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Lithium (Li)-ion batteries (LIBs) are ubiquitously recognized 
as the dominant energy storage device1–4. In pursuit of LIBs 
with better performance, tremendous progress has been made 

on every component in batteries5–8. However, the dilemma of 
high performance versus safety of LIBs remains a problem, lead-
ing to catastrophic battery incidents. The ever-increasing demand 
for high-energy-density LIBs urges the utilization of the ultimate 
metallic Li anode, which further complicates safety issues9–12.  
Li dendrites formed during electrochemical Li plating and stripping 
can penetrate the separator, leading to battery short-circuiting, and 
eventually fire and tragedies.

To address the aforementioned safety concerns, solid-state elec-
trolytes (SSEs) have attracted great attention as replacements for 
the flammable liquid electrolyte in current LIBs13–15. Ideally, SSEs 
should be highly ionically conductive, mechanically strong, nonvol-
atile, nonflammable and chemically/electrochemically stable within 
the battery operation window. To date, numerous studies have been 
carried out to investigate different types of SSE materials for safer 
LIBs16,17. These SSEs can be summarized in three categories: inor-
ganic (ceramic/glass) solid electrolytes18–20, solid polymer electro-
lytes (SPEs)21,22 and their hybrids23,24. Inorganic SSEs generally have 
the highest ionic conductivity among all types of SSEs, with some 
(sulfide superionic conductors) even exceeding that of liquid elec-
trolytes20. Recent studies addressing the notoriously large interfacial 
resistance of Li/inorganic SSEs have given inorganic SSEs a giant leap 
towards their application in LIBs18,25. However, the brittle nature of 
inorganic SSE pellets may greatly hinder their processability and use 
in practical applications such as in electrical vehicles, where even a 
small bump may cause structural failure. Inorganic SSEs are also not 

flexible and are relatively thick (>200 µm) to preserve their intact 
structure during handling. Recent findings have revealed an intrin-
sic high electronic conductivity in certain inorganic SSEs, especially 
at grain boundaries, leading to hazardous direct Li deposition inside 
of them26,27. The above issues must therefore be addressed before 
utilizing inorganic SSEs in commercial all-solid-state batteries28.

SPEs are mainly composed of uniform mixtures of solid poly-
mers and Li salts. These SSEs are widely studied due to their high 
flexibility, light weight, low cost and easy scalability. However, the 
intrinsic softness of these polymer systems and their moderate ionic 
conductivity hinder the use of pure polymer/Li salt composites in 
LIBs29,30. In the most-studied system of polyethylene oxide (PEO), 
adding plasticizers or grafting functional branches to PEO chains 
can enhance the ionic conductivity and modulus of the SPE. Even 
so, PEO itself is still flammable, making its SPEs similarly unfavour-
able compared with liquid electrolytes. The marriage of organic 
and inorganic solid electrolytes into a composite solid electrolyte is 
promising because it improves ionic conductivity without sacrific-
ing the flexibility of the polymer electrolyte31–35. The enhanced ionic 
conductivity arising from aligned composite polymer–inorganic 
SPE structures furthers the advantages of these SSEs36,37. A previous 
report showed that aligning Li conducting ceramic nanowires in a 
horizontal configuration can improve ionic conductivity in polyac-
rylonitrile/LiClO4 polymer electrolyte systems24. Nevertheless, even 
with state-of-the-art SSE systems, it is extremely difficult to create 
high-ionic-conductivity (>10−4 S cm−1), thin SSEs (<10 µm) at room 
temperature by positioning inorganic components in a vertical 
configuration, while simultaneously obtaining stable cycling per-
formance within a full battery. If such an SSE design was available, 
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The urgent need for safer batteries is leading research to all-solid-state lithium-based cells. To achieve energy density com-
parable to liquid electrolyte-based cells, ultrathin and lightweight solid electrolytes with high ionic conductivity are desired. 
However, solid electrolytes with comparable thicknesses to commercial polymer electrolyte separators (~10 μm) used in  
liquid electrolytes remain challenging to make because of the increased risk of short-circuiting the battery. Here, we report on 
a polymer–polymer solid-state electrolyte design, demonstrated with an 8.6-μm-thick nanoporous polyimide (PI) film filled 
with polyethylene oxide/lithium bis(trifluoromethanesulfonyl)imide (PEO/LiTFSI) that can be used as a safe solid polymer 
electrolyte. The PI film is nonflammable and mechanically strong, preventing batteries from short-circuiting even after more 
than 1,000 h of cycling, and the vertical channels enhance the ionic conductivity (2.3 × 10−4 S cm−1 at 30 °C) of the infused 
polymer electrolyte. All-solid-state lithium-ion batteries fabricated with PI/PEO/LiTFSI solid electrolyte show good cycling 
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Nature Nanotechnology | VOL 14 | JULY 2019 | 705–711 | www.nature.com/naturenanotechnology 705

