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ABSTRACT: Lithium−metal batteries require the effective suppression of lithium
dendrites to guarantee both high performance and safety. Today’s separators have
macropores allowing lithium dendrites to traverse, leading to internal short circuits
and other catastrophic results. Herein, we report a mesoporous polyimide separator for
dendrite suppression. The polyimide separator exhibits mesopores of 21 nm width and
a high storage modulus of 1.80 GPa. This mesoporous polyimide separator assists in
the electrodeposition to form flat-top protrusions instead of sharp dendrites, therefore,
allowing the safe cycling of lithium−metal batteries. This work is expected to advance
the development of dendrite-suppressing strategies and contribute to the revival of
lithium−metal batteries.
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INTRODUCTION
Lithium−metal batteries represent a high-performance energy
storage technology because metallic lithium provides a high
theoretical capacity of 3860 mAh/g, a low density of 0.534 g/
cm3, and a low electrochemical potential of −3.040 V vs SHE
(the standard hydrogen electrode).1−6 Since their debut in the
1970s, the commercialization of lithium−metal batteries has
been plagued by severe safety concerns.3,5 Lithium dendrites
arise from the nonuniform nucleation of lithium on the anode
surface.7−9 The amplified electrical field near the lithium
crystals promotes dendritic growth.8,10 The resulting lithium
dendrites expose large reactive surfaces and consume the
electrolyte to form a solid-electrolyte interphase (SEI).2,8,11,12

The uneven stripping/plating of lithium causes accumulative
stress and brittle fractures in the SEI, further drying the
electrolyte to grow more SEI.2,11,13,14 This uncontrollable
process deteriorates the performance of lithium−metal
batteries, including increasing the internal impedance, forming
isolated lithium, and lowering the Coulombic efficiency
(CE).2,8,11,12 And worse, the growing dendrites traverse the
separator, causing short circuits and even fire hazards.6,7,10

Therefore, suppressing lithium dendrites is imperative to
guarantee the safe operation of high-performance lithium−
metal batteries.
In the past decades, various strategies have been evaluated to

suppress lithium dendrites, including (1) employing high-

modulus solid-state electrolytes or ceramic-coated separators
to block the dendritic growth,15−19 (2) applying concentrated
liquid electrolytes or pulse charging currents to mitigate the
depletion of Li+ near the anode surface,2,20−22 (3) increasing
operation temperatures to facilitate Li+ diffusion,4,23 (4)
employing three-dimensional lithium−metal electrodes or
hosts to enlarge the surface area,9,24,25 and (5) engineering
the composition, density, and elasticity of SEI to ensure
interphase stability.2,25−28 Although the high-modulus solid-
state electrolytes are promising to suppress the dendritic
growth, lithium dendrites can still penetrate the grain
boundaries of the electrolytes.16,29−31 Moreover, at room
temperature, the solid-state electrolytes usually have limited
conductivity and high electrolyte/electrode contact resist-
ance.16,29−31 Contrarily, liquid electrolytes provide high ionic
conductivity and good contact with electrodes, but the
dendritic growth is uncontrolled. Significantly, the deposi-
tion-diffusion competition causes Li+ depletion near the
metallic lithium surface, promoting the fast tip-growth of
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dendrites. High-concentration liquid electrolytes, pulse charg-
ing, elevated temperatures, and high-surface-area electrodes
mitigate the depletion of Li+ near the metallic lithium surface.
Still, they cannot cease the invasion of the lithium dendrites.
Although the stable SEI tailors the lithium deposition, the
limited mechanical strength is still vulnerable to dendritic
penetration.12,32 At the frontline of dendritic invasion, high-
modulus separators are promising for suppressing unhealthy
dendrite growth in liquid electrolytes.
The state-of-the-art separators are made of macroporous

