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SUMMARY

With numerous reports on protecting films for stable lithium (Li)
metal electrodes, the key attributes for how to construct these effi-
cient layers have rarely been fully investigated. Here, we report a
rationally designed hybrid protective layer (HPL) with each compo-
nent aligning with one key attribute; i.e., cross-linked poly(dimethyl-
siloxane) (PDMS) enhances flexibility, polyethylene glycol (PEG)
provides homogeneous ion-conducting channels, and glass fiber
(GF) affords mechanical robustness. A significant improvement of
the electrochemical performance of HPL-modified electrodes can
be achieved in Li/HPL@Cu half cells, HPL@Li/HPL@Li symmetric
cells, and HPL@Li/LiFePO4 full cells. Even with an industrial standard
LiFePO4 cathode (96.8 wt % active material), the assembled cell still
exhibits a capacity retention of 90% after 100 cycles at 1 C. More
importantly, the functionality of each component has been studied
comprehensively via electrochemical and physical experiments
and simulations, which will provide useful guidance on how to
construct efficient protective layers for next-generation energy
storage devices.

INTRODUCTION

With the ever-increasing demand for portable electronics, electric vehicles, and

grid-scale storage, developing next-generation rechargeable batteries with higher

energy density is urgent and critical.1–3 Lithium (Li) metal has been considered the

ultimate anode material because of its ultrahigh theoretical specific capacity

(3,860 mAh g�1) and lowest negative electrochemical potential (�3.04 V versus

the standard hydrogen electrode).4–6 However, since the 1970s, when Li first served

as the anode material in rechargeable batteries, Li metal batteries (LMBs) have been

considered ‘‘unsafe’’ energy storage devices.7,8 There are two main challenges that

hinder commercialization of LMBs.9,10 The first is dendritic Li growth. Because of

non-uniform Li ion (Li+) deposition during the cycling process, Li dendrites can pene-

trate the separator, cause a short circuit, and even cause thermal runaway of the bat-

tery.11–13 In the subsequent cycling process, the Li dendrites may even be isolated

from the bulk Li anode to form ‘‘dead’’ Li, resulting in rapid capacity fading.14 The

second is the structurally unstable intrinsic solid electrolyte interphase (SEI) layer.

This layer inevitably gives rise to a non-uniform interfacial Li+ flux and uncontrolled

reactions between Li metal and electrolyte, leading to increased interfacial resis-

tance and lower Coulombic efficiency (CE).15–17 In the past decades, considerable

efforts have been carried out to stabilize the SEI layer, improving the electrochem-

ical performance of LMBs, including electrolyte modification,18–20 separator
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modification,21,22 designing micro/nanostructured three dimensional Li hosts,23–25

and fabricating protective layers on the Li metal surface.26 Among all of these stra-

tegies, constructing a protective layer on the Li metal surface is an emerging and

effective approach to address these issues.27–29

With high flexibility and easy processability, tremendous research efforts have been

devoted to polymeric protective films.30–34 By regulating the Li+ plating/stripping

behavior, the protective layer on the Li metal surface can suppress the growth of den-

dritic Li and side reactions between the Li metal and electrolyte, contributing to

enhanced electrochemical performance.35 In this process, reasonable ionic conduc-

tivity of the polymermaterials is highly required, and various polymers with non-polar

groups (-[-OCH2CH2-]-),
32 polar groups (–CF, -NH, -COOH, -C = O -ChN, etc.),36,37

charged groups (Li+ as counter ion),38 and multi-type ionic conductive groups,39,40

have been investigated for this purpose. However, as-prepared polymeric protective

layers are usually mechanically weak and cannot efficiently suppress Li dendrite

growth, especially under high current density and long-term cycling processes.41,42

Polymer/inorganic filler hybrid protective layers have been regarded as amore desir-

able choice to enhance the interfacial stability of the Li metal anode.43 By restricting

themobility of polymer chains, the inorganic fillers in the hybrid film can enhance the

mechanical strength against severe interface fluctuation and dendrite growth upon

cell cycling, contributing to enhanced electrochemical performance. For example,

Jiang et al.44 found that a Nafion film with only 1 wt % of TiO2 displayed enhanced

mechanical strength (�2 times) and improved cycling stability (a discharge capacity

of 300 mAh g�1 higher than those with bare Li anodes after 100 cycles for Li/S cells).

Xu et al.45 prepared a polyvinylidene-co-hexafluoropropylene)/Li fluoride (PVDF-

HFP/LiF) hybrid filmwith a Young’s modulus of�6.7 GPa versus 0.8 GPa for a pristine

PVDF-HFP film, and in assembled Li/LiFePO4 (Li/LFP) cells, a capacity retention of

80% can be maintained for a hybrid-layer-protected Li electrode after 250 cycles

versus the same capacity retention after only 100 cycles for bare Li as the anode.

Other hybrid protective films, like poly(3,4-ethylenedioxythiophene)-co-poly(eth-

ylene glycol)/aluminum fluoride46 and graphene/polydopamine,47 with improved

electrochemical performance compared with those with bare Li as the anode have

also been reported. Although numerous studies have achieved stable Li electrodes

by using polymeric or hybrid materials as protective layers, the key parameters of

these high-performance protective layers have rarely been fully investigated, and

such an achievement is especially meaningful for designing protecting films for prac-

tical applications of Li metal electrodes.

