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Investigating the effect of heterogeneities 
across the electrode|multiphase polymer 
electrolyte interfaces in high-potential 
lithium batteries
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Yonghua Du    2, Hui Xiong    4, Ling Li    6, Louis A. Madsen    1,3 & Feng Lin    1,3,7 

Polymer electrolytes hold great promise for safe and high-energy 
batteries comprising solid or semi-solid electrolytes. Multiphase polymer 
electrolytes, consisting of mobile and rigid phases, exhibit fast ion 
conduction and desired mechanical properties. However, fundamental 
challenges exist in understanding and regulating interactions at the 
electrode|electrolyte interface, especially when using high-potential layered 
oxide active materials at the positive electrode. Here we demonstrate that 
depletion of the mobile conductive phase at the interface contributes to 
battery performance degradation. Molecular ionic composite electrolytes, 
composed of a rigid-rod ionic polymer with nanometric mobile cations 
and anions, serve as a multiphase platform to investigate the evolution 
of ion conductive domains at the interface. Chemical and structural 
characterizations enable the visualization of concentration heterogeneity 
and spatially resolve the interfacial chemical states over a statistically 
significant field of view for buried interfaces. We report that concentration 
and chemical heterogeneities prevail at electrode|electrolyte interfaces, 
leading to phase separation in polymer electrolytes. Understanding the 
hidden roles of interfacial chemomechanics in polymer electrolytes enables 
us to design an interphase tailoring strategy based on electrolyte additives 
to mitigate the interfacial heterogeneity and improve battery performance.

Solid-state batteries (SSBs) employing polymer electrolytes (PEs) can 
incorporate a lithium metal negative electrode, enabling a higher theo-
retical energy density compared with state-of-the-art graphite||lithium 
metal oxide Li-ion batteries using non-aqueous liquid electrolyte 
solutions1–5. PEs have received broad attention owing to their proces-
sibility, malleability and intimate conformability with the battery’s 
electrodes6. Nevertheless, the wide application of PE-based SSBs is 
hampered by various interfacial issues, such as resistive surface layer 

formation, Li dendrite growth, formation of dead lithium (that is, metal-
lic Li electrodepositions that are electrochemically inactive) and para-
sitic side reaction at electrode|electrolyte interfaces7,8 (Fig. 1a). Unlike 
homogeneous PEs9 (that is, ion transport is governed by segmental 
dynamics of the polymer host, such as in poly(ethylene oxide)), where 
ionic conductivity is reciprocally coupled to stiffness, multiphase PEs 
(that is, a combination of mobile phase for ion transport and rigid phase 
for mechanical support) can relax the coupling between these two 

Received: 23 November 2023

Accepted: 10 February 2025

Published online: xx xx xxxx

 Check for updates

A full list of affiliations appears at the end of the paper.  e-mail: fenglin@vt.edu

http://www.nature.com/naturenanotechnology
https://doi.org/10.1038/s41565-025-01885-5
http://orcid.org/0000-0003-4572-6895
http://orcid.org/0000-0002-1626-5949
http://orcid.org/0000-0003-3250-728X
http://orcid.org/0000-0002-6459-1239
http://orcid.org/0000-0002-8863-0044
http://orcid.org/0000-0003-2655-045X
http://orcid.org/0000-0003-3126-1476
http://orcid.org/0000-0002-6741-9741
http://orcid.org/0000-0003-4588-5183
http://orcid.org/0000-0002-3729-3148
http://crossmark.crossref.org/dialog/?doi=10.1038/s41565-025-01885-5&domain=pdf
mailto:fenglin@vt.edu


Nature Nanotechnology

Article https://doi.org/10.1038/s41565-025-01885-5

at SSB interfaces is chemical heterogeneity, which influences the evo-
lution of interphases formed by interfacial side reactions. Hence, it 
is of utmost importance to track the evolution of concentration and 
chemical heterogeneities in PEs and directly visualize and analyse such 
heterogeneities in electrode|electrolyte interfaces of SSBs. Despite 
the importance of investigating concentration and chemical hetero-
geneities at the interfaces, there are a limited number of analytical 
techniques to probe the buried interfaces (that is, physically merged 
solid|solid interfaces between PE and electrodes) with chemical and 
spatial specificity in practical Li metal cell configuration16,28–36.

Molecular ionic composite (MIC) electrolytes, which we use as a 
model electrolyte system (Fig. 1b), are a class of PEs showing robust 
mechanical properties (for example, stiffness >1 GPa modulus), 
high ionic conductivity (ranges from 1 mS cm−1 to 6 mS cm−1 at 30 °C) 
and wide electrochemical stability window (for example, 5.6 V ver-
sus Li|Li+ at 25 °C)37–42. The high modulus (tensile moduli in the GPa 
range and shear moduli in the MPa range) of MICs stems from the 
self-assembly of charged rigid-rod (and double helical) ionic polymer 
(poly-2,2′-disulfonyl-4,4′-benzidine terephthalamide (PBDT)) with 

parameters10. Multiphase PE systems can potentially achieve fast ion 
conduction via the mobile phase (for example, ionic liquids (ILs)) and 
desired mechanical properties by another rigid phase (for example, 
cross-linked polymer chains)11,12. However, the understanding of the 
interplay between chemistry and mechanics that drives any local phase 
transitions of PEs near the electrode|electrolyte interface is limited13–17. 
Unravelling the origin of interfacial chemomechanics and identifying 
the impact on the phase evolution of PEs could help develop the next 
generation of SSBs18–22.

Investigating the concentration heterogeneity at the electrode|PE 
interface, that is, concentration polarization, could help understand 
intricate dynamics in SSBs affecting Li-ion flux and phase transitions of 
PEs. The local concentration heterogeneity can modulate the transport 
and mechanical properties of PEs, which can substantially impact the 
overall performance and stability of SSBs16,23–25. The local concentra-
tion polarization induces inhomogeneous current densities at the 
electrode|electrolyte interfaces, giving rise to localized hot spots 
for forming dendritic and dead lithium at the Li metal electrode|PE 
interface26–28. Another critical factor determining important aspects 
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Fig. 1 | Graphic representation of interfaces and interphases in an Li metal 
pouch cell with an MIC electrolyte. a, Schematic representation of PE-based 
Li metal batteries and electrode|electrolyte mechanism involved therein. The 
interfacial side reaction at each electrode|electrolyte interface, dead lithium 
(electrochemically inactive Li metal deposits) and lithium dendrite from the 
negative electrode|electrolyte interface accelerates the interfacial degradation 
of the PE. LiNi0.8Mn0.1Co0.1O2 is the active material of the positive electrode,  
and carbon is used as a conductive agent. b, Schematic representation of the  
two-phase system in the MIC electrolyte. The bundles of poly-2,2′-disulfonyl- 
4,4′-benzidine terephthalamide (PBDT) double helix rods (blue lines) at a  

rod–rod distance of ~2 nm are held together with collective electrostatic  
(ion–ion) interactions (pink regions). The pink regions (PBDT-rich bundle 
phase) represent associated ions from IL and lithium salt (Pyr14

+, TFSI− and Li+) 
that are conjoined with bundles of PBDT double helix rods. The turquoise green 
regions (IL-rich liquid phase) represent free ions (Pyr14

+, TFSI−, and Li+) similar 
to freely moving neat IL without PBDT rods. The two-phase system includes a 
co-continuous PBDT-rich phase (pink regions) and a liquid-like phase (turquoise 
green regions). The densely connected high-aspect ratio of PBDT rods with 
homogeneously distributed liquid-like phases is presented in MIC.
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smaller cations and anions (coming from a fluorinated Li salt or an 
imide-based IL) to form an electrostatic network43,44. These associative 
interactions form a two-phase system in MIC electrolyte at specific 
weight percentages of PBDT polymer: PBDT-rich phase and IL-rich 
liquid phase (Fig. 1b). Moreover, improved safety features of MIC are 
endowed by the low-flammability characteristics of the IL, Li salt and 
aromatic polyamide PBDT45,46. Indeed, MICs are already reported in the 
literature as tailorable building block materials for the preparation of 
solid-state electrolytes37,47.