polyolefins such as polyethylene (PE) and polypropylene (PP).
The large macropores are susceptible to lithium dendrite
penetration, causing safety concerns.33 We hypothesize that
mesopores smaller than the width of lithium dendrites can
provide a strong physical barrier and stop lithium dendrites
from penetrating the separator. But the mesoporous separators
must possess a high modulus to withstand the cumulative axial
stress.1 Compared with PE and PP, polyimides have superior
mechanical performance, but controlling the pore size in
polyimides on the mesoscale remains challenging. Polyimide-
based separators have been produced via porogens,22,34 phase
inversion,35−37 electrospinning,38−42 and thermolysis of
polyimide-based block copolymers.43,44 The porogens with
predefined sizes were embedded in the polyimide films and
then selectively removed to template pores, i.e., silica
nanospheres etched by hydrofluoric acid.22,34 The macroscale
porogens produce macropores as wide as hundreds of
nanometers.22,34 Similarly, in the phase inversion process, the
nonsolvent forms macro-scale domains in the wet polyimide
film, thus producing macropores as wide as hundreds of
nanometers to micrometers.35,36 The electrospinning produces
a polyimide fiber mat with porosity up to 95%,42 and the
spacious interfiber voids result in micrometer-scale pores.38−42

Different from those aforementioned strategies, the micro-
phase separation of polyimide-based block copolymer forms

mesoscale domains of tens of nanometers, holding promise for
preparing mesoporous polyimides.43,44 We adopted the
strategy to prepare porous polyimides using ABA triblock
copolymers comprising polyimide and thermally labile blocks.
To synthesize polyimide-based triblock copolymers, various
thermally labile blocks have been deployed, such as poly-
(methyl methacrylate),43 polystyrene,45,46 poly(α-methylstyr-
ene),47,48 polycaprolactone,49−52 poly(ethylene oxide),53 and
poly(propylene oxide).54−58 The triblock copolymers micro-
phase-separate to form domains in tens of nanometers. Via
thermolysis, the labile blocks decompose to create mesopores.
But high-temperature thermolysis inevitably results in too-fast
decomposition of the labile block, producing a large number of
gaseous species, e.g., poly(α-methylstyrene) fully decomposes
within 4.5 h at 325 °C.47 The gaseous species expands in the
softened polyimide matrices, resulting in pore sizes of
hundreds of nanometers or even micrometers.45 Thus,
judicious selection of the labile block to achieve a low
thermolysis temperature is crucial for preparing mesoporous
polyimides without perturbing the porous network.
In this work, we report the preparation of a mesoporous

polyimide thin film via the thermolysis of polylactide-b-
polyimide-b-polylactide triblock copolymers at a low temper-
ature of 280 °C. The thermolysis slowly removes polylactide
blocks to create mesoporous polyimide thin films with a
median pore width of 21 nm and a storage modulus of 1.80
GPa. The mesoporous polyimide thin films, serving as
separators in lithium−metal batteries, not only show good
rate capabilities comparable with PP/PE/PP trilayer separators
but also assist in lithium deposition as flat-top protrusions,
enabling safe long-term cycling.

RESULTS AND DISCUSSION
The mesoporous polyimide separators suppress Li dendrites
following three mechanisms: (i) the mesopores uniformly