Here, we report a multi-component hybrid protective layer (HPL) with enhanced flex-

ibility, abundant homogeneous ion-conducting channels, and outstanding mechan-

ical robustness via rational component and structure design. With the combination

of these improved attributes, cells with HPL-modified electrodes exhibit significantly

enhanced electrochemical performance in symmetric cells (HPL@Li/HPL@Li), half

cells (Li/HPL@Cu), and full cells (HPL@Li/LFP) even with an industrial standard LFP

cathode (HPL@Li/C-LFP, 96.8 wt % active material). The advantage of the current

design is that each component aligns with one key attribute: cross-linked poly(dime-

thylsiloxane) (PDMS) improves flexibility, polyethylene glycol (PEG) provides homo-

geneous ion-conducting channels, and glass fiber (GF) enhances mechanical

strength. This allows us to evaluate the importance of each attribute by comprehen-

sively studying the separate functionality of each component. Detailed experiments

were carried out to understand the effects of their properties and were supple-

mented with computational simulations of the electrode-protective layer interface

to better understand the physics of the system. The deep insights into the key
2 Cell Reports Physical Science 2, 100534, August 18, 2021



Scheme 1. Polymer fabrication process and schematic of different Li electrodes

(A) Schematic of the cross-linked PDMS fabrication process.

(B) Schematic of bare Li electrodes before and after the long-term cycling process and top-view images of bare Li after 50 cycles.

(C) Schematic of HPL components, the corresponding key attributes, and HPL-Li electrodes before and after the long-term cycling process; magnified

images show the HPL after 50 cycles.

ll
OPEN ACCESSArticle
parameters of protective films gained during the current study will provide useful

guidance to enable efficient protective layers on Li metal electrodes and advance

development of high-performance LMBs with a prolonged cycle life.

RESULTS AND DISCUSSION

Preparation of the HPL

The viscoelasticity and dynamic behavior of the protective materials have been iden-

tified as playing an important role in regulating the Li+ deposition on Li metal elec-

trodes.48,49 With intrinsic extensibility, good thermal/chemical stability, and fast

segmental dynamics at ambient temperature, PDMSwas selected as the flexible ma-

trix to buffer the volume variation of the Li metal electrode during the cycling pro-

cess.50,51 As shown in Figure S1, the cross-linked PDMS (picture in Scheme 1A and

Figure S2)was fabricated by forming imine bridges between the aminopropyl-termi-

nated PDMS (PDMS-NH2) with excess 4,4’-biphenyldicarboxaldehyde (BCA), fol-

lowed by a cross-linking reaction using multi-amine functionalized PDMS (�48

amine groups per molecule).52 In the infrared (IR) spectrum (Figure S3) of cross-

linked PDMS, the appearance of a peak lying at 1,645 cm–1 suggests formation of

an imine bond from the amine (780 cm�1) and aromatic aldehyde (810 cm�1) groups.

It worth noting that the residue –NH2 can also be detected from the IR spectrum.
Cell Reports Physical Science 2, 100534, August 18, 2021 3
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According to previous reports of an amine-containing polymer for construction of

3D composite electrodes, separator modification, and functional additive in gel

electrolyte, the presence of –NH2 groups in the protective layers should also help

with effective redistribution of Li+ flux and a relatively homogeneous Li+ deposition

on the metal surface via affinity of its polar groups with Li+ and Li metal.53–55 Ther-

mogravimetric analysis (TGA; Figure S4) demonstrates good thermal stability of

cross-linked PDMS with no significant mass loss until 350�C. The frequency depen-

dence of the oscillatory shear moduli for storage moduli (G’) and loss moduli (G’’) of

the PDMS is displayed in Figure S5. The viscoelasticity of the polymer can be divided

into the elastic component, depicted by G’, and the viscous component, described

by G’’. The segmental relaxation time t was estimated using the following equation:

t =
1

uc
;

where uc is determined from the crossover angular frequency.56 The result shows

that the storage modulus reaches 1 GPa, which is larger than the loss modulus

(G’ > G’’) at �1011 rad s�1, corresponding to a short relaxation time and fast

segmental relaxation. The relatively low glass transition temperature (Tg) of cross-

linked PDMS revealed by differential scanning calorimetry (DSC) (Tg � �121�C; Fig-
ure S6) also confirms its fast segmental relaxation at ambient temperature, which

may play an important role in adapting to volumetric variation and remaining in

conformal contact with the Li metal electrode even under high current density.

For bare Li electrode, the instrinsic SEI layer is mechanically unstable and cannot

accommodate the huge volume variation of Li electrode during the repeated Li

plating/stripping process as shwon in Scheme 1B. Considering the single PDMS

component that cannot provide homogeneous ion-conducting channels, PEG (20

wt %) was added to the PDMS solution when preparing HPL.57 With a porous struc-

ture and mechanical robustness, GF was selected to improve mechanical strength,

and the high transparency of the GF after immersion in ethylene carbonate/diethyl

carbonate (1:1 by volume) (Figures S7A and S7B) indicates its excellent wettability

in the electrolyte solution. To construct the HPL for electrochemical studies (Scheme

1C, HPL components and structures), a quarter of the commercially available GF was

taken out to form a composite with the homogeneous solution of PDMS and PEG on

the Cu foil or Li metal surface. To evaluate the electrochemical performance of the

cell with HPL-modified Cu foil or Li metal as electrode, Li/HPL@Cu half cells and

HPL@Li/HPL@Li symmetric cells were initially assembled with an ether-based elec-

trolyte (1 M Li bis(trifluoromethanesulfonyl)imide in 1,3-dioxolane//dimethyl ether,

v/v = 1:1 and 2 wt % LiNO3 as an additive), as shown in Figure 1A.
Electrochemical study of electrodes in half/symmetric cell configurations

