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Polar polymer-solvent interaction derived favorable interphase 
for stable lithium metal batteries  
Jiwoong Bae, Yumin Qian, Yutao Li, Xingyi Zhou, John B. Goodenough, and Guihua Yu * 

Lithium metal has long been regarded as one of the most promising 
anode materials for future rechargeable batteries. However, the 
severe reaction of Li with carbonate electrolytes and the rapid 
growth of the Li-dendrite at high current densities hinder its 
practical application in Li-metal batteries. Here we report a polar 
polymer protective layer to suppress highly corrosive cyclic 
carbonates by tuning polymer-solvent interactions. The C≡N groups 
of the polyacrylonitrile (PAN) polymer chains in the polar polymer 
network can effectively reduce the high reactivity of the C=O groups 
of the carbonate solvents leading to a stable solid electrolyte 
interphase (SEI) layer with higher inorganic components. In-situ 
optical and electron microscopes demonstrate that the polar 
polymer network effectively restrained the formation and growth 
of Li-dendrite, which helps to stabilize the plating/stripping 
behavior of Li in a symmetric Li | Li cell and a Li | LiNi1/3Co1/3Mn1/3O2 
cell. This study provides a useful perspective of controlling 
electrolyte coordination to form a stable SEI layer in carbonate 
electrolytes for Li-metal batteries. 

Lithium (Li) metal, which has the highest theoretical capacity 
(3,860 mAh g-1) and the lowest eletrochemical potential (-3.04 
V vs standard hydrogen electrode), has been regarded as a 
promising anode material for energy storage systems.1 In the 
past decades, much effort has been devoted to exploring Li-
metal as the anode for rechargeable batteries.2-6 In spite of all 
the endeavors, the high reactivity of carbonates (especially 
cyclic carbonate) hinders their application to Li-metal batteries, 
since carbonyl groups (C=O) often cause the decomposition of 
solvents, leading to a solvent-induced solid electrolyte 
interphase (SEI) layer.7 Such SEI layer has a chemical 
heterogeneity with a majority of organic components and is 
often accompanied by breakage and dissolution of the layer. 
The defected SEI layer no longer protects Li-metal, consuming 

more electrolyte and Li, and thus leads to a poor Coulombic 
efficiency, and eventually, to a cell failure (either short-
circuiting or large impedance).2 
 Recently, various strategies have been proposed to stabilize 
Li-metal in carbonate electrolytes.8-13 One of the effective 
approaches is controlling the SEI layer either by an artificial SEI 
layer or electrolyte additives. An artificial SEI layer formed by 
ex-situ deposition of desired materials9 or in-situ reaction 
during the cycling10, 11 allows Li+ ion transport while blocks 
electron conduction, and therefore protecting Li-metal from the 
reactive electrolyte. Similarly, electrolyte additives such as 
0.05M LiPF6 or LiNO3 have been also investigated to control the 
chemical composition of the SEI layer and to help a stable Li 
plating/stripping.12, 13 Despite considerable progress in 
engineering SEI layers, it still remains a challenge to satisfy high-
power applications. Although above mentioned strategies are a. Materials Science and Engineering Program and Department of Mechanical 
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useful, a significant volume change of Li-metal under a high 
current density (1 mA cm-2) may still cause breakage of SEI layer 
and evolution of Li dendrites (or buildup of dead Li), which 
results in shortened lifespan of Li-metal batteries. Therefore, a 
more reliable and active approach is required to intrinsically 
stabilize highly reactive electrolyte with Li-metal under a fast 
charging/discharging process. 
 In this study, we have developed a polar polymer network 
on Li-metal to reduce the reactivity of carbonate solvents by 
polymer-solvent interaction. The polar polymer protected Li 
leads to a stable SEI layer formation due to the reduced 
availability of free solvent molecules, but with more 
contribution from salt anions (e.g., PF6- or TFSI-) as a precursor 
for inorganic components. Electrochemical analysis and in-situ 
optical microscopy prove that the polymer protected Li renders 
a stable Li plating/stripping while bare Li shows drastic growth 
of Li-dendrites and eventually ends with abundant dead Li. The 
polar polymer protected Li-metal battery with a 
LiNi1/3Co1/3Mn1/3O2 (NCM) cathode achieved an improved 
cyclability of 94.0% capacity retention after 450 cycles at 1C and 
98.7% after 1000 cycles at 5C, indicating that Li-metal can be 
effectively stabilized in the carbonate electrolyte. 

