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Polymeric highly concentrated electrolyte on composite polymer electrolytes

(PHCE-CPEs) enable both Li anode and high-energy Co-free LiNiO2 cathode to

achieve high Coulombic efficiency of >99%, representing a new solution for

polymeric solid-state batteries (SSBs). The design of PHCE-CPEs resolves the

challenges from surface contact and dendrite penetration, while the principles can

also be applied to other SSBs. These findings should therefore be of general

interest to a broad audience working on batteries, material science and

engineering, and electrochemistry.
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SUMMARY

Composite polymer electrolytes (CPEs) for solid-state Li-metal bat-
teries (SSLBs) still suffer from gradually increased interface resis-
tance and unconstrained Li-dendrite growth. Herein, we addressed
the challenges by designing a LiF-rich inorganic solid-electrolyte
interphase (SEI) through introducing a fluoride-salt-concentrated
interlayer on CPE film. The rigid but flexible CPE helps accommo-
date the volume change of electrodes, while the polymeric highly
concentrated electrolyte (PHCE) surface-layer regulates Li-ion flux
due to the formation of a stable LiF-rich SEI via anion reduction.
The designed CPE-PHCE presents enhanced ionic conductivity and
high oxidation stability of >5.0 V (versus Li/Li+). Furthermore, it
dramatically reduces the interfacial resistance and achieves a high
critical current density of 4.5 mA cm�2. The SSLBs, fabricated with
thin CPE-PHCEmembranes (<100 mm) and Co-free LiNiO2 cathodes,
exhibit exceptional electrochemical performance and long cycling
stability. This approach of SEI design can also be applied to other
types of batteries.

INTRODUCTION

Beyond Li-ion battery (LIB) technology, Li-metal batteries are reckoned as the most

promising alternative to LIBs to meet the ever-increasing demand from electric ve-

hicles and renewable energy market, such as solar, hydropower, wind, and other

intermittent energy, due to the high theoretical specific capacity and lowest nega-

tive potential of Li-metal anode (3,860 mAh g�1, �3.04 V versus standard hydrogen

electrodes).1–3 Among all, solid-state Li-metal batteries (SSLBs) using nonflammable

inorganic or organic solid-state electrolytes (SSEs) have been explored mostly as the

next-generation energy-storage devices.4,5 The SSLBs are expected to not only pro-

vide high energy/power density but also eliminate safety concerns due to the

replacement of highly flammable organic solvents.

To realize such a goal, a large number of SSEs with fast Li-ion conductivity have been

investigated in the last several decades, such as sulfide-based glass/ceramic,6

garnet-type conductors,7–9 LISICON-type conductors,10,11 polymer-based electro-

lytes,12,13 etc. Compared with rigid and brittle inorganic SSEs, the organic lithium-

conducting polymer electrolytes are soft and flexible, thus relieving the interface

problems caused by stress/strain change in cycling.14,15 For example, lithium bis(tri-

fluoromethanesulfonyl)imide (LiTFSI) in polyethylene glycol (PEO)- or polyvinylidene

fluoride (PVDF)-based composite polymer electrolytes (CPEs) have been studied

mostly owing to relatively high mechanical strength, good membrane-forming

The bigger picture

Next-generation rechargeable

batteries, consisting of Li anode,

solid-state electrolytes, and Ni-

rich cathodes, are desired to meet

future energy-storage needs with

high energy density, low cost, and

safety. Developing composite

polymer electrolytes (CPEs) is one

of the right directions for

achieving this goal. Extensive

research has been devoted to

exploring polymeric Li-metal

batteries, but only limited

progress has been made because

of unstable interfaces and

unconstrained Li-dendrite growth.

Herein, we designed a thin salt-

concentrated interlayer on CPEs

via simple UV polymerization for

stabilizing Li anode and Co-free

LiNiO2 cathode to achieve

excellent cycling stability (81%

retention after 200 cycles), rate

performance, and high average

Coulombic efficiency of >99.5%.

This work provides a reliable

method to make CPEs suitable for

high-energy Li-metal batteries

and thus paves the way to

commercialization of quasi-solid-

or solid-state lithium batteries.
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capability, as well as their excellent flexibility.15–20 However, nearly all the polymer

electrolytes show limited Li+ conductivity, instability to Li anode, and narrow electro-

chemical window (<4 V), which have restricted their use in high-energy Li-metal bat-

teries with high-voltage cathodes.12–15,17,21

Recent studies show that the symmetric Li cells based on the newly developed CPE

films can only cycle at 0.2–0.5 mA cm�2 for a limited period of time (Table S1), which

is much worse than the cells with inorganic SSEs.22–24 What is more, similar to inor-

ganic SSEs, most of CPEs are always suffering from severe Li-dendrite penetration,

dead-lithium formation, as well as continual increase of interface resistance due to

unstable interphase formation (Figure 1A), thus making it difficult to develop prac-

tical polymeric batteries with high energy density and safety.22,25–29 New surface

strategies aiming to improve stability of electrode-electrolyte interfaces are needed

to make thin CPEs compatible with high-voltage cathodes and Li-metal anode if

polymer-based batteries are to meet the energy-density specification of >300 Wh

kg�1. The most recent results on high concentrated electrolytes (HCEs) show the

Coulombic efficiency (CE) of Li plating/stripping can be increased to >99.6%, while

the electrochemical window can be up to 5.0 V (versus Li/Li+), due to the formation of

LiF-rich protective nanolayer on both cathode and Li-metal anode by solvent or Li

salts reduction.25,30–32

Despite these advantages, HCEs seem inapplicable due to their high viscosity,

worse wettability to the separator, as well as the high cost of Li salts. On the contrary,

incorporating the chemistry of HCEs with the CPEs provides a good option to realize

high-energy Li-metal batteries. Toward this end, we proposed to build a Li-salt-rich

cross-linked polymer interlayer via one-step ultraviolet (UV) curing process on both

sides of CPEs to stabilize Li anode and high-voltage Ni-rich cathodes. As shown in

Figure 1B, the newly designed PVDF-based CPE film with UV-polymerized HCE

(PHCE) soft layer made of poly (ethylene glycol)methyl ether methacrylate (PEGMA)

polymer and HCEs. The PVDF-based CPE film was selected due to its demonstrated

excellent flexibility and mechanical strength. Meanwhile, the introduced UV-poly-

merized HCE layer can: (1) stabilize the Li anode by forming stable inorganic-rich

solid-electrolyte interphase (SEI) and holding the morphological change as the buff-

ering layer and (2) fabricate Ni-rich composite cathodes with the capability to limit

the surface degradation. This rationally designed SEI by UV polymerization of

HCEs can also applied to other types of batteries.

