, as
xplored by operando optical microscopy and SEM. Using cryo-TEM, we
ave identified the nanoscale structure and chemistry of the SEI layer
ormed in the liquid electrolyte and the polymeric battery cells. Our
ndings confirm the mosaic model of SEI, revealing distribution of Li-
ased inorganic nanocrystals within an amorphous organic/polymeric
atrix. In contrast to the thick and mostly amorphous SEI layer with
oor Li ion conductivity formed in the liquid electrolyte, the SEI layer
ormed in the GPE is thin, highly crystalline and rich in LiF, with high
i ion conductivity. Owning to superior electronic insulation and low Li
on diffusion barrier, LiF is considered as an excellent interfacial compo-
ent. The LiF-rich interface can result in regulation of Li ions transport,
eading to a dendrite-free Li platting, confirmed experimentally by op-
ical or electron microscopy and theoretically by DFT calculations. The
i|Li cells with the GPE illustrate a low voltage polarization ( ∼0.1 V)
t high current densities (0.5 and 1.0 mA cm 

− 2 ) and long-term stability
f up to 800 cycles at ambient temperature. Furthermore, the Li|LFP
ells with the GPE display a specific capacity of ∼130 mAh g − 1 at 2C
harge/discharge rate with ∼70% capacity retention after 1000 cycles
nd ∼99% CE. Our findings offer new insights for development of stable
nd highly cycleable gel polymer electrolytes for Li metal batteries. 
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