Herein, via X-ray fluorescence (XRF) microscopy and X-ray absorp-
tion spectroscopy (XAS) with high spatial resolution measurements 
and analyses, we elucidate concentration and chemical heterogenei-
ties, their evolution across the electrode|electrolyte interfaces, and 
how they underpin and drive interfacial phase separation of PEs in 
high-potential Li metal cell configuration (Extended Data Fig. 1). We 
demonstrate that the conventional ‘deformability’ of PEs may not be 
sufficient to maintain intimate contact in electrode|PE interfaces in 
SSBs, especially when PEs undergo phase separation during electro-
chemical cycling. Furthermore, based on the knowledge acquired, we 
develop an interphase tailoring strategy using functional additives to 
passivate interfaces, aiming to suppress concentration and chemical 
heterogeneities to improve the battery performance.

Electrochemical characterizations of MIC 
electrolytes in Li metal cells
MICs represent a class of electrolyte materials comprising electrostatic 
interactions between the charged rigid-rod PBDT polymer and small 
mobile ions from ILs and lithium salts. These collective associative 
interactions give rise to an ionic conductive nanofibrillar ‘bundle’ 
phase, which enables the production of MICs with a single phase of 
20–25 wt% PBDT. If the PBDT content is <20 wt%, MICs are a two-phase 
system, with the above-mentioned bundle phase co-continuous with an 
IL/salt-rich liquid phase that has a characteristic length scale <100 nm 
(refs. 39,41). The mechanical properties and ionic conductivities of 
MICs can be tuned by incorporating a wide selection of ILs and lithium 
salts. For battery electrolyte applications, MICs with a PBDT content of 
10 wt% provide an ideal material platform for investigating interfacial 
degradation behaviour in multiphase PE systems.

The basic MIC electrolyte membrane in this study is composed of 
10 wt% PBDT polymer with 10 wt% lithium bis(trifluoromethylsulfonyl)
imide (LiTFSI) salt and 80 wt% 1-butyl-1-methylpyrrolidinium 
bis(trifluoromethylsulfonyl)imide (Pyr14TFSI) IL. Supplementary 
Figs. 1–3 and Supplementary Note 1 provide the essential electro-
chemical characterization of the basic MIC electrolyte membrane. 
On the basis of the compositional tunability of MICs, 4.8 wt% lithium 
difluoro(oxalate)borate (LiDFOB) of lithium salt is incorporated into 
the basic MIC electrolyte as a functional additive for better cycling 
performance and termed as ‘MIC with additive’. This material has 
the following composition: PBDT/LiTFSI/Pyr14TFSI/LiDFOB in wt% of 
9.5:9.5:76.2:4.8. Supplementary Fig. 4 shows photographic pictures and 
scanning electron microscopy (SEM) micrographs of the various MIC 
electrolyte samples before and after electrochemical measurements.

The Li||Li symmetric cells are cycled at 23 °C and 60 °C as a function 
of (stepped) current density to evaluate the compatibility between MIC 
membranes and Li metal electrodes (Fig. 2a). The potential response 
of Li||Li symmetric cells at 23 °C indicates the limiting current density 
with the basic MIC electrolyte to be 0.15 mA cm−2 and with the MIC with 
additive to be 0.25 mA cm−2. At 23 °C, the MIC with additive showed 
lower overpotential throughout Li stripping and plating than the basic 
MIC (96 mV versus 403 mV, respectively, at 0.15 mA cm−2). The lower 
overpotential and higher limiting current density of the MIC with addi-
tive at 23 °C suggest that a more stable interphase forms. At 60 °C, the 
limiting current density of the basic MIC is 0.65 mA cm−2, and the MIC 
with additive is 0.5 mA cm−2. The moderate limiting current density 
of MIC with additive compared with basic MIC may stem from the 

thickened passivation layer formed at 60 °C, which contributes to 
resistance and impedes efficient lithium plating and stripping. Li||Li 
symmetric cells tested with both types of MIC membrane at constant 
current density showed long-term cycling stability at 60 °C, lasting 
over 500 h (Supplementary Fig. 5).

On the basis of the ionic conductivity, mechanical strength and 
thermal stability of MIC electrolytes38,42, Li|MIC|LiNi0.8Co0.1Mn0.1O2 
(NMC811) coin cells were assembled to evaluate electrochemical energy 
storage performance. Figure 2b compares Li||NMC811 cells with basic 
MIC and MIC with additive electrolytes applying a cut-off potential of 
4.4 V at 60 °C for 200 cycles at 67 mA g−1 (after two pre-conditioning 
cycles at 10 mA g−1; Supplementary Fig. 6). The discharge capacity reten-
tion values after 200 cycles for Li||NMC811 cells with MIC with additive 
and basic MIC are 70% and 40%, respectively, demonstrating a benefi-
cial effect of the LiDFOB additive in stabilizing battery performance48. 
Figure 2c shows the potential profiles during galvanostatic charge–dis-
charge of the Li|MIC|NMC811 cell with a cut-off potential of 4.4 V at 60 °C, 
which delivers an initial specific discharge capacity of 217 mAh g−1 at 
67 mA g−1 (after two pre-conditioning cycles at 10 mA g−1; Supplementary 
Fig. 6) and specific discharge capacity retention of 60% after 100 cycles. 
Figure 2d shows the variation of the Li|MIC|NMC811 cell potential pro-
files with increasing specific current from 10 mA g−1 to 200 mA g−1. The 
Li|MIC|NMC811 cell exhibited a maximum specific discharge capacity of 
220 mAh g−1 at 10 mA g−1 and 110 mAh g−1 at 200 mA g−1. Figure 2e shows 
the potential profiles during galvanostatic charge–discharge curves 
of the Li||NMC811 cell with MIC with additive applied with a cut-off 
potential of 4.4 V at 60 °C, delivering a maximum specific discharge 
capacity of 203 mAh g−1 at 67 mA g−1 (after two pre-conditioning cycles 
at 10 mA g−1; Supplementary Fig. 6), and a specific discharge capacity 
retention of 83% after 100 cycles. The lower initial discharge capacity 
delivered by the cell with the MIC with additive compared with the 
basic MIC-based cell could be ascribed to the LiDFOB decomposition, 
which directly affects the impedance of the cell, as reported in the 
literature48,49. Figure 2f shows the variation of the potential profiles of 
the Li||NMC811 cell with MIC with additive, demonstrating a specific 
discharge capacity of about 185 mAh g−1 at 100 mA g−1, which is about 
17% higher than the Li|MIC|NMC811 cell at the same specific current.

Unlike in Li||Li symmetric cells, the MIC with additive electrolyte 
enables better performance in asymmetric Li||NMC811 cells because 
it forms a passivation layer (derived from the LiDFOB decomposi-
tion) that stabilizes the positive electrode|PE interface48,50. On the 
basis of these electrochemical characterizations, we carried out syn-
chrotron X-ray measurements on Li||NMC811 with basic MIC and MIC 
with additive to understand the chemomechanical phenomena at the 
electrode|PE interfaces.

Investigating concentration heterogeneities at 
the electrode|MIC electrolyte interface
The XRF microscopy measurements enabled sulfur elemental mapping 
on cross-sections of the MIC electrolytes, unveiling the distribution of 
sulfur species therein51,52. The sulfonate group (–SO3

−) of the rigid-rod 
polymer and the sulfone group (–SO2) of the TFSI− anion from the IL and 
lithium salt contribute to the sulfur fluorescence signal. Considering the 
substantial portion of mobile ions (from both IL and lithium salt) in the 
MIC electrolytes (90 wt%), the sulfur fluorescence signal is dominated by 
the TFSI− anion. Hence, the mobile ion concentration in the MIC electro-
lytes can be directly visualized by XRF mapping, which can also reflect Li+ 
concentration inferred from the charge-balancing counterion (TFSI−).