mailto:yicui@stanford.edu
http://orcid.org/0000-0002-6270-1465
http://orcid.org/0000-0001-5602-6347
http://orcid.org/0000-0001-8531-7311
http://orcid.org/0000-0001-8930-2125
http://orcid.org/0000-0002-3439-0495
http://orcid.org/0000-0001-6271-068X
http://orcid.org/0000-0002-6103-6352
http://www.nature.com/naturenanotechnology


Articles Nature Nanotechnology

it would potentially lead to high-ionic-conductivity, high-energy-
density and safe all-solid-state LIBs.

Here, we propose the design of an ultrathin, high-performance 
polymer–polymer composite solid electrolyte for all-solid-state Li 
batteries. (Fig. 1a) The composite SSE is made of a robust, non-
flammable host with vertically aligned nanochannels and Li-ion 
conductive SPE fillers. The high modulus host prevents potential 
dendrite penetration while the aligned channels enhance the ionic 
conductivity of SPE fillers. The ultrathin and polymer–polymer 
nature of the composite electrolyte enables great flexibility, low elec-
trolyte resistance and potential high energy density of a full battery.

High modulus, nanoporous polyimide (PI) hosts and PEO/lith-
ium bis(trifluoromethanesulfonyl)imide (LiTFSI) polymer electro-
lytes are utilized as a proof-of-concept polymer–polymer SSE for 
our design (see also Supplementary Fig. 1). Cross-sectional scan-
ning electron microscopy (SEM) images of the ultrathin, porous 
PI matrix are shown in Fig. 1b, where the thickness is identified 
to be 8.6 μm (Fig. 1b, bottom). The vertical nanoporous morphol-
ogy of PI is zoomed in and shown in Fig. 1b (top). A photo image 
of a large-scale, nanoporous and flexible PI film on a white paper 
is shown in Fig. 1c, demonstrating the scalability of such a com-
posite system. We compare the energy densities of state-of-the-art 
commercial LIBs with both standard liquid electrolyte and various 
solid electrolytes in Fig. 1d, to illustrate the advantage of our poly-
mer–polymer SPE. Although the theoretical energy density of the 
commercial LIB approaches 480 Wh kg−1, it decreases by about half 
when the metal casing, cathode current collector (Al) and anode 
current collector (Cu) are considered in the calculation (column A). 
The energy density further decreases when separators and liquid 
electrolyte are taken into consideration (column B). However, the 
energy densities of all-solid-state cells are comparable to those of 

liquid electrolyte cells when our PI/PEO/LiTFSI electrolyte is uti-
lized (246 Wh kg−1), and much higher than other state-of-the-art 
all-solid-state batteries (more details in Supplementary Table 1 and 
Supplementary Fig. 2). The thin, ultralight PI/PEO/LiTFSI obtains 
a similar area density (1.12 mg cm−2) to separator/liquid electro-
lyte (1 mg cm−2), ensuring its advantage over other solid electrolyte 
systems (see also Supplementary Fig. 2). Energy densities of solid 
polymer–polymer composite LIBs could potentially reach the pink 
area in column A, as cell casing for all-solid-state LIBs could be sim-
pler than LIBs with liquid electrolytes. Even higher energy densities 
could potentially be realized through high-capacity Li chemistries, 
such as sulfur and metallic lithium.