Polymer-solvent interaction in polar polymer 
network 
In a conventional carbonate electrolyte, abundant carbonate 
solvents on the exposed surface of Li-metal rapidly decompose 
and react with Li, and thus form a solvent-induced SEI layer (Fig. 
1a). This soluble and heterogeneous organic SEI layer is difficult 
to stabilize the Li-metal surface.14 The rupture of the SEI layer 
by volume change of Li-metal or dissolution of organic 

component re-exposes the fresh Li to the electrolyte, leading to 
the dendrite growth and reformation of SEI layer. Such process 
is repeated and results in highly porous and dendritic Li buildup.  
 On the other hand, polymer-solvent interactions in the polar 
polymer network (PPN) can greatly reduce the reactivity and 
availability of carbonate solvents by dipole-dipole interaction 
between C=O (from carbonate solvent) and C≡N (from polar 
polymer) groups, while facilitating salt anions (e.g., PF6- or TFSI-

) to contribute to inorganic component of SEI layer, such as LiF 
(Fig. 1b).15, 16 The more inorganic components in SEI layer are 
hard to be dissolved compared to the organic components, and 
thus improving the chemical stability of SEI layer. The stable 
anion-induced SEI layer at the interface between PPN and Li-
metal can prevent further reaction of the electrolyte with Li, 
and therefore enabling an effective Li plating/stripping. 
Furthermore, homogeneous SEI layer may guide uniform Li+ ion 
flux which leads to dense Li morphology. Due to this smooth 
plating/stripping of Li, SEI breakage can be also avoided which 
prevents dendrite growth or further consumption of Li and 
electrolyte. The PPN layer is not decomposed or consumed by 
the reaction, but only creates chemical environment for 
electrolyte to form a stable SEI layer. Therefore, this method is 
reliable and sustainable compared to other passive strategies, 
such as an artificial SEI layer or an electrolyte additive that 
cannot fully recover the stable interfacial layer once it is 
destroyed. 
 To exploit the polymer-solvent interaction, PPN was 
designed by fabricating a semi-interpenetrating polymer 
network to embed polyacrylonitrile (PAN) polymer chains which 
have rich polar C≡N groups for dipole-dipole interactions (Fig. 
2a). The cross-linkable oligomers (i.e., polyethylene glycol 
diacrylate (PEGDA)) and PAN polymers are dissolved in the 

Fig. 1 Schematic illustration of the effect of PPN protective layer. (a) Solvent-induced SEI layer formation on the bare Li, which repeats during the cycling due to the defects of SEI 
layer. (b) Anion-induced SEI layer formation on PPN Li that effectively stabilizes Li surface during the cycling. 
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desired liquid electrolyte. After thermally cross-linked, the 
PEGDA forms a three-dimensional (3D) polymer network where 
the PAN polymers are uniformly confined (Fig. 2b). With such 
design, PAN can interact effectively with the carbonate 
electrolyte and avoid direct contact with Li-metal. 
 Among many carbonate solvents, ethylene carbonate (EC) 
has been selected as a representative carbonate solvent, which 
is well-known for its high reactivity with Li.17 To investigate the 
dipole-dipole interaction, electrostatic potential maps were 
overlaid on the chemical structure of PAN and free EC as shown 
in Fig. 2c. The negative charge (red) is localized on the nitrogen 
of C≡N group of PAN and oxygen of C=O group of EC, 
respectively. Meanwhile, the charges on the carbons of C≡N and 
C=O  groups are delocalized leading to a relatively positive 
charge. Due to these local dipoles caused by different charge 
densities, a C≡N group of PAN and a C=O group of EC strongly 
interact with each other forming a dipole-dipole interaction 
(Fig. 2d).18 
 The PAN-EC interaction and its influence on the electrolyte 
coordination were investigated by Fourier-transform infrared 
(FTIR) and Raman spectroscopy. To clearly demonstrate the 
polymer-solvent interaction (i.e., PAN-EC), PPN was fabricated 
in lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) : EC 
electrolyte with the molar ratio of 1 : 6 which has the low 
melting point and the high conductivity.19 The FTIR spectrum 
shown in Fig. 2e displays clear evidence of polymer-solvent 
interaction by an additional band around 2350 cm-1 for PPN 
(blue) which is known for PAN-EC interaction.18, 20 Meanwhile, 