Figure 3a–d shows sulfur XRF images of cross-sectioned samples 
examined ex situ and obtained for basic MIC electrolytes tested in 
Li||NMC811 cells applying various electrochemical testing conditions 
(Supplementary Figs. 7 and 8). The sulfur fluorescence counts per 
pixel (X-axis) versus the number of pixels (Y-axis) are plotted to com-
pare each sample’s ionic concentration distribution, which signals 
the degree of concentration heterogeneity. Moreover, the histogram 
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area corresponds to the total intensity of the sulfur fluorescence signal 
obtained from the XRF image. The pristine basic MIC electrolyte shows 
a uniform distribution of mobile ions with a narrow range of sulfur 
fluorescence counts per pixel (Fig. 3a). The cross-sectional XRF image 
of the basic MIC electrolyte membrane collected from the assembled 
coin cell rested at 60 °C and open-circuit potential (OCP) for 1 day is 
shown in Fig. 3b. Comparing Fig. 3a and Fig. 3b, it is noticeable that the 
pressure applied during cell assembly (0.2 MPa) alone does not cause 
substantial depletion of mobile ion concentration at the electrode|PE 
interface. In Fig. 3c, after 8 charge/discharge cycles (2.8–4.4 V, 67 mA g−1 
and 60 °C) in the Li||NMC811 cell, the collected basic MIC electrolyte 
membrane shows a wide distribution of sulfur fluorescence intensity 

compared with pristine basic MIC and basic MIC rested samples. This 
change in the distribution of sulfur fluorescence intensity of the basic 
MIC membrane may indicate the onset of concentration heterogeneity 
depending on electrochemical cycling protocols.

After 200 charge/discharge cycles (2.8–4.4 V, 67 mA g−1 and 60 °C) 
in the Li||NMC811 cell (Fig. 3d), the concentration heterogeneity of 
the MIC membrane increases substantially, which resonates with the 
broadened distribution of sulfur fluorescence counts per pixel. The 
observed concentration heterogeneity may likely result from a disrup-
tion in MIC’s two-phase system, which begins from the decomposition 
of rigid-rod ionic PBDT polymer at the electrode|PE interface (Supple-
mentary Figs. 9 and 10 and Supplementary Notes 2 and 3).
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Fig. 2 | Electrochemical characterizations in symmetric and asymmetric cell 
configurations. a, Potential profiles of Li||Li symmetric cells cycled at 23 °C  
and 60 °C with increasing steps of current density. The charge and discharge  
time is 0.5 h, respectively, with current density increased every 10 cycles.  
b, Long-term cycling stability of Li|MIC|NMC811 and Li|MIC with additive|NMC811 
cells at 2.8–4.4 V, 67 mA g−1 and 60 °C. c, Potential profiles of the Li|MIC|NMC811 
cell at the 1st, 25th, 50th and 100th cycles at 2.8–4.4 V, 67 mA g−1 and 60 °C.  
d, Discharge potential profiles of the Li|MIC|NMC811 cell cycled at various 
specific currents at 60 °C in the cell potential range of 2.8–4.4 V. e, Potential 

profiles of the Li|MIC with the additive|NMC811 cell at the 1st, 25th, 50th and 
100th cycles at 2.8–4.4 V, 67 mA g−1 and 60 °C. f, Discharge potential profiles of 
the Li|MIC with the additive|NMC811 cell cycled at various specific currents at 
60 °C in the cell potential range of 2.8–4.4 V. The performance shown in b–f are 
obtained from Li||NMC811 cells with positive electrodes composed of 92 wt% 
active material, 4 wt% binder and 4 wt% conductive carbon. The performance 
of Li||NMC811 cells shown in b, c and e have been obtained after two pre-
conditioning cycles at 10 mA g−1. The initial two pre-conditioning cycles are 
shown in Supplementary Fig. 6.
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The discrepancy between the XRF image of the pristine MIC and 
MIC (200 cycles) sample suggests that a cumulative concentration 
heterogeneity occurred throughout the extensive electrochemical 
cycling (Fig. 3d). Considering that the area of the histogram between 
MIC (pristine) and MIC (200 cycles) is unchanged, it is likely that the 
sulfur species are heterogeneously redistributed rather than extracted 
outward from the MIC membrane (Supplementary Fig. 11 and Supple-
mentary Note 4). Furthermore, the SEM images of the cross-sectional 

cycled MIC membranes tested in Li||Li and Li||NMC811 cells show a clear 
edge with preserved thickness (Supplementary Figs. 12 and 13 and Sup-
plementary Note 5). The synchrotron micro-computed tomography 
measurements suggest the lack of discernable pores inside pristine or 
cycled MIC membranes, thus supporting the speculation that concen-
tration heterogeneity observed in XRF images does not originate from 
void, dead lithium or lithium dendrite (Supplementary Fig. 14 and Sup-
plementary Note 6). Localized regions depleted of sulfur fluorescence 
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Fig. 3 | Map and visualization of sulfur-containing ion distribution in basic 
MIC PEs via ex situ XRF measurements. The tender energy X-ray synchrotron 
enables the imaging of sulfur species distribution of MIC electrolyte, indicating 
local ionic concentration heterogeneity in the context of Li||NMC811 cell 
configuration. The XRF images are obtained by scanning an X-ray beam size of 
5 µm with a 15 µm probing depth. The representative area of the XRF image from 
each sample is chosen for comparison and shown in the insets. The histogram of 
the sulfur fluorescence signal is shown in a–e as sulfur fluorescence counts per 
pixel (X-axis) versus number of pixels (Y-axis). White scale bars are all 100 μm. 
The sulfur fluorescence counts per pixel represent the relative population of 
sulfur species within the probed region of the X-ray beam, where bright yellow 

pixels indicate a higher population of sulfur species while dimmer green pixels 
present a lower population (inset of a–d). a–d, Pristine MIC (before cell assembly) 
(a), MIC (rested at OCP after cell assembly for 1 day) (b), MIC (8 cycles at 67 mA g−1 
and 60 °C in the potential cell range of 2.8–4.4 V) (c) and MIC (200 cycles at 
67 mA g−1 and 60 °C in the potential cell range of 2.8–4.4 V) (d). e, Overlay of 
a–d. The plot of the sulfur fluorescence signal across the Li metal negative 
electrode|electrolyte interface to the electrolyte|positive electrode interface is 
shown in f as distance (X-axis) versus sulfur fluorescence counts per pixel (Y-axis). 
The averaged sulfur fluorescence intensity is plotted in points, and the standard 
deviations are in shades (f). f, Pristine MIC, MIC (8 cycles) and MIC (200 cycles).
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signal are particularly evident at the interfaces, especially at the Li 
metal|MIC electrolyte interface (Fig. 3d). The overlay of the histogram 
from cross-sectional MIC samples indicates that sulfur fluorescence 
intensity becomes widely distributed after cell cycling, indicating the 
presence of concentration heterogeneities (Fig. 3e).

The local concentration heterogeneity at the electrode|MIC 
electrolyte interface imposes constraints in uniform Li+ flux, ensuing 
nonuniform current density. As a consequence, this concentration non-
uniformity at the interface induces localized ‘hot spots’, intensifying the 
degradation of the PE, promoting lithium dendrite growth and facilitat-
ing the formation of dead lithium at the Li negative electrode|MIC elec-
trolyte interface, leading to rapid cell capacity decay26,27. In addition, 
the concentration heterogeneity brings about phase transition in MIC 
electrolytes by disrupting the ‘PBDT-rich’ and ‘IL-rich’ phases, thereby 
undermining the mechanical integrity of the PE membrane. Conse-
quently, the erratic population of low-sulfur fluorescence domains 
prevailing at electrode|MIC electrolyte interfaces indicates chemical 
and mechanical degradations of the MIC PE (Supplementary Fig. 8).

