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Quantification of ion transport mechanism in protective polymer 
coatings on lithium metal anodes 

Hongyao Zhou,a† Haodong Liu,a Xing Xing,a Zijun Wang,b Sicen Yu,a Gabriel M. Veith,c and Ping Liua* 

Protective Polymer Coating (PPC) has been proposed to protect lithium metal anodes in rechargeable batteries to stabilize 

the Li/electrolyte interface and to extend the cycle life by reducing parasitic reactions and improving lithium deposition 

morphology. However, the ion transport mechanism in PPC remains unclear. Specifically, the degree of polymer swelling in 

the electrolyte and the influence of polymer/solvent/ion interactions are never quantified. Here we use poly(acrylonitrile-

co-butadiene) (PAN–PBD) with controlled cross-link densities to quantify how the swelling ratio of the PPC affects 

conductivity, Li+ ion selectivity, activation energy, and rheological properties. The large difference in polarities between PAN 

(polar) and PBD (non-polar) segments allows the comparison of PPC properties swollen in carbonate (high polarity) and 

ether (low polarity) electrolytes, which are the two most common classes of electrolytes. We find a low swelling ratio of the 

PPC increases the transference number of Li+ ion while decreasing the conductivity. The activation energy only increases 

when the PPC is swollen in the carbonate electrolyte because of the strong ion–dipole interaction in the PAN phase, which 

is absent in the non-polar PBD phase. Theoretical models using Hansen solubility parameters and a percolation model have 

been shown to be effective in predicting the swelling behavior of PPCs in organic solvents and to estimate the conductivity.  

The trade-off between conductivity and transference number is the primary challenge for PPCs. Our study provides general 

guidelines for PPC design, which favors the use of non-polar polymers with low polarity organic electrolytes.

Introduction 

Lithium (Li) metal is an ideal anode for increasing the energy 

density of Li-based battery, because of the high gravimetric 

(3860 mAh g–1) and volumetric (2060 mAh cm–3) capacities 

compared to graphite.1 The current bottleneck for Li metal 

anode is, however, the high reactivity of Li metal with the liquid 

electrolyte (LE) and non-uniform deposition of Li metal.1,2 The 

reaction between Li metal and the LE produces solid electrolyte 

interface (SEI) layer with a thickness of c.a. 10 nm on the Li 

surface.3 Although the SEI layer can impede further side 

reaction with the LE, the large volume change of Li metal during 

the repeating deposition/dissolution processes continuously 

destroys the SEI layer and gradually consumes the LE.4  

Protective Polymer Coating (PPC) is an artificial SEI layer 

preformed on the surface of Li metal to slow down the rate of 

side reaction with the LE.5 Compared to its inorganic 

counterpart, PPC is easier to deposit as a uniform coating at a 

lower cost and greater scalability. In addition, the stretchable 

nature of polymer materials can accommodate the volume 

change of Li metal anode during repeated cycling. There are 

four primary functions for the PPCs: 1) to reduce the 

permeation rate of the organic solvent and decrease the rate of 

side reaction;6 2) to increase the transference number of Li+ ion 

(t+) and mitigate the buildup of the concentration polarization 

of Li+ at the anode surface;7,8 3) to increase the flowability of the 

interface between Li metal and the electrolyte, promoting a 

uniform and non-dendritic deposition of Li metal;9 and 4) to 

reinforce the stability of SEI layer through the designed reaction 

between PPC and Li metal.10  

Various types of PPCs have been developed meeting one or 

more of the above four criteria, with a primary focus on 

demonstrating their effectiveness in a lithium metal battery 

cell. In contrast, there have been very few fundamental studies 

searching for the descriptors of the protective functions of 

PPCs. For example, Lopez used dielectric constant and the 

surface energy of the PPCs and made a correlation with the 

particle size of the electrodeposited Li metal.11 More recently, 

we categorized the PPC materials based on the polarities (i.e. 

Hildebrand solubility parameters), which vary from non-polar to 

strongly polarized polymers.5 Typically, the polarities between 
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the PPC materials and the LEs are matched, because the 

resultant high swelling ratio of polymers increases the ionic 

conductivity (σ).12 On the other hand, a lower swelling ratio is 

expected to reduce the permeation rate of the LE (function 1). 

Furthermore, the interaction between the polymer and Li+ ion 

is expected to become more significant at lower swelling ratios 

(i.e. increasing volume fraction of the polymer), which may 

influence the Li+ ion selectivity (function 2) and activation 

energy (Ea) for the ion transport. In terms of the polarity of PPCs, 

there is no clear experimental evidence showing the advantage 

between a polar polymer which actively interact with the ions 

or a non-polar polymer which only exert weak interactions. 

Therefore, a quantitative analysis on the ion transport 

properties in PPC as a function of the swelling ratio, and a 

comparison in polar or non-polar ion transporting media are 

highly desired.  

