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A B S T R A C T

Despite extensive studies on nanoporous membranes for regulating lithium-ion (Li⁺) flux in lithium (Li)-metal 
batteries, the pore size design has largely focused on very small (< 5 nm) or extremely large (> 20 nm) di
mensions, overlooking the intermediate pore size range. This gap, particularly between 5 and 15 nm, has limited 
exploration of critical Li⁺ transport phenomena and their impact on improving cell performance. Here, we 
developed robust and free-standing polymeric films with three-dimensional (3D) continuous nanoporous chan
nels, precisely tuned to pore diameters ranging from 5 to 14 nm and immobilized sulfonate groups. Our sys
tematic investigations revealed how pore size and immobilized anionic groups correlated with Li⁺ conductivity 
and battery performance. Notably, sulfonate-functionalized channels promoted Li⁺ conductivity significantly 
within this optimal pore range compared to non-functionalized counterparts. In an ether-based electrolyte with 1 
M lithium bis(fluorosulfonyl)imide (LiFSI), the Li⁺ conductivity peaked at a pore diameter of 10 nm. Further
more, the mobility of Li⁺ was approximately 4.4 times faster than FSI⁻, resulting in reducing interfacial resistance 
and promoting uniform Li deposition. The sulfonated nanoporous membrane in Li|LiFePO₄ full cells with an N/P 
ratio of 2.3 delivered excellent cycling stability over 1000 cycles while retaining approximately 80 % of the 
initial capacity.

1. Introduction

Lithium (Li)-metal batteries have shown great promise in enhancing 
energy density by utilizing metallic Li electrodes [1–3]. However, the 
irregular Li deposition and stripping processes remain major challenges, 
often leading to dendritic Li growth and the accumulation of solid 
electrolyte interphase (SEI) layers containing inactive Li [4–7]. These 
issues persist during charge and discharge cycles, ultimately resulting in 
poor cycling stability and an increased risk of thermal runaway and fire 
[5,8–13]. A critical strategy to address these challenges involves regu
lating Li⁺ flux to achieve uniform Li deposition while minimizing the 
formation of sacrificial SEI components.

Numerous approaches to controlling Li deposition have been guided 
by the Sand’s time equation (Eq. 1) [14]: 

tsand = πD
(zcc0F)2

4(Jt− )2 (1) 

where D is the diffusion coefficient, zc is the charge number of the cation 
(1 for Li+), c0 is the bulk salt concentration, F is the Faraday’s constant, J 
is the current density, and t‒ is the transference number of anions. Under 
strict test conditions defined by specific J and c0, the key parameter 
available to extend the Sand’s time is t‒. Prolonging the Sand’s time 
delays the onset of the dendrite formation, thereby improving the uni
formness of Li deposition.

One strategy has focused on designing membranes with ultra-small 
sub-nanometer pores to selectively enhance Li+ conduction while 
reducing the transport of larger-size anions, which effectively decreases 
t‒ [15–20]. However, these membranes often face limitations, including 
reduced ion throughput and increased resistance. The discrete porous 
channels between porous materials have resulted in inconsistent Li+

pathways. The thick deposition of porous materials has also increased 
overall cell resistance [15–18].

Alternatively, controllable larger sizes and continuous pore channels 
can provide well-defined ion pathways and reduced ion transport 
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resistance. Immobilized anionic functional groups that pair with Li+ ions 
decrease t‒, while increasing the Li+ transference number (tLi+ = 1 ‒ t‒). 
High tLi+ can suppress the anionic concentration polarization during the 
charge/discharge process, causing low internal impedance and high 
discharge voltage [21,22]. Anion immobilization is one method of 
inducing lithium ions to be uniformly distributed and deposited near the 
lithium metal anode, enabling stable lithium stripping. Increasing tLi+ by 
using non-coordinating diluents like 1,2-difluorobenzene and main
taining localized high-concentration solvation structures has been 
shown to enhance interfacial ion transport and suppress dendritic 
lithium growth, thereby improving battery stability and efficiency 
[23–25]. Covalent organic frameworks (COFs) with immobilized ionic 
groups have been introduced to demonstrate this concept [26–29]. 
However, the limited pore sizes of COFs (2 ~ 5 nm) constrain Li+

transport behaviors and limit their optimization for electrochemical cell 
performance within this size range. In comparison, materials with far 
larger pores and continuous pore channels (e.g., polymer or anodized 
aluminum oxide membranes with pores exceeding 20 or 70 nm, 
respectively) have been explored [30–32]. Despite offering low trans
port resistance, these larger pores lack sufficient selectivity for Li+, 
reducing overall Li+ transport efficiency.