RESULTS AND DISCUSSION

Characterizations of CPE and CPE-PHCE films

The CPE film acting as the main matrix electrolyte layer was prepared using a previ-

ously reported solution-casting method with the slurry containing PVDF polymer,

LiTFSI and Li6.5La3Zr1.5Ta0.5O12 (LLZTO) filler.16,33 The thickness of CPEs was opti-

mized to be �70 mm to achieve the high energy density of Li-metal batteries. As

shown in the inset of Figure S1A, the vacuum-dry CPEs with LLZTO filler present a

yellowish color due to the interactions between cationic functionalities and solvent

molecules near the surface of LLZTO filler, which were believed to improve the ionic

conductivity of CPEs.33 The addition of inorganic filler is to increase the strength of

CPEs, as well as the Li+ ionic conductivity and transference number.34,35 Figures S1A

and S1B show scanning electron microscope (SEM) images of the top surface

of PVDF-based CPEs, which present porous structures and granular surfaces.

Such porous surface structure might cause large interfacial resistance and non-

homogeneous Li dissolution/deposition in cycling. The energy-dispersive X-ray
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spectroscopy (EDS) of the CPEs presents uniform distribution of Zr, N, O, and S com-

pounds, confirming the distribution of microsized garnet-type solid-electrolytes

filler and LiTFSI salt on the surface (Figures S1C–S1F).

PEGMA film, PHCE layer/precursor solution, and HCEs with different salt concentra-

tions were characterized using Raman spectra to demonstrate the Li-ion solvation

structure within the PHCE top layer. In Figure 2A, an upshift of the bis(fluorosul-

fonyl)imide (FSI) band (from 720 to 732, and 744 or 759 cm�1) indicates the coordi-

nated structure of Li+-FSI�-solvent clusters, and the low proportion of free fluoro-

ethylene carbonate (FEC) molecules is presented at highly concentrated

samples—e.g., CIP (contact ion pairs) and AGG (aggregates). These results appear

comparable with those from previously reported concentrated aqueous electro-

lytes.21,36 Compared with the Raman spectra of HCEs and precursor solution, UV-

polymerized HCE film (PHCE) presents a reduction of AGG cluster (744, 759 cm�1)

due to the dissociation and incorporation effects of PEGMA polymer, which indi-

cates a higher Li-ion conductivity of PHCE than the utilized HCEs.

Figure 2B shows the X-ray diffraction patterns (XRD) of prepared CPE with PHCE

(CPE-PHCE), CPEs, lithium bis(fluorosulfonyl)imide (LiFSI), and PVDF powder, as

well as the PEGMA gel layer after UV polymerization. Although the UV-cured

PEGMA layer has a relatively strong crystalline peak at around 20�, the addition of

LiFSI-FEC makes the peak of CPE-PHCE significantly broader at the same position.

It suggests that the plasticization of LiFSI-FEC can destroy the PEGMA’s hard-seg-

ments crystal, thereby reducing the crystallinity of polymer electrolyte system.37 In

addition, the diffraction peaks at 2q = 17.8�, 18.4�, 19.9�, and 26.6� are attributed

to the (100), (020), (110), and (021) planes of a typical a-PVDF crystal structure,

respectively (Figure S2).38 The weakening and shifting of these peaks indicates the

PVDF transformation from a-phase to g-phase due to decreased crystallinity, which

Figure 1. Illustration of the interface design of inorganic-rich SEI using UV-cured PHCE thin layer

(A) Typical polymer electrolytes cannot form stable SEI with Li metal, leading to dead-Li accumulation and Li-dendrite propagation in cycling.

(B) Rational design of LiF-rich inorganic SEI via decomposition of UV-cured PHCE layer with a thickness of �6 mm. The attachment of the PHCE layer

enhances the surface homogeneity of CPEs and passivates the Li surface by generating an LiF-rich SEI layer with inorganic anion-derived components

(brown/green). The unreacted PHCE layer (blue) acts as a buffering layer to regulate the Li deposition and relief the stress due to morphology change,

thus realizing stable and dendrite-free Li cycling.
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was believed to enhance the Li-ion conductivity of CPE film.16,33,39–41 Overall, the

amorphous structure of polymer was reported to facilitate intra- or interchain hop-

ping, which relates with the movement of segmental polymer chains with sequential

coordinated sites to Li ions, thus increasing the Li+ ionic conductivity of the

electrolyte.12,42

Li+ ionic conductivities of the CPE and CPE-PHCE film electrolytes at temperatures

ranging from 30�C to 80�C are plotted in Figures 2C and S3. As can be seen, the Li+

ionic conductivity of CPE-PHCE membrane increases to 1.2 3 10�4 S cm�1 at RT

(versus 1.0 3 10�4 S cm�1 for CPEs) due to the coating of high-salt layer. The in-

crease of curve slope indicates the change of Li-ion transport mechanism at high

temperature due to the dissociation of Li salts. The calculated activation energies

are 0.33 and 0.69 eV for CPE and CPE-PHCE, respectively, which means CPE-

PHCE is more temperature-dependent since high temperature facilitates the Li-

ion dissociation of HCE and Li+-chain hopping within CPE-PHCE. In addition, the

CPE-PHCE and CPEs also present Li-ion transference numbers (t+) as high as 0.67

and 0.63, respectively (Figures 2D and S4), which is much larger than the reported

0.22 for regular 1.0 M LiPF6-ethylene carbonate/diethyl carbonate (EC/DEC = 1:1,

by volume).35 The high t+ of CPE-PHCEs represents the highly efficient Li-ion

Figure 2. Physical characterization of the CPE and CPE-PHCE electrolytes

(A) Raman spectra of various concentrations of LiFSI-FEC electrolytes, precursor solution, and UV-curved PHCE showing the change of Li+ solvation

structure.