Figure 1. Effects of pore size and modulus of separators on dendrite suppression. (a) Upper: conventional macroporous PP/PE/PP
separator induces nonuniform Li+ flux and promotes uneven lithium deposition and dendritic growth. The macropores (40−400 nm wide)
and low modulus of PP/PE/PP separators (∼0.5 GPa in the transverse direction) cannot suppress lithium dendrites, resulting in short
circuits.33,59,60 Lower: the mesoporous polyimide separator provides uniform Li+ flux and ensures more even lithium deposition. The
mesopores and high modulus (1.80 GPa) suppress the invasion of dendrites for safe cycling. The tortuous macro/mesopores are simplified
as straight pores, in which the green dashed lines represent the Li+ flux. (b) Our strategy to prepare mesoporous, high-modulus polyimide
separators from a polyimide-based block copolymer. The solution casting and chemical imidization of PLA-b-PAA-b-PLA form a polyimide-
based thin film. The subsequent thermolysis produces a mesoporous polyimide separator for the lithium−metal battery.
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redistribute Li+ flux to the lithium−metal electrode, facilitating
the even plating of lithium;61,62 (ii) the mesopores are smaller
than the typical width of lithium dendrites, therefore efficiently
blocking the dendrites; (iii) the high modulus ceases the
invasion of lithium dendrites (Figure 1a).1,63−66 To fulfill those
characteristics, on the one hand, we select polyimide as the
matrix because it has high mechanical strength and a high
degradation temperature. On the other hand, we select
polylactide (PLA) as the sacrificial block owing to its
reasonable thermolysis temperature that does not significantly
soften the polyimide matrix (Figure 1b). To synthesize the
block copolymer, PLA with a number-average molecular
weight (Mn) of 50 kDa was first synthesized via a ring-opening
polymerization using 3-(Boc-amino)-1-propanol as the ini-
tiator and DBU as the catalyst (Figures 2a and S1). The
deprotection of the tert-butoxycarbonyl (Boc) end group
generated amine-terminated PLA (PLA-NH2) (Figure S2).
Then, PLA-NH2 was reacted with PMDA and oDA to produce
a polylactide-b-poly(amic acid)-b-polylactide (PLA-b-PAA-b-
PLA) triblock copolymer. We targeted a PLA weight fraction
(ϕPLA) of 40% to access the bicontinuous phase of the triblock
copolymer so that the final polyimide film would contain
interconnected mesopores.67 The actual ϕPLA was determined
based on 1H NMR (Figure 2a). Peak b corresponded to the
methine protons in PLA repeating units and Peak c to all
aromatic protons in poly(amic acid) repeating units (Figure
2a). The integral ratio of Peak c and Peak b, Ib:Ic = 39.0:100,
indicated an actual ϕPLA of 40.2% using eq 1.

= ×
× + ×

I M
I M I M/10PLA

b PLA

b PLA c PAA (1)

where Ib, Ic are the integrals of Peak b and c, respectively. MPLA
= 72.1 g/mol and MPAA = 418 g/mol are the molar masses of
PLA and poly(amic acid) repeating units, respectively.
PLA-b-PAA-b-PLA triblock copolymers, mixed with acetic

anhydride and pyridine, were cast into a thin film using DMSO
as the solvent. Acetic anhydride and pyridine chemically
imidized poly(amic acid) into polyimide, ensuring the film
with high thermal and structural stabilities and to survive the
subsequent thermolysis.68 Removing PLA without perturbing
the polyimide matrix necessitated a low thermolysis temper-
ature. Thermogravimetric analysis of polylactide-b-polyimide-
b-polylactide (PLA-b-PI-b-PLA) thin films showed three
weight-loss regimes (Figure 2b). The initial weight loss
below 260 °C arose from the evaporation of volatile species,
such as the solvent and chemical imidization reagents. The
weight loss between 260 and 440 °C was assigned to the
thermal decomposition of PLA.69 The remaining weight
evolving from 89.4 to 54.5% indicated a ϕPLA of 39.0% in
the dry PLA-b-PI-b-PLA film, concurring with the ϕPLA
calculated using 1H NMR (Figure 2a). The weight loss
above 440 °C was due to the decomposition of polyimide
matrices.70 To remove the PLA phase without plasticizing the
polyimide matrix, 280 °C was selected as the thermolysis
temperature to prepare mesoporous polyimide thin films. To
confirm that thermolysis at 280 °C could slowly remove the
PLA phase, we used isothermal gravimetric analysis to monitor
the weight loss of PLA-b-PI-b-PLA for 24 h (Figure 2c). The
PLA decomposition in the first hour resulted in a weight loss of
8.3%. In the subsequent hours, the incremental weight loss per
hour decreased gradually. The cumulative weight loss
approached 37.5% after 24 h, implying the removal of most
of the PLA phase.