Characterizations of PEO/LiTFSI in porous PI
SEM images before and after the infiltration of PEO/LiTFSI poly-
mer electrolyte into the PI film are presented in Fig. 2a–d. Figure 2a 
shows a top-view image of the porous PI film in which the pores are 
uniformly distributed (zoomed-out image in Supplementary Fig. 3) 
with diameters of around 200 nm. These images show that the pores 
occupy about 11% of the area on the PI surface. After PEO/LiTFSI 
infiltration, the pores are completely filled with PEO/LiTFSI and 
serve as the Li-ion conductive medium (Fig. 2b). Cross-sectional 
SEM images of the porous PI film (Fig. 2c) and filled PI/PEO/LiTFSI 
film (Fig. 2d) also demonstrate the complete infiltration of PEO/
LiTFSI in the vertical pores. The ionic conductivities of the SSEs 
were measured using blocking cells from −20 to 100 °C. The PEO/
LiTFSI in the PI vertical channels is measured to have enhanced 
ionic conductivity compared with that of PEO/LiTFSI thin film 
across all measurement temperatures (Fig. 2e and Supplementary 
Figs. 4–6). Specifically, the PEO/LiTFSI in aligned channels shows 
ionic conductivity of 2.3 × 10−4 S cm−1 at 30 °C, whereas the PEO/
LiTFSI thin film only shows conductivity of 5.4 × 10−5 S cm−1 
(30 °C). The electrochemical impedance spectroscopy curves of PI/
PEO/LiTFSI at different temperatures are plotted in Fig. 2f.

To investigate the effect that the vertical channels may have on 
PEO/LiTFSI, we conducted a two-dimensional X-ray diffraction 
characterization of the PEO/LiTFSI electrolyte and PEO/LiTFSI 
filled in vertically aligned 200 nm channels. In Fig. 2g,h, the ring 
diffraction patterns (indicated with blue and green arrows) that 
appear in the composites are attributed to the (120) and (112) planes 
of the PEO crystallites, respectively. The PEO/LiTFSI thin-film 
sample shows an isotropic ring pattern (Fig. 2g), revealing an iso-
tropic distribution of the crystallites. In contrast, Fig. 2h shows the 
PEO/LiTFSI in the vertical channels with a concentrated intensity 
on the y axis, which represents a textured distribution of crystallites 
along the out-of-plane direction. This indicates that the channels 
inside the matrix help align the PEO crystallites along them (for 
more details see Supplementary Fig. 7). Recent reports also show 
that similar alignment effects on polymers leads to thermal or ionic 
transport enhancement in the aligned direction, both of which are 
related to vibration of polymer chains38,39.

We then carried out molecular dynamics simulations to explore 
the reason for enhanced ionic conductivity. In our simulations, 
PEO/LiTFSI with random and aligned polymer chains are com-
pared to show the difference in Li ionic conductivity. The simula-
tion snapshots of the two systems are shown in Fig. 2i (PEO with 
randomly oriented chains and Li salts) and Fig. 2j (PEO with aligned 
chains and Li salts). Mean squared displacements (MSDs) of Li ions 
in both aligned and random PEO matrices at 350 K are calculated 
and displayed in Fig. 2k. The MSDs in different directions for the 
random-chain PEO system show little difference and the values are 
comparable to literature results40,41. In contrast, we found a clear 
increase in Li+ diffusion along the aligned direction (z) compared 
with all directions from the randomly oriented PEO/LiTFSI sam-
ple. The ionic diffusion along the aligned direction shows an even 
bigger difference to those in the other two directions (x and y) in 
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Fig. 1 | Design of polymer–polymer composite SSE. a, Schematic showing 
the design principles of our polymer–polymer composite SSE. b, Cross-
sectional SEM images of an ultrathin nanoporous PI film (bottom) with 
zoomed-in image of the aligned nanopores (top). c, Photo image of a large-
scale porous PI film. d, Energy density chart of batteries where different 
electrolytes, battery casings, separators and liquid/solid electrolytes are 
all taken into account. D1–D3 denote polymer/ceramic composite SSEs, 
where D1 and D2 are Li7La3Zr2O12 (LLZO)/PEO/LiTFSI composite and D3 is 
SiO2/PEO/LiClO4 composite; E1–E3 denote ceramic-type SSEs, where E1 is 
ultrathin LLZO, E2 is regular Li10GeP2S12(LGPS)-type SSE and E3 is regular 
LLZO. See Supplementary Table 1 and Supplementary Fig. 2 for details.
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the aligned PEO/LiTFSI system. Based on our simulation results, 
Li ions find the best diffusion path along the alignment direction. 
The diffusion coefficients for each system are calculated based on 
the slope of the MSD between 25 ns and 35 ns (inset of Fig. 2k). The 
diffusivity of the aligned z direction is 1.3 × 10−8 cm2 s−1, while the 
average diffusivity in the random system is only 5.7 × 10−9 cm2 s−1. 
Our molecular dynamics simulations show that polymer-chain 
alignment is beneficial to ion diffusion in the alignment direction, 
providing a possible explanation for the enhanced ionic conduc-
tivity of PI/PEO/LiTFSI in the aligned channels. This explanation 
is consistent with previous reports of stretching-induced ionic 
conductivity enhancement in polymer electrolytes42. This ionic 
conductivity enhancement of PEO/LiTFSI in aligned nanochan-
nels may be attributed to the nanoconfinement effects of channels  
and/or polymer-chain alignment at SPE/channel interfaces24,30,43; 
other advanced techniques, such as solid-state NMR37 or neutron 