(B) XRD patterns of LLZTO, PEGMA gel, LiFSI, PVDF, CPE, and CPE-PHCE.

(C) Arrhenius plot of CPE and CPE-PHCE electrolytes at temperatures from 30�C to 80�C.
(D) Current-time profile of Li|CPE-PHCE|Li symmetric cell after applying a DC voltage of 100 mV for determining Li+ transference number. The inset

shows the Nyquist impedance spectra of the cell before and after polarization.

(E) SEM image of the top view of CPE-PHCE film, the inset shows digital image of thin yellowish CPE-PHCE film.

(F) SEM images of top surface of the PVDF-based CPE film, which presents a nonhomogeneous surface with porous structure and dispersed LLZTO

particles.

ll

4 Chem 7, 1–17, November 11, 2021

Please cite this article in press as: Deng et al., In situ formation of polymer-inorganic solid-electrolyte interphase for stable polymeric solid-state
lithium-metal batteries, Chem (2021), https://doi.org/10.1016/j.chempr.2021.06.019

Article



transport across the membrane, thus reducing the dendrite formation under high

current density by weakening the space charge near Li metal.22,28

We further investigated the thermal stability of PVDF-based CPE-PHCE membrane

with thermogravimetric analyzer (TGA). As indicated in Figure S5, the thermal degra-

dation of pure PVDF starts at around 420�C, and the thermal stability of CPE-PHCE is

worse than CPE due to the PHCE layer. The weight loss of the CPE and CPE-PHCE

membranes starting before 200�C might be related to the evaporation of moisture

and trapped dimethylformamide (DMF) or FEC of PHCE layer, while the loss before

330�C corresponds to the polymer melting and gradual degradation of Li salts,

affected by the interactions between LLZTO, polymer matrix, and lithium salts.

Furthermore, the weight loss of CPE-PHCEs began at 160�C, which should be

good enough to be applied in lithium-metal batteries operated at intermediate tem-

peratures. The inset of Figure 2E shows the digital image of a thin CPE-PHCE film as

the separator of SSLBs. Compared with the porous and nonhomogeneous CPE sur-

face (Figure 2F), the UV-cured PHCE layer presents a flat and uniform surface, thus

improving the contact with Li anode and composite cathodes.

Structure and composition distribution of CPE-PHCE film

The molecular structure of the PHCE thin layers fabricated via UV curing was exam-

ined by Fourier transform infrared spectrometer (FTIR) and nuclear magnetic reso-

nance (NMR). As shown in Figure S6A, the disappearance of C=C functional group

(1,635 cm�1) in the FTIR spectrum of PHCE layers demonstrates the successful poly-

merization of PEGMA with cross-linker bisphenol A ethoxylate dimethacrylate

(BEMA). The signals of carbonyl (C=O, 1,461, 1,722 cm�1) and C–O–C groups

(1,102 cm�1) in polymer backbone remain unchanged, and these functional groups

will help the Li+ dissociation and transport. In addition, the FTIR spectrum of PHCE

layer also presents the same peak for FEC (1,800 cm�1) as 12M LiFSI-FEC electrolyte,

which indicates the UV-curing process has no influence on the LiFSI-FEC solvation

structure and no side reactions happen during polymerization. The NMR spectra

in Figure S6B shows two peaks (6.0 and 5.7 ppm) related to the hydrogen atoms con-

nected to C=C bonds in PEGMA. After UV curing, these two peaks disappear while

the LiFSI-FEC peaks (Figures S6B and S7) present in the NMR spectrum of PHCE

layer. Therefore, both FTIR and NMR results indicate that the UV-curing polymeriza-

tion happens for PEGMA-BEMA, while LiFSI-FEC remains in the polymer backbone.

To unveil the underlying mechanism of lithium-dendrite suppression for the de-

signed CPE-PHCE membrane, it is essential to know the structure and material dis-

tribution across the surface of the electrolyte. Figure 3A shows the SEM image of the

cross-section of CPE-PHCE film, which presents a flat and uniform surface with a

thickness of �80 mm. The flat (�6 mm) and soft PHCE layer enhances surface homo-

geneity of film electrolytes and helps keep good contact with the Li anode, thus

leading to uniform Li deposition/dissolution near the interface.22 We further charac-

terized the CPE-PHCEs with time of flight secondary ion mass spectrometry (ToF-

SIMS) via the sputtering of Ga+ ions (Figures 3B and 3C). In the depth range of

�5 mm, the CPE-PHCE membrane presents a salt-rich layer by presenting extremely

highly concentrated F, S, Li, and O elements due to the good incorporation of HCEs.

The atomic force microscope (AFM) can simultaneously map the roughness and me-

chanical properties of the extrinsic interface with nanoscale resolution.43,44 In Fig-

ures 3D and S8A, the 2D AFM topography images based on scanning probe spec-

troscopic method show the average roughness (Ra) is around 52 and 420 nm for

CPE-PHCEs and CPEs, respectively. The micropores and rough surface of CPE film
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(Figure 2F) can be attributed the aggregation of LLZTO particles on the surface, as

well as the reduction of plasticizers and amorphous phases after vacuum heating.