Figure 2. Synthesis and thermogravimetric analysis of PLA-b-PI-b-PLA. (a) Synthesis of PLA-b-PAA-b-PLA, and its 1H NMR spectrum
indicates a ϕPLA of 40.2%. (b) Thermogravimetric analysis of PLA-b-PI-b-PLA films indicates a ϕPLA of 39.0% and suggests a thermolysis
temperature of PLA at 280 °C. (c) Isothermal weight loss at 280 °C for 24 h indicates the removal of most PLA.
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The evolution of the PLA content and the degree of
imidization were recorded using ATR FT-IR employing the
PLA-NH2 and commercial PMDA-oDA polyimides as
references (Figure 3a). The efficient chemical imidization of
PLA-b-PI-b-PLA was confirmed by the profound peaks at
1777, 1717, and 1370 cm−1, corresponding to the asymmetric
stretching of C=O, symmetric stretching of C=O, and
stretching of C−N in polyimides, respectively.71−73 The peak
at 1752 cm−1 was assigned to the C=O stretching of PLA.74−76

The PLA-b-PI-b-PLA thin film heating at 220 °C for 24 h
retained strong PLA C=O stretching. After thermolysis at 280
°C for 24 h, the absence of C=O stretching at 1752 cm−1

indicated the removal of PLA. PMDA-oDA polyimide usually
requires a high temperature for complete imidization. After
heating at 350 °C for 1 h, the appearance of PLA-b-PI-b-PLA
resembled that of commercial polyimide, confirming a high
degree of imidization. The morphologies of PLA-b-PI-b-PLA
before and after thermolysis were imaged using SEM,
confirming the mesopore development (Figures 3b,c and
S3). The as-cast PLA-b-PI-b-PLA thin film showed a
nonporous flat surface. After thermolysis, interconnected
mesopores formed in the polyimide matrices. The color of
PLA-b-PI-b-PLA films changed from amber to brownish due to

the formation of charge-transfer complexes in polyimides.77

Nitrogen sorption analysis suggested that the mesopores had a
median size of 21 nm (Figures 3c inset and S4).
The mesoporous polyimide separators must have high

thermal stability and mechanical strength to ensure electrode
segregation both under working conditions and during the
thermal runaway.78 Thermogravimetric analysis confirmed the
excellent thermal stability of mesoporous polyimide films,
showing a Td,5% of 540 °C (Figure 3d). PLA was completely
removed, as evidenced by no additional weight loss related to
PLA. The thermomechanical properties of mesoporous
polyimide were further tested using dynamic mechanical
analysis (DMA). The mesoporous polyimide film exhibited a
storage modulus (E′) of ∼1.80 GPa at room temperature and
retained an E′ of 0.94 GPa at 300 °C (Figure. 3e). E′ was
greater than E″ in the tested temperature range, affording a
maximum of tan(δ) at 393 °C and confirming the high
thermomechanical stability. The high modulus of mesoporous
polyimide separators would cease the dendritic growth and
enable the safe cycling of lithium−metal batteries.1,63

As a benchmark, the electrochemical performance of
mesoporous polyimide was evaluated along with commercial
PP/PE/PP separators. The electrochemical impedance of both

Figure 3. Thermolysis and microstructures of mesoporous polyimide films. (a) FT-IR spectra of PLA, PI, and PLA-b-PI-b-PLA (LIL)
thermalized at 60, 220, 280, and 350 °C. The dashed line at 1752 cm−1 corresponds to the carbonyl stretching of PLA. (b) Before and (c)
after thermolysis at 280 °C for 24 h, PLA-b-PI-b-PLA thin films show a nonporous and mesoporous morphology, respectively. The insets
show the optical images of 19 mm wide PLA-b-PI-b-PLA discs. The pore size distribution of the mesoporous polyimide film indicates a
median pore width of 21 nm. (d) Thermogravimetric analysis of the mesoporous polyimide thin film shows a Td,5% of 540 °C. (e) Dynamic
mechanical analysis shows a high storage modulus E′ of 1.80 GPa at RT. The E′ is greater than E″ at all temperatures between 25 and 450
°C.
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Figure 4. Electrochemical performance of mesoporous polyimide separators. (a) The ionic impedances, (b) rate capabilities, and (c,d)
voltage profiles of (c) PP/PE/PP and (d) mesoporous polyimide separators are compared. Current densities ranging from 0.2 to 1.0 mA/
cm2 were employed in (b−d). Mesoporous polyimide separators show comparable good performance with PP/PE/PP separators. Cathode:
LiFePO4 on aluminum foil (12 mg/cm2, 12 mm in diameter).