depth profiling44, may be able to more thoroughly characterize the 
contributing factors of this effect in the future.

Electrochemical tests of PI/PEO/LiTFSI electrolyte
We then made Li/SPE/Li symmetric cells to evaluate the mechanical 
stability of the PI/PEO/LiTFSI SPE during the Li plating and strip-
ping process. The cycling tests were carried out at 60 °C, as shown 
in Fig. 3a (zoomed-in plot shown in inset; see also Supplementary 
Fig. 8 and more Li–Li tests in Supplementary Figs. 9–11). Under a 
current density of 0.1 mA cm−2, a hard short occurred in a very short 
time (less than 40 h) in plain PEO cells. Despite the PEO/LiTFSI 
thin film being much thicker (130 µm) than the ultrathin PI/PEO/
LiTFSI SPE, the latter demonstrated much stabler performance dur-
ing Li plating and stripping, lasting 1,000 h at 60 °C. Stress–strain 
curves of PEO/LiTFSI and porous PI obtained through tensile tests 
are plotted in Fig. 3b. The porous PI shows a much larger modulus of 
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Fig. 2 | Characterization and understanding of PEO/LiTFSI in aligned channels. a,b, SEM image (from top view) before (a) and after (b) PEO/LiTFSI 
infiltration into the porous PI film. The yellow dashed circles highlight the pores that are filled by PEO/LiTFSI. c,d, SEM image (from side view) before (c) 
and after (d) PEO/LiTFSI infiltration in porous PI film. e, Arrhenius ionic conductivity (σ) plots of PEO/LiTFSI thin-film SPE and PEO/LiTFSI within PI/PEO/
LiTFSI SPE. f, Selected temperature-dependent electrochemical impedance spectroscopy plots of PI/PEO/LiTFSI SPE. g,h, Two-dimensional wide-angle 
X-ray diffraction plots of a PEO/LiTFSI thin film (g) and PEO/LiTFSI infiltrated in an anodic aluminium oxide template with 200-nm-diameter pores. The 
blue and green arrows indicate the different planes of the PEO crystallites. (h). i,j, Simulation model of Li+ transport in a random system (i) and z-aligned 
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850 MPa, which is almost five orders of magnitude higher than that 
of PEO/LiTFSI (only 0.1 MPa). Figure 3c,d compares the Li deposi-
tion morphology with EC/DEC/LiPF6 liquid electrolyte (EC, eth-
ylene carbonate; DEC, diethyl carbonate) and PI/PEO/LiTFSI SPE 
(under the same Li plating conditions), respectively. Obvious den-
drite formation is observed with the liquid electrolyte, while only 
suppressed Li protrusion formation is observed with the PI/PEO/
LiTFSI SPE. Note that the Li protrusions under PI/PEO/LiTFSI 
have diameters of a few micrometres, in contrast to dendrites of a 
few hundred nanometres from EC/DEC/LiPF6. This phenomenon 
indicates that the deposited Li does not tend to penetrate the soft 
channel region, but rather pushes forward the composite electro-
lyte as a whole. The suppressed Li dendrite growth results from the 
increased modulus of the PI/PEO/LiTFSI SPE, explaining the long, 
durable performance and stability of PI/PEO/LiTFSI SPE during Li 
stripping/plating (see also Supplementary Figs. 10–20). This success 
also indicates the potential of the proposed high-modulus-matrix/
high-ionic-conductivity filler structures to prevent dendrite forma-
tion. Moreover, the PI host is flame retardant, whereas pure PEO/
LiTFSI ignites easily (Fig. 3e; see also Supplementary Videos 1–3, 
for more details).