Mechanical properties are quantitatively described by the Young’s modulus ob-

tained from force indentation curves (Figures 3E and S8B). Since the Young’s

modulus of polymer film is highly dependent on the material distribution on the sur-

face, the flat CPE-PHCE film shows a uniform modulus distribution (�0.5 GPa), con-

firming homogeneous morphological and mechanical properties of the CPE-PHCE

film. The small white spots with high modulus (�2.0 GPa) in Figure 3E might be

caused by the LLZTO particles beneath the thin PHCE layers.

Li plating/stripping stability and dendrite suppression capability of CPE-PHCE

To demonstrate the electrochemical performance of the CPE-PHCE film electro-

lytes, Li|CPE-PHCE|SS (stainless steel) cells were prepared to determine the oxida-

tion limit and Li-metal stability via cyclic voltammetry (CV) (Figure 4A). Compared

with CPE film electrolyte (Figure S9A), the good overlapping of curves from �0.5

to 2.0 V shows the excellent cycling stability of CPE-PHCE with lithium due to the

existence of a polymeric HCE layer. On the other hand, the curves between 3.0

Figure 3. Structure and composition profiles of CPE-PHCE electrolytes

(A) SEM image of the cross-section of CPE-PHCE film, which presents double-layered structure with a layer of PHCE on the top.

(B) Surface morphology of top layer for ToF-SIMS and the crater is sputtered by Ga+ ion beam.

(C) The depth profiles of ToF-SIMS analysis for 19F�, 32S�, 7Li+, and 16O� species, demonstrating the existence of high-salt layer with a thickness of

�5 mm.

(D) AFM images (20 mm 3 20 mm) of CPE-PHCE film with small surface roughness (�50 nm).

(E) AFM mapping of the effective Young’s modulus of CPE-PHCE film.
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and 6.0 V indicate that a passivation process existing on the SS|CPE-PHCE inter-

face at around 4.2 V. Once the stable passivation layer is formed at the first cycle,

the oxidation stability of CPE-PHCEs can be enhanced to 5.0 V, which is much

larger than that of CPEs (3.9 V) (Figure S9B). In addition to CV, the lithium

plating/stripping CE with the CPE-PHCEs was also demonstrated using a Li-free

configuration coin cell (Li|CPE-PHCE|Cu) (Figure 4B). At a current density of 0.5

mA cm�2, the Li plating/stripping CE of Li|CPE-PHCE|Cu cell increases to >99%

in 30 cycles with a small polarization of 90 mV after stabilization, while for CPE

film electrolytes, the cell is quickly short circuited in 15 cycles with an average

CE of 95% and large polarization of 120 mV (Figure S10). Thus, remarkable cycling

stability and stable Li plating/stripping potential can be achieved by the designed

CPE-PHCEs.

Figure 4. Electrochemical characterization of the CPE-PHCE electrolytes at RT

(A) Cyclic voltammetry curves of Li|CPE-PHCE|SS cell from �0.5 to 2.0 and 3.0 to 6.0 V, showing

CPE-PHCEs have excellent stability to Li metal and good oxidation stability up to 5.0 V after forming

a passivation layer.

(B) Li-metal plating/stripping profiles of Li|CPE-PHCE|Cu cell at a current density of 0.5 mA cm�2

with areal capacity of 1.0 mAh cm�2, and the inset shows the change of Li plating/stripping

Coulombic efficiency.

(C) Voltage profiles of the cell under step-increased current densities from 0.3 to 4.5 mA cm�2 for

30/30 min of Li plating/stripping time (�0.16 mA cm�2 per step).

(D) Comparison of DC cycling for Li symmetric cells of Li|CPE-PHCE|Li and Li|CPE|Li at current

densities of 1.0 and 0.5 mA cm�2, respectively with plating/stripping time of 30 min.
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Critical current density (CCD) measurement was conducted to demonstrate the

capability of CPE-PHCEs to suppress Li-dendrite penetration using the Li symmetric

cell under fixed Li plating/stripping time of 30 min for 6 cycles with step-increased

current density (0.16 mA cm�2/per step). As shown in Figure 4C. the cycling of cell

is quite stable and its potential response closely follows Ohm’s law under different

current densities. The voltage is around 50 mV at 0.3 mA cm�2 due to the enhance-

ment of bulk ionic conduction and surface contact. When the current density is

increased to 3.7 mA cm�2, the corresponding voltages drop from 0.46 to 0.44 V,

indicating the invading of deposited Li into the PHCE layer under high current den-

sity, thus reducing the polarization. Finally, the cell is totally short circuited by Li den-

drites when the current reaches a record-breaking value of 4.5 mA cm�2 with a high

capacity of 2.25 mAh cm�2, which has never been reported for polymer-based elec-

trolytes. Furthermore, the stable polarization of Li|CPE-PHCE|Li cell under different

current densities confirms that the designed CPE-PHCEs are able to hold the dimen-

sional change of Li anode even under high areal capacity of >2.0 mAh cm�2.

The long cycling stability of CPE-PHCE film electrolyte was further demonstrated

with the Li symmetric cells under high current density/high areal capacity (1.0 mA

cm�2 and 0.5 mAh cm�2, respectively). As can be seen in Figure 4D, the cell presents

small and stable voltages (�160 mV) even after more than 400 h of cycling. On the

contrary, the Li symmetric cell with CPE membrane shows large polarization

(�180 mV) with potential fluctuation when cycled at 0.5 mA cm�2. The uneven Li

dissolution/deposition caused by unstable interphase formation leads to Li-dendrite

formation and finally shorts the cell at 118.2 h due to dendrite penetration. The Li

symmetric cells using polymer electrolytes display miner ‘‘arc’’ voltage curves, which

highly correlate to the high softness of the polymer and good surface contact (Fig-

ures 4C, 4D, and S11). As shown in Figure S11A, the increased voltage polarization

during Li plating at different current densities for the Li symmetric cells with CPE-

PHCE film is small (<0.03V) due to the formation of stable SEI and surface contact

enhancement by the homogeneous PHCE layer. However, the Li symmetric cell

with CPE film shows a large polarization of 0.25 V at 0.5 mA cm�2, which is caused

by the nonhomogeneous surface of CPE. The voltage and polarization were contin-

ually reduced with the cycling and reached 0.17 V at 109.1 h before short circuit

occurred (Figure S11B). Such decreases of cell voltage might be related to dead-

Li accumulation near the Li/CPE interface or Li propagation along the CPE film.