The focus of this study is to: 1) establish a platform to 

systematically vary cross-linking densities of a PPC to control the 

swelling ratio; 2) carry out a quantitative analysis on the ion 

transport and the rheology of the bulk PPC material swollen in 

either ether-based (low polarity) or carbonate-based (high 

polarity) LEs; and 3) examine the influence of the swelling ratio 

on the Li metal deposition underneath the PPC. Therefore, the 

selection of the PPC material in this study specifically prioritizes 

the quantitative analysis to obtain a clear and unambiguous 

comparison between the properties of polar and non-polar PPC 

materials. In this regard, we selected polyacrylonitrile-co-

butadiene (PAN–PBD) with which the degree of self-cross-

linking reaction of the PAN segment is precisely controlled by 

the concentration of lithium trisulfide (Li2S3) which acts as the 

cross-linking agent (Figure 1). Theoretical prediction by using 

Hansen solubility parameters (HSPs) shows the large difference 

in the polarities between PAN (polar) and PBD (non-polar) 

segments results in the selective swelling of the PAN segment 

in carbonate and the PBD segment in ether LEs, respectively. 

Deswelling of the polymer segment with the opposite polarity 

to the LE serves as the mechanical support and enables 

fabrication of the thin self-standing PPC with the thickness of 

only 10 μm. We confirm the decrease of σ value and the 

increase of t+ value with decreasing swelling ratio when either 

the PAN segment  or the PBD segment are the swollen phases. 

Strong coupling between the nitrile group in the polar PAN 

segment and Li+ increases the Ea value in carbonate LE (Figure 1); 

in contrast, such behavior is not observed with the non-polar 

PBD segments swollen in the ether LE. A minimum conductivity 

of 10–4 S cm–1 is required to deposit Li metal without breaking 

the 10 μm-thick PPC layers. In addition, a mechanically weak but 

viscous PPC layer promotes the deposition of spherical rather 

than dendritic lithium metal particles. By comparing the ion 

transport and rheological properties of the bipolar PAN–PBD 

PPC with controlled swelling ratio in ether or carbonate LEs, we 

provide design guidelines for the development of advanced PPC 

materials for Li metal anode.  

Results and Discussion 

Characterization 

Self-cyclization of PAN is an attractive approach to form 

chemical cross-linking between the PAN segments.13,14 

Conventionally, self-cyclization of PAN is initiated at 

temperatures above 200 °C,15–17 and the resulting cross-link 

density only varies in a narrow range (e.g. 1.5–2.5 × 10–4 mol 

cm–3) regardless of  the heating time.14 The difficulty in varying 

the cross-link density of PAN can be attributed to the high 

activation energy (149 kJ mol–1) for the cyclization, and the 

spontaneous propagation of the cyclization after the 

activation.18 Lithium trisulfide (Li2S3 = Li2S + 2S) in dimethyl 

formamide (DMF) solution was known to catalyze the PAN 

cyclization at low temperatures.19,20  

Here we carry out the cross-linking of PAN–PBD in a mixed 

solution of DMF and tetrahydrofuran (THF) with varied 

Figure 1. Cross-linking reaction of PAN–PBD and the swelling in ether or carbonate electrolytes. The cross-link density and the swelling ratio is controlled 

by the concentration of Li2S3 mixed in the polymer. The PAN (polar) and PBD (non-polar) segments selectively swell in carbonate (high polarity) and ether 

(low polarity) electrolytes, respectively. Ion transport takes place at the swollen polymer phase, and the difference in polymer/solvent polarities results 

in distinctive ion transport properties as a function of the swelling ratio. Deswelling of the polymer segment with the opposite polarity to the electrolyte 

enhances the mechanical strength of PAN–PBD thin film. 
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concentration of Li2S3 (Li2S3/AN = 0–1.0 in mol/mol) at 100 °C to 

vary the cross-linking density of PAN segments (Figure 1). After 

the cross-linking, residual DMF and Li2S3 is removed by 

extraction in DME, which has a high solubility for polysulfide 

species (Sx
–) (Figure S1, Electronic Supplementary Information, 

ESI). To carry out a quantitative analysis of the cross-link 

density, the peak at 970 cm–1 (trans C=C–H of PBD) is selected 

as the reference for intensity analysis of the other peaks (Figure 

2). The constant absorbance at 1440 cm–1 (saturated C–H 

bending of PBD), independent of Li2S3/AN ratio, indicates the 

PBD segment is unreacted during the cross-linking reaction and 

justifies the use of 970 cm–1 as the reference peak. Increasing 

absorbance at 1600 cm–1 (C=C/C=N stretching) and decreasing 

absorbance at 2240 cm–1 (C≡N stretching of PAN) suggest that 

the cyclization of C≡N into the conjugate C=C/C=N is catalyzed 

by Li2S3. Appearance of the peaks at 2190 cm–1 (conjugate C≡N) 

and 790 cm–1 (1,2,3-trisubstituted =C–H bending) suggests that 

dehydrogenation of α- and β-hydrogens of PAN takes place and 

forms C=C double bond in the PAN main chain. Red shift of the 

C=C/C=N peak position from 1620 to 1612 cm–1 with increasing 

Li2S3/AN ratio indicates extending length of the C=C/C=N 

conjugation (Figure S2, ESI). X-ray photoelectron spectroscopy 

(XPS) shows increasing intensity of the S 2p peak at 163.3 eV 

with increasing Li2S3/AN ratio, revealing the possible presence 

of both S–S and S–C bonds21 (Figure S3, ESI).  