Figure 5. Li/Li symmetric battery test. (a) The voltage profile indicates the battery employing a PP/PE/PP separator encounters a short
circuit after 50 h of cycling, whereas the mesoporous polyimide separator enables safe charging/discharging without short circuits for 500 h.
The insets show the detailed voltage profiles after cycling for 130 and 450 h. (b) After charging/discharging for 130 h, the lithium−metal
electrode contacting a PP/PE/PP separator shows a dendritic morphology. The zoomed-in view shows kinked dendrites with a width of 200
nm. (c) The lithium−metal electrode contacting a mesoporous polyimide separator shows flat-top protrusions. The zoomed-in view shows
the detailed morphology of a lithium protrusion. Scale bars in both (b) and (c), 5 μm. In zoomed-in views, 500 nm.
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separators was measured between two stainless steel spacers
(Figure 4a). The impedances were 2.6 Ω for PP/PE/PP and
13 Ω for the mesoporous polyimide. The smaller pore size
caused a higher impedance of mesoporous polyimide
separators. It thus hindered ion transport, which could be
tuned by the block copolymer molecular weight and volume
fraction as well as the separator thickness. Both separators were
tested in LiFePO4/lithium coin cells at increasing current
densities from 0.2 to 1.0 mA/cm2. The mesoporous polyimide
separator showed rate capabilities comparable to those of the
PP/PE/PP separator (Figure 4b). Despite a higher ionic
impedance than the PP/PE/PP separator, the mesoporous
polyimide separator exhibited a slightly higher initial over-
potential, e.g., 3.76 vs 3.70 V at a current density of 0.8 mA/
cm2 (Figure 4c,d).
The dendrite-suppressing capability of mesoporous poly-

imide separators was tested in symmetric Li/Li batteries at a
current density of 4 mA/cm2 and a capacity of 4 mAh/cm2

(Figures 5a and S5). The symmetric Li/Li battery employing
the PP/PE/PP separator showed a growing overpotential after
30 h, corresponding to the increasing internal impedance due
to the dendritic growth, electrolyte consumption, and thick SEI
formation. After 57 h, the lithium dendrites penetrated the PP/
PE/PP separator and caused an internal short circuit, resulting
in an abrupt decrease of potential to 0.01 V. In contrast, the
mesoporous polyimide separator effectively suppressed the
lithium dendrites and retained a stable potential for >500 h.
The morphologies of lithium−metal electrodes in both

batteries were imaged by using SEM after charging/discharging
for 130 h (Figure 5b,c). With the PP/PE/PP separator in the
battery, sharp lithium dendrites grew on the lithium−metal
electrode, and an average dendrite width was 200 nm (Figure
5b). Since the pore sizes in the PP/PE/PP separator were 40−
400 nm,33 the lithium dendrites traversed the large pores and
caused short circuits. In contrast, in the battery with a
mesoporous polyimide separator, flat-top lithium protrusions
formed on the electrode, absent of any sharp lithium dendrites
(Figure 5c).
The mesoporous polyimide separators show outstanding

dendrite-suppressing capability because of three characteristics:
(i) the mesopores allow uniform Li+ flux across the separator,
minimizing the dendritic growth;61,62 (ii) the mesopore width
is smaller than the width of lithium dendrites, preventing
dendrites from penetrating the separator; (iii) the high
modulus withstands the high axial stress, ceasing the invasion
of lithium dendrites.1,63−66 The smaller pore size, however,
slows ion transport, resulting in a slightly higher overpotential.
Reducing the ionic impedance will be an important aspect of
future optimizations. Decreasing the thickness of mesoporous
polyimide separators and shortening the ion diffusion length
will be attractive means to reduce the apparent ionic
impedance.