Meanwhile, the polymeric HCEs with glass fiber support (Figure S12A) was prepared

to demonstrate the necessity of the CPE-PHCE design. It should be noted that the

PHCE-glass fiber film is brittle and would crack under high stacking pressure (Fig-

ure S12B). As shown in Figures S12C and S12D, the Li symmetric Li|PHCE-fiber|Li

Swagelok cell has low cell resistance and is able to stably cycle for more than

450 h at 0.4 mA cm�2 without short circuiting. In our study, the design of CPE-

PHCE is necessary to provide enough mechanical strength and flexibility to prevent

Li-dendrite propagation after long cycling. Overall, stable Li platting and stripping

with low polarization can be achieved with our newly designed CPE-PHCE film

electrolyte.

Interface chemistry of CPE and CPE-PHCEs

Generally, since most polymers are chemically unstable to Li-metal and cannot form

stable SEI through self-passivation process, the unstable Li plating/stripping

induced by chemical or mechanical nonhomogeneity of CPE can easily form Li den-

drites and penetrate the membrane in a short time (Figure 5A).21,43,44 In the case of

CPE-PHCE, the PHCE from UV polymerization enables uniform concentration
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gradients and the formation of stable SEI near the Li|CPE-PHCE interface, thus real-

izing uniform Li+ deposition/dissolution byminimizing transport limitations and local

degradation (Figure 5B). Figures 5C and 5D show the SEM morphology of cycled Li

metals on CPE-PHCE and CPE films. The surface of cycled Li metal on CPE-PHCEs

presents relatively dense and mound-like morphology due to recrystallization of Li

in cycling, and no obvious Li dendrites were formed during the prolonged cycling

at 0.5 mA cm�2. The EDS mapping also indicates the formed SEI on Li metal is

rich in C, F, N, O, and S compounds, originating from the reduction of Li salts and

polymers (Figure S13). The formed SEI film prevents the Li-dendrite penetration

even under high current densities (�4.5 mA cm�2). As for the cycled Li metal with

Figure 5. Interface chemistry of CPE-PHCE and CPE electrolytes

(A) Schematics of lithium-dendrite propagation penetrating CPE film due to surface nonhomogeneity and unstable SEI formation.

(B) Proposed mechanism of polymer-inorganic SEI and HCE layer for regulating Li dissolution/deposition to achieve dendrite-free Li cycling.

(C) SEM image of cycled Li-metal with CPE-PHCE and the inset shows digital picture of clean surface without dead Li.

(D) SEM image of cycled Li metal with CPE and its surface was covered with recrystallized Li particles with crack formation due to surface inhomogeneity.

(E and F) XPS spectra of F-1s, C-1s, S-2p, and Li-1s for cycled Li metal with (E) CPE-PHCE and (F) CPE.

(G) Comparison of elemental concentration on SEI of cycled Li metals.

(H) XPS elemental concentration of the SEI on cycled Li metal with CPE-PHCE after Ar sputtering of 0, 300, and 1,500 s. The cycled Li metals were

obtained from symmetric Li|CPE-PHCE|Li and Li|CPE|Li cells after cycling at 0.5 mA cm�2 for 50 h at RT.
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CPE membrane, the surface presents uneven surface morphology with some large

surface cracks due to the nonuniform Li plating/stripping (Figure 5D). The uneven

surface tends to further worsen the contact between CPE membrane and Li metal,

leading to an increase in cell polarization and formation of dead lithium (Figure S14).

The formation of dead lithium can be related to the nonuniform Li deposition/disso-

lution in cycling, originating from the surface nonhomogeneities of CPE, such as

PVDF-membrane surface defects, random distribution of LLZTO, (Figure S1), etc.

We also observed the deposited Li particles on the surface defects of cycled CPEs (Fig-

ure S14), which might help explain the partial short circuit of CPE in long cycling. Fig-

ure S15A compares the XRD patterns of pristine CPEs with the shorted CPEs at 0.5

mA cm�2. The picture of cycled CPE membrane (Figure S15A, inset) shows some dark

yellowish areas due to the corrosion of reactive Li metal. In addition, the XRD pattern

shows the coloration of CPEs results in the formation of Li2CO3 (200, 111, 002, and

020) and LiF compounds via PVDF decomposition, which was also accumulated on

the top of cycled Li-metal in Figure S15B.What ismore, the shorted region of CPEmem-

brane shows irregular morphology with dead lithium attached on the top and CPEs (Fig-

ures S15B and S15C). These results illustrate the necessity of forming a stable SEI for the

Li/CPE interface to achieve uniform Li dissolution and deposition.

To identify the chemistry at the interface, we performed high-resolution X-ray photo-

electron spectroscopy (XPS) and elemental concentration analysis on the cycled Li

metals. As schematically illustrated in Figure 5B, the top surface of the Li metal

should be covered by the unreacted UV-cured HCE layer, and the SEI resides be-

tween this unreacted HCE layer and Li. After comparing the component differences

in Figures 5E and 5F, we found the SEI on Li|CPE-PHCE interface contains significant

high content of LiF (684.8 and 55.6 eV for F-1s and Li-1s, respectively) with organic

compounds (–CO2-/-Li-CO2-, 289.6 eV) and unreacted FSI anions (687.2, 167.2, and

169.7 eV in the F-1s and S-2p spectra, respectively). What is more, the C and O

atomic ratios for CPE-PHCE are 26.9% and 33.5%, respectively, which is slightly

higher than those of the CPE sample (21.3% for C and 20.2% for O) (Figure 5G).