Finally, we tested the PI/PEO/LiTFSI film as a SSE in all-solid-
state LIBs. The coin cells were made with LiFePO4 (LFP) cathodes, 
PI/PEO/LiTFSI as the solid electrolytes and Li metal as the anodes. 
Control cells were made with the same cathodes and anodes, but 
using PEO/LiTFSI as the solid electrolytes instead. The thickness 
of PEO/LiTFSI is around 150 µm to prevent short circuits during 
cycling at initial stages. The PI/PEO/LiTFSI cells were tested at 
60 °C and delivered excellent rate performance. Voltage profiles 
(Fig. 4a) at different rates show clear plateaus at around 3.45 V, 
which is typical for LFP cathodes. Note that the ultrathin PI/PEO/
LiTFSI cell maintains very low overpotentials of 55 mV and 42 mV 
at C/5 and C/10 rates, respectively. Even at C/2, the overpotential of 

LFP/PI/PEO/LiTFSI/Li is only 100 mV, reflecting the thin nature of 
the PI/PEO/LiTFSI film. In contrast, a relatively large overpotential 
of 86 mV is observed at C/10 for LFP/PEO/LiTFSI/Li. When cycling 
these cells at C/10, C/5, C/2 and 1 C, the LFP/PI/PEO/LiTFSI/Li 
all-solid-state LIB delivered high specific capacities of 176 mAh g−1, 
156 mAh g−1, 138 mAh g−1 and 125 mAh g−1, respectively (Fig. 4b). 
The LFP/PI/PEO/LiTFSI/Li cell also shows very stable cycling for 
more than 200 cycles at C/2, whereas the LFP/PEO/LiTFSI/Li cell 
decays dramatically within 100 cycles (Fig. 4c). We similarly dem-
onstrated that the LFP/PI/PEO/LiTFSI/Li cells can be stably cycled 
at lower temperatures of 40 °C and 30 °C with capacity larger than 
120 mAh g−1. When a lower molecular weight PEO (MW = 10,000, 
polymer–polymer solid electrolyte defined as PI/PEO10/LiTFSI) is 
used, the LFP/PI/PEO10/LiTFSI/Li can be cycled at 30 °C and still 
obtains a stable specific capacity of 100 mAh g−1 at a fast charging 
rate of C/2 (Fig. 4d,e; for more cycling performance results see also 
Supplementary Figs. 21–24). In summary, we have made and tested 
a SSE with vertically aligned structures in a full-cell configuration.

Abuse tests of PI/PEO/LiTFSI in full cells
After folding and unfolding, the PI/PEO/LiTFSI SPE was able to 
regain its original shape and functioned properly within a LFP/PI/
PEO/LiTFSI/Li coin cell (Fig. 5a,b). Pouch-type cells of LFP/PI/
PEO/LiTFSI/Li were made to verify the flexibility of the all-solid-
state LIB. As shown in Fig. 5c, the all-solid-state pouch cell is con-
nected to a red light-emitting diode (LED). When twisted or folded, 
the LED remained lit, demonstrating the good flexibility of the  
PI/PEO/LiTFSI all-solid-state battery. Abuse tests such as nail tests 
and cutting tests were also carried out with pouch-type LFP/PI/
PEO/LiTFSI/Li all-solid-state batteries. After the nail test (Fig. 5d; 
see also Supplementary Video 4), the solid-state pouch cell not only 
stays safe (unlike typical LIBs, which often violently combust after 
such abuse) but also remains operational (shortly afterwards) and 
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lights up the LED bulb. The PI/PEO/LiTFSI pouch cell can also still 
light up the LED even after the cell is cut in half.