It is known that in Li/Cu cells, a higher CE and longer lifespan indicate a high utiliza-

tion ratio of Li metal electrode and stable Li+ stripping/plating processes.58,59 As

shown in Figure 1B, at a current density of 1 mA cm�2, the Li/HPL@Cu cell exhibits

a superior cycling stability with an average CE of 96.5% after 300 cycles, which is in

dramatic contrast to the Li/Cu cell (cell with bare Cu as electrode); i.e., rapid fading

after 150 cycles. At a higher current density of 2 mA cm�2 (Figure 1C), an average CE

of 94.8% can be achieved after 200 cycles for the Li/HPL@Cu cell versus a quick

decay of CE with 18.4% after 168 cycles for the Li/Cu cell. Even at a current density

of 3 mA cm�2, a stable cycling performance can still be obtained for the Li/HPL@Cu

cell with an average CE of 95.1% over 200 cycles (Figure 1D). To investigate the ef-

fect of the protective layer on the Cu foil, scanning electron microscopy (SEM) was

used to examine the comparative surface morphologies of HPL@Cu and bare Cu
4 Cell Reports Physical Science 2, 100534, August 18, 2021



Figure 1. Electrochemical performance of Li/HPL@Cu and HPL@Li/HPL@Li cells

(A) Schematic of Li/HPL@Cu (left) and HPL@Li/HPL@Li (right) cells and the structure of the HPL.

(B–D) CEs of half cells with HPL@Cu or bare Cu as electrodes at a current density of 1 mA cm�2 with a capacity of 1 mAh cm�2. The current density in (C)

and (D) is 2 and 3 mA cm�2, respectively.

(E) Cycling performance of symmetric cells with HPL@Li or bare Li as electrodes at a current density of 1 mA cm�2 with a capacity of 1 mAh cm�2.

(F) Voltage profiles of selected cycles in (E).
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foils after 10 cycles of the plating/stripping process (in the final state, the Cu foil was

plated with Li and then disassembled for SEM testing), as shown in Figure S8. For the

HPL@Cu electrode (Figures S8A and S8C), the HPL can efficiently prevent accumu-

lation of Li+ around ‘‘hotspots,’’ enabling relatively homogeneous current distribu-

tion and facilitating uniform deposition of Li+. In contrast, the bare Cu electrode

exhibits a fractured and porous structured Li surface because of accumulation of

‘‘dead’’ Li (Figures S8B and S8D). Moreover, the charge-discharge profiles at

different current densities also clearly confirm the significantly improved electro-

chemical performance of the Li/HPL@Cu cell. As shown in Figure S9, with increased

current densities, an obviously decreased capacity can be observed for the Li/Cu

cell, with a retention capacity of only �0.2 mAh cm�2 after 150 cycles at 3 mA

cm�2 versus a relatively high retention capacity of 0.9 mAh cm�2 for Li/HPL@Cu un-

der the same condition.

Li/Li symmetric cell testing is utilized to monitor the Li plating/stripping behavior of

Li metal electrodes, and lower voltage hysteresis indicates effective suppression of

dendritic Li growth by the protective layer.60 Figure S10A shown the potential pro-

files of HPL@Li/HPL@Li and Li/Li symmetric cells at a current density of 0.5 mA cm�2

with a fixed capacity of 0.5 mAh cm�2. The Li/Li cell exhibits a fluctuating overpoten-

tial, which can probably be explained by accumulation of ‘‘dead’’ Li leading to

increased ionic resistance. The HPL@Li/HPL@Li cell shows a much longer cycling

life time of more than 1,350 h and maintains a stable overpotential of �12–16 mV

(versus Li+/Li) after cycling for 100 h (Figures S10B and S10C), suggesting that the

electrode reaches a steady state after the ‘‘activation’’ process. Under a higher cur-

rent density (1 mA cm�2, a capacity of 1 mAh cm�2, as shown in Figures 1E and 1F),

the Li/Li cell cycled with a gradually increasing overpotential over 600 h versus the
Cell Reports Physical Science 2, 100534, August 18, 2021 5



Figure 2. Electrochemical performance of full cells with HPL@Li or bare Li as anode

(A) Long-term cycling performance of HPL@Li/LFP and Li/LFP cells at current densities of 1 C and 2 C (1 C = 140 mA g�1).

(B) Rate capability of the full cells at various current densities.

(C and D) Galvanostatic charge-discharge profiles of full cells at the 4th, 100th, 200th, and 300th cycle with HPL@Li and bare Li as electrode.

(E) EIS plots of the cells after various cycles.

(F) Cycling performance of HPL@Li/C-LFP and Li/C-LFP cells at a current density of 1 C.

(G) Galvanostatic charge-discharge profiles of HPL@Li/C-LFP and Li/C-LFP cells at the 4th, 50th, and 100th cycle.

The cathode used in (A)–(E) is a homemade LFP with 80 wt % active material and areal capacity ~0.8 mAh cm–2. The cathode for (F) and (G) is industrial

standard LFP with 96.8 wt % active material and an areal capacity of ~2 mAh cm�2.
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HPL@Li/HPL@Li cell, which had stable cycling performance over 1,100 h. Even at a

current density of 2 mA cm�2, a stable cycling performance with a cycling time of

more than 800 h can still be achieved, as shown in Figure S11. These results clearly

demonstrate the long-term cycling stability of the HPL@Li electrode, indicating

effectiveness of the HPL in suppressing dendritic Li growth during the repeated

Li+ plating/stripping process.