pure PAN (green) and LiTFSI : EC (red) do not show any band 
around 2350 cm-1, confirming PAN-EC interaction only exits in 
PPN. Neither peak shift nor additional peak was observed 
related to free PAN peak around 2240 cm-1 indicating that Li+ 
ions do not prefer to coordinate with PAN.21 
 To explore the influence of PAN-EC interaction on the 
electrolyte coordination, Raman spectroscopy was conducted 
with three different samples; PPN, PPN without PAN (PPN w/o 
PAN) and LiTFSI : EC (Fig. 2f). Strong salt anion (TFSI-) bands 
around 740-750 cm-1 were observed through all samples which 
correspond to a common solvent-separated ion pair.22 With 
absence of PAN, free EC bands near 720 cm-1 with a high 
intensity were also found for PPN w/o PAN and LiTFSI : EC 
implying plentiful uncoordinated EC molecules.19 In contrast, 
PPN shows a smaller intensity of free EC peak, from which it can 
be speculated that the strong PAN-EC interaction in PPN 
decreases the number of free EC molecules. For quantitative 
analysis, the ratio of free EC to LiTFSI bands was calculated 
where PPN shows the area ratio of 0.49 which is lower than that 
of LiTFSI : EC (0.67) or PPN w/o PAN (1.04) (Fig. S1, ESI†). 
Thermogravimetric analysis (TGA) and differential scanning 
calorimetry (DSC) also confirm that the coordination of EC in the 
PPN has changed compared to liquid phase solution (Fig. S2 and 
S3, ESI†).19 Based on FTIR and Raman spectroscopies, it can be 
concluded that C≡N groups of PAN polymer chains weakly 

Fig. 2 Synthesis and characterization of PPN. (a) Schematic illustration of fabrication process of PPN. (b) Photograph of a PPN film. (c) Electrostatic potential maps of PAN and EC and 
(d) schematic illustration of dipole-dipole interaction between C≡N and C=O groups of PAN and EC, respectively. (e) FTIR spectra of PPN (blue), pure PAN (green) and LiTFSI : EC (red). 
(f) Raman spectra of PPN with (blue) and without PAN (green) and LiTFSI : EC (red). 
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interact with Li+ ions or TFSI anions, but solely and strongly 
interact with EC molecules. 

Morphology and performance of Li 
plating/stripping 
Electrochemical behavior of Li plating/stripping have been 
investigated with symmetric Li | Li cells under different current 
densities (Fig. 3). To see the distinctive role of PPN, EC single 
solvent-based electrolytes (LiTFSI : EC = 1 : 6) were used due to 
their high reactivity. As shown in Fig. 3a, bare Li cell with a dilute 
electrolyte (LiTFSI : EC = 1 : 10) demonstrates the worst cycling 
performance with an unstable overpotential (> 200 mV) under 
1 mA cm-2. The abundant free EC molecules could have reacted 
drastically with Li leading to an unstable interface. On the other 
hand, the electrolyte with a higher concentration (LiTFSI : EC = 
1 : 6) showed a stable cycling with a small overpotential (~20 
mV).23, 24 However, the voltage profiles become unstable under 

the higher current densities (5 and 10 mA cm-2) as shown in Fig. 
3b and 3c, indicating that high concentrations are not an 
effective mean to suppress the reactive EC solvents and Li-
dendrites. By contrast, Li-metal surface stabilized by PPN (blue) 
demonstrates a stable cycling over 300 hrs under 5 mA cm-2 and 
200 hrs under 10 mA cm-2 (Fig. 3b and 3c). 
 The morphology of Li was examined by scanning electron 
microscopy (SEM) (Fig. 3d-g). A highly porous surface with 
severe cracks was observed in bare Li (Fig. 3d). The photograph 
of the Li chip (inset of Fig. 3d) suggests that the Li surface is 
mostly composed of dead Li. Dendrites can also be found on the 
surface of Li in Fig. 3f implying a poor interfacial stability of bare 
Li (See also Fig. S4 for enlarged image, ESI†). For PPN Li, a 
relatively clean Li chip was obtained from the disassembled cell 
(inset of Fig. 3e). The SEM images also present a dendrite-free 
and highly dense morphology without any crack (Fig. 3e and g). 
Li electroplating as also conducted under 1 mA cm-2 for 2 hrs to 
see the initial Li deposition morphology which confirms that 