A significant knowledge gap remains in materials with intermediate 
pore sizes (e.g., 3 ~ 20 nm), which could offer a better balance between 
ion selectivity and ion transport resistance. Addressing this gap would 
enable a more systematic investigation of Li⁺ transport dynamics under 
confined conditions and facilitate the evaluation of their effects on key 
performance parameters, including ionic conductivity, interfacial sta
bility, and cycling longevity in Li-metal batteries.

To address this gap and unlock new opportunities for enhancing Li- 

metal cell performance, we developed Li+-conducting nanoporous 
polymeric membranes with finely tuned pore sizes ranging from 5 to 14 
nm. The pore size control was achieved using a block polymer-based 
method combined with in situ polymerization-induced microphase sep
aration (PIMS) [33–36]. The densely crosslinked polymer matrix pro
vided robust and mechanically stable membranes, firmly supporting the 
formation of three-dimensional (3D)-continuous nanoporous channels. 
To further enhance selective ion transport, sulfonate groups were 
immobilized onto the pore channel surfaces, facilitating the accommo
dation of mobile Li+. For studying Li+ flux, lithium bis(fluorosulfonyl) 
imide (LiFSI) dissolved in 1,2-diethoxyethane (DEE) electrolyte solution 
was used as the electrolyte solution. Ion conductivity exhibited a linear 
increase in pore diameter, reaching a maximum of 0.86 mS cm-1 at room 
temperature for 10 nm pores. Further, the mobility of Li+ was approx
imately 4.4 times faster than FSI‒ in the sulfonated nanochannels, pro
moting a uniform Li+ flux and even Li deposition. It also minimized the 
formation of extra SEI species arising from the decomposition of FSI‒ 

and DEE. These results led to superior performance in Li|LiFePO4 cells 
over 1000 cycles with the sulfonated nanoporous membranes compared 
to non-sulfonated ones and commercial Celgard membranes.

2. Results and discussion

Fig. 1a depicts a synthetic route to the functional nanoporous poly
mer membranes via PIMS. According to the PIMS protocol previously 
reported elsewhere [1,37,38], a macroporous polyethylene matte is 
entirely wet with a polymerization mixture composed of polylactide 
macro-chain transfer agent (PLA-CTA), styrene (S), and divinylbenzene 
(DVB) as the vinyl monomer and the cross-linker, and 

Fig. 1. SMM fabrication. (a) Schematic depiction for the fabrication process. (b) Photo of MM(10). (c) SEM image of MM(10). The sample was coated with osmium 
prior to imaging. (d) NLDFT pore size distributions of MM obtained by the nitrogen sorption isotherm analysis at 77 K. The adsorption branch was used for the 
analysis. (e) Mode pore size (from d) and SBET values of MMs synthesized in this study. For MM(10) and MM(14), the PLA weight composition was PLA-CTA:PLA-OH 
= 4:6. (f) Photo of SMM(10). (g) SEM image of SMM(10).
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azobisisobutyronitrile (AIBN) as the thermal radical initiator, and then 
sandwiched between two glass plates [33]. PLA-CTA, with an exces
sively large molecular weight, increases the viscosity of the polymeri
zation mixture, making it difficult to synthesize a uniform membrane. 
Thus, hydroxyl-terminated PLA (PLA-OH) is added to increase the pore 
size for synthesizing membranes with pores larger than 10 nm [39]. 
Heating the assembly to 90 ◦C initiates controlled radical copolymeri
zation of S and DVB via the reversible addition-fragmentation chain 
transfer (RAFT) mechanism mediated by the CTA motif at the PLA chain 
end. The increasing incompatibility of PLA to the forming P(S-co-DVB) 
block, growing from the PLA terminus, spontaneously induces micro
phase separation into a disordered bicontinuous morphology of PLA and 
P(S-co-DVB) domains. The polymerization proceeds to nearly complete 
conversion while the bicontinuous morphology arrested by in situ 
cross-linking with DVB persists. Immersing the assembly in the basic 
solution detaches the membrane from glass and also etches PLA to 
produce nanopores supported by the cross-linked polystyrenic frame
work. We typically fabricate membranes of 10 cm × 10 cm × 25 μm 
(thickness, t) dimensions with reliable thickness control (Fig. 1b). A 
representative scanning electron microscopy (SEM) image visualizes the 
characteristic 3D continuous nanopores produced by the PIMS process 
(Fig. 1c).