Electrochemical study of electrodes in full-cell configurations

To further evaluate the performance of the prepared HPL for Li metal anodes under

practical conditions, full cells with homemade LFP cathodes and 1.0 M LiPF6 in

ethylene carbonate/diethyl carbonate as the electrolyte were also assembled. As

displayed in Figure 2A, under a constant current density of 1 C (0.5 C for the initial

3 cycles), stable cycling performance with a capacity retention of 72%, and average

CE higher than 98% over 500 cycles can be obtained for HPL@Li/LFP cells. Even at a

higher current density of 2 C, a discharge capacity of 87 mAh g�1 (capacity retention

of 70% and average CE of greater than 98%) can still be achieved after 500 cycles. In

contrast, at a current density of 1 C, the Li/LFP cell shows a rapid capacity decay after

250 cycles, and at a higher current density of 2 C, a capacity retention of 50% was

obtained after 209 cycles. More cell data of HPL@Li/LFP and Li/LFP cells at a current

density of 1 C and 2 C are displayed in Figures S12 and S13 and Table S1,
6 Cell Reports Physical Science 2, 100534, August 18, 2021
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demonstrating the highly consistent electrochemical performance of assembled

cells. The significant difference in electrochemical stability in HPL@Li/LFP and Li/

LFP cells suggests effectiveness of HPL in stabilizing Li electrodes. The rate capa-

bility of both electrodes was evaluated as illustrated in Figure 2B. Comparable

discharge capacities were obtained for both cells under low current densities; i.e.,

0.1, 0.2, 0.5, and 1 C. However, significantly higher specific capacities of 114, 108,

and 73 mAh g�1 were observed for HPL@Li/LFP cells at high current densities;

i.e., 2, 3, and 4 C, respectively.

The significantly improved electrochemical performance of HPL@Li electrodes can

be explained as follows. First, the protective layer efficiently suppresses Li dendrite

growth, leading to less accumulation of ‘‘dead’’ Li. As illustrated by the charge/

discharge profiles in Figure 2C and 2D, the polarization voltages of the HPL@Li elec-

trode at the 4th, 100th, 200th, and 300th cycles are 213, 300, 392, and 491 mV,

respectively, versus 326, 576, 663, and 775 mV, respectively, for bare Li electrodes.

The significantly lower voltage polarization of the HPL@Li/LFP cell indicates reduced

Li dendrites during the cycling process.61 Second, the hybrid protective film contrib-

utes to a more stable SEI layer on Li metal electrodes. The electrochemical imped-

ance spectroscopy (EIS) analysis of full cells after different cycles was used to evaluate

the stability of the SEI layer on the Li metal anode (Figure 2E). Before cycling, both

cells exhibit large charge-transfer resistance (Rct), and after 50 and 100 cycles,

decreased Rct can be observed, which is attributed to activation of the electrodes.

However, the Rct for the bare Li electrode is much larger than that of the HPL@Li elec-

trode, which is due to uncontrolledgrowth of a passivation layer on the Li surface.62,63

The decreased Rct values for the HPL@Li electrodes are beneficial for batteries to

achieve a better rate capability. The CV curves of the HPL@Li/LFP full cell are dis-

played in Figure S14. Apart from the anodic and catholic peaks corresponding to

the oxidation and reduction process between Fe3+ and Fe2+, no other peaks are

observed, indicating high electrochemical stability of HPL in the voltage window. A

high Li+ transference number (tLi + ) will contribute to reduced concentration polariza-

tion and improved rate performance of batteries. As shown in Figure S15, the tLi + of

HPL is calculated as 0.59 according to the potentiostatic polarization method,64

which may contribute to the improved electrochemical performance.

High areal capacity (i.e., R2 mAh cm�2) is always preferred for practical application

of rechargeable LMBs, which demands even higher performance for protective

layers.65,66 However, previously reported LMBs, as shown in Table S2, always

possess active LFP material around 80 wt % with an areal capacity lower than 2

mAh cm�2, which is far from practical applications.16,39,42,67–70 Here, to demonstrate

the applicability of the HPL@Li electrode in high-capacity batteries, full cells with a

commercial LFP cathode (C-LFP; 96.8 wt % active material, 2 mAh cm�2 loading

based on one side of active materials; Figure S16) are also assembled for electro-

chemical studies. Figure 2G displays the typical charge/discharge profiles after

the activation process at a current density of 0.5 C. It shows that the polarization be-

tween the charge and discharge plateaus for the HPL@Li/C-LFP cell is much lower

than that for the Li/C-LFP cell, which indicates superior charge transfer kinetics of

the HPL-modified Li anode. As illustrated by the galvanostatic test results in Fig-

ure 2F, at a current density of 1 C, the HPL@Li/C-LFP full cell exhibits a discharge ca-

pacity of 122 mAh g�1 after 100 cycles, corresponding to a capacity retention of 90%

(based on the fourth cycle), which is much higher than that of the Li/C-LFP cell; i.e.,

27 mAh g�1 with a capacity retention of only 20% after 100 cycles. As illustrated by

the rate capability in Figure S17, even at a high current density of 3 C, a discharge

capacity of �86 mAh g�1 can still be obtained, and after resetting to 0.2 C, a high
Cell Reports Physical Science 2, 100534, August 18, 2021 7
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discharge capability of �146 mAh g�1 was obtained, which is comparable with pre-

vious cycles at the same current density. Moreover, as shown by the comparative

SEM images (Figure S18) of the bare Li electrode and HPL@Li electrode after 50

charge/discharge cycles, a uniform, dense Li layer is observed under the protective

layer (Figures S18A–S18C) compared with an abundant sheet-like, porous structured

Li layer along with vertically developed Li dendrites on the bare Li electrode, which

can be seen in cross-sectional images (Figures S18D–S18F and S19). To better eval-

uate the efficiency of HPL in stabilizing the Li metal anode, the HPL@Li/LFP cell with

50 mmLi as the anode was also assembled, as shown in Figure S20. It can be seen that

the HPL@Li/LFP cell shows a stable cycling performance for more than 180 cycles.