CONCLUSION
In this contribution, a mesoporous polyimide thin film was
produced via slow thermolysis of a polylactide-b-polyimide-b-
polylactide triblock copolymer. The slow thermolysis at 280 °C
gradually removed polylactide to create mesopores of 21 nm
without perturbing the polyimide matrix. The resulting
mesoporous polyimide thin films exhibited a storage modulus
of 1.80 GPa. The mesoporous structures and high modulus
together contributed to an excellent dendrite-suppressing
capability. Separated by mesoporous polyimide, lithium only

formed flat-top protrusions, enabling safe cycling for >500 h.
This work highlights the potential of uniform mesoporous
engineering polymers for dendrite suppression. We anticipate
the mesoporous polyimide separators to be applicable to
suppressing dendrites in “beyond Li-ion” energy storage
technologies.

EXPERIMENTAL SECTION
Chemicals. D,L-Lactide was recrystallized in ethyl acetate before

use as follows. D,L-Lactide (10.0 g, Sigma-Aldrich) was dissolved in
ethyl acetate (15.0 mL, Fisher Scientific) at 75 °C and stored at −4
°C for 1 h. Afterward, pure white lactide crystals were collected via
vacuum filtration and dried overnight at reduced pressure. 3-(Boc-
amino)-1-propanol (Sigma-Aldrich) was heated at 120 °C under
reduced pressure for 2 h to remove moisture and then stored over 4 Å
molecular sieves. Chloroform (Fisher Scientific) was stirred with
CaH2 (Sigma-Aldrich) overnight and distilled before use. 1,8-
Diazabicyclo[5.4.0]undec-7-ene (DBU), dichloromethane (DCM),
trifluoroacetic acid (TFA), sodium bicarbonate, anhydrous dimethyl
sulfoxide (DMSO), pyromellitic dianhydride (PMDA), 4,4′-oxidiani-
line (oDA), benzoyl chloride, acetic anhydride, pyridine, and
ninhydrin were purchased from Sigma-Aldrich and used as received.
Deuterated chloroform (CDCl3) and DMSO (DMSO-d6) were
purchased from Cambridge Isotope Laboratories. LiPF6 in EC/DEC
(1 M, Sigma-Aldrich) was utilized as the liquid electrolyte. In battery
tests, LiFePO4 coated on aluminum foil (120 g/m2, 68 μm coating
thickness, MTI Corp.) was employed as the cathode and lithium foil
(0.20 mm thickness, Signa-Aldrich) as the anode. Battery cases,
spacers, and springs (MTI Corporation) were cleaned via sonication
in a mixture of acetone/isopropanol (v:v = 1:1) for 1 h and dried at
80 °C overnight. The polypropylene/polyethylene/polypropylene
trilayer separators (PP/PE/PP, Celgard 2325) were purchased from
Celgard, LLC.

Instrumentation. Proton nuclear magnetic resonance (1H NMR)
spectra were collected in CDCl3 or DMSO-d6 on a 400 MHz Varian
Unity. Thermal gravimetric analysis (TGA) was conducted on a TGA
5500 (TA Instruments) in the air. Fourier transform infrared
spectroscopy (FT-IR) was performed on a Thermo Scientific Nicolet
iS5 spectrometer with an iD7 ATR accessory. Nitrogen adsorption
was performed on a Micromeritics 3Flex Adsorption Analyzer.
Scanning electron microscopy (SEM) was conducted on an LEO
Zeiss 1550. Dynamic mechanical analysis (DMA) was performed on a
TA Q800. Oxygen plasma etching was conducted in a South Bay
Technology PC-2000 using a forward power of 60 W. The coin cells
were crimped on an MTI MSK-160 E. Electrochemical impedance
spectroscopy (EIS) was performed on a PARSTAT 4000, Princeton
Applied Research-AMETEK. The lithium−metal batteries and
lithium/lithium batteries were tested on a Neware BTS4000.