The crucial feature of the PIMS approach is the straightforward 
control over the pore size as the PLA domain templates the void. By 
varying the number-average molar mass (Mn) of PLA-CTA from 10.5, 
20.5, and 39.8 kg mol-1 (see the Supporting Information, Table S1 and 
Fig. S1-S2 for the synthetic details), nanoporous membranes with mode 
pore size of 5, 6, and 9 nm were successfully produced as estimated by 
nonlocal density functional theory (NLDFT) analysis of the nitrogen 
sorption isotherm data (Figs. 1d and S3). Membranes possessing larger 
pores of 10 and 14 nm were obtained by adding PLA-OH into the 
polymerization mixture to swell the resulting PLA domain [34]. 
Importantly, as we kept the total PLA weight fraction to 40% in the 
polymerization mixture to maintain a large pore volume, the specific 
surface area estimated by Brunauer-Emmett-Teller analysis (SBET) 
decreased with the increasing pore size. Fig. 1e summarizes the mode 
pore size and SBET of the membranes synthesized. SEM and small angle 
X-ray scattering (SAXS) analyses also supported successful pore size 
control while retaining the 3D continuous pore structure, facilitating 
transport without domain alignment (Figs. S4-S5). As the pore size range 
falls into the mesoporous regime, we denote the synthesized mesoporous 

membranes as MM(x), where x represents the mode pore diameter 
(DNLDFT). Table 1 summarizes the characterization details of MMs syn
thesized in this study.

To ensure thermal and mechanical strength, the cross-linking density 
of MMs was regulated by using 60 mol% DVB. This formulation retained 
both pore structure and specific surface area at 100 ◦C, in contrast to the 
pore deformation with 20 mol% DVB in SAXS analysis. This result 
indicated superior resistance of cross-linked MM to collapse under 
Laplace pressure (Fig. S6) [1,40,41]. Following solvent uptake with 
acetonitrile (MeCN) or DEE, the MMs exhibited excellent structural 
stability, as evidenced by consistent scattering features in SAXS patterns 
(Fig. S7). Interestingly, when exposed to a mixture of 1,3-dioxolane/1, 
2-dimethoxyethane (DOL/DME) or ethyl carbonate/diethyl carbonate 
(EC/DEC), the MMs showed SAXS signal broadening and attenuation, 
suggesting significant swelling and deformation of the polystyrenic 
framework, respectively.

In addition to MMs, we developed an anionic sulfonate group- 
immobilized variant, indicated as SMM. The MMs were immersed in 
concentrated sulfuric acid for varying reaction times, with an optimal 
duration of 36 h. Sulfonic acid (-SO3H) groups were immobilized on the 
porous walls via electrophilic aromatic substitution. Following sulfo
nation, the H+ ions from the sulfonic acid groups were exchanged with 
Li+ by treatment with excess lithium acetate solution, a process referred 
to as lithiation (Fig. 1f). The sulfonated and lithiated MMs are denoted as 
SMM(x)H+ and SMM(x)Li+, respectively. In tensile testing, MM(10) (760 
MPa) and SMM(10)Li+ (821 MPa) showed Young’s moduli similar to 
Celgard2500 (808 MPa) (Fig. S8). Lower elongations at break than 
Celgard2500 seem to originate from the densely cross-linked poly
styrenic framework, which is essential to withstand the nanoporous 
structure consisting of <15 nm pores. We note that the modulus and 
elongation can be adjusted by controlling cross-linking density [38].

The density of immobilized sulfonic acid substituents was estimated 
from the elemental sulfur content, representing the theoretical ion ex
change capacity (IECtheo). This estimate was further validated by back- 
titration of the H+ concentration, yielding the calculated IEC (IECcalc) 
(Table 1, see details in Experimental Section in SI). Both IECtheo and 
IECcalc decreased with increasing pore diameters of the polystyrenic 
framework. After lithiation, the concentration of Li+ associated with 
immobilized sulfonate groups ([Li+]SO3-) was quantified. As the pore 
diameter increased, [Li+]SO3- concentrations decreased from 1.6 to 1.0 
mmol g-1 (Table 1), aligning with the observed decreasing IEC values. It 
confirmed the successful ion exchange from H+ to Li+ on the sulfonate 
groups. Notably, the sulfonation and lithiation processes did not alter 
the structural integrity of polystyrenic frameworks or pore structures. 
SEM and SAXS analyses confirmed the preservation of framework 
morphology and pore sizes relative to the parent MMs (Fig. S9-S10). 
Fourier transform infrared (FTIR) spectra verified the chemical stability 
after these treatments (Fig. S11). The solvent-dependent stability of 
SMMs also followed a similar pattern to that of MMs, as evidenced by 
SAXS analysis (Fig. S12).