The line profile analysis provides further insights into changes in 
ion concentration as a function of distance from a specific interface, as 
shown in Fig. 3f with distance from the negative electrode|electrolyte 
interface (X-axis) versus sulfur fluorescence counts per pixel (Y-axis). 
The uniform ion concentration distribution in pristine MIC is shown as a 
plateau in counts per pixel, irrespective of location (Fig. 3f). In the sulfur 
fluorescence intensity line profile of MIC (after 8 cycles in Li||NMC811 
cell), a decrease in the sulfur fluorescence counts per pixel is observed at 
the negative electrode|electrolyte interface (X = 0–10 µm) and positive 
electrode|electrolyte interface (X = 90–100 µm), presumably owing to 
the breakdown of the two-phase structure of the MIC possibly originated 
by side reactions with the electrodes (Supplementary Fig. 9 and Sup-
plementary Note 2). The MIC (after 200 cycles in Li||NMC811 cell) sample 
showed drastic changes in sulfur fluorescence counts per pixel along 
the direction between two interfaces (Fig. 3f). This inhomogeneous 
sulfur fluorescence intensity across the MIC (200 cycles) suggests that 
concentration heterogeneity initiated at the electrode|MIC electrolyte 
interfaces eventually propagates towards the bulk of the MIC electrolyte 
membrane. Figure 3f shows a notable decrease in the sulfur fluores-
cence counts per pixel at the negative electrode|electrolyte interface 
spanning the bulk region (X = 0–90 µm). The prominent concentration 
heterogeneity at the Li negative electrode|electrolyte interface suggests 
the breakdown of the two phases in the MIC electrolyte. Concentration 
heterogeneity is shown throughout the 30 µm region (X = 90–120 µm) 
for the positive electrode|electrolyte interface. Considering the degree 
of concentration heterogeneity observed in line profile analysis, the Li 
negative electrode|electrolyte interface is more pronounced with phase 
separation. The observed concentration heterogeneity may likely result 
from a disruption in MIC’s two-phase system, which begins from the 
decomposition of rigid-rod ionic PBDT polymer at the Li metal negative 
electrode interface35,53 (Supplementary Fig. 10). Moreover, the degree of 
concentration heterogeneity is relevant to the upper cut-off potential of 
the cycling condition, which aligns with our proposed decomposition 
pathways (Supplementary Figs. 10 and 15–18, and Supplementary Note 
7). The high cut-off potential applied during cell cycling accelerates the 
decomposition of charged rigid-rod PBDT polymer into short oligomers 
and by-products that no longer maintain the uniform distribution of the 
liquid-like phase in the two-phase electrolyte system.

The role of the chemical heterogeneities on 
the evolution of the interphase formed at the 
electrode|MIC electrolyte interfaces
Sulfur K-edge XAS measurements directly probe the chemical nature 
of sulfur within the cross-sectional sample of the MIC electrolyte by 
studying the characteristic transitions corresponding to different 
sulfur species. Combined with the XRF mapping, the point scanning 
XAS on cross-sectional samples allowed site-specific probing of sulfur 

chemical states, particularly across electrode|electrolyte interfaces. 
On the basis of the XRF image from the cross-section of the Li||NMC811 
cell, the analyses of the ex situ XAS measurements suggest the presence 
of sulfur species at the electrode|electrolyte interfaces, which are not 
detectable via X-ray photoelectron spectroscopy (XPS) measurements 
(Supplementary Figs. 19–21 and Supplementary Note 8).

The XAS investigation on the MIC electrolytes (basic and with 
additive) and their components aligned with previous reports of sulfur 
X-ray absorption near edge structure (XANES) results54–58 (Supplemen-
tary Fig. 22). The basic MIC electrolyte features a broad maximum at 
2,480.5 eV, a composite of sulfone and sulfonate groups (Supplemen-
tary Fig. 22e).

We also carried out ex situ XAS measurements and analyses on the 
MIC electrolyte sampled after 8 cycles (at 67 mA g−1 and 60 °C in the 
potential cell range of 2.8–4.4 V in Li||NMC811 cell configuration; Fig. 4a). 
From point A, the lowest-energy feature at 2,473.9 eV is assigned as the 
S1s → σ*(S-C) transition, which identifies the presence of low-valent sul-
fur species54,58,59 (Fig. 4a). This energy feature supports the claim of the 
reductive decomposition of the MIC electrolyte at the interface with the 
Li metal negative electrode, attributed to sulfide species, as suggested 
in the reaction pathway disclosed in Supplementary Figs. 23 and 24, and 
Supplementary Note 9. Other types of sulfur species are not observed in 
points B and C, possibly owing to the early stage of cell cycling (that is, 
only 8 cycles carried out before the ex situ spectroscopy measurements).

For the MIC (200 cycles) sample, ex situ synchrotron measure-
ments are carried out only for the MIC membrane without taking into 
account the Li and NMC811 electrodes (Fig. 4b). From region C in MIC 
(200 cycles), a feature at 2,482.0 eV is observed and attributed to 
high-valent sulfur species, that is, S6+ as SO4

2− (sulfate)55. This feature 
may have originated from the oxidative decomposition of MIC elec-
trolyte at the interface with the positive electrode (region C) as the 
chemical pathway suggested in Supplementary Figs. 23 and 24 and 
Supplementary Note 9, which is shifted to higher energy by ~1.4 eV 
than pristine MIC (Fig. 4b).

In addition, the feature at 2,473.6 eV, at region C of the posi-
tive electrode|electrolyte interface, corresponds to the transition 
metal chelated to the sulfonate group of MIC electrolyte, that is, 
S1s → σ*(M3d-S)57. However, despite the long cycling, the reductively 
decomposed sulfur species are not observed in the sample. Initially, we 
assumed that the XANES feature corresponding to reductive decompo-
sition might have been lost during the collecting, sampling and trans-
porting procedures of the MIC membrane for the ex situ measurement. 
However, XANES spectra corresponding to reductive decomposition 
are observed in other MIC samples (Supplementary Fig. 18), indicat-
ing that cross-sectional membrane samples are sufficient to probe 
interphase evolution as long as enough point scans are conducted.

Along with the concentration heterogeneity, chemical heteroge-
neity accounts for the degradation of PEs at the electrode|electrolyte 
interface, undermining the structural integrity and transport proper-
ties of the PE membrane (Fig. 5 and Supplementary Figs. 23 and 24). 
The spatially resolved XAS measurements and analyses on the corre-
sponding sulfur fluorescence image inform the evolution of interphase 
in a statistically wide field of view on the cross-sectional Li||NMC811, 
providing additional insights into interfacial chemical speciation. The 
concentration and chemical heterogeneity are also observed in other 
types of PE, suggesting that interfacial heterogeneity is a widespread 
phenomenon (Supplementary Figs. 25–33 and Supplementary Note 
10), which should be taken into account for developing electrochemi-
cally stable PEs for battery applications.

Morphological evolutions and ion transport 
mechanisms behaviour in MIC electrolytes
We investigated MIC electrolytes’ surface morphology and ion dif-
fusion properties to understand interfacial phase separation. The 
characteristic internal microstructure of MIC and its evolution after 
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electrochemical cycling (in Li||NMC811 cell configuration) with respect 
to specific electrode|electrolyte interfaces is studied by atomic force 
microscopy (AFM). Figure 5a–c shows the topographic image of the 
pristine, positive electrode-facing and negative electrode-facing sides 
of the MIC membrane, where bright and dark areas correspond to 
higher and lower heights, respectively. In Fig. 5a, the extensive bright 
areas of the pristine MIC (before cell assembly) AFM image correspond 
to the nanofibrillar ‘bundle’ phase in the width of 20–40 nm of inter-
connected fibrillar network with low surface roughness (Rq = 3.01 nm, 
root-mean-square roughness). The dark area in the AFM image of pris-
tine MIC corresponds to the IL-rich liquid phase (Fig. 5a). In Fig. 5b, the 
electrochemically cycled positive electrode-facing MIC surface exhibits 
raised (bright area) and sunken regions (dark area) with high surface 
roughness (Rq = 8.81 nm) and the segregation of bundle phase in the 
width of 80–100 nm. In Fig. 5c, the negative electrode-facing side of 
the MIC showed surface roughness (Rq = 13.6 nm) and deformation, as 
indicated by large sunken regions, which are ascribed to volumetric 

change during lithium stripping and plating at the interface. In addi-
tion, dead lithium particles are observed at the surface of the negative 
electrode-facing MIC. These electrodepositions are associated with the 
nonuniform ionic flux at the interface owing to concentration heteroge-
neity (Fig. 5c). Figure 5d shows the height profile of three samples with 
2 µm length, revealing the increase of surface roughness after electro-
chemical cycling. The electrochemically induced phase evolution of 
the MIC electrolyte results in the loss of ionically conductive phase at 
the interface and decline of surface modulus up to a factor of 2 (Fig. 5e). 
The AFM study provides insights into the electrochemically induced 
phase evolution of MIC, which supports the concentration heteroge-
neity observed in XRF maps, thereby leading to the detachment of the 
ionically conductive phase of the PE membrane at the interface with 
the cell electrode (Supplementary Fig. 9 and Supplementary Note 2).