These differences indicate distinct structure and chemical distribution of SEI forma-

tion for CPE-PHCE and CPE membranes.

We further characterized the composition profiles of SEI on cycled Li metals via Ar+-

sputtering to understand the SEI formation mechanism of CPE-PHCE and CPEmem-

branes. Figure S16 shows the XPS spectra of cycled Li-metal with CPE-PHCE after

sputtering for 0, 300, and 1,500 s. In the depth profile of F-1s and C-1s, we observed

an increased intensity of LiF (684.8 eV) but a reduced density of organic compounds

(–CO2–/-Li–CO2-, 289.6 eV; C–C/O–C=O, 286.8 eV). At the same time, the depth

profile of S-2p presents a sharp increase in the intensity of peaks for S�/S2� (<164

eV), while the Li-1s depth profile shows an increased intensity of LiF (55.6 eV) and

–C–O–Li/–SO2–Li (52.7 eV). Collectively, the PHCE layer of CPE-PHCE induces the

formation of SEI including FSI-derived inorganic (LiF)-rich inner layer and polymeric

Li salts as the outer layer. While for the CPEs, the SEI on Li metal mainly consists of

PVDF-derived components, such as LiF, Li2CO3, and reduced polymer. XPS

elemental concentration analysis further supports our finding on the SEI formation

(Figure 5H). The SEI of the Li|CPE-PHCE interface has a high content of C (26.9%)

and O (33.5%) and a low content of Li (29.6%) and F (8.9%) before sputtering. After

sputtering for 1,500 s, the SEI presents a much higher content of Li (58.2%) and F

(14.8%), and a lower content of C (7.9%), O (18.6%) This is in clear contrast with

the CPE-derived SEI, which has unchanged concentrations of O (15.9%) and F

(22.8%) after sputtering (Figure S17).
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Based on these results, we conclude that the designed CPE-PHCEs combining the

chemistry of HCEs with CPEs are able to form an inorganic-rich inner SEI layer, thus

realizing stable Li dissolution/deposition. For CPE membrane, the organic-inor-

ganic mixed SEI mainly derived from PVDF decomposition has low interface en-

ergy against Li, which suppresses lateral Li+ flux along Li/SEI but promotes vertical

Li-dendrite growth.29 For the cell with CPE membrane, the continual reduction of

polymer causes the volume change of polymer (Figure S15C), leading to the for-

mation of a thick SEI layer with worse Li-ion conductive capability. Such SEIs are

organic rich and have low interface energy against Li, which suppresses lateral

Li+ flux along Li/SEI but promote vertical Li-dendrite growth.25,45 On the contrary,

the SEI formed by the PHCE layer is relatively thin and rich in FSI-derived inor-

ganics (LiF), which have excellent mechanical strength and chemical/electrochem-

ical stability to Li metal (Table S2). Due to the high interface energy and much

lower energy barrier for Li+ surface diffusion (0.17 eV for LiF and 0.23 eV for

Li2CO3),
46,47 the LiF-rich inorganic SEI promotes Li+ migration along the LiF sur-

face, thus realizing stable and smooth Li deposition/dissolution and preventing

Li-dendrite penetration.25,32 What is more, the PHCE layer from UV polymerization

enables uniform Li+ concentration gradients and mechanical distribution near the

Li|PHCE interface, which also helps eliminate the irregular Li growth when Li

plating. As a result, the good contact between PHCEs and Li metal is kept even

after cycling at 1.0 mA cm�2 for more than 400 h.

Li/LiNiO2 full cells with CPE and CPE-PHCEs

The thin and flexible polymer electrolytes are key to enabling high-energy, foldable

batteries for next-generation flexible electronics and devices. The inset of Figure 6A

shows a schematic of a flexible high-energy-density Li-metal battery coupled with a

high-capacity lithium anode and a high-energy Ni-rich LiNiO2 cathode (LNO). The

LNO composite cathode with good Li+ conductivity capability was prepared by

diffusing the precursor solution into LiNiO2 cathode made from the solution-casting

method, then followed by rapid UV polymerization (Figure S18A). Thanks to the soft

and good flexibility of HCE layer, the LNO composite cathode can be closely

attached on the CPE-PHCE membrane (Figure S18B). Nyquist plot from electro-

chemical impedance spectroscopy (EIS) of the prepared Li|CPE-PHCE|LNO cell indi-

cates the total resistance of the cell is around 570 U cm2, while the bulk resistance

(RCPE + RHCE) reaches 400 U cm2 (Figure 6A). The interface resistance and kinetics

of Li-ion transferring within LNO cathode can be improved by optimizing the com-

ponents and thickness of CPE-PHCE membrane.

Figure 6B shows charging/discharging curves of the Li|CPE-PHCE|LNO cell with an

areal capacity of 0.8 mAh cm�2 between 2.7 and 4.4 V. Under a constant current

of 0.5 C (1 C = 200 mA g�1), the cell presents a stable capacity of �200 mAh g�1,

which corresponds to 74% of the theoretical capacity (270 mAh g�1). The slight in-

crease of capacity at the initial cycling is due to the enhanced conductivity by

breaking the surface film on cathode particles in cycling. The high CE after the for-

mation cycles (�99.9%) and small polarization increase proved that the PHCE has

good stability to Ni-rich cathodes by forming stable cathode-electrolyte interphase

(CEI) (Figure S19). In addition, the LNO cell based on designed CPE-PHCE mem-

brane also presents excellent rate capability when charged/discharged with

different C-rates ranging from 0.1 to 4.0 C (Figures 6C and 6D). As can be seen,

the cell can deliver high capacities of 245, 221, 200, 154, 141, and 122 mAh g�1

at C-rates of 0.1, 0.2, 0.5, 1.0, 2.0, and 4.0 C, respectively, while showing a high

average CE of >99%. The corresponding electrochemical charging/discharging
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curves in Figure 6C validates the good rate performance of the cell under different C-

rates between 2.7 and 4.4 V.