To assess the ionic conductivity (σ) of MMs and SMMLi+s (t = 25 μm) 
as nanoporous membranes, a 1 M LiFSI in DEE (60 μL, σ = 9.88 mS cm-1 

at 25 ◦C) was injected and allowed to incubate for 12 h before all 
electrochemical tests. The transport of Li+ and FSI− ions through the 
porous 3D channels was influenced by the pore size and the concen
tration of the sulfonate groups, which governed the σ value. We 
observed different trends in σ for MMs and SMMLi+s relative to pore size. 
MMs exhibited a linear increase in σ with increasing pore diameters in 5 
– 14 nm (Figs. 2a and S13, and Tables 1 and S2). The maximum σ of MM 
(14), 0.69 mS cm-1, was more than 5.5 times higher than the one of MM 
(5). This result demonstrates the significant resistance introduced by 
smaller pore diameters. Interestingly, the σ of MM(14) was higher than 
that of the commercial membrane, Celgard2500 (0.58 mS cm-1 with 
55% porosity, Fig. S13a), which features pores in the hundreds of 
nanometers but the same thickness. It suggests that a pore diameter of 
14 nm facilitates ion transport more than the large pores in 

Table 1 
Characteristics of MMs and SMMs.

Mode pore diameter (nm)

5 6 9 10 14

MM DNLDFT 

(nm)a
4.8 6.1 9.1 10.1 13.6

V (cm3 g-1)b 0.360 0.406 0.486 0.561 0.580
SBET (m2 g- 

1)c
247 221 216 193 188

σ (mS cm-1)d 0.12 0.17 0.35 0.48 0.69
SMMH+

e IECtheo 

(mmol g-1)f
1.968 1.943 1.949 1.920 1.840

IECcalc 

(mmol g-1)g
1.347 1.162 1.190 1.025 0.958

SMMLi+
e [Li+]SO3

-  

(mmol g-1)h
1.590 
(0.009)

1.542 
(0.015)

1.464 
(0.018)

1.374 
(0.028)

1.004 
(0.042)

σ (mS cm-1)d 0.15 0.43 0.64 0.84 0.77

a Estimated from the adsorption branch; b Pore volume calculated from the 
point P/P0 = 0.95; c Measured by multipoint BET analysis at P/P0 = 0.2 – 0.35; 
d Measured by electrochemical impedance spectroscopy (EIS) at 25 ◦C; e Sul
fonation for 36 h; f Estimated from the elemental analysis of sulfur content; g 
Measured by back-titration using NaOH; h Average Li+ concentrations from 
SMMLi+, measured by inductively coupled plasma-optical emission spectroscopy 
(ICP-OES) after extraction of Li+ into an acidic solution. The parenthesis in
dicates the standard deviations derived from three independent measurements.
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Celgard2500.
We synthesized SMM(10)s by varying the weight fraction of PLA 

(wPLA) as the sacrificial block to investigate the porosity effect. Based on 
the nitrogen sorption isotherm analysis (Fig. S14), the pore volume of 
the synthesized MM(10)s increased from 0.25 to 0.50 cm3 g-1 with the 
increasing wPLA from 0.2 to 0.4 (Table S3). Preparing a polymerization 
mixture with wPLA higher than 0.4 was challenging because of the high 
viscosity. In the SMM(10)Li+ state, we observed an increase in the ionic 
conductivity with the increasing porosity, presumably because of the 
larger uptake of the liquid electrolyte solution in the pore and the higher 
number of SO3Li groups on the pore surface. We also optimized the SMM 
(10)Li+ thickness to maximize the ionic conductivity. By reducing t from 
145 to 25 μm, the ionic conductivity increased from 0.66 to 0.85 mS cm- 

1, consistent with the decrease in resistance (Table S4). We note that 25 
μm is comparable to the thickness of conventional polymer separators 
such as Celgard2500 (25 μm thick).

Under similar conditions, SMMLi+ showed a volcano-shaped con
ductivity trend (Fig. 2a). The σ sharply increased with pore size, peaking 
at 0.84 mS cm-1 for SMM(10)Li+, which surpassed the performance of 
MM(14). Beyond a pore size of 10 nm, σ declined to 0.72 mS cm-1 for 
SMM(14)Li+. It is likely due to a substantial reduction in [Li+]SO3- con
centrations compared to the more gentle decrease in smaller pore sizes. 
Notably, despite SMM(5)Li+ having the highest [Li+]SO3- concentration, 
its lowest σ explained significant ion-transport resistance caused by the 
excessively narrow pore size. Therefore, the superior σ for SMM(10)Li+
arises from an optimal balance between pore size and sulfonate group 
concentration.