The ion transport behaviour of MIC electrolyte is investigated 
by ex situ pulsed-field-gradient nuclear magnetic resonance (NMR) 
diffusometry measurements in the 25–80 °C temperature range, by 
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Fig. 4 | Spatially resolved chemical analyses in basic MIC PE. The site-specific  
S K-edge XAS ex situ measurements show the evolution of interphase associated 
with the presence of chemical heterogeneity. The XRF S mapping image and 
corresponding site-specific XANES spectra with the characteristic transitions 
of S are shown (the reductive decomposition is revealed in point A from panel 
a, while oxidative decomposition is revealed in region C of panel b). XANES 
figures from both a and b contain elemental sulfur (S8) (grey) and pristine MIC 

(light purple) as reference spectra. The sample preparation for synchrotron 
measurements is described in Methods. Supplementary Fig. 22 provides XANES 
spectra of reference samples. XANES feature of point or region is obtained by an 
X-ray beam size of 5 µm with a 15 µm probing depth. a, MIC (8 cycles at 67 mA g−1 
and 60 °C in the potential cell range of 2.8–4.4 V, entire cell cross-section).  
b, MIC (200 cycles at 67 mA g−1 and 60 °C in the potential cell range of 2.8–4.4 V, 
cell disassembled and only electrolyte membrane was measured).
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measuring the self-diffusion coefficients for the IL cations (1H NMR) 
and IL anions (19F NMR)37. Figure 5f shows cation diffusion coefficients 
(D+) and the anion diffusion coefficients (D−) of pristine and cycled MIC 
(200 cycles at 67 mA g−1 in the potential cell range of 2.8–4.4 V) at vari-
ous temperatures and averaged over the entire electrolyte thickness. In 

both the pristine MIC and cycled MIC, a faster diffusion of cations than 
anions is observed throughout the temperature range. The cycled MIC 
shows 22% decreased D+ and D− compared with pristine MICs, suggest-
ing that ion transport properties averaged over the whole MIC sample 
have changed after electrochemical cycling. The total ionic diffusion 
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Fig. 5 | The evolution of surface morphology and diffusion properties of 
electrochemically cycled MIC electrolyte. Topographic scanning unveils 
morphological changes in the MIC membrane surface. The pulsed-field-gradient 
NMR diffusometry measurements reveal the changes in the ion transport 
behaviour of MIC electrolytes after electrochemical cycling. The cycled MIC 
electrolyte shown here is after 200 cycles at 67 mA g−1 and 60 °C in the potential 
cell range of 2.8–4.4 V. a–c, AFM image in height maps and three-dimensional 

representation of corresponding height maps of pristine MIC (before cell 
assembly) (a), electrochemically cycled positive electrode-facing MIC (b) and 
negative electrode-facing MIC (c). d, Surface roughness profile of each AFM 
image. e, Modulus plot of MIC membranes (the error bars indicate the standard 
deviation obtained from 100 scanned regions). f, Temperature-dependent 
diffusion coefficient plots of pristine MIC and MIC electrolyte after 200 cycles at 
67 mA g−1 in the potential cell range of 2.8–4.4 V.
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coefficients (D, the summation of the cation and anion diffusion coef-
ficients) of pristine MIC and cycled MIC are 4.8 ± 0.2 × 10−11 m2 s−1 and 
3.7 ± 0.2 × 10−11 m2 s−1, respectively, at 60 °C, which is a 23% decrease 
owing to electrochemical cycling effect. From the XRF imaging, we 
can infer that the decrease in ionic diffusivities is more pronounced 
near the electrode interfaces than the 23% decrease obtained from 
these measurements. These diffusion coefficient results indicate that 
interfacial concentration and chemical heterogeneity affect bulk ion 
transport properties, eventually contributing to cell failure. The wors-
ened transport properties originate from the regions close to the 
interfaces. When the electrolyte becomes very thin (<20 μm), and the 
interfacial region represents a large fraction of the electrolyte, the 
interfacial heterogeneity may completely shut down the ion transport 
between the positive and negative electrodes in the cell.

The role of additives in mitigating concentration 
and chemical heterogeneities in MIC electrolytes
On the basis of our demonstration that the concentration and chemical 
heterogeneities drive the degradation of MIC electrolytes, the role of 
additives is investigated using synchrotron X-ray measurements. MIC 
and MIC with additive samples, collected after 100 cycles at 67 mA g−1 
and 60 °C in the potential cell range of 2.8–4.4 V, are investigated to 

evaluate the extent of concentration and chemical heterogeneities. 
To evaluate the influence of additives on ionic concentration profile, 
we considered comparable sizes of the cross-sectional sample, that is, 
MIC (400 × 95 μm2) and MIC with additive (400 × 100 μm2). The MIC pre-
sented a higher of concentration heterogeneity compared with the MIC 
with additive (Fig. 6a,b), showing an elongated tail in the histogram. In 
Fig. 6c, the line profile analysis shows the sulfur fluorescence signal with 
respect to distance from interfaces of MIC and MIC with additive. The 
MIC and MIC with additive show relatively homogeneous ion concen-
tration distribution within the bulk region (20–80 μm). However, MIC 
shows an abrupt decline of sulfur counts per pixel at interfaces: a 16.4% 
decrease at the negative electrode|electrolyte interface (0–10 μm) 
and a 25.9% decrease at the positive electrode|electrolyte interface 
(78–90 μm). On the other hand, MIC with additive shows a lower degree 
of sulfur fluorescence signal decline at interfaces: an 11% decrease at the 
negative electrode|electrolyte interface (0–10 μm) and a 9.8% decrease 
at the positive electrode|electrolyte interface (78–90 μm). The lower 
degree of concentration depletion at the positive electrode|electrolyte 
interface aligns with the beneficial effect of LiDFOB on stabilizing the 
positive electrode|electrolyte interface. Therefore, considering the 
lower standard deviation from sulfur fluorescence counts per pixel his-
togram of MIC with additive (Fig. 6a,b) and its mitigated concentration 
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Fig. 6 | Evaluating the impact of additives on concentration and chemical 
heterogeneities in MIC electrolytes via XRF and XAS measurements. Tender 
energy X-ray synchrotron measurements and analyses enable structure and 
chemical interrogation of the role of the additive in the degradation of MIC 
electrolytes. The XRF images (inset pictures of a and b) are obtained by scanning 
an X-ray beam size of 5 µm with a 15 µm probing depth. The representative area 
of the XRF image from each sample is chosen for comparison. The histogram of 
sulfur fluorescence signal is shown in a and b as sulfur fluorescence counts per 
pixel (X-axis) versus number of pixels (Y-axis). White scale bars are all 50 μm. 
The sulfur fluorescence counts per pixel represent the relative population of 
sulfur species within the probed region of the X-ray beam, where bright yellow 

pixels indicate a higher population of sulfur species while dimmer green pixels 
present a lower population. a,b, MIC with additive (a) and MIC (b) (both tested 
in Li||NMC811 cell configuration at 67 mA g−1 and 60 °C in the potential cell range 
of 2.8–4.4 V). c, The plot of the sulfur fluorescence signal across the negative 
electrode|electrolyte interface to the electrolyte|positive electrode interface: MIC 
(100 cycles) and MIC with additive (100 cycles) (both in full cells). The averaged 
sulfur fluorescence intensity is plotted in points, and the standard deviations 
are in shades. d, The set of XRF images, XANES spectra collected at point A (cross 
mark) and scheme of cell components: MIC (100 cycles) and MIC with additive 
(100 cycles). The box with the yellow outline shows the energy range for the 
product from the reductive decomposition of sulfone and sulfonate species.
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decline at interfaces (Fig. 6c), the additive has proven effective in ame-
liorating concentration heterogeneity.

Figure 6d shows XAS measurements and analyses to identify 
chemical species evolved from interfacial side reactions. The MIC 
with additive electrolyte shows suppressed chemical heterogeneity at 
the negative electrode|electrolyte interface compared with the basic 
MIC. This behaviour is possibly associated with the presence of the 
passivation layer formed by LiDFOB decomposition, which mitigates 
the reductive decomposition of the PE (Fig. 6d).