Based on the above analysis, we propose the following 

reaction scheme: 1) Li2S3 catalyzes the dehydrogenation at PAN 

backbone (possibly releasing H2S gas) and forms conjugated C=C 

with C≡N. 2) Nucleophilic attack of Sx
– on C≡N produces the Sx–

C=N– anion and initiates intramolecular self-cyclization between 

adjacent C≡N groups. The cyclization reaction between the 

conjugate C≡N groups are sterically favored (formation of six-

membered ring), compared to between nonconjugated C≡N 

groups. 3) The cyclization reaction propagates between 

different PAN segments and results in intermolecular cross-

linking. (Figure S4, ESI)  

Polymer swelling  

We study the swelling behavior of PAN–PBD in two prototypical 

battery electrolytes: 1 M lithium bis(fluorosulfonyl)imide (LiFSI) 

in DME as a low-polarity LE, and 1 M lithium hexafluoro 

phosphate (LiPF6) in a mixed solvent of EC and dimethyl 

carbonate (DMC) in 1:1 weight ratio as a high-polarity LE.5,22 

PAN–PBD copolymer is known to undergo a phase segregation 

to form nanodomains of PAN and PBD, respectively.23 DME and 

EC/DMC solvents are expected to be absorbed into the different 

polymer phases. Swelling ratio of the cross-linked PAN–PBD is 

expresses as a volume ratio of the swollen polymer (V) to the 

volume of dry polymer (V0) and plotted as a function of Li2S3/AN 

ratio (Figure 3a, b). The swelling ratio in DME solvent decreases 

with increasing ratio of Li2S3/AN because of the increasing 

number of the intermolecular cross-linking formed between the 

PAN segments. The swelling ratio in pure DMC is lower than the 

value in DME, and the addition of EC in DMC increases the 

swelling ratio. The addition of LiPF6 in DMC/EC mixed solvent 

reduces the swelling ratio of PAN–PBD (Figure 3b). We 

confirmed that the addition of lithium perchlorate (LiClO4) also 

reduces the swelling ratio to the same degree as LiPF6 (Figure 

S5, ESI). In contrast, an addition of LiFSI causes no change in the 

swelling ratio in DME (Figure 3a). FTIR analysis revealed a 

stronger absorbance of C≡N–Li+ dipole–ion pair in 

DMC/EC/LiPF6, compared with DME/LiFSI (Figure S6, ESI). 

To obtain a theoretical basis of the swelling behavior, we 

used HSPs and quantified the degree of interaction between the 

polymers (PAN, PBN) and the solvents (DME, DMC, EC, DMC + 

EC). Relative energy difference (RED) is a useful parameter to 

evaluate the solubility of polymers in solvents,24 which is 

calculated from the difference of HSPs between the polymer 

and the solvent (Appendix A, ESI). Typically, a good solvent 

shows RED < 1 (i.e. the polymer and the solvent have a similar 

polarity), while a poor solvent shows RED > 1. DME shows a low 

RED with PBD (0.95) and a high RED with PAN (1.40), indicating 

preferential solvation of the PBD phase (Figure 3c). DMC shows 

high REDs with both PBD (1.17) and PAN (1.47), which explains 

the low swelling ratio of PAN–PBD in DMC. In contrast, pure EC 

shows a low RED with PAN (0.89) and a significantly higher RED 

with PBD (3.05), suggesting only the PAN phase can swell in EC. 

In a mixed solvent of DMC and EC (1:1 in weight ratio), RED with 

PAN (0.85) shows a similar value as in pure EC. Despite that  the 

RED with PBD (1.61) is lower in the DMC/EC mixed solvent than 

in pure EC, RED > 1 suggests the solvation of PBD phase is still 

unlikely in DMC/EC. Therefore, the higher swelling ratio in the 

1000150020002500

0

0.5

1

1.5

Wavenumber (cm
–1

)

N
o
rm

a
liz

e
d
 a

b
s
o
rb

a
n
c
e
 (

a
.u

.)

Li2S3/AN 
(mol/mol)

 0      
 0.1   1612-20

1440

970
 0.2
 0.5
 0.8
 1.0

790

22002300
0

0.1

0.2
2240

2190

Figure 2. (a) FTIR spectra of PAN–PBD cross-linked under varied Li2S3/AN mole ratio (0–1.0). The inset shows the magnified view of the C≡N stretching peaks. 