The influence of [Li+]SO3- concentration was further investigated at a 
constant pore size. Sulfonation reaction times were adjusted from 12 to 
36 h, resulting in [Li+]SO3- concentrations ranging from 1.19 to 1.37 

mmol g-1 in SMM(10)Li+ (Fig. 2b and Table 2). After 36 h of reaction, the 
[Li+]SO3- concentration reached saturation, enabling SMM(10)Li+ to 
accommodate approximately 40 mol% of Li+ from a 1 M LiFSI solution 
and yielding a total Li+ concentration of 1.4 M (Fig. 2 and Fig. S15). 
Correspondingly, σ increased from 0.62 to 0.86 mS cm-1, respectively, 
demonstrating that increasing [Li+]SO3- concentrations enhances σ.

Furthermore, the Li+ transference number (tLi+) provides insight into 
the advantage of immobilized sulfonate groups regarding Li+ mobility. 
In contrast to MM(10) and the Celgard2500, which exhibit tLi+ values of 
0.49 and 0.42, respectively (Fig. S16), the tLi+ values for SMM(10)Li+
increased from 0.62 to 0.86 with prolonged sulfonation times (Fig. 2b
and Table 2). This trend reveals that Li+ mobility is approximately 4.4 
times faster than that of FSI‒ for SMM(10)Li+ after 36 h of sulfonation, in 
contrast to their similar velocities in MM(10), as described by Eq. (2) 
[42]: 

Fig. 2. Electrochemical characterizations of MM and SMM membranes (t = 25 μm) with 1 M LiFSI/DEE electrolyte solution. All tests were examined at room 
temperature except (c). (a) Ionic conductivity (σ) of MM and SMMLi+ as a function of pore size (DNLDFT) and corresponding the concentration of [Li+]SO3-. (b) 
Correlation between sulfonation time of SMM(10)Li+ and electrochemical parameters. (c) Arrhenius plots of MM(10) and SMM(10)Li+ with different sulfonation 
durations. (d) Proposed schematic illustration of Li+ transport behavior in SMM(10)Li+. FSI‒ and DEE are omitted for clarity.

Table 2 
Sulfonation-time dependency of electrochemical characteristics of SMM(10)Li+. 
[Li+]SO3-, tLi+, σ, σLi+, Ea indicate the concentration of Li+ pairing with immo
bilized sulfonate groups, Li+ transference number, ionic conductivity, Li+ con
ductivity, and activation energy. The (sat) indicates the saturated concentration.

Sulfonation time of SMM(10)Li+ 12 h 24 h 36 h

[Li+]SO3- (mmol g-1) 1.186 1.246 1.368 (sat)

tLi+ 0.62 0.71 0.86
σ (mS cm-1) 0.52 0.63 0.83
σLi+ (mS cm-1) 0.32 0.45 0.72
Ea (eV) 0.13 0.12 0.06
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tLi+ =
F
(
c0, +ν+|z+|

)

F
[(

c0, +ν+|z+|
)
+(c0, − ν− |z− |

] (2) 

where F is Faraday’s constant, c0 is the bulk ion concentration (with 0.4 
M [Li+]SO3- added to 1 M Li+ for SMM(10)Li+), ν is the ion mobility, and 
z is the charge number of the cation (1 for Li+). The subscripts + and ‒ 
indicate Li+ and FSI‒ ions, respectively. The presence of immobilized 
sulfonate groups on the porous walls pronouncedly enhances Li+

mobility, boosting ion conductivity and promoting uniform Li+ flux. As a 
result, the estimated Li+ conductivity (σLi+), calculated by multiplying σ 
and tLi+, reached 0.72 mS cm-1 for SMM(10)Li+ (Table 2). It was more 
than 3 times higher than that of MM(10) and Celgard2500, both of 
which had σLi+ values of approximately 0.24 mS cm-1. The contribution 
of mobile Li+ paired with sulfonate groups was also validated by 
comparing non-lithiated SMM(10)H+ with the constant tLi+ of 0.49 
regardless of sulfonation durations (Fig. S17 and Table S5). It was due to 
the immobile H+ ions in the sulfonic acid groups, resulting in non-ion- 
selective transport.

Arrhenius plots in Fig. 2c revealed the activation energy (Ea) barrier 
for ion transport in both MM(10) and SMM(10)Li+. The estimated Ea 
values were 0.16, 0.13, 0.12, and 0.06 eV for MM(10) and SMM(10)Li+
subjected to 12, 24, and 36 h of sulfonation, measured within the tem
perature range of 25 ̶ 80 ◦C. In MM(10), ion transport predominantly 
follows a vehicle-like mechanism through the pores [36], characteristic 
of electrolyte dynamics in the liquid solution. In contrast, Li+ transport 
in SMM(10)Li+ appears more complex, involving a combination of 
vehicle-like transport and hopping through sulfonate sites on the pore 
surface. Nonetheless, the decrease in Ea with increasing [Li+]SO3- con
centration underpins the importance of surface-mediated Li+ transport, 
which significantly enhances Li+ mobility (Fig. 2d). Conversely, the 
anionic sulfonate groups impede FSI− mobility due to electrostatic 
repulsive interactions, reducing its contribution to the overall ion 
conductivity.