Fig. 3 Li plating/stripping behavior. Symmetric Li | Li cell cycling tests under different current densities of (a) 1 mA cm-2, (b) 5 mA cm-2 and (c) 10 mA cm-2 for 1 mAh cm-2. Cross-
sectional SEM images of (d) bare Li and (e) PPN Li after cycling under 5 mA cm-2. The inset shows the Li chip after cycling. SEM images of the top surface of (f) bare Li and (g) PPN Li 
after cycling under 5 mA cm-2. In-situ observation of (h) bare Li and (i) PPN Li during Li plating/stripping process at 5 mA cm-2 for 1 mAh cm-2 up to 20 cycles. 
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even initial deposition on the bare Li depicts a high-surface-area 
due to the porous nature from dendrites while relatively larger 
chunk of Li was observed on PPN Li (Fig. S5, ESI†). 
 The evolution of Li morphology was further investigated by 
in-situ optical microscopy. By such method, clear trends of Li-
dendrite growth can be observed due to the removal of the 
separator which could act as a physical barrier (The detailed 
preparation process of in-situ observation cell can be found in 
Fig. S6, ESI†). The bare Li formed a notable amount of dendrites 
even after the 1st cycle (Fig. 3h). Apparently, the height of this 
porous layer rapidly increases from 110 μm (1st cycle) to over 
400 μm (20th cycle). Assuming a flat plating, the theoretical 
height of utilized Li should be 4.39 μm per cycle, which suggests 
that the bare Li surface produces a highly porous Li during the 
repeated plating/stripping process. On the contrary, PPN Li 
demonstrated a much denser Li surface even after 20th cycle, 
probing Li-dendrites were successfully suppressed by PPN (Fig. 
3i). The distance between the two Li electrodes after cycling 
also demonstrates that the PPN renders a stable Li 
plating/stripping while bare Li cell was short-circuited due to 

the large amount of porous Li (Fig. S7, ESI†). In addition, the high 
reactivity of the carbonate electrolyte also causes a serious 
reaction with bare Li, which generates considerable gaseous 
byproducts (Fig. S8, ESI†). 
 In addition, the conductivities of LiTFSI : EC (1 : 6 molar ratio) 
in glass fiber and PPN layer (fabricated in the same liquid) were 
measured (Fig. S9, ESI†). We found that our PPN layer has a 
higher conductivity of 3.6 x 10-3 S/cm than liquid electrolyte, 1.3 
x 10-3 S/cm. We speculate that the polymer chains (cross-linked 
PEGDA) in PPN layer can work as an active Li+ ion conductor 
where ether group (C-O-C) can coordinate with Li+ through 
which Li ion may transport. Therefore, this fast and uniform Li+ 
ion flux may also result in low overpotential (Fig. 3a-c) and 
dense Li morphology (Fig. 3d-i) during Li plating/stripping. 

Fig. 4 Investigation of SEI layer on the cycled Li-metal. (a, d) XPS spectra of C1s, (b, e) O1s  and (c, f) F1s for (a-c) bare Li and (d-f) PPN Li. The XPS were taken after Ar sputtering for 
90 sec. (g) LUMO/HOMO levels of EC with different coordination: free EC, PEO-EC and PAN-EC. (h) Schematic illustration of the possible effects of PAN-EC interaction on SEI layer. 
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Composition of SEI layer on cycled Li-metal 
The composition of the SEI layer was investigated by conducting 
X-ray photoelectron spectroscopy (XPS) on the Li-metal 
collected from symmetric Li | Li coin cells cycled 10 times under 
5 mA cm-2 (Fig. 4). The prepared samples were etched by Ar 
sputtering for 90 sec to eliminate the surface contamination 
(XPS spectra before sputtering can be found in Fig. S10, ESI†). In 
C1s spectra of bare Li, C-Li peak (283 eV), C-C/C-H peak (285 eV) 
along with C-O (287 eV), and CO3 (288.5 eV) were observed, 
which are typical components for SEI layer such as lithium 
carbide, lithium alkyl carbonate or lithium carbonate (Li2CO3) 
from solvent-induced SEI formation (Fig. 4a). Similarly, O1s 
spectra of bare Li in Fig. 4b shows a strong C-O (532.5 eV) and 
C=O peaks (531 eV). In F1s spectra of bare Li in Fig. 4c, CFx peak 
(689.5 eV) was found along with LiF (685.5 eV). However, the 
intensity of LiF peak was comparable to that of CFx. From the 
XPS results, it can be speculated that the high reactivity of EC 
results in mostly organic but less inorganic segments in the SEI 
layer, which is readily soluble in the electrolyte and cannot 
effectively stabilize Li-metal. 
 PPN Li demonstrates much different compositions in the SEI 
layer. In C1s spectra, typical organic components were also 
observed but with much smaller intensity (Fig. 4d). 
Interestingly, an additional poly(EC) peak (290.5 eV) was found 
which is the product of polymerization of EC instead of the 
reduction,12, 16 which was also observed in O1s spectra around 
534 eV (Fig. 4e). It is reported that poly(EC) is a flexible and 
stable SEI component to protect Li-metal against electrolyte 
attack.25 In addition, O1s spectra also shows abundant Li2O (529 
eV) implying that the SEI layer on PPN Li is a thin and compact 