The absorbance is normalized to the peak at 970 cm–1 (trans C=C–H of PBD). (b) Changes of the IR absorbance at the selected peaks: 1600 cm–1, C=C/C=N; 

1440 cm–1, CH2 of PBD; 2240 cm–1, C≡N; 2190 cm–1 (the absorbance magnified by 10), conjugate C≡N. The result shows the cyclization of C≡N into a fused 

pyridine-ring structure. The dashed lines represent the least-squares fittings to the experimental results. 

0

0.4

0.8

N
o

rm
a

liz
e

d
 a

b
s
o

rb
a

n
c
e

 (
a

.u
.)

1600 cm
–1

1440 cm
–1

0 0.2 0.4 0.6 0.8 1
0

0.1

0.2

Li2S3/AN (mol/mol)

2240 cm
–1

2190 cm
–1

 [× 10]

(a) (b) 

C
he

m
ic

al
S

ci
en

ce
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
A

pr
il 

20
21

. D
ow

nl
oa

de
d 

on
 4

/1
5/

20
21

 1
0:

43
:5

7 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D0SC06651F

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sc06651f


ARTICLE Journal Name 

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

DMC/EC mixed solvent than pure DMC is explained by the 

reduced RED value with PAN phase. The favorable solvation of 

PAN in DMC/EC also explains that the decrease of the swelling 

ratio by the addition of salts (LiPF6 and LiClO4) is caused by the 

formation of C≡N–Li+ pair, which behaves as a cross-linker. 

Cross-link density (N) of PAN–PBD can be calculated from 

the swelling ratio by using the Flory–Rehner equation:25,26 

N = 
ln(1 – v2) + v2 + χ12v2

V1(v2/2 – v2
1/3)

  (1) 

where V1 is the molar volume of the solvent, v2 is the volume 

fraction of polymer in the swollen state, which equals the 

inverse of the swelling ratio (v2 = V0/V), and χ12 is solvent–

polymer interaction parameter and expressed as (Appendix B, 

ESI):27  

χ12 = 
αV1Ro

2RED2

 4RT
  (2) 

where R is the standard gas constant, T is the temperature, α is 

an empirical constant (α = 0.6 was proposed previously),25,27 Ro 

is a constant related to the solubility of polymers. Note that the 

χ12 is averaged by the volume fraction of PAN and PBD in the 

copolymer (PAN:PBD = 32:68, vol/vol), therefore, the N is also 

an averaged value of the entire copolymer structure. Typically, 

a lower swelling ratio (larger volume fraction of polymer, v2 in 

Equation 1) results in greater values of N, because the polymer 

swelling is less limited by the chemical cross-linking. As a result, 

the calculated N value from the swelling ratio in DMC and 

DMC/EC is greater than the corresponding values in DME at low 

Li2S3/AN ratios (Figure 3d). This result may be due to the 

following reasons: 1) pure DMC is a poor solvent for both PAN 

and PBD and thus results in a low swelling ratio. 2) the DMC/EC 

mixture is a good solvent for the PAN segments only. The 

chemical cross-linking and the strong dipole–dipole 

interaction28 between the nitrile groups make dissociation of 

the PAN segments more difficult and reduce the swelling ratio. 

3) In contrast, the swelling of non-polar PBD segments in DME 

is more facilitated thanks to the lower degree of self-association 

between the PBD segments and thus results in higher swelling 

ratios. 

Ion transport mechanism 

Ionic conductivity. The σ value of cross-linked PAN–PBD 

swollen in DME/LiFSI, and DMC/EC/LiPF6 is expressed as a 

function of the volume fraction of LE (ϕLE) absorbed in the 

polymer host, which is defined as (Figure 4a): 

ϕLE = 1 – 
 V0

V
  (3) 

In both carbonate and ether electrolytes, the change of σ values 

at ϕLE > 0.4 is gradual, then the σ value sharply decreases as ϕLE 

drops to 0.2. A similar change of the σ values with decreasing 
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ϕLE was also observed in different gel polymer electrolytes 

produced from a polymer blend of nitrile-butadiene/styrene-

butadiene rubbers (NBR/SBR),29 PEO,12,30 and poly(methyl 

methacrylate) (PMMA).31 However, no theoretical model has 

been proposed to explain the relation between σ and ϕLE.  