Polymerization of Boc-Terminated Polylactide (Boc-PLA).
To a 100 mL Schlenk tube, D,L-lactide (8.50 g) and 3-(Boc-amino)-1-
propanol (18.3 mg) were dissolved in anhydrous chloroform (60.0
mL). The resulting solution was degassed in three freeze−pump−
thaw cycles. Afterward, DBU (15.9 mg) was added to the solution in
an argon-filled glovebox. The resulting solution was stirred at room
temperature for 1 h. The polymerization was terminated by adding
benzoyl chloride (30.0 mg) and stirring the mixture for another 1.5 h.
Subsequently, the solution was poured into a chilled methanol (300.0
mL). The white precipitates were collected as the product via vacuum
filtration and then dried at 80 °C overnight in vacuo.

Synthesis of Amine-Terminated Polylactide (PLA-NH2). Boc-
PLA (4.00 g) was dissolved in a mixture of DCM and TFA (v:v = 1:1,
40.0 mL in total) and reacted overnight. Afterward, the solvents were
removed on a rotary evaporator. The resulting viscous residue was
dissolved in DCM (50.0 mL) and then neutralized using a saturated
NaHCO3 aqueous solution. The organic phase was collected and
poured into chilled methanol (300 mL). The PLA-NH2 product as
white precipitates was collected by using vacuum filtration and dried
at 70 °C overnight in vacuo.
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Synthesis of Polylactide-b-poly(amic acid)-b-polylactide
(PLA-b-PAA-b-PLA) Triblock Copolymer. In a 500 mL round-
bottom flask, PLA-NH2 (3.022 g), PMDA (2.588 g), and oDA (2.370
g) were dissolved in anhydrous DMSO (150.0 mL). The mixture was
stirred at room temperature for 12 h and then heated at 100 °C for
another 12 h.
Preparation of Mesoporous Polyimide Films. An aliquot of

PLA-b-PAA-b-PLA in DMSO solution (5.0 mL) was mixed with
acetic anhydride (220 μL) and pyridine (70 μL) and then poured
onto a glass slide (7.0 × 7.0 cm). The solution layer was baked at 60
°C under reduced pressure to produce a thin film. The film was
further baked stepwise at 100 °C for 1 h, 150 °C for 1 h, 220 °C for 1
h, 280 °C for 24 h, and 350 °C for 1 h. The resulting thin film was
peeled off from the supporting glass slide, and then, both sides were
etched using oxygen plasma for 30 min to enhance the wettability of
the liquid electrolytes. The plasma-activated mesoporous polyimide
film showed fast and almost complete wetting by the electrolyte,
superior to the wettability of PP/PE/PP separator with a contact
angle of 43−47°.79,80 The final porous polyimide thin film of 17.4 μm
thickness was cut into discs of 19 mm in diameter and used as a
battery separators.
Battery Assembly and Tests. The mesoporous polyimide

separators were tested in CR2032 coin cells by using electrochemical
impedance spectroscopy (EIS), lithium−metal half batteries and
lithium/lithium symmetric batteries. For EIS batteries, the separators
were interposed between two stainless steel spacers filled with 30 μL
of electrolyte. The EIS batteries were conditioned at room
temperature for 24 h before testing. The potentiostatic EIS
measurement was carried out over a frequency range of 105 to 1
Hz at an amplitude of 5 mV. Eight data points were collected per
decade of frequency. For lithium−metal batteries, LiFePO4 on
aluminum foil (12 mm in diameter, 12 mg/cm2) and lithium foil
(15 mm in diameter) were employed as the cathodes and anodes,
respectively. The volume of electrolyte was 60 μL. For lithium/
lithium symmetric batteries, separators were inserted between two
lithium−metal electrodes filled with 60 μL of electrolyte. The PP/PE/
PP separators have a thickness of 18.3 ± 0.8 μm and a pore size of
40−400 nm (Figure S6a),33 whereas the mesoporous polyimide
separators have a thickness of 17.4 ± 1.7 μm and a pore width of 21
nm. (Figure S6b,c).
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