Moreover, an HPL@Li/C-LFP cell was also assembled under harsh conditions (com-

mercial LFP electrode with areal capacity of �2 mAh cm�2 and weight ratio of LFP

�96.8 wt %) with 15 mL/mAh ether-based electrolyte. As shown in Figure S21, at a

current density of 0.5 C, the HPL@Li/C-LFP cell shows a stable cycling performance

with a capacity retention of 98% after 350 cycles. The cycling stability and excellent

rate capability of the full cells with high areal capacity demonstrate that the HPL-pro-

tected Li metal electrode is highly promising for applications in pouch or cylinder

batteries.

Key attributes of the HPL

Although there are many reports of constructing an efficient protective layer for sta-

ble Li metal electrodes, their key parameters have rarely been investigated system-

atically; this could provide insight into the underlying mechanisms and contribute to

practical application of LMBs.71 The beauty of the current designed multi-compo-

nent HPL is that each component aligns with one key attribute of protective layers:

cross-linked PDMS for flexibility, PEG for homogeneous ion-conducting channels,

and GF for mechanical robustness. This allows further investigation of the individual

role of each attribute in the protective layer via physical/electrochemical testing, nu-

merical simulation, and morphology analysis.

The flexibility of the protective layer provided by the cross-linked PDMS affords inti-

mate contact between the Li electrode and protective layer during the plating/strip-

ping process, achieving enhanced electrochemical performance. The high flexibility

of cross-linked PDMSwas confirmed by tensile test, as shown in Figures S22 and S23;

elongation before breaking is 600% versus 4% for GF and less than 1% for PEG (Mn =

2,000, semicrystalline polymer with a melting temperature of 50�C; Figure S24). The

electrochemical performance agrees well with these results. As shown in Figure 3C,

although the (GF+PEG)@Li/C-LFP cell exhibits improved cycling performance

compared with the Li/C-LFP cell, it still shows unsatisfactory electrochemical perfor-

mance with a discharge capacity of only 56 mAh g�1 after 100 cycles in comparison

with 122 mAh g�1 for the HPL@Li/C-LFP cell, which emphasizes the importance of

flexibility provided by cross-linked PDMS. As shown by the SEM images in Figure 4C,

4H, and 4M, (GF+PEG)@Li electrodes show that the Li layer and protective film are

relatively loose and that the protective layer can even be deformed, losing contact

with the Li metal, which is in contrast with the dense Li electrode and intimate contact

between the protective layer and Li electrode of the HPL@Li electrode (Figures 4B,

4G, and 4L). The EIS results of the symmetric cells show that although the initial Rs,

Rsei and Rct values of the cell with HPL@Li as electrodes are higher than those of the

cell with bare Li or (GF+PEG)@Li as electrodes (Figures 3D–3H; Table S3), they

decreased to levels that are lower than those of bare Li and (GF+PEG)@Li cells after

100 h. This phenomenon is consistent with the Li+ plating/stripping overpotential re-

sults in symmetric cell tests (Figures 1 and S10). The lower impedance of the HPL@Li/

HPL@Li cell suggests formation of a stable SEI layer during the Li+ plating/stripping
8 Cell Reports Physical Science 2, 100534, August 18, 2021



Figure 3. Schematic and electrochemical performance of cells with efficient protective layers and regular native formed SEI films

(A and B) Comparative characteristics of efficient protective layers and regular native formed SEI films.

(C) Cycling performance of cells with different types of Li anodes.

(D and E) EIS profiles of symmetric cells with different Li electrodes before and after cycling for 100 h, respectively.

(F–H) Fitted EIS result variation before and after cycling for 100 h for symmetric cells with different electrodes (Rs, Rsei, and Rct represent the resistance of

electrolyte, the resistance of the interphase on the surface of the electrode, and charge transfer resistance, respectively).

ll
OPEN ACCESSArticle
process. The larger impedance of the cell with bare Li as electrodes arise from accu-

mulation of ‘‘dead’’ Li, which increases the interfacial area and thickness of the SEI

film. The gradual decrease in voltage polarization and impedance suggests an ‘‘acti-

vation’’ process of the HPL layer during the cycling process, which may be caused by

infiltration of the electrolyte and potential side reactions. Overall, the high flexibility

provided by the cross-linked PDMS can better accommodate the volume fluctuation

during the cycling process, and the protective layer with reduced flexibility cannot

effectively regulate Li+ deposition, resulting in accumulation of ‘‘dead’’ Li and,

hence, poor electrochemical performance.60

Providing homogeneous ion-conducting channels is another essential parameter for

protective layer design on Li metal electrodes that can contribute to superior charge

transfer kinetics and reduced local flux of Li+, leading to dendritic-free Li metal an-

odes.69,72–74 To better understand their functionality in affecting electrochemical

performance, as shown in Figure S25 and Table S3, the ionic conductivities of
Cell Reports Physical Science 2, 100534, August 18, 2021 9



Figure 4. Surface morphology of bare Li and modified Li after 50 cycles

(A–E) SEM images of Li electrodes with different protective layers.

(F–I) Magnified images of (A)–(E), respectively.

(K–O) Cross-sectional images of Li electrodes with different protective layers.

(P–T) Photographs of Li electrodes with different protective layers.