Here we demonstrate the applicability of a percolation model 

for the first time in gel polymer electrolyte swollen in organic 

solvents. Percolation model was initially proposed by Hsu to 

explain an insulator-to-conductor transition of a proton-

conductive membrane (e.g. Nafion) as a function of the water 

content:32  

σ = σ0(ϕLE – ϕ0)n (4) 

where σ0 is a constant depending on the combination of 

polymer and electrolyte, ϕ0 is a percolation threshold below 

which no ion-conductive path can form, n is a universal constant 

reported to range between 1.3 and 2 for a three-dimensional 

percolating system.32–35 The values of σ0 and ϕ0 can be obtained 

from the linear fitting of σ1/n with respect to ϕLE, and the best 

fitting was obtained at n = 2 for PAN–PBD (Figure S7, Appendix 

C, ESI). The fitted parameters are: σ0 = 7.36 × 10–3 S cm–1 (DME), 

2.86 × 10–3 S cm–1 (DMC/EC); and  ϕ0 = 0.178 (DME), 0.201 

(DMC/EC), respectively. The simulated values of σ agree well 

with the experimental results (Figure 4a, solid lines).  

Transference number. The value of t+ of PAN–PBD is 

evaluated by the potentiostatic polarization method36 

(Appendix D, Figure S8, S9, ESI). A low value of t+ (< 0.4) is 

observed at high swelling ratios (ϕLE > 0.4) (Figure 4b), which 

agrees with the low t+ generally observed in both DME37 and 

EC/DMC38 liquid electrolytes. Low mobility of Li+ ions  in the bulk 

LEs is caused by the formation of bulky solvation shell 

surrounding the small Li+ ion with the coordination of four to six 

solvent molecules, in contrast to the smaller solvation shells 

around the anions with the coordination of only one to two 

solvent molecues.39 The t+ value increases with decreasing ϕLE 

and reaches the maximum value of t+ = 0.6, when ϕLE is close to 

the percolation limit (ϕ0 ≈ 0.2) in both ether and carbonate LEs. 

The limited amount of the solvent molecules at low ϕLE values 

may reduce the coordination number around the Li+ ion and 

thus increase the relative mobility of Li+ ion compared to 

distinctly bulkier anions. Previously, the increase of t+ with 

decreasing ϕH2O (volume fraction of water) was only reported in 

an aqueous-based gel polymer electrolyte,40,41  where the 

polymer is positively charged and can completely trap the 

counter anions at the lowest value of ϕH2O = 0.2, to achieve the 

highest value of t+ ≈ 1.41 To the best of our knowledge, this study 

is the first report demonstrating that the t+ value in organic-

based gel polymer electrolyte also increases with decreasing 

ϕLE. 

Diffusion coefficient and activation energy. The cation 

diffusion coefficient (D+) can be calculated from the Nernst–

Einstein relation42 as a function of σ, t+, and ϕLE:  

D+ = 
RTσt+

(z+F)2c0 ϕLE
  (5) 

Figure 4. (a) Ionic conductivity, (b) transference number of Li+ ion, (c) diffusion coefficient of Li+ ion, and (d) activation energy of 

PAN–PBD swollen in DME + LiFSI (1 mol kg–1), and in DMC + EC (1:1) + LiPF6 (1 mol kg–1). The volume fraction of the liquid electrolyte 

(ϕLE) in the swollen polymer is controlled by the cross-link density of PAN–PBD. 
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where F is the Faraday constant, z+ is the charge number of the 

cation (z+ = 1 for Li+), c0 is the bulk concentration of the charge 

carrier (c0 = 1 mol kg–1). At ϕLE > 0.4, the values of D+ of PAN–

PBD are nearly constant at 1 × 10–7 cm2 s–1 in DME, and 3 × 10–8 

cm2 s–1 in DMC/EC, respectively (Figure 4c). The D+ at ϕLE > 0.4 

in DMC/EC agrees with the D+ value reported for hydrogenated 

nitrile-butadiene rubber (HNBR) swollen in propylene 

carbonate (PC) (D+ = 0.9 × 10–8 cm2 s–1, 36% PAN content).13 The 

D+ starts to decrease at ϕLE < 0.4, and when ϕLE is close to the 

percolation limit (ϕ0 ≈ 0.2), the D+ drops to 1 × 10–8 cm2 s–1 in 

DME, and 3 × 10–10 cm2 s–1 in DMC/EC, respectively. The 

significant reduction of D+ in DMC/EC electrolyte (where PAN is 

the ion-conduction phase) can be explained by the increasing 

degree of the C≡N–Li+ interaction at lower ϕLE values. This 

explanation is further supported by the increase of Ea only 

observed when the PAN–PBD is swollen in DMC/EC (Figure 4d, 

the Arrhenius plot in Figure S10, ESI). In contrast, the Ea of the 

PAN–PBD swollen in DME electrolyte (where PBD is the ion-

conduction phase) remains constant even at low ϕLE, indicating 

that Li+ transport is decoupled from the interaction with the 

polymer host.  