Due to its excellent Li-dendrite suppression capacity and stable CEI formation, the

Li|CPE-PHCE|LNO cell retains 81% of capacity after 200 deep charge/discharge cy-

cles with an average CE of >99.5% (Figure 6E). On the other hand, the capacity of

LNO cell with CPE film drops quickly to almost zero with an CE always less than

90% due to the continual side reactions between lithium anode and CPE film, which

induces large cell polarization and impedance increase, thus leading to fast capacity

degradation (Figure S20). Further cycling of LNO cell with 2.0 mAh cm�2 retains 81%

of capacity with an average CE of >99.6% after 150 deep cycles due to the formation

of stable SEI and CEI (Figure S21). Compared with conventional and highly concen-

trated electrolytes (Figure S22), the design of CPE-PHCE is able to improve the CCD

of CPE and enables a high-performance LNO cell via interface engineering: the LNO

cell with CPE-PHCE is more stable than that with conventional electrolyte (38% of ca-

pacity retention after 120 cycles), and more practical than HCEs-based cell.

Conclusions

In summary, we systematically studied the interfacial issues between PVDF-based

CPEs and Li metal due to insufficient surface contact, chemical/electrochemical

Figure 6. Demonstration of solid-state batteries by pairing with Co-free LiNiO2 cathode

(A) Typical Nyquist plot of Li|CPE-PHCE|LNO cell; the inset shows the schematics of high-energy Li-metal battery based on LNO composite cathode and

designed CPE-PHCE film.

(B) Charging/discharging curves of Li|CPE-PHCE|LNO cell at 0.5 C (0.4 mA cm�2).

(C) Charge/discharge curves of Li|CPE-PHCE|LNO cell at different C-rates from 0.1 to 4.0 C.

(D) Rate capability of the LNO cell at different current densities, increasing from 0.1 C to 4.0 C.

(E) Corresponding cycling stability of the LNO cells with CPE and CPE-PHCE at 0.5 C. (1C = 200 mA g�1; the areal capacity of composite cathode is �0.8

mAh cm�2).
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instability and Li-dendrite growth. To address these challenges, a new design of

CPE-PHCE film was proposed by building a thin, salt-rich interlayer using rapid UV

polymerization. It was found that the CPE-PHCEmembrane presents enhanced ionic

conductivity of 1.2 3 10�4 S/cm, a high Li+ transference number of 0.67, and high

oxidation stability of >5.0 V. Lithium dendrites can be suppressed as demonstrated

in the cycling of symmetric Li cells by presenting a high CCD of �4.5 mA cm�2 and

Coulombic efficiency of >99%. Extensive characterizations show that the formation

of polymeric-inorganic and LiF-rich SEI is the key to suppressing Li dendrites and

reducing dead-lithium accumulation in cycling. Finally, the SSLB based on a Co-

free, LiNiO2 composite cathode exhibited excellent electrochemical performance

of high-capacity retention (81% of initial capacity after 200 cycles), rate performance,

and high average Coulombic efficiency of >99.5%. The present work proposes a

novel and reliable method to make CPEs suitable for high-energy Li-metal batteries

coupling with Ni-rich cathodes and thus paves the way to commercialization of

quasi-solid or solid-state lithium batteries.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to

and will be fulfilled by the lead contact, Chunsheng Wang (cswang@umd.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

All data needed to support the conclusions of this manuscript are included in the

main text or the supplemental information.

Fabrication of composite polymer electrolyte

The LLZTO garnet electrolyte was synthesized via conventional solid-state reaction

technique.9,22 To avoid the formation of passivation layer, the prepared microsized

LLZTO powder was stored in the Ar glovebox for further usage. LiTFSI (>99.0%,

Sigma-Aldrich) and PVDF powder (Arkema, Kynar 761) were dried at 120�C under

vacuum for 24 h to remove moisture.

All the fabrication processes, including materials dry, polymer electrolytes prepara-

tion and battery assembling, were in Ar-filled glovebox with H2O content <0.1 ppm

to avoid the moisture in air. The preparation of PVDF-based CPEs was based on pre-

viously reported solution-casting method.16,33 PVDF, LiTFSI, and LLZTO (6:2:1 by

weight ratio) were first dissolved in DMF solvent with a polymer concentration of

15 wt %, followed by mechanical stirring with conditioning mixer (2,000 rpm/min)

for 1 h to obtain a homogeneous solution. After that, the homogenized mixture

was cast with a doctor blade on a clean and flat PTFE plate. Finally, the solid com-

posite electrolyte membranes were obtained by further drying in vacuum oven at

70�C for 24 h to remove the trace of the DMF solvent.

Fabrication of PEGMA-LiFSI-FEC gel electrolytes

Polymer solutions, including BEMA (Sigma-Aldrich, Mn = 1,700), PEGMA (Sigma-Al-

drich, Mn = 500), and 2-Hydroxy-2-methylpropiophenone (HMPP, Sigma-Aldrich,

Mw = 164.2) were drought using molecular sieves before use. The rapid-photopoly-

merization of PEGMA-based gel polymer electrolytes has been reported and stud-

ied by previous works.37,48,49
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Specifically, the CPE-PHCE and LiNiO2 composite cathode were prepared by in situ

photo-polymerization of precursor solution on the prepared CPEs and LiNiO2 cath-

ode (LiNiO2: PVDF: carbon black = 8:1:1), respectively. To enhance the ionic con-

ductivity and the film-forming capability, a specific amount of FEC (Sigma-Aldrich,

99%) is applied as plasticizer. The optimized precursor solution is obtained by mix-

ing the as-blended monomers with LiFSI (SAFT, 99.9%) together (Table 1). To form a

thin and uniform top layer, some specific amount of precursor solution was dropped

on the CPEs, followed by casting and extruding with quartz glasses. After that, the

CPE fixed by quartz glasses was photopolymerized with UV-lamp for �20 s under

Ar gas condition. The prepared CPE-PHCE membrane would be cut into disks and

stored in Ar-filled glovebox for use.