Utilizing SMM(10)Li+ and MM(10) as the nanoporous membranes in 
Li|Li symmetric cells, interfacial resistances (Rinterfacial) were measured 
at 25 ◦C (Fig. 3a). EIS measurements were conducted at open circuit 
voltage (OCV) after injecting 60 μL of 1 M LiFSI in DEE solution and 
resting for 12 h. A stable interface between Li and the membrane was 
observed with SMM(10)Li+. The Rinterfacial of SMM(10)Li+ decreased with 
increasing sulfonation times (Fig. S18). SMM(10)Li+ with 36 h of sul
fonation exhibited an Rinterfacial of 60.2 Ω•cm-2, approximately half that 
of MM(10) (140.8 Ω•cm-2) and significantly lower than Celgard2500 
(102.1 Ω•cm-2) (Table 3). The higher Rinterfacial for MM(10) compared to 
Celgard2500 suggests the presence of pronounced membrane resistance 
in the absence of [Li+]SO3-.

Fig. 3b shows galvanostatic profiles of the Li symmetric cells during 
the Li plating and stripping processes. SMM(10)Li+ exhibited a lower 
initial Li nucleation potential of approximately 40 mV compared to MM 
(10) and Celgard2500, which required 70 and 140 mV, respectively, at a 
current density of 1 mA cm-2 and a capacity of 1 mAh cm-2 (Fig. 3c). This 
voltage hysteresis trend was consistent with the Tafel plots (Fig. S19). 
The exchange current density (j0) was 6.5 × 10− 4 mA cm− 2 for SMM 
(10)Li+ and 2.7 × 10− 4 mA cm− 2 for MM(10), confirming the faster 
charge-transfer rate with SMM(10)Li+.

In continuous galvanostatic cycling, MM(10) showed an increased 
voltage hysteresis of approximately 100 mV for 500 h, ultimately 
leading to cell failure within 700 h (Fig. 3d-e). This performance was 
superior to Celgard2500, which showed a voltage hysteresis increase to 
a maximum of 203 mV over 200 h, causing cell failure within 500 h. 
Despite their similar σ (0.5~0.6 mS cm-1) and tLi+ (<0.5), the improved 
cyclability with MM(10) is presumably due to more uniform Li+ flux 
through its nanoporous channels [43]. SEM images of Li surfaces with 
these membranes corroborated this hypothesis, showing a more uniform 
surface with MM(10) (Fig. 3 and Fig. S20). In comparison, SMM(10)Li+
substantially outperformed both MM(10) and Celgard2500. Stable 

voltage hysteresis of approximately 20 mV was maintained for up to 
2000 h (Fig. 3d-e). The average Coulombic efficiencies (CEs) during 200 
cycles were 98.91% for SMM(10)Li+, higher than 98.53% for MM(10) 
and 80.35% (by 100 cycles) for Celgard2500 (Fig. 3f and Fig. S21), in 
line with their respective cyclability results. This excellent cyclability 
with SMM(10)Li+ is attributed to its notably high σ and low Rinterfacial. In 
addition, predominant and fast Li+ transport through the sulfonate 
groups ensures a more uniform and consistent Li+ flux. SEM images of 
the Li surface in Fig. 3i revealed the granular shape and even Li surface 
morphology after 20 cycles with SMM(10)Li+. Further, rate capability 
was examined at increasing current densities from 2 to 20 mA cm-2 while 
maintaining a capacity of 2 mAh cm-2 (Fig. S22). Compared to the use of 
a Celgard2500, the Li symmetric cell assembled with SMM(10)Li+
exhibited significantly lower voltage hysteresis, particularly at higher 
current densities. At 2 mA cm-2, the voltage hysteresis values were 51.6 
mV and 42.2 mV for Celgard2500 and SMM(10)Li+, respectively. This 
gap widened at 10 mA cm-2, with hysteresis increasing to 191.4 mV for 
Celgard2500, while remaining at only 77.6 mV for SMM(10)Li+. 
Notably, the SMM(10)Li+ cell maintained stable operation even at a high 
current density of 20 mA cm-2, whereas the Celgard2500 cell failed 
beyond 12 mA cm-2. In addition, the SMM(10)Li+ cell was cycled over 
110 h at a current density of 5 mA cm-2 and a capacity of 5 mAh cm-2 

with reasonably low voltage hysteresis of 28.5 mV (Fig. S23). In 
contrast, the Celgard2500 and MM(10) cells failed within 30 h and 70 h, 
respectively.