Compared with other types of SSEs, the ultrathin nature of 
the polymer–polymer hybrid SSE leads to a uniquely high energy 
density. The processability and flexibility of polymer or compos-
ite SSEs makes it attractive to pair them with current LIB produc-
tion. However, although the ionic conductivities of composite type 
SSEs are comparable to some of the ceramic SSEs (such as garnet 
type SSE, ~10−4 S cm−1 at room temperature), they are still behind 
those of sulfide-based SSEs (10−3–10−2 S cm−1) and liquid electro-
lyte cells (~10−2 S cm−1). Thus, battery performance with composite 
electrolytes cycling at high current density at moderate (25–40 °C) 
temperature is still not sufficient. Future research to improve the 
performance of composite SSEs should focus on: (1) further enhanc-
ing their intrinsic ionic conductivities; (2) increasing effective ionic 
conduction pathways (such as adding more ion-conducting chan-
nels) in the SSE; (3) lessening the interphase resistance (cathode/
electrolyte, anode (Li metal)/electrolyte); (4) using mechanically 
strong, chemically/electrochemically stable materials (at least can 

be stabilized at the electrolyte/electrode interface) to obtain com-
posite SSEs with reduced thickness, while remaining able to prevent 
short-circuiting of the battery; and (5) designing smart battery con-
figurations to run batteries at elevated temperature with minimum 
energy loss through thermal conduction.

Conclusions
We have demonstrated a polymer–polymer SSE with an ultrathin, 
flexible, mechanically strong, nonflammable and porous PI film as 
the host and PEO/LiTFSI as the ionically conducting filler. Compared 
with conventional PEO/Li salt-based SPEs, the hybrid electrolyte 
has five orders of magnitude higher modulus and enhanced ionic 
conductivity. Thus, the hybrid PI/PEO solid electrolyte demon-
strates cycling stability superior to that of plain PEO in Li/SPE/Li 
cells under identical current density. Furthermore, in LFP/SPE/Li 
full cells, the rate performance and cycling stability of the PI/PEO/
LiTFSI SPE is also better than that of PEO/LiTFSI. LFP/PI/PEO/
LiTFSI/Li all-solid-state pouch cells also demonstrate high tolerance 
to abuses such as bending, twisting, cutting and nail perforation.  
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Thus, the proposed polymer–polymer composite SPE configuration 
represents a promising route to make LIBs that are safe, high energy 
density, high performing and flexible.

Online content
Any methods, additional references, Nature Research reporting 
summaries, source data, statements of code and data availability and 
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Methods
Preparation of SPE. PEO (MW = 300,000, Sigma Aldrich) was mixed with 
LiTFSI (Solvay) and acetonitrile (anhydrous, Sigma Aldrich) using a Thinky mixer 
(Thinky Cooperation). The EO to Li ratio was 10:1. Pure PEO/LiTFSI films were 
prepared by doctor blade casting followed by drying in a vacuum oven at 60 °C 
for 24 h and baking in an Ar-filled glove box at 100 °C for at least 48 h. The porous 
PI films (it4ip) were fabricated from thin Kapton PI films using a track-etching 
technique. This technique can be generally applied to obtain aligned channels in a 
number of other polymer systems. PI/PEO/LiTFSI solid electrolytes were obtained 
in a facile two-step process. First, as-prepared PEO/LiTFSI/acetonitrile solution 
drops were spun at 4,000 r.p.m. with porous PI film. The as-prepared PI/PEO/
LiTFSI film was then baked at 200 °C under vacuum to ensure the full infiltration 
of PEO/LiTFSI in the 200 nm pores. The excess PEO/LiTFSI was scraped off at 
150 °C on a hot plate. The PI/PEO/LiTFSI film then underwent the same drying 
process as the regular PEO/LiTFSI film.

Preparation of other battery components. LFP powders (MTI), PEO/LiTFSI and 
carbon black (w:w:w = 60:25:15) were mixed in acetonitrile using a Thinky mixer. 
The LFP active material loading was 1.5 mg cm−2 (for high-cathode-loading results 
see Supplementary Fig. 24). The slurry was then doctor blade casted on Al foil. The 
electrode was then dried in a 60 °C vacuum oven for at least 48 h. Coin cells (2032 
type, MTI) were made either with Li/SPE/Li or Li/SPE/LFP-type cells. Li foil was 
obtained from Sigma Aldrich.