Mechanical and rheological properties 

Tensile strain is applied to the dry PAN–PBD to study the 

influence of cross-link density on the mechanical properties 

(Figure 5a). At the lowest cross-link density (Li2S3/AN = 0.1), 

PAN–PBD shows a completely elastic elongation without any 

plastic deformation until fracture. At higher cross-link densities, 

the transition from elastic to plastic deformation appears after 

approximately 3% of the strain is applied (inset of Figure 5a), 

and the yield strength increases with increasing cross-link 

density. Young’s  modulus (E) is calculated from the slope of the 

stress–strain curve at the elastic region and plotted with the 

cross-link density estimated from the swelling ratio in DME 

(Figure 5b). The value of E increases by a factor of 102 when the 

cross-link density is increased from 3 × 10–5 to 1 × 10–3 mol cm–

3, while the elongation at break remains at 200%, showing the 

increasing toughness of the material. Further increase of the 

cross-link density to 1 × 10–2 mol cm–3 increases the E by a factor 

of four, while the elongation at break decreases to 50%, 

transforming into a relatively rigid and brittle material.  

Oscillatory shear strain is applied to PAN–PBD swollen in 

DME/LiClO4 or DMC/EC/LiClO4 to evaluate the rheological 

properties. LiClO4 is used instead of LiFSI or LiPF6 because of the 

better stability under the ambient environment. Linear 

viscoelastic regime is evaluated to be below 1% of the strain 

(Figure S11, ESI). Frequency dependence of storage (G’) and loss 

(G”) modulus, and phase angle (δ = tan–1(G”/G’)) are evaluated 

at a constant strain of 0.1% (under the linear viscoelastic 

regime) (Figure 5c, d). In both DME and DMC/EC electrolytes, 

the higher cross-link density (Li2S3/AN = 0.3) results in larger G’ 

values while the G” shows little difference from the lower cross-

link density (Li2S3/AN = 0.1). When the oscillation frequency is 

reduced from 10 to 0.1 rad s–1, G’ of Li2S3/AN = 0.1 starts to 

decrease, and δ increases from nearly 0° to 20° in DME and to 

10° in  DMC/EC electrolytes, respectively. The increase of δ 

indicates the transition from a purely elastic body to a more 

viscous material.  

Morphology of Li metal 

Figure 5. (a) Stress–strain curve of the dry PAN–PBD. (b) Young’s modulus and elongation at break evaluated from (a), 

plotted with the cross-link density. (c, d) Frequency dependence of storage and loss modulus (G, G”), and phase angle (δ) 

of PAN–PBD swollen in (c) DME + LiClO4, and in (d) DMC + EC (1:1) + LiClO4, evaluated under a constant strain of 0.1%. 
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Previously, both PAN6 and PBD43 were used as PPC5 for Li metal 

anode. PAN was reported to reduce the reactivity of EC with Li  

metal through the dipole–dipole interaction,6 while the PBD 

copolymer was used as the elastic binder for the inorganic 

nanofillers.43 To use the cross-linked PAN–PBD as the PPC, we 

reduced the thickness to 10 μm and placed between the battery 

separator and the copper (Cu) current collector  (Figure S12, 

ESI). The PPC is swollen to the equilibrium in the carbonate LE 

(DMC + EC (1:1) + LiPF6 (1 mol kg–1) + fluoroethylene carbonate, 

FEC (5wt%) as additive) before the cell assembly. The additional 

FEC does not change the swelling behavior of the PPC. During 

the first deposition of Li metal on Cu, the voltage polarization 

increases with the increasing cross-link density of PPC (Figure 

S13, ESI) because of the reduced σ  (Figure 4a). After the Li 

Figure 6. (a) Optical images after the first deposition of Li metal on Cu foil with/without PAN–PBD PPC cross-linked at Li2S3/AN = 0.1–0.6. (b–g) Surface SEM 

images after the first deposition of Li metal on (b, c, f) uncoated Cu, and on (d, e, g) Cu with the PPC (cross-linked at Li2S3/AN = 0.1). (h, i) Li particles adhered 

on the viscous PPC layer, showing the spherical morphology resembling to (e). (j-m) Cross-sectional SEM images of Li metal deposited on (j, k) uncoated Cu, 

and on (l, m) Cu with the PPC layer. (n–q) XPS spectra of Li metal after the first deposition on Cu with/without the PPC (Li2S3/AN = 0.1 or 0.3). Current 

density = 0.1 (a, b–e, n–q), and 0.5 (f–m) mA cm–2. Charge capacity = 1 mAh cm–2 (a–q). Electrolyte = DMC + EC (1:1) + LiPF6 (1 mol kg–1) + FEC (5wt%). 
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deposition (capacity = 1 mAh cm–2), we observed that the Li 

metal breaks the PPC and deposits on the surface when the 

Li2S3/AN ratio is equal to or greater than 0.4, while all the Li 

metal is plated underneath the PPC below the ratio of 0.4 

(Figure 6a, see Figure S14 for the optical images underneath the 

PPC, ESI). The observation agrees with the previous study where 

a thick Nafion PPC (50 μm) with low σ (< 10–5 S cm–1) resulted in 

the non-uniform Li deposition concentrated at the local defects 

in the PPC.7 The conductivity measurement (Figure 4a) indicates 

σ value higher than at least 10–5
 S cm–1 is required to deposit Li 

metal underneath the 10 μm-thick PPCs at the initial deposition, 

and σ > 10–4
 S cm–1 is desired for the long-term cycling stability 

of the PPC (see below).  