X-ray photoelectron spectroscopy (XPS) analysis revealed chemical 
composites of the SEI layer after 20 cycles at 1 mA cm-2 and 1 mAh cm-2 

condition. With MM(10), F, S, and N species (15.5 % in total) and carbon 
(23 %) were predominant on the delaminated SEI layers (Fig. 3h). In the 
F 1s, N 1s, and S 2p binding energy (BE) regions, the presence of LiF, 
Li3N, LiNxOy, Li2S, and SO3

‒/SOx species was attributed to the decom
position of FSI‒ (Fig. 3k and Fig. S24). Also, intense C‒O signals in the C 
1s and O 1s BE regions originated from the decomposition of the DEE 
solvent. After Ar+ etching for 360 s, the carbon contents decreased 
considerably to 2.8%, indicating that an organic layer covered the un
derlying inorganic species. This laminated SEI formation hindered uni
form Li+ flux on the Li electrodes, leading to irregular Li deposition and 
thicker SEI layers. It caused increased voltage hysteresis and rapid cell 
failure. In sharp contrast, when SMM(10)Li+ was used, the Li electrode 
surface primarily consisted of Li and O, forming Li2O and Li2CO3. The 
atomic % of F, S, and N species was minimal (<2.5% combined), and the 
carbon content was also low (12.7%, reduced to 1.8% after Ar+ etching) 
(Fig. 3j-l and Fig. S24). The negligible presence of FSI‒ fragments was 
supported by low FSI‒ transport (Fig. 3l). This result unveiled a domi
nant and uniform Li+ flux on the Li electrode with minimal interference 
from FSI‒ and DEE solvents, contributing to prolonged cyclability with 
stable and low-voltage hysteresis.

For full cell tests, Li|LiFePO4 cells with an N/P ratio of 9 were 
employed. The stable rate capability was evaluated from 0.1 to 2 C with 
SMM(10)Li+ and MM(10) (Fig. 4a). A capacity gap emerged at the high 2 
C rate, delivering 126 mAh g-1 for SMM(10)Li+ compared to 103 mAh g-1 

for MM(10) and Celgard2500 (Fig. 4b and Fig. S25). The superior rate 
capability of SMM(10)Li+ was attributed to faster Li+ mobility and a 
continuous Li+ supply by immobilized sulfonate groups. For long-term 
cycling (500 cycles), SMM(10)Li+ retained 99.90 % of its capacity 
(Fig. 4c), superior to MM(10) (98.0 %) and Celgard2500 (76.0 %) 
(Fig. 4d). Capacity decay was observed for MM(10) and Celgard2500 
after 800 and 500 cycles, respectively (Fig. S26). In contrast, SMM 
(10)Li+ maintained a capacity retention of 93.8 % at 1 C over 1000 cy
cles. Cross-sectional SEM and SAXS analyses of SMM(10)Li+ after 1000 
cycles clearly showed that the characteristic nanoporous structure was 
well preserved, indicating high stability of the membrane during the cell 
operation condition (Figs. S27 and S28).

When the N/P ratio was reduced to 2.3, the cyclability gap between 
SMM(10)Li+ and MM(10) became more pronounced. Despite their 
similar initial capacities of around 3.27 mAh cm-2, corresponding to 
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Fig. 3. Li|Li symmetric cell tests with 1 M LiFSI/DEE electrolyte solution at 25 ◦C and analyses. (a) Nyquist plots measured at an amplitude of 10 mV and a frequency 
range of 1 MHz to 0.1 Hz. (b‒e) Galvanostatic cyclability at 1 mA cm-2 and 1 mAh cm-2. Voltage profiles were zoomed in (c) at the initial cycle, (d) after 600 h, and 
(e) after 1900 h. (f) Coulombic efficiency (CE) of Li|Cu cells at 1 mA cm-2, 1 mAh cm-2, and 25 ◦C. (g–l) Post-mortem analysis of Li electrode surface with (g, h, k) MM 
(10) and (i, j, l) SMM(10)Li+ after 20 cycles at 1 mA cm-2 and 1 mAh cm-2. (g, i) SEM images of Li surface. (h, j) Atomic percent ratio before and after Ar+ etching for 
360 s. (k–l) XPS spectra at C 1s , O 1s , S 2p, and F 1s binding energy (BE) regions before (black) and after Ar+ etching (blue).
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91.6 % of the theoretical capacity (3.57 mAh cm-2) at 0.2 C and 0.3 C 
charging/discharging rates, MM(10) underperformed after 80 cycles 
(Fig. 4e and Fig. S29). In contrast, SMM(10)Li+ sustained 1000 cycles 
with a capacity retention of 80.2 % and an average CE of 99.999 %. Rate 