layer compared with that of bare Li since Li2O is known to form 
on the very surface of Li.26 Most importantly, a strong LiF peak 
(685.5 eV) was observed on PPN Li as shown in F1s spectra (Fig. 
4f). It is believed that salt anions (TFSI-) in PPN contribute more 
to the SEI layer formation than TFSI of bare Li, represented by 
such strong LiF peak.15 
 The lowest unoccupied molecular orbital (LUMO) and 
highest occupied molecular orbital (HOMO) levels of EC 
molecules with different coordination have been calculated 
since LUMO levels are related to the electrochemical reduction 
potential (Fig. 4g). The free EC molecule, which is not 
coordinated, has the lowest LUMO level (-0.64 eV) indicating it 
will be readily reduced by Li-metal during cycling. It is also 
possible that abundant free EC can coordinate with Li+, which is 
also easily reduced by Li-metal. More organic components in 
the SEI layer of bare Li can be expected by this low LUMO level 
of a redundant free EC molecules in carbonate electrolytes. By 
contrast, when EC is coordinated with PAN, it shows the highest 
LUMO level (-0.28 eV) which is higher than PEO-EC coordination 
(-0.31 eV) or free EC (-0.64 eV). Considering the low LUMO level 
(-0.52 eV) of pure PAN which is easily reduced by Li-metal, this 
high LUMO level (-0.28 eV) of PAN-EC interaction possibly 
makes PAN more difficult to be reduced as well (Fig. S11 and 
S12, ESI†). 
 Observations from the XPS data and LUMO level of the PPN 
Li surface confirm our hypothesis that PPN effectively regulates 
SEI layer on Li-metal. In Fig. 4h, possible effects of PPN are 
described. First, PAN-EC interaction decreases the number of 
free carbonate solvents on Li-metal, that will reduce the 
amount of organic component in the SEI layer which may 
enhance the chemical stability of the interphase. Second, the 
PAN-EC interaction makes both PAN and EC more difficult to be 

Fig. 5 Electrochemical performance of Li | NCM batteries. (a) Li | NCM battery cycling performance at 1C with bare Li (red) and PPN Li (blue). Voltage profiles during the cycling at 
1C with (b) bare Li and (c) PPN Li. (d) Li | NCM battery cycling performance at 5C with bare Li (red) and PPN Li (blue). Voltage profiles during the cycling at 5C with (e) bare Li and (f) 
PPN Li. Li | NCM cells were cycled between 2.8 V to 4.25 V in 1M LiPF6 in EC : DEC.
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reduced, and thus mitigating solvent decomposition. Third, PPN 
does not interact with salt anion, and thereby facilitating anion 
decomposition into inorganic SEI components. Combining these 
features, a stable SEI layer can be formed on Li-metal with 
abundant inorganic components such as LiF and Li2O that can 
prevent electron transfer while allowing Li+ ion transport.27 A 
significant amount of poly(EC), on the other hand, can serve as 
a flexible network that helps reinforce brittle inorganic 
components.25, 28 Note that the PPN during this SEI formation 
process (Fig. 4h) only guides electrolyte components (i.e., salt 
cation/anion and carbonate solvent) to form a stable SEI layer, 
but is not involved any electrochemical reaction, implying that 
the strategy used in this study is highly reliable and sustainable. 
 