The ratio of PEGMA, LiFSI, and FEC should be in isotropic phase range without

phase separation. An optimal composition of different monomers or components

for the precursor polymer solution has been shown in Table 1.

Synthesis of cobalt-free LiNiO2 cathode

The synthesis of microsized LiNiO2 cathode via simple sintering has been reported

before.32 Specially, the Ni(OH)2 microparticles (Sigma-Aldrich) and LiOH$H2O pow-

der (Sigma-Aldrich) were mixed with a molar ratio of 1.01:1 Li/Ni in mortar and

calcined at 650�C for 12 h (ramp rate: 5�Cmin�1) under an O2 atmosphere. After sin-

tering, the as-prepared LiNiO2 microparticles were quickly transferred into Ar glove-

box for further use.

Material characterizations

SEM and high-resolution TEM images in present work were taken at the University of

Maryland using Hitachi SU-70 analytical GEG SEM (Japan) and JEOL JEM (Japan)

2100 LaB6 transmission electron microscope with an electron accelerating voltage

of 200 KeV, respectively. Depth profiles of CPE-PHCE film was analyzed using

ToF-SIMS attached to a Ga+ focused-ion beam (FIB)/SEM (Tescan GAIA3) at an

accelerated voltage of 20 kV and 1 nA current. FTIR was recorded by NEXUS 670

FTIR instrument. 1H-spectra (104.63 MHz) were recorded on a Bruker 500 AVANCE

spectrometer at University of Maryland. The corresponding samples were dissolved

in d6-dimethyl sulfoxide (d6-DMSO) and measured at RT, while the signals were

referenced to d6-DMSO (2.5 ppm for 1H).

The Powder XRD data were collected with a Bruker D8 X-ray diffractometer

using Cu Ka radiation (l = 1.5418 Å). XPS data were collected using a high-sensi-

tivity X-ray photoelectron spectrometer (Kratos AXIS 165, Mg Ka radiation) at the

University of Maryland. The CasaXPS software was utilizing to fitting the XPS

spectra to distinguish different species, and C1s peak (284.8 eV) was used as

the reference to calibrate binding energy values. The thermogravimetry (TG) anal-

ysis was performed with Ar flowing over the samples heated at a rate of 2�C min�1

with a TGA-DSC instrument (Cahn TG2131). Raman measurements were per-

formed on a Horiba Jobin Yvon Labram Aramis using a 532 nm diode-pumped

solid-state laser.

Table 1. Detailed weight ratio for each component in the CPE-PHCE precursor solution with

optimized high ionic conductivity and good film-forming capability

Components LiFSI PEGMA BEMA HMPP FEC

Weight ratio (%) 43.75% 28.86% 3.17% 0.72% 23.6%
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AFM nanoindentation: mechanical analysis on the CPE/CPE-PHCE films was per-

formed using a commercial AFM system (Cypher ES Environmental AFM, Asylum

Research, USA). The nanomechanical property of the polymer film was mapped

via the AM-FM (amplitudemodulation–frequency modulation) Viscoelastic Mapping

Mode using a diamond coated silicon AFM probe with a spring constant around

180 Nm�1 N and a resonant frequency of about 500 kHz. Before all characterization,

the inverse optical lever sensitivity of the cantilever was calibrated using thermal

noise methods. The elastic modulus of the polymer film was determined by fitting

the force-separation curves with the Hertz model.

Electrochemical measurements

The prepared CPE-PHCE film electrolytes were cut into disks with diameter of 5/

8 inch. The thickness of the CPE-PHCE membrane was measured and controlled

to 80–100 mm. All cell assembly/disassembly (coin cell CR2032) was performed in

an Ar-filled glove box with moisture and O2 contents below 0.1 ppm. Ionic con-

ductivities of CPE and designed CPE-PHCE film at different temperatures (30�C–
80�C) were determined by EIS over a frequency range of 1.0 MHz to 0.1 Hz on

an Auto Lab workstation using SS|CPE|SS or SS|CPE-PHCE|SS coin cells (SS, stain-

less steel electrodes). Ionic conductivities were calculated by the equation below:

s =
L

R � S (Equation 1)

where L is thickness of the CPE/CPE-PHCE, R presents the resistance value of the

bulk electrolyte and S stands for the effective contacting area between the electro-

lyte and SS electrodes. Transference number t+ was calculated by the following

equation:

t+ =
IsðDV � I0R0Þ
I0ðDV � IsRsÞ (Equation 2)

where DV is the voltage polarization applied, Is and Rs are the steady state current

and resistance, respectively, I0 and R0 are the initial current and resistance, respec-

tively. Applied voltage polarization for polymer electrolytes was 50 or 100 mV.

The cyclic voltammogram of the Li|CPE-PHCE|SS and Li|CPE|SS cells were tested

with a scan rate of 2.0 mV s�1 on a CHI 600E electrochemical workstation (CH In-

struments USA). Interfacial stability of Li-electrolyte was conducted in the symmetric

cell (Li|CPE-PHCE|Li, Li|CPE|Li), as well as Li|CPE-PHCE(CPE)|Cu cells. Electrochem-

ical performances of the symmetric cell and the solid-state batteries (Li|CPE-PHCE|

LiNiO2) were investigated on Neware BTS-610 instrument with the voltage window

of 2.7–4.4 V at RT. The current density here was calculated based on the LiNiO2

mass in the composite electrode, 1 C = 200 mA g�1). Lithium foil (20-mm thick Li-

metal on Cu foil) with areal capacity of 4 mAh cm�2 is used as the anode. The areal

mass loading of LiNiO2 cathode is around 4–5 mg cm�2, corresponding to areal ca-

pacity of 0.8–1.0 mAh cm�2 and N/P ratio of 4:1 in capacity for the full cell.
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