capability tests from 0.2 to 5 C demonstrated that the discharging ca
pacity gap increased with higher current rates. At 5 C, the measured 
discharge capacity was 0.976 mAh cm-2 for SMM(10)Li+, which was 
superior to Celgard2500 at 0.079 mAh cm-2 and MM(10) at 0.786 mAh 
cm-2 (Fig. S30). At 0.33 C/1 C (charging/discharging) rate, the Li|LFP 
full cell with SMM(10)Li+ performed stably over 100 cycles with an 
average CE of 99.911 % (Figure S31). In contrast, the Celgard2500 
displayed significant overcharge from the 15th cycle (average CE by 14 
cycles: 92.87 %), and the MM(10) exhibited similar overcharge behavior 
from the 39th cycle (CE by 38 cycles: 97.26 %). It underpinned the 
crucial role of fast and predominant Li+ transport through sulfonated 
and 10 nm diameter 3D nanochannels.

Finally, full cells of Li|Ni0.8Co0.1Mn0.1O2 (NCM811) using SMM 
(10)Li+ also demonstrated excellent performance. At a 1 C rate for the 
charging and discharging processes, the presence of SMM(10)Li+ resul
ted in stable 200 cycles with a CE of 99.750 %, whereas the inclusion of 
Celgard2500 led to cell failure after 40 cycles due to an overcharging 
issue (Fig. 5). This result demonstrated the feasibility of SMM(10)Li+ for 
high-voltage cathodes.

3. Conclusion

In summary, we systematically explored the influence of nanoporous 
channels with diameters ranging from 5 to 14 nm in polymeric 

Table 3 
Comparative SMM(10)Li+, MM(10), and Celgard2500 in electrochemical tests.

Membranes Celgard2500 MM 
(10)

SMM 
(10)Li+

a

Li|Li cells Rinterfacial (Ω•cm-2)b 102.1 140.8 60.2
Voltage hysteresisc 

(First cycle, mV)
~140 ~70 ~40

Cyclability (h)c ~500 ~700 ~2000

Li|Cu cells CE (%)d 97.71 98.16 98.63

Li|FePO4 

cells
Cyclability 
(times, N/P ~9)e

500g 815g 1310g

Capacity retention 
(% by 500 cycles, N/P 
~9)e

76.0 98.0 99.9

Cyclability 
(times, N/P ~2.3)f

NA 80h 1000g

a 36 h sulfonation; b OCV at 25 ◦C; c 1 mA cm-2 and 1 mAh cm-2; d 0.5 mA cm-2 

and 1 mAh cm-2 for 100 cycles; e 1 C at 25 ◦C; f 0.2 C/0.3 C for charging/dis
charging at 25 ◦C; g cyclability by ~80 % capacity retention; h cell failure due to 
overcharging.

Fig. 4. Electrochemical performance of Li|LiFePO4 coin cells with 1 M LiFSI/DEE electrolyte solution. N/P ratio was (a-d) 9 and (e) 2.3. (a) Voltage profiles with 
SMM(10)Li+ at different current rates. (b) Comparative rate capability with SMM(10)Li+ and MM(10). (c) Cycled voltage profiles with SMM(10)Li+ at 1 C. (d) 
Cyclability with SMM(10)Li+, MM(10), and Celgard2500 at charging and discharging rates of 1 C. (e) Cyclability tests at a charging rate of 0.2 C and a discharge 
rating of 0.33 C. Qdis and CE indicates discharge capacity and Coulombic Efficiency, respectively.
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membranes for Li-metal batteries. By employing a block copolymer- 
based PIMS methodology, we fabricated 25 μm-thick and free- 
standing membranes featuring continuous, percolating nanopores with 
precisely controlled diameters. By introducing sulfonate functional 
groups along the channel walls, systematic studies correlating pore size, 
Li⁺ conductivity, and cell performance rendered insights into Li⁺ trans
port within nanoporous channels. Notably, the optimal ionic conduc
tivity was achieved at a 10 nm pore diameter, attributed to enhanced Li⁺ 
concentration and faster Li+ mobility facilitated by the immobilized 
sulfonate groups. These membranes demonstrated excellent cycling 
stability through uniform Li deposition on the Li electrode while mini
mizing SEI formation in Li|Li cells. In Li|LiFePO₄ full cells with an N/P 
ratio of 2.3, they delivered over 1000 cycles with around 80 % capacity 
retention. This study highlights the critical role of ~10 nm nano
channels in sulfonate-functionalized polymeric membranes, providing 
an optimized confined environment for efficient Li+ transport and 
improved Li-metal cell performance.
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