Electrochemical performance of Li | NCM cell 
To verify the effectiveness of PPN Li in practical application, Li | 
NCM batteries with conventional electrolyte (1M LiPF6 in EC : 
DEC) have been investigated without any additives. The cycling 
performance at 1C charge and 1C discharge (1C = full discharge 
in 1 hour) are presented in Fig. 5a. A formation cycle was 
conducted prior to the subsequent cycling test at C/10 where 
both bare Li and PPN Li shows an initial specific discharge 
capacity of ~160 mAh g-1. In the latter cycles, the bare Li exhibits 
a rapid capacity fade with a capacity retention of 64% after 450 
cycles at 1C. Such fast capacity fade can be attributed to the 
increased cell impedance from a combined effect of a highly 
resistive SEI layer and a depletion of electrolyte which may 

adversely affect the transport of Li+ ions as well as interfacial 
kinetics (Fig. 5b).29 On the contrary, PPN Li demonstrates a 
much improved cyclability with an improved capacity retention 
of 94% after 450 cycles at 1C (Fig. 5a). In the meantime, there is 
only subtle change in overpotentials over 400 cycles with PPN Li 
as shown in Fig. 5c, confirming that Li-metal has been effectively 
stabilized. 
 In addition, the cycling test under a higher current density 
(5C charge 5C discharge) was conducted with Li | NCM cells to 
further understand the role of PPN Li in a fast Li 
plating/stripping condition (Fig. 5d). The bare Li shows more 
drastic capacity fade which eventually leads to a cell failure after 
1000 cycles at 5C (capacity retention of ~7.6%). The voltage 
profile of bare Li cell in Fig. 5e clearly indicates that the 
overpotential increases as the cell cycled, which is accompanied 
by a rapid capacity fade. On the other hand, PPN Li 
demonstrated a remarkably enhanced cyclability with an 
excellent capacity retention of 98.7% over 1000 cycles. It should 
be noted that not only was the cell discharged, but it was also 
charged under a high current density (5C, ~1.25 mA cm-2), which 
is a harsh condition that Li-metal can tolerate because a rapid 
volume expansion of Li-metal can physically and chemically 
damage SEI layer, which accelerates the growth of dendritic and 
dead Li. Taking this into account, our PPN Li significantly 
improved Li plating behavior over bare Li under a higher current 
density, which well coincides with symmetric Li | Li 
performance in Fig. 3a-c. The rate performance of Li | NCM cells 
was also investigated with bare Li and PPN Li (Fig. S13, ESI†) 
showing that PPN Li exhibits comparable rate capability to bare 