The scale bars in (A)–(E), (K)–(O), and (F)–(J) represent 200, 100, and 50 mm, respectively.
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different components are studied individually. The PEG+GF shows the highest ionic

conductivity of 1.1 3 10�5 S/cm, which is an order of magnitude higher than that of

PDMS+GF, indicating a role of PEG in providing Li+-conducting channels. For

HPL, the ionic conductivity is lower than that of PEG+GF but higher than that of

PDMS+GF, and the results are consistent with the cycling performance. As shown

in Figure 3C, after removing the PEG component, the (GF+PDMS)@Li/C-LFP cell dis-

plays better cycling stability than the Li/C-LFP cell (capacity retention of 42% versus

20% after 100 cycles) but much lower capacity retention than the HPL@Li/C-LFP cell

(capacity retention of 90% under the same condition). The lower ionic conductivity of

the protective layer without PEG was also confirmed by the EIS results of symmetric

cells; without the efficient ionic conducting component that allows homogeneous

Li+-conducting channels, as shown in Figures 3F–3H and Table S3, the cell with

(GF+PDMS)@Li as electrodes displays much higher Rsei and Rct values than cells

with HPL@Li as electrodes after cycling for 100 h. Moreover, the reduced ion-con-

ducting channels of the protective layer may increase the local Li+ flux near the

dendrite tips,73 and comparative SEM images of the (GF+PDMS)@Li electrode

(rough surface; Figures 4E, 4J, and 4T) and the HPL@Li electrode (smooth surface;

Figures 4B, 4J, and 4Q) after 50 cycles also partially confirm this assumption. As

shown, the (GF+PDMS)@Li electrode reveals more disordered surface
10 Cell Reports Physical Science 2, 100534, August 18, 2021



Figure 5. Simulations of Li+ conducting channels and dendrite growth with mass transport in the

blue regions, theGF as the gray regions, and the anode and subsequent dendrite growth shown in

red

(A) The higher ion transport (5 mm2 s�1) that represents the HPL with the PEG component.

(B) The lower ion transport (3.3 mm2 s�1) that represents the (GF+PDMS) layer.

(C and D) The Li+-conducting channels (yellow regions, 15 mm2 s�1) in the bulk ion-conducting

(3.3 mm2 s�1) PDMS, which leads to non-uniform Li+ transport and dendrite growth (D).

All simulation data were taken at the same time.
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morphologies, which can also be seen in the computational modeling of the inter-

face discussed below. Its cross-sectional image (Figure 4O) even shows some verti-

cally extended ‘‘dead’’ Li, which is in contrast with the smooth surface of the HPL@Li

electrode after the same electrochemical process.

Computational modeling of the electrode-electrolyte interface was used to further

understand the effects of PEG on performance of the protective layer. Here, a

previously published model of dendrite growth using the smoothed particle hydro-

dynamics (SPH) method was used.75–77 Three scenarios were considered: one repre-

senting a homogeneous mixture of PDMS, PEG, and GF; one with only PDMS and

GF; and one with imperfect mixing of PDMS and GF. As shown in Figure 5, the

domain for the simulations is a region near the electrode-protective layer interface;

the electrode is at the bottom of the image, and Li+ deposition and dendrite growth

are shown in red. In the first two scenarios, the GF (gray) is surrounded by a uniform

conductive medium (blue regions), as shown in Figures 5A and 5B. The GF (gray re-

gions) is modeled explicitly in the simulation, and the dimensions are chosen to

match the diameter of GF used in the experiments. The dominant orientation of

GF is parallel to the anode surface and shown as such in the simulation. A high ionic

conductivity (5.0 mm2 s�1) is shown in Figure 5A to represent the HPL (PDMS, PEG,

and GF), and a low ionic conductivity (3.3 mm2 s�1) is shown in Figure 5B to represent

PDMS and GF. In the final scenario, high conductivity pathways are placed in the

blue regions to represent non-uniformities in the PDMS, such as a channel or gap;

these are indicated by yellow shaded regions in Figure 5C. The channels have a

higher ion conductivity than the bulk regions (blue, Figure 5C), which create non-uni-

form ionic transport and dendrite growth. The simulations (Figure 5) show that the

lower Li+ transport through the (GF+PDMS) layer cannot solely explain the lower

cycling stability and more disordered surface morphology seen experimentally. As

shown in Figure 5, if the ion conducting channels are less but uniform (Figure 5B),

then Li+ deposition is still relatively uniform, similar to what is seen when the
Cell Reports Physical Science 2, 100534, August 18, 2021 11
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protective layer includes PEG (Figure 5A) and has a high Li+ transport rate. A

possible reason for the non-uniform Li+ transport is formation of localized channels

(Figure 5C) around the GF. For HPL@Li, the presence of PEG will allow relatively ho-

mogeneous Li+-conducting channels, which reduces the localized Li+ flux in specific

channels. For the (GF+PDMS)@Li electrode under the same or higher charge/

discharge current density, less and localized ion transfer channels will render high

Li+ flux in specifics channels, leading to non-uniform deposition of Li on the anode

surface and reduced cycling stability. Evidence of this is shown in Figure 5D, where

the dendrites grown are similar to those seen when LMBs have failed78 and agree

with the experimental results of Figure 4.

In addition to the flexibility and homogeneous ion-conducting channels, mechanical

strength also plays an important role in protective layers. A higher Young’s modulus

of protective layers is essential to maintain structural integrity during the Li plating/

stripping processes, especially at high current density, which will reduce side reac-

tions with the fresh exposed interface and electrolyte consumption.45 In the current

system, the GF provides high mechanical strength for the HPL. As shown by the ten-

sile result of GF in Figure S23, the ultimate tensile stress was measured as �14 MPa,

much larger than that of cross-linked PDMS (�1.5 kPa) and PEG (too brittle for a ten-

sile test). The electrochemical performance also confirmed this presumption. As

shown in Figure 3C, the cycling performance indicates that, with the GF-reinforced

polymeric film as the protective layer, the cells with (GF+PDMS)@Li, (GF+PEG)@Li,

and HPL@Li as anodes exhibited improved electrochemical performance compared

with the cell with bare Li as the anode. With reduced mechanical robustness, the cell

with (PDMS+PEG)@Li displays slightly lower capacity retention than the cell with

HPL@Li as the electrode (82% versus 90% after 100 cycles). The SEM images of

the (PDMS+PEG)@Li electrode after 50 cycles (Figures 4D, 4I, 4N, and 4S) also

show a relatively smooth surface and clear cross-sectional morphologies. This dem-