Materials characterizations. SEM images were obtained with a FEI XL30 Sirion 
SEM. Mechanical tests were undertaken with a TA instrument Q800 DMA. Two-
dimensional X-ray diffraction data were obtained with a Bruker D8 Venture system.

Electrochemical characterizations. Ionic conductivity measurements were 
conducted with a symmetrical SS/SPE/SS structure in coin cells (2032 type). 
Electrochemical measurements, such as electrochemical impedance spectroscopy 
and cycling tests, were carried out with Bio-logic VMP3 and LAND systems. All 
temperature-controlled experiments were tested inside an environmental chamber 
(BTU-133, ESPEC North America) using a high-precision thermometer (±0.1 °C).

Molecular dynamics simulations. For all molecular dynamics simulations, the 
optimized potentials for liquid simulations all-atom (OPLS-AA)45 force field was 

used to describe PEO, Li ion and TFSI−. The atomic charges of the PEO monomer 
were calculated using density functional theory (DFT) based on an oligomer 
consisting of five EO monomers. The DFT calculations used the Becke exchange 
plus Lee–Yang–Parr functional (B3LYP) and 6-311++g(d,p) basis sets, and were 
conducted using Gaussian 09 (ref. 46). The atomic partial charges were estimated 
by matching the electrostatic potentials from DFT calculations. All simulations 
were performed using the Gromacs simulation package47. The equations of motion 
were evolved using the velocity Verlet integrator with a 2 fs time step. A cut-off 
of 12 Å was used to calculate both Lennard-Jones interactions and electrostatic 
interactions, and the particle-mesh Ewald method was used to evaluate the long-
range electrostatic interactions with a grid spacing of 1.2 Å. The temperature was 
controlled using the Nosé–Hoover thermostat with a relaxation time of 0.2 ps. 
For each system, a fixed number of PEO chains, cations and anions were loaded 
into a simulation box with a low density (~0.1 g cm−3). The system was subjected 
to compression in a 1 ns simulation with pressure coupled to 1,000 bar at 500 K. 
A further 10 ns equilibration in the NPT (constant pressure and temperature) 
ensemble at 1 bar, 350 K was conducted to achieve equilibrated density. To build 
the randomly mixed mixture, after NPT equilibration, the non-bonded interaction 
of the system was turned off and an NVT (constant volume and temperature) 
simulation was conducted for 10 ns. For the aligned PEO system, during the NVT 
simulation without non-bonded interactions, a force of 1,000 kJ (mol nm)−1 was 
applied to both ends of each chain in opposite directions. After 50 ns equilibration 
in the NVT ensemble, a production run of 70 ns in the NVT ensemble was further 
conducted to examine ion-diffusion behaviour.

Data availability
The data that support the plots within this paper and other findings of this study 
are available from the corresponding author upon reasonable request.

References
	45.	Jorgensen, W. L., Maxwell, D. S. & Tirado-Rives, J. Development and testing 

of the OPLS all-atom force field on conformational energetics and properties 
of organic liquids. J. Am. Chem. Soc. 118, 11225–11236 (1996).

	46.	Frisch, M. J. et al. Gaussian 09 (Gaussian, Inc., 2009).
	47.	Van Der Spoel, D. et al. GROMACS: fast, flexible, and free. J. Comput. Chem. 

26, 1701–1718 (2005).

Nature Nanotechnology | www.nature.com/naturenanotechnology

http://www.nature.com/naturenanotechnology

	Ultrathin, flexible, solid polymer composite electrolyte enabled with aligned nanoporous host for lithium batteries

	Characterizations of PEO/LiTFSI in porous PI

	Electrochemical tests of PI/PEO/LiTFSI electrolyte

	Abuse tests of PI/PEO/LiTFSI in full cells

	Conclusions

	Online content

	Acknowledgements

	Fig. 1 Design of polymer–polymer composite SSE.
	Fig. 2 Characterization and understanding of PEO/LiTFSI in aligned channels.
	Fig. 3 Mechanical and fire-retarding properties of PI/PEO/LiTFSI.
	Fig. 4 Full-cell performance with PI/PEO/LiTFSI-based batteries.
	Fig. 5 Abuse tests of PI/PEO/LiTFSI.