Conclusion
In summary, in this research work, we carried out fundamental inves-
tigations of the phase separation phenomenon within MIC electro-
lytes owing to interfacial degradation in Li||NMC811 cell configuration. 
This degradation leads to the deterioration of the ionically conductive 
phase at the electrode|electrolyte interface and the emergence of an 
ionic depletion region. Interfacial heterogeneity eventually leads to a 
decline in mechanical properties and ion diffusion properties of MIC 
electrolyte. We expect that such interfacial issues can be exacerbated 
when the PE is thin (<20 μm), and the interfacial region represents a 
considerable fraction of the electrolyte. Through our investigation, MIC 
has emerged as a valuable model to extend investigations of interfacial 
phase separation behaviour within multiphase PEs. The sulfur com-
pounds present in MIC electrolytes act as an indicator, allowing us to 
track the evolution of ionic concentration and interphase development 
using the combined analyses of XRF microscopy and XAS measure-
ments. Such a combination enables to carry out analyses with spatial 
precision, revealing the intricate structure and chemistry of buried 
interfaces within electrochemical cells with PEs on a statistically signifi-
cant scale. The direct visualization of local concentration heterogeneity 
and site-specific chemical analysis of electrode|electrolyte interfaces 
provided fundamental insights into regulating interfacial chemome-
chanics using functional additives, which could help improving the 
research on PEs for battery applications.
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Methods
Materials
LiNi0.8Mn0.1Co0.1O2 (NMC811, average size of secondary particle = ~5 µm, 
primary particle size (200–500 nm), polycrystalline, CAMP) is pro-
vided by the Cell Analysis, Modeling, and Prototyping (CAMP) Facility 
in Argonne National Lab. Lithium poly(2,2′-disulfonyl-4,4′-benzidine 
terephthalamide) (LiPBDT, BlueSky Polymers) is used as received1,2. 
Sulfur (S8, 99.98% trace metal basis), lithium difluoro(oxalate)borate 
(LiDFOB, purity ≥99.9%), N-methyl-2-pyrrolidone (NMP, anhydrous, 
99.5%), PVDF-HFP (weight-average molecular weight (MW) ~455,000) 
and lithium bis(trifluoromethanesulfonyl)imide (LiTFSI, 99.99% 
trace metal basis, H2O <250 ppm) are purchased from Sigma-Aldrich. 
1-Butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)
imide (Pyr14TFSI, H2O 83 ppm, 99.5%) IL is purchased from Iolitec. 
N-Methyl-N-propylpiperidinium bis(trifluoromethane sulfonyl)imide 
(PP13TFSI) (H2O <100 ppm, 99%) is purchased from Lanzhou Greenchem 
ILs. Li metal foils (purity ≥99.9%, thickness 0.2 mm) are purchased from 
China Energy Lithium. Carboxymethyl cellulose (CMC, purity ≥99.5%, 
mesh size 200, >85%) is purchased from MTI. Dimethylformamide 
(DMF, purity 99.7%, HPLC grade) and water (HPLC grade, pH 7) are 
purchased from Fisher Scientific. Polyvinylidene fluoride (PVDF, purity 
≥99%) is purchased from MSE Supplies, and acetylene carbon black 
(purity ≥99.8%, particle size 35–40 nm) is purchased from MSE Supplies.

MIC membrane preparation
The basic MIC electrolyte is prepared at the benchtop (under ambi-
ent air condition) by dissolving 120 mg of LiPBDT in 12 g of H2O (HPLC 
grade, pH 7, resistivity >18 MΩ cm at 25 °C, Fisher Scientific). LiTFSI 
(120 mg) and Pyr14TFSI (960 mg) are dissolved in 12 g of DMF (‘MIC 
with additive’ is prepared by the further addition of 60 mg LiDFOB). 
The solution is prepared at the benchtop under an ambient air environ-
ment. The chemicals (LiTFSI, Pyr14TFSI and DMF) are used as received. 
LiTFSI and Pyr14TFSI were stored in an Ar-filled glove box. After heating 
the two separate solutions in vials (6 Dram glass vial with screw-top 
closures, Fisher Scientific) to 80 °C inside an oven (Isotemp vacuum 
oven model 280A, Fisher Scientific) overnight under ambient air con-
ditions, they were mixed by pouring into a glass vial with a screw cap 
(Fisher Scientific, 6 Dram vials, class B borosilicate glass) manually 
and equilibrated at 80 °C over another night3. The mixed solution is 
manually cast under ambient air on a 10 × 10 cm2 glass plate and dried 
overnight at 80 °C in the oven (Isotemp vacuum oven model 280A, 
Fisher Scientific) under ambient air to evaporate the solvents. The MIC 
membrane is further dried at 100 °C in a vacuum oven under vacuum 
(applied pressure 27″Hg (inches mercury), Isotemp vacuum oven 
model 280A, Fisher Scientific) for 2 days. The MIC membrane is peeled 
off the glass substrate using a cutter blade (18 mm, Bazik Products) and 
punched into 19 mm disks using a precision disk cutter (MSK-T10, MTI) 
with ~100 μm thickness (measuring force <1.5 nN, digital thickness 
gauge, 547-526S, Mitutoyo).

Gel polymer electrolyte (GPE) membrane preparation
The general type of PE using poly(vinylidene fluoride-co- 
hexafluoropropylene) (PVDF-HFP) is prepared in a conventional lab 
for electrochemical cycling and X-ray synchrotron measurements. The 
GPE membrane is composed of PVDF-HFP (20 wt%), LiTFSI (20 wt%) and 
PP13TFSI (60 wt%)4. The GPE is prepared using PVDF-HFP (MW ~455,000, 
Sigma-Aldrich) as the polymer host, lithium bis(trifluoromethane 
sulfonyl)imide (LiTFSI, 99.99% trace metal basis, Sigma-Aldrich) and 
N-methyl-N-propylpiperidinium bis(trifluoromethane sulfonyl)imide 
(PP13TFSI) IL (99%, Lanzhou Greenchem ILs). PVDF-HFP (160 mg) is dis-
solved in 120 mg of NMP (anhydrous, 99.5%) using a glass vial (Fisher 
Scientific, 6 Dram vials, class B borosilicate glass) and a magnetic 
stir bar (VWR) on a stir plate (11-100-16SH, Fisher Scientific) at 23 °C. 
PP13TFSI (480 mg) and LiTFSI (160 mg) were added to the mixture 
and mixed for 40 min at 23 °C. The slurry was cast on a glass plate and 

dried in a vacuum oven (Isotemp vacuum oven model 280A, Fisher 
Scientific) under vacuum (applied pressure 27″Hg) for 24 h at 80 °C. 
The GPE membrane is peeled off the glass substrate using a cutter blade 
(18 mm, Bazik Products) and punched into 19 mm disks using a preci-
sion disk cutter (MSK-T10, MTI) with ~230 μm thickness (measuring 
force <1.5 nN, digital thickness gauge, 547-526S, Mitutoyo).

Electrochemical characterizations
Cell assembly and testing. The positive electrode is prepared using 
92% NMC811 active material, 4% PVDF binder and 4% acetylene car-
bon black in NMP. The slurry is prepared by adding 1 ml of NMP per 
900 mg of combined solid components using a SpeedMixer (DAC 150.1 
FVZ-K, Hauschild) under ambient air and cast onto carbon-coated 
aluminium foil (1 μm carbon double-sided coating on 15 μm aluminium 
foil, Canrd) current collector by doctor blade (BYK) under ambient 
air. The prepared slurry-coated electrode foil is punched into 10 mm 
diameter disks and dried overnight in a vacuum oven at 120 °C. The 
mass loading of the positive electrodes (averaged thickness of 60 μm) is 
3.5 ± 0.5 mg cm−2. For cross-sectional samples for synchrotron measure-
ment, positive electrodes with an average mass loading of ~12 mg cm−2 
were used for obtaining good quality XRF images. The Li|MIC|NMC811 
coin cells and lithium symmetric coin cells were assembled in an 
argon-filled glove box with H2O and O2 level ≤0.1 ppm. The 0.2 MPa is 
applied to the coin cells and is assembled using Li metal electrodes with 
15.6 mm diameter and 200 μm thickness. Electrochemical testing was 
performed using a Neware battery testing system (CT-4008T) inside a 
temperature-controlled testing chamber (DZF-6020, MTI). Three cells 
are tested for a single electrochemical experiment, and one of the cells 
is reported. The mass of the specific current and specific capacity refers 
to the mass of the active material in the positive electrode. The critical 
current density of the lithium symmetric cell is quantified by incre-
mental current density steps at 23 °C and 60 °C. Li|MIC|NMC811 cells 
were cycled between 2.8 V and 4.4 V at 60 °C, except where indicated.