On the uncoated Cu (current density = 0.1 mA cm–2), two 

different morphologies of the Li metal are observed: a flat Li 

deposit where the Li is deformed by the compressive pressure 

from the battery separator, and a dendritic shape where the Li 

is less compressed (Figure 6b, c). In contrast, the Li metal 

deposited underneath the PPC uniformly shows the spherical 

morphology with a diameter of 20 μm, and no dendritic Li is 

observed (Figure 6d, e). The spherical Li deposits are also 

observed underneath the PPC with slightly higher cross-link 

density (Li2S3/AN = 0.2, 0.3). However, when the Li breaks the 

PPC and plates on the surface (Li2S3/AN = 0.4), only flat and 

compressed Li deposits (like the morphology on the uncoated 

Cu) is observed (Figure S15, ESI).  

When Li is deposited at higher current density (0.5 mA cm–

2), the Li on the uncoated Cu shows smaller particle size (< 2 

μm), and more pronounced dendritic morphology (Figure 6f, g, 

see Figure S16 for the optical images, and Figure S17 for the 

SEM images at different magnifications, ESI). In contrast, the Li 

deposited underneath the PPC shows the granular morphology 

with the larger particle size (≈ 5 μm) than the Li on the uncoated 

Cu (Figure 6g). Furthermore, the Li particles adhered on the 

least-cross-linked PPC (Li2S3/AN = 0.1) show the large spherical 

morphology (diameter ≈ 15 μm, Figure 6h, i) which resembles 

to the Li deposited underneath the PPC at 0.1 mA cm–2 (Figure 

6d, e). No spherical Li particle is observed on the PPC at Li2S3/AN 

= 0.3. The higher viscosity (δ ≈ 10° at the oscillation frequency 

of 0.1 rad s–1, Figure 5d) of the PPC at Li2S3/AN = 0.1 appears to 

be beneficial for the better adhesion with the Li particles. A 

recent report on the morphological improvement of Li deposits 

in the viscous LE further supports the merit of using the viscous 

PPC.44 Contrary to the common belief that high shear modulus 

is required to suppress the Li dendrite,45,46 the swollen PPC 

(with significantly lower shear modulus of G ~ 10–2 MPa than the 

dry SPE, for example, G(PEO) = 26.2 MPa)45 is proved to be 

useful as the protective coating for Li metal.  

The cross-sectional SEM images of Li metal deposited on the 

uncoated Cu foil (Figure 6j, k) show the porous structure 

composed of Li metal filaments. The thickness of the Li metal is 

17 μm. In contrast, the Li metal deposited under the PPC layer 

(cross-linked at Li2S3/AN = 0.1, Figure 6l, m) is much denser, and 

the thickness is only 7 μm. Note that this thickness is close to 

the value of a fully dense Li metal layer (4.85 μm when 1 mAh 

cm–2 of Li is deposited).5 The denser structure is advantageous 

for reducing the surface area of Li metal contacting with the LE 

and preventing the formation of isolated Li metal.5 

We also observed the morphology of Li metal under the PPC 

layer in the ether LE (DME + 1 mol kg–1 LiFSI) (Figure S23, ESI). 

Because the ether LE forms more stable SEI layer and have 

lower reactivity with Li metal than the carbonate LE,22 no Li 

dendrite is observed even without the PPC layer. Interestingly, 

the application of PPC layer results in the spherical shape of Li 

metal, which resembles the morphology observed in the 

carbonate LE. This result indicate that the spherical morphology 

is likely a result of the viscoelastic property of the PPC layer and 

independent from the choice of the electrolyte. 

The combination of the non-polar polymer film (PBD) with 

the low-polarity electrolyte (DME) shows the advantage of the 

lower Ea value for Li+ ion transport (Figure 4d). In the previous 

studies by Archer and Bao, the PPCs with lower surface energy 

values (i.e. lower polarity) were found to promote the 

nucleation of larger Li deposits.11,47 The low Ea values associated 

Figure 7. Schematic representation of ion transport properties (σ, t+, Ea), and rheology (phase angle, δ) of PPC at low/high cross-link densities, and the Li 

deposition process through the PPC layer. At a low cross-link density, the large swelling ratio increases σ but decreases t+ (i.e. lower relative mobility of 

Li+ ion than the anion). The high viscosity (large δ value) at the low cross-link density results in the spherical morphology of Li deposition. At a high cross-

link density, the low swelling ratio decreases σ but increases t+. The increasing degree of dipole–Li+ ion interaction also increases Ea in a polar polymer 

swollen in a polar LE. The low values of σ and δ promote the tip-driven Li growth through the local defect, eventually leading to the Li plating on top of 

the PPC layer. 
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with the low surface energy of PPCs may have a great impact on 

the size of Li deposits.  