Fig. 6 Morphology of Li after electrochemical test. SEM images of Li surface from the Li | NCM cells after 1000 cycles at 5C with (A) bare Li and (B) PPN Li. The inset shows the cross-
section SEM images indicating the utilized Li. (C) Photographs of Li-metal collected after cycling test with bare Li (left) and PPN Li (right). (D) Cycling stability comparison for recent 
studies of Li-metal batteries based on NCM cathode with various strategies. Red square charts show capacity retentions after 200 cycles (C200 = capacity after 200 cycles, C1 = initial 
capacity) while blue dotted charts show capacity fade rate (%) per cycle. A1 and A2 denote artificial SEI layers.9, 10 B denotes 3D host for Li-metal.8 C1 and C2 denote electrolyte 
additives.13, 30 D1-D3 denote gel polymer, polymer, and inorganic electrolyte, respectively.31-33 Capacity retentions of D2 and D3 were estimated from the capacity fade rate during 
100 and 120 cycles, respectively.
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Li. It is believed that the high conductivity of PPN layer (Fig. S9, 
ESI†) minimized the additional ohmic resistance caused by PPN 
layer. In summary, Li | NCM cell tests indicate that our PPN Li 
greatly improved electrochemical performance of Li-metal 
batteries in conventional carbonate electrolyte (1M LiPF6 in EC 
: DEC) under a high current density (> 1 mA cm-2). The superior 
performance of PPN Li can be also observed in single-solvent 
electrolyte (LiTFSI : EC = 1 : 6) with an improved cycling stability 
as well as a rate performance (Fig. S14 and S15, ESI†). 
 The different interfacial chemistry often results in divergent 
morphology of Li during the cycling. Figure 6a and 6b show the 
SEM images of Li surface obtained from Li | NCM cells after 
1000 cycles at 5C for bare Li and PPN Li, respectively. The bare 
Li in a typical carbonate-based electrolyte generated thin and 
long Li, namely, whisker-like Li or Li-dendrite (Fig. 6a). The 
surface of Li is highly porous with a high-surface-area (See Fig. 
S16 for the SEM image of porous Li, ESI†). This dendritic 
morphology is indicative of poor cycling stability of bare Li | 
NCM cells since the dead Li can accumulate and increase the 
diffusion length for Li+ ions. It is also interesting that Li 
morphology is different when different electrolyte is used such 
as LiTFSI : EC (Fig. 3) and 1M LiPF6 in EC : DEC (Fig. 6). It is 
believed that relatively low concentration in Li | NCM cell 
resulted in more dendritic and porous Li buildup. Note that 
despite the formation of Li-dendrites shown in Fig. 6a, the Li | 
NCM cell with bare Li showed only a rapid capacity fade, but not 
short-circuiting (Fig. 5a and d). With larger pores of glass fiber, 
however, the bare Li cell was eventually short-circuited after 
200 cycles while PPN Li exhibits a stable cycling (Fig. S17, ESI†). 
Interestingly, a notably different morphology was observed on 
PPN Li (Fig. 6b). Unlike highly porous and dendritic Li from bare 
Li, PPN Li renders much denser Li chunks with a low-surface-
area. It is believed that a stable interface between Li and PPN 
leads to uniform deposition of Li with a dense morphology. The 
insets of Fig. 6a and 6b indicate that bare Li results in a buildup 
of thick dead Li (~180 μm) while PPN Li shows thinner Li 
utilization (~100 μm). The photographs of Li-metals, that were 
collected after the cell test with NCM, clearly reveal that bare Li 
has abundant dead Li on the surface (dark area) while PPN Li 
shows no notable dead Li, which is represented by a relatively 
clean and uniform Li surface (Fig. 6c). 
 The ability to stabilize Li-metal can be evaluated by 
comparing the cycling stability of a full cell. The accumulation of 
the dead Li and SEI on the Li-metal surface causes an increase in 
the cell impedance, short-circuits or drying of the electrolyte, 
which is reflected by decreasing discharge capacity during the 
cycling. In Fig. 6d, the cycling stability of recent studies based on 
Li-metal batteries with NCM cathode is compared (See Table S1 
for details, ESI†). The PPN Li employed in this work exhibits the 
highest capacity retention (96.5%) after 200 cycles among 
various strategies such as artificial SEI layers (A19 and A210), 3D 
host (B8), electrolyte additives (C130 and C213) or polymer/solid 
electrolytes (D1,31 D232 and D333). In addition, the PPN Li 
demonstrates the lowest capacity fade rate of 0.013% over 450 
cycles while the previous studies show a capacity fade rate of 
0.025% per cycle at most (i.e., A1).9 It is noteworthy that the 
cycling performances of most previous studies (A1, A2, B, C1 

and C2) were obtained with the help of electrolyte additives, 
such as 1~2 wt% of fluoroethylene carbonate (FEC),9 vinylene 
carbonate (VC)8, 9 or lithium nitrate (LiNO3).13 Therefore, the 
strategy used in this study, that the restriction of carbonates by 
the polymer-solvent interaction, shows a superior ability to 
stabilize Li-metal in carbonate electrolyte even without 
electrolyte additives. 

Conclusions 
An effective approach to inhibit the high reactivity of 
carbonates in Li-metal batteries has been developed by 
controlling the polymer-solvent interactions. While bare Li 
generates a significant amount of Li-dendrite and dead Li, the 
PPN protective layer can stabilize Li-metal surface without 
notable dendrites on the surface of Li. The PPN protective layer 
not only confines the carbonate solvents, but also facilitates 
anion contribution to the SEI layer that has a high content of 
inorganic components. The stabilized interface formed 
between Li and PPN enables a sustainable plating/stripping of Li 
under high current density and also prevents further reaction of 
Li with electrolyte improving cycling stability of Li-metal 
batteries. These key findings of PPN for Li-metal represent a 
useful perspective to understand and improve interfacial 
chemistry of electrolyte and Li-metal for future applications in 
rechargeable batteries. 
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