Measurement of transference number (t+). Potentiostatic polariza-
tion measurements are carried out using a BioLogic SP-200 instrument 
with a lithium symmetric coin cell under a constant d.c. potential bias 
(ΔV = 10 mV) at 23 °C (rested the coin cell for 3 h at the OCP before car-
rying out the impedance measurement). The electrochemical imped-
ance spectroscopy measurements are performed before and after 
the polarization in the frequency range of 5 MHz to 1 × 10−1 Hz at 23 °C. 
Data are collected with 100 points per decade, and the measurement is 
conducted using OCP time applied before carrying out experiments. 
The lithium-ion transference number was calculated using the follow-
ing equation5:

t+ = Iss(∆V − I0R0)
I0(∆V − IssRss)

where I0 is the initial state current and Iss is the steady-state current after 
1 h. The R0 refers to the initial cell impedance and Rss is the steady-state 
cell impedance measured by electrochemical impedance spectroscopy.

Ionic conductivity measurement. Stainless steel (15.8 mm diameter 
with 1 mm thickness, 304 stainless steel, Canrd) symmetric coin cells 
are assembled (0.2 MPa) inside an Ar-filled glove box (H2O <0.5 ppm, 
O2 <0.5 ppm), sandwiching the basic MIC membrane with a thickness 
of 100 μm. The ‘MIC with additive’ membrane thickness is 250 μm. 
The diameter of stainless steel is 16 mm. The cells are rested at OCP 
overnight at 60 °C. Here the frequency range is 1 Hz to 1 MHz and col-
lected with 100 points per decade under potentiostatic mode. The ionic 
conductivity is calculated using the following equation:

σ = d
Rb × S
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where d is the thickness of the MIC membrane, Rb is the bulk resistance 
(extrapolated from the intercept of the raw data at high frequency with the 
x-axis in the Nyquist plots) and S is the surface area of the stainless steel.

Physicochemical characterization
The cross-sectional Li|MIC|NMC811 sample, pristine and cycled MIC 
membrane morphology are characterized using a scanning electron 
microscope (FESEM, LEO 1550) and high-resolution transmission elec-
tron microscopy (HRTEM, JEOL JEM 2100). The chemical properties of 
the cycled MIC are quantitatively characterized by XPS (PHI VersaProbe 
III) using a monochromatic Al K-alpha X-ray source (1,486.6 eV) with a 
sputter rate of 7.7 nm min−1 for Ar sputtering.

Sample preparation for synchrotron measurements. The refer-
ence sulfur pellet (elemental sulfur, S8) for energy shift correction 
in synchrotron measurements is prepared as follows. Sulfur powder 
(10 mg) is mixed with 90 mg of CMC binder and pressed into φ10 mm 
pellets by a pellet press (MTI Model YLJ-15). One side of the sulfur pellet 
is covered by Kapton tape (MYJOR) and the other side with Mylar film 
(3520 POLYPROPYLENE-THIN FILM for XRF, SPEX Sample Prep). The 
cross-sectional sample is prepared inside a glove box (H2O <0.5 ppm, O2 
<0.5 ppm) and loaded onto a homemade sample holder (sealed in the 
aluminium pouch bag before taking out from an Ar-filled glove box), 
and then transferred into an He-filled measurement chamber (the sam-
ples are exposed to air less than 5 s during the transfer process when the 
Ar-filled aluminium pouch bag is opened). To prepare cross-sectional 
samples, cycled coin cells are transferred into an Ar-filled glove box 
(H2O <0.5 ppm, O2 <0.5 ppm) and disassembled by a coin cell crimper 
(MSK-160E, MTI) inside the Ar-filled glove box. Li|MIC|NMC811 com-
ponents are carefully collected from the disassembled coin cell using 
stainless steel tweezers (AVEN) without any dislocation of each compo-
nent and are sandwiched with Kapton tape (MYJOR). The Kapton tape 
sandwiched Li|MIC|NMC811 sample is prepared inside the Ar-filled 
glove box (H2O <0.5 ppm, O2 <0.5 ppm). The cross-sectional sample 
is carefully prepared by cutting the centre of the Kapton-sandwiched 
sample with a surgical knife (DEXSUR) from the Li metal side of the 
Li|MIC|NMC811 sample. Once the cross-sectional samples were care-
fully loaded onto the homemade sample holder, they were sealed in 
an aluminium pouch bag before being transferred from an Ar-filled 
glove box. The as-prepared Ar-filled aluminium pouch bag is used to 
transport samples from the Ar-filled glove box to the measurement 
chamber at the beamline. There was brief (less than 5 s) air exposure 
while placing the measurement station into the He-filled chamber 
at TES (8-BM) beamline of National Synchrotron Light Source II at 
Brookhaven National Laboratory.

Spatially resolved XRF/XAS measurement. The combined XRF imag-
ing and XAS is performed by synchrotron X-rays in a fluorescence mode 
at the TES (8-BM) beamline of National Synchrotron Light Source II at 
Brookhaven National Laboratory. The beamline is optimized for tender 
energy X-ray at 2–5.5 keV using an Si (111) double-crystal monochroma-
tor with 5–20 μm tunable beam size. The incident X-ray beam energy 
is set at 2,500 eV, which is above the absorption edge of the sulfur. 
The measurement was conducted in the He-filled chamber at the TES 
beamline. There was air exposure (less than 5 s) while stationing the 
homemade sample holder into the He-filled measurement chamber. 
XRF image data are processed by PyXRF programme6, and XAS data 
are analysed with the Demeter software package7.

Topographical scanning and modulus measurement. Electrochemi-
cal AFM and nanoindentation measurements on pristine samples were 
performed using a Dimension Icon AFM (Bruker Nano) in ambient air 
condition, while measurements on cycled samples were performed 
on an identical system in an argon-filled glove box with both H2O 
and O2 concentration less than 0.1 ppm. The AFMs are controlled by 

Nanoscope V controllers and Nanoscope 9.4 software. Samples were 
fastened to a stainless steel puck (316 stainless steel, 14 mm diameter) 
by epoxy and then washed with dimethyl carbonate (99%, H2O 20 ppm, 
Alfa Aesar). Topographic scanning was carried out in PeakForce Tap-
ping mode using an Etalon HA_C (K-TEK Nanotechnology) probe with 
a nominal tip radius of 10 nm and a spring constant of 0.65 nm. Images 
took place over a 10 × 10 μm scan area with 1,024 × 1,024 pixel resolu-
tion at 0.25 Hz with PeakForce Setpoint 7.0 nN. Nanoindentation was 
conducted with a TAP150A probe (Bruker Nano) with a tip radius of 
24.3 nm measured by a Ti roughness standard, a deflection sensitivity 
of 60.45 nm V−1 calibrated by ramping on sapphire and a spring constant 
of 4.93 N m−1 by the thermal tune method after obtaining the deflection 
sensitivity. During the nanoindentation process, 100 ramps were taken 
from 200 nm height at 0.25 Hz in a 10 × 10 grid with 1 μm separation 
between points. The trigger threshold chosen was 12 nN. AFM images 
were processed in NanoScope Analysis 2.0 (Bruker Nano), with some 
additional AFM image processing in ImageJ8 (NIH). Nanoindentation 
force curves were processed in AtomicJ9 using the classical focused 
grid, with further fine-tuning of the contact points by hand.