Composition of the SEI layer 

XPS spectra at the F 1s and P 2p region reveals that LiF and 

phosphates (LixPOyFz)48 are invariably present in the SEI layer of 

the Li deposited on both uncoated and PAN–PBD PPC-coated Cu 

(Figure 6n, q). The LiF and phosphates are the decomposition 

products of LiPF6 or FEC in the LE phase. The N 1s and S 2p 

spectra respectively shows the increasing peak intensity of N–Li 

bond,49,50  sulfoxide (S–O), S–S, and possibly S–C bond21 with 

increasing Li2S3/AN ratio (Figure 6o, p). Because the LE contains 

no N or S species, the N and S compounds must be produced 

from the decomposition of the PAN–PBD PPC. The 

concentration of PAN segments in the swollen state is higher at 

higher cross-link densities (i.e. low LE content), and therefore, 

more N–Li bond (likely from Li3N)50 is formed from the reduction 

of C≡N on the Li surface. The S–O bond is probably formed 

from the reaction of EC/DMC solvent with residual polysulfide 

species in the PAN–PBD PPC, and the presence of S–S bond 

indicates the polysulfide species is partially transferred onto the 

Li surface. The XPS analysis points out the importance of tuning 

the cross-link density (the swelling ratio) of the PPC to balance 

the ratio between the SEI products derived from the LE, or from 

the PPC.  

Long-term stability of the PPC layer 

The long-term stability of PAN–PBD PPC is evaluated by the 

repetitive deposition/dissolution of Li metal for 50 cycles 

(Figure S18, ESI). All Li is deposited underneath the PPC at 

Li2S3/AN < 0.3, while a minor amount of Li is deposited on top 

of the PPC surface at Li2S3/AN = 0.3. The low values of ϕLE (≈ 0.3), 

σ (< 10–4 S cm–1), and also the low viscosity (δ < 5°) are likely to 

cause a tip-driven growth of Li filament through the local defect, 

which is commonly observed in more ionically resistive and 

brittle solid state electrolytes.51 Despite the morphological 

improvement of the Li deposits, the average coulombic 

efficiency (CE) from 10 to 50 cycles of the Li metal 

deposition/dissolution with the PAN–PBD PPC shows 

comparable values to the CE on the uncoated Cu (Figure S19, 

ESI). The morphology of Li deposited after the 50 cycles shows 

aggregation of fine Li filaments with the size of less than 1 μm 

(Figure S20, ESI). The morphological change during the long-

term cycling is possibly caused by the build-up of inactive Li 

deposits52, which reduces the effective surface area of Li 

directly in contact with the PPC, and also the effective pressure 

exerted on the Li deposits. Optimization of the current collector 

(e.g. 3D structure),10 and a rigorous control on the cell stack 

pressure could be a promising way to enhance the benefits of 

PPC.  

Conclusions 

In summary, we employed the cross-linked PAN–PBD 

copolymer as a useful platform to quantify and model the ion 

transport and rheological properties in carbonate and ether LEs. 

The bulk properties of the PAN–PBD PPC are correlated with the 

protective functions and the morphology of Li metal 

underneath the PPC layer (Figure 7). Low cross-link density 

results in high ϕLE and σ values (which can be simulated by the 

percolation model), and low Ea values (~ 20 kJ mol–1). The high 

viscosity (δ > 10°) of the PPC leads to better adhesion with the 

Li deposits and improves the Li morphology from the dendritic 

shape to the large spherical particles (15–20 µm). In contrast, 

the high cross-link density results in low ϕLE, σ, and δ values, 

which promote the tip-driven Li growth and the penetration 

through the PPC. Once the electronically conductive path is 

formed inside the PPC, the Li deposition initiates from the PPC 

surface, leading to the failure of the protective function. To 

avoid the failure of PPC over the long cycles, a σ value higher 

than 10–4 S cm–1 is required. On the other hand, we must satisfy 

the requirement for the σ value at the lowest possible ϕLE values 

to effectively block the LE permeation through the PPC layer 

and to increase the t+ value. In this regard, none of the reported 

PPCs meet these requirements. As a general design rule, a non-

polar PPC is more advantageous than a polar PPC because the 

weaker interaction between Li+ and non-polar polymer segment 

allows the ion transport at lower Ea values. The high chemical 

stability of the non-polar alkyl segments with Li metal, addition 

of thermodynamically stable conductive inorganic fillers, and 

the combination with the state-of-the-art ether electrolyte is 

expected to break the present upper limit of the CE of Li metal 

anode.  
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