onstrates that the protecting layer composed of PDMS and PEG can still suppress

dendritic Li growth in a relatively short-term cycling process (the initial 50 cycles

here). However, without robust mechanical support from inorganic fillers, the poly-

meric film is mechanically too weak to efficiently prevent micro-penetration of Li

dendrites after the long-term cycling process, leading to slight capacity fading, as

shown in Figure 3C. This result is consistent with the EIS results of symmetric cells

in Figure 3, where the Rsei and Rct values of the cell with (PDMS+PEG)@Li as elec-

trodes are slightly higher than that of the cell with HPL@Li as electrodes, suggesting

an unstable Li electrode after the long-term (100 h in this study) cycling process. The

phenomenon agrees well with previous reports showing that an inorganic filler could

enhance the mechanical robustness of polymeric protective films, suppress Li

dendrite growth, and maintain structural integrity, especially under high current

density (high areal capacity) and the long-term cycling process.70,79

In summary, we report a rationally designed GF-reinforced polymeric layer that al-

lows a Li metal electrode with stable cycling performance. The role of each key attri-

bute of HPL (i.e., flexibility, homogeneous ion-conducting channels, andmechanical

robustness) is isolated and investigated via a series of electrochemical, physical, and

numerical experiments. With synergistic effects of different attributes, cells with

HPL-modified electrodes exhibit significantly improved electrochemical perfor-

mance in Li/HPL@Cu half cells, HPL@Li/HPL@Li symmetric cells, and HPL@Li/LFP

full cells compared with cells using a bare Cu or Li electrode. Even with the industrial

standard LFP as the cathode, a discharge capacity of 122 mAh g�1 after 100 cycles

(capacity retention of 90%) can still be achieved. More importantly, after investi-

gating the role of each component of the HPL, we found that all three key attributes
12 Cell Reports Physical Science 2, 100534, August 18, 2021



ll
OPEN ACCESSArticle
play important roles in stabilizing the Li metal anode: the improved flexibility makes

the HPL better able to accommodate volume fluctuation; the homogeneous ion-

conducting channels contribute to superior charge transfer kinetics and drastically

reduced local flux heterogeneity of Li+, which are vital to achieve dendrite-free Li

metal anodes; and the enhanced mechanical robustness can maintain structural

integrity of the protective layer during the Li+ plating/stripping process, especially

at high current density and long-term cycling. Additionally, detailed computational

modeling of the protective layer-electrode interface showed that imperfections at

the interface between the PDMS and GF can lead to non-uniform Li+ mass flux

and dendrite growth, which reinforces and expands the experimental results.

This work not only reports an easily fabricated, low-cost, high-performance HPL for Li

metal electrodes but also provides deep insight into the key attributes of the protec-

tive layer for Li metal electrodes, which sheds light on the design principles of con-

structing effective protecting layers for practical chargeable LMBs with high energy

density and prolonged cycle life.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-

filled by the lead contact, Dr. Peng-Fei Cao (caop@ornl.gov).

Materials availability

Reagents generated in this study will be made available upon request, but we may

require a payment and/or a completed materials transfer agreement if there is po-

tential for commercial application.

Data and code availability

The authors declare that the data supporting the findings are available within the

article and the supporting information. All other data are available from the lead

contact upon reasonable request.

Preparation of cross-Linked PDMS

The cross-linked PDMS was prepared as follows. 25.22 mg (0.12 mmol) of BCA (Tian-

jin Heowns Biochemical Technology) was dissolved in 2,500 mg of toluene and

stirred. Then 500 mg (0.1 mmol) of PDMS-NH2 (Gelest) was added to the solution.

Then it was purged with nitrogen (N2) flow for 10 min, and the reaction was

continued for 2 h at 80�C under magnetic stirring. After that, 100 mg of multi-amine

functionalized PDMS (�48 amine groups per molecule, Gelest) in toluene (12 wt %)

was added to the solution, and the reaction was continued for another 2 h under the

same reaction conditions.

Characterization

The morphology of bare and modified electrodes was observed by SEM (JSM-7800,

JEOL, Japan). TGA was performed with a TG-DTA8122 instrument at a scanning rate

of 10�C/min under a N2 atmosphere. The Tg of cross-linked PDMS was measured by

temperature-modulated DSC (TA Instruments, DSC 2500) in a temperature range of

�150�C–150�C. Fourier transform IR (FTIR) spectra were recorded on a Nicolet iS50

FTIR spectrometer (Bruker Tensor II) with a scanning range of 400–4,000 cm�1.

Rheology measurements of PDMS were carried out on an AR2000ex rheometer

(TA Instruments) using 4-mm plates. Tensile analysis was performed using a TA In-

struments RSA-G2 Solid Analyzer. Samples were elongated at a rate of 0.1 mm/s
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until breaking. The reported tensile properties were an average of a minimum of

three samples. The ionic conductivity of the films was evaluated by EIS. Symmetric

cells were utilized for the measurements, consisting of two identical stainless steel

foils as blocking electrodes and a polymer membrane sandwiched in between.

The ionic conductivity (s) is calculated based on the equation

s =
L

RbS
;

where L (cm), Rb, and S are the film thickness, ohmic resistance (U), and contact area

(cm2), respectively.

The Li+ transference number was obtained via the potentiostatic polarization

method. Typically, a symmetric HPL@Li/HPL@Li cell was assembled, and subse-

quently the polarization currents under a small polarization potential were recorded.

The initial and steady-state values of the bulk resistances (R0 and Rs) were measured

by EIS before and after potentiostatic polarization. The tLi + was calculated according

to the following equation:

t
Li + =

Is ðDV�I0R0Þ
I0 ðDV�IsRs Þ

;

where I0 and Is are the initial and steady-state current values, respectively, and R0 and

Rs are the initial and steady-state electrode/electrolyte interfacial resistances,

respectively.