NMR diffusometry measurements. The MIC films were inserted 
into 5 mm diameter NMR sample tubes and dried at 100 °C under 
vacuum in a hot sand bath. The tubes were flame-sealed under vacuum 
before measuring diffusion. The NMR spectra and diffusion data were 
obtained using a Bruker Avance III 400 MHz/9.4 T wide-bore spectrom-
eter equipped with a high gradient diffusion probe (Bruker Diff50) 
paired with a 5 mm 1H RF coil insert. The NMR diffusometry experiments 
were performed over the temperature range of 25–80 °C with ≥5 min 
of thermal equilibration before acquiring data at each temperature. 
The pulsed-gradient stimulated echo experiment was run on 1H and 
19F nuclei to obtain the self-diffusion coefficients of the cation and 
anion, respectively. The Stejskal–Tanner equation was used to fit the 
measured signal amplitude (I) as a function of gradient strength (g):

I = I0 exp (−Dγ2g2δ2 (∆ − δ
3 ))

where I0 is the signal amplitude at g = 0, γ is the gyromagnetic ratio of 
the measured nucleus, δ is the effective (rectangular) gradient pulse 
duration, Δ is the diffusion time between gradient pulses and D is the 
self-diffusion coefficient. The measurements used a 90° pulse time 
of 3.7 µs for 1H and 6 µs for 19F, and an acquisition time of 0.02 s for 
both nuclei. The diffusion experiments used repetition times of 1–2 s, 
δ = 1 ms, Δ = 50 ms and max gradient strength ranging from 600 G cm−1 
to 1,500 G cm−1 to achieve ≥85% signal attenuation in 16 steps.

XPS. The binding energy scale was calibrated from the aliphatic 
hydrocarbon C 1s peak at 284.8 eV for XPS measurements. The cycled 
Li|MIC|NMC811 cells are disassembled inside the Ar-filled glove box 
(H2O <0.5 ppm, O2 <0.5 ppm). The MIC membrane is collected with a 
stainless steel tweezer (AVEN) and gently rinsed with 0.1 ml of dimethyl 
carbonate (≥99.9%, H2O <10 ppm, Sigma-Aldrich) to remove excess 
IL covering the surface, and then dried inside the Ar-filled glove box 
(H2O <0.5 ppm, O2 <0.5 ppm) for several minutes before mounting 
on the XPS sample stud. Two sides of the MIC membrane are loaded 
on the sample holder with double-sided adhesive tape and sealed in a 
transfer vessel with argon. The transfer vessel was then docked onto the 
XPS instrument without air exposure. XPS measurements were carried 
out at the Surface Analysis Laboratory of the Chemistry Department 
at Virginia Tech.

XPS was performed using a PHI VersaProbe III instrument (Physi-
cal Electronics) using a monochromatic Al K X-ray source operated 
at 50 W (1,486.6 eV) with the analysis area of 1,000 × 200 µm2. Depth 
profiling experiments were conducted on the sample surface using an 
Ar ion beam gun with an etching rate of 7.7 nm min−1 (calibrated by SiO2).  
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Peak fittings and quantification were done using PHI MultiPak software 
version 9.9.0.8. A Shirley background and Gauss–Lorentz peak shape 
were applied to fitted peaks. The software provided corrected sensitiv-
ity factors for quantification.

High-performance liquid chromatography combined with ultra-
violet spectroscopy (HPLC-UV). The separation and detection of 
impurities were conducted using an Agilent 1200 HPLC system. The 
system included a quaternary pump (1311A), an autosampler (1329B), an 
oven heater (1316A) and a UV diode array detector. A Phenomenex LUNA 
C18 column (250 × 4.6, 5 µm) was utilized for the separation process.

For the analysis, we used an isocratic mobile phase consisting 
of 90% aqueous solution with 0.1% trifluoroacetic acid (TFA, ≥99.5%, 
Fisher Scientific) and 10% acetonitrile (CH3CN, 99.9%, Fisher Scientific) 
with 0.1% TFA. Gradient elution was used for separation, starting at 
90/10% at time 0 and ending at 10/90% over 10 min, followed by a 
hold at 10/90% for an additional 2 min. The deuterated chloroform 
eluent (chloroform-D (99.8%) + 0.05% (v/v) TMS, Cambridge Isotope 
Laboratories) containing by-product is evaporated and added with 
the solution of mobile phase (90% aqueous solution with 0.1% TFA and 
10% acetonitrile (CH3CN) with 0.1% TFA). The injection volume was set 
to 20 µl, and the flow rate was maintained at 1 ml min−1. Detection was 
performed at 254 nm and 280 nm wavelengths.

Synchrotron X-ray micro-computed tomography.  The 
micro-computed tomography scans were conducted at the beamline 
2-BM of the Advanced Photon Source, Argonne National Laboratory. The 
X-ray beam energy used was 30.0 keV, and each tomography scan was 
collected within 360° rotation, consisting of 3,000 projections, an angle 
step of 0.12° and a 0.06 s exposure time; therefore, each scan took 180 s. 
With a camera pixel size of 3.45 μm and a lens magnification of 7.5×, the 
ideal imaging resolution is 0.46 μm per pixel. However, with the limita-
tion of the detector, binned projections were collected, resulting in a 
resolution of 0.92 μm per pixel and projection size of 3,232 × 2,426 pixels 
(corresponding to a field view of ~2.97 mm in width and ~2.23 in height). 
To prepare tomography samples, a cycled coin cell (Li|MIC|NMC811 
after 200th cycles, 2.8–4.4 V, 67 mA g−1 and 60 °C) is transferred into 
the Ar-filled glove box (H2O <0.5 ppm, O2 <0.5 ppm) and disassembled 
by a coin cell crimper (MSK-160E, MTI) inside the Ar-filled glove box. 
The cycled MIC membrane (after 200th cycles, 2.8–4.4 V, 67 mA g−1 and 
60 °C) is carefully collected from the Li|MIC|NMC811 cell using stainless 
steel tweezers (AVEN) inside the Ar-filled glove box (H2O <0.5 ppm,  
O2 <0.5 ppm). The cycled MIC membrane and pristine MIC membrane 
are separately sealed in a glass vial with caps (Fisher Scientific, 6 Dram 
vials, class B borosilicate glass) and labelled, and then wrapped with 
parafilm (laboratory film PM-996, Amcor) inside the Ar-filled glove box 
(H2O <0.5 ppm, O2 <0.5 ppm). Then, samples are sealed in aluminium 
pouch bags inside the Ar-filled glove box (H2O <0.5 ppm, O2 <0.5 ppm), 
transferred out and shipped for tomography measurements. The MIC 
films were cut into strips and put into Kapton tubes (transparent under 
X-ray) with a diameter of 1.5 mm. The tomographic reconstructions were 
performed using TomoPy10, analysed using ImageJ and rendered with 
Avizo (Thermo Fisher Scientific). To show whether there are internal 
porosities in the MIC films, the rendered volumes were set in transpar-
ent mode for three-dimensional visualization.

Data availability
The data supporting the findings of this study are available in the 
published article and its Supplementary Information. Source data are 
provided with this paper.
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Extended Data Fig. 1 | Graphic representation of synchrotron X-ray 
measurements to investigate interfacial degradation in polymer 
electrolyte-based cells. Schematic showing synchrotron X-ray measurements 
of a solid-state battery cross-section, which combines X-ray fluorescence (XRF) 
microscopy and X-ray absorption spectroscopy (XAS) measurements to visualize 
ionic concentration and probe chemical states across buried interfaces of 
solid-state battery components. Sulfur species from IL (TFSI−) and PBDT polymer 
(-SO3

−) are present in the MIC electrolyte. Tracking the sulfur species of polymer 
electrolytes with XRF mapping reveals local ionic concentration heterogeneities, 

and spatially resolved XAS analysis informs the evolution of new sulfur species 
from interfacial side reactions by probing the changes in the oxidation states 
of sulfur elements therein. From the right panel of the XRF map, the green 
area represents the regions containing sulfur species, the black areas indicate 
regions without sulfur species, and the red area represents the sample holder 
(see also Spatially resolved XRF/XAS measurement and Sample preparation 
for synchrotron measurements from Methods). The point scanning XAS on the 
cross-sectional sample probes sulfur chemical states across electrode|electrolyte 
interfaces with a spatial resolution of a few micrometers (Right part, point 1).
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