Fabrication of HPL@Cu and HPL@Li electrodes

The HPL@Cu and HPL@Li electrodes were prepared by dripping the polymer solu-

tion on Cu foil or the Li metal surface and then coated with GF (Whatman, grade

GF/D) in an argon-filled glovebox. After drying in a vacuum oven for 12 h, the

HPL-Cu and HPL-Li electrodes were obtained. The (PDMS+PEG)-Li, (GF+PDMS)-

Li, (GF+PEG)-Li and GF-Li electrodes were prepared using a similar procedure.

Preparation of homemade LFP cathodes

To fabricate the LFP electrode (homemade), LFP (HF-Kejing), acetylene black (TIM-

ICAL SUPER C65), and PVDF difluoride (Kynar HSV900, ARKEMA) with a weight ratio

of 8:1:1 were suspended in N-methylpyrrolidinon to obtain a slurry. After stirring for

12 h, the slurry was then coated onto Al foil and dried at 120�C for 12 h in a vacuum.

The electrode was cut into circular disks with a diameter of 13.0 mm, and the mass

loading of the electrode was �5 mg cm�2. The commercial LFP electrode was pro-

vided by the battery company and was double-coated with active materials. Before

being used in CR2032-type cells, one side of the active material was corroded with

N,N-dimethylformamide. After drying in a vacuum oven, the electrode was punched

into circular disks with a diameter of 13.0 mm.

Battery assembly and electrochemical measurements

The electrodes were cut into a 1.32-cm2 circular sheet to assemble the CR2032 coin

cells in an argon-filled glove box with O2 and H2O levels lower than 1 ppm. The half

cells were assembled with bare Cu or HPL@Cu as working electrode and Li metal as

counter electrode. The symmetric cells were assembled with configurations of bare

Li/separator/bare Li or HPL@Li/Separator/HPL-Li. The full cells were assembled with

LFP (homemade or commercial) as cathode and bare Li or modified Li (HPL@Li,

(PDMS+PEG)@Li, (GF+PDMS)@Li, (GF+PEG)@Li and GF@Li) as anode. In all cells,

Celgard 2400 polypropylene membranes were used as separators. For half and sym-

metric cells, the electrolyte consisted of 1 M Li bis(trifluoromethanesulfonyl)imide in

1,3-dioxolane/dimethyl ether (v/v = 1:1) with 2 wt % LiNO3 as an additive. For full
14 Cell Reports Physical Science 2, 100534, August 18, 2021
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cells, 1 M LiPF6 in ethylene carbonate/diethyl carbonate (1: 1 by volume) solution

was used as electrolyte. The galvanostatic test was performed by using the LAND

CT2001A battery test system. EIS was performed on the Zennium Pro Electrochem-

ical System with a scanning speed of 0.1 mV s�1 and a frequency range of 10�1–104

Hz at a 5-mV amplitude. All electrochemical results were obtained at 25�C in a tem-

perature-controlled chamber.
Interfacial mesoscale modeling

SPH is a meshless Lagrangian method that discretizes the domain with discrete par-

ticles that carry their properties (density, species concentration, etc.) with them. SPH

was used because of its convenience in modeling the moving, deformable bound-

aries and surface reactions associated with the dendrite growth phenomenon. Its

particle nature allows easy implementation of surface phenomena and implicit

boundary tracking without the need for any level set or front tracking methods.

The partial differential equations of the system, including mass and species conser-

vation and surface reactions, are discretized in time and space using the SPH

method.80 The model domain includes the anode surface, the HPL, dendrite struc-

tures, and a finite diffusion boundary layer. Li ions diffuse to the anode surface,

where they react with electrons and form dendrite structures. The surfaces of the

dendrite structures will become the new boundaries for future dendrite growth,

whereas the interior structure will become embedded and no longer contributes

to future reactions. The thickness of the diffusion layer is based on data from the liter-

ature on experimental results.81 Outside of the diffusion layer, we assumed that the

ion concentration is equal to the concentration of bulk solution. The simulations

focus on the reactive mass transport near the anode-electrolyte interface and do

not model a complete battery, potential and electro-convection effects, or second-

ary reactions. These simplifications are done to isolate the critical effects of ionic

transport and the reactive anode interface during charge conditions on dendritic

growth.

The species conservation equation is

vCðx; y; tÞ
vt

=V$ðDVCðx; y; tÞÞ; r!˛UF (Equation 1)

where UF is the fluid domain (electrolyte solution), D is the diffusivity (or conductiv-

ity), and C is the Li+ concentration. At the reactive anode surface, a first-order reac-

tion boundary condition is applied,

DVci
�
rs
! ; t

�
=K

�
c
�
rs
! ; t

�
� Ceq

�
; rs
!˛G; t > 0; (Equation 2)

where rs
! is a point along the reactive surface G, Ceq is the equilibrium concentration

for the solidification reaction, and K is the reaction rate coefficient. The surfaces of

the dendrite structures will become the new boundaries for future dendrite growth,

whereas the interior structure will be embedded and no longer contributes to future

reactions. The thickness of the diffusion layer is based on data from the literature on

experimental results. A uniform initial concentration is assumed throughout the

domain and a constant concentration (C1) outside of the diffusion layer for the dura-

tion of the simulation,

Cðx; y = L; tÞ=C1: (Equation 3)

The simulations focus on the reactive mass transport near the anode-electrolyte

interface and do not model a complete battery, the potential and electro-convection

effects, or secondary reactions. These simplifications are done to isolate the critical
Cell Reports Physical Science 2, 100534, August 18, 2021 15
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effects of ionic transport and the reactive anode interface during charge conditions

on dendritic growth.
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