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Limited ionic conductivity (σ) of solid polymer electrolytes (SPEs) is

a bottleneck for their practical application. Constructing ordered

ionic transfer highways is a prospective direction to promote σ.

Here, we propose a straightforward one-pot synthesis strategy for

the obtention of long-range aligned nanochannels, which is based

on the evaporation of the solvent to induce the self-assembly of

Pluronic® F127-resol micelles. To obtain SPEs, dicyandiamide

(DCD) and LiClO4 are uniformly dispersed in the F127-resol nano-

channels. Compared to the random counterpart, the accordingly

synthesized ordered SPE significantly improves room-temperature

σ by 2 orders of magnitude reaching 1.65 × 10−4 S cm−1 at 20 °C.

The FTIR spectra further demonstrate that the best performing

sample possesses more Li+ ions coordinated to cyano groups from

DCD and less coordinated to ether moieties from F127-resol,

further decreasing the activation energy for Li+ mobility since

cyano groups have lower binding energy to Li+ than ether ones.

Both aligned nanostructures and beneficial coordinating groups

synergistically accelerate the ionic transport, contributing to the

formation of efficient Li-ion transfer pathways.

1 Introduction

With the ever-growing requirement for increased safety and
high energy density, solid-state batteries (SSBs) are promising
candidates for next-generation batteries.1 More specifically,
SSBs are based on solid-state electrolytes (SSEs) which should

be highly safe and capable to face with high-capacity Li
anodes.2–4 SSEs include three main classes: inorganic solid
electrolytes (ISEs), solid polymer electrolytes (SPEs) and their
hybrids.5 Among them, SPEs composed of Li+-conducting poly-
mers and Li salts have garnered great interest thanks to their
high flexibility, good processability, light weight and low
cost.6–8 Nevertheless, due to the high crystallinity of polymers,
their limited room-temperature ionic conductivity (σ) is a main
challenge.9

To date, considerable effort has been devoted to promote
the σ of SPEs and constructing directional Li-ion transfer
pathways.2,5,9 Through the introduction of fillers (e.g., nano-
particles,10 nanowires,9,11 nanochannels5,6,12–14) into polymer
matrixes, Li-ion transfer highways can be established along
with the interfaces between polymers and fillers, efficiently
promoting ionic conduction.15 The reason for the augmented
Li-ion conductive behavior can be summarized by the three
following aspects: (i) incorporated fillers substantially decrease
or even suppress the crystallinity of polymers, and also boost
the amorphous volume of the system, especially for the
regions surrounding fillers; (ii) interactions between fillers and
anions of Li salts are beneficial to disassociate Li salts, and
meanwhile release more free Li+ ions to transfer; (iii) some
modified surfaces of fillers allow Li+ ions to quickly coordi-
nate/de-coordinate, consequently speeding up ionic transport,
such as grafted groups with low binding energy,10 loaded ionic
liquids,12 and plasticizers.16

The shape and orientation of fillers deeply influence the
enhancement effect of σ, since the formation of fast Li-ion
transfer paths is accordingly affected.2,5,9 Fig. 1 illustrates fast
conducting paths provided by fillers of various geometrical
shapes and orientations. In the case of random nanoparticles,
the fast ionic pathway is restricted due to the short-range, iso-
lated interface, which is not conducive to continuous Li-ion
transport. When the nanoparticles are interconnected, the
interface tends to become continuous. For that, the enhance-
ment on σ by nanowires is superior to that by nanoparticles, as
the transfer routes provided by nanowires are long-range, rela-
tively uninterrupted and beneficial for Li-ion migration. As far
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as the orientation is concerned, randomly oriented fillers exhibit
poorer Li+-conducting performance than the aligned ones, since
the random orientation of fillers leads to the formation of tortu-
ous and indirect Li-ion transfer pathways. Besides, the random
stack of fillers inevitably generates crossing junctions. Conversely,
the aligned structures can avoid the tortuosity and crossing junc-
tions for ionic transfer pathways. Moreover, when the orientation
of aligned channels is perpendicular to electrodes, the Li-ion con-
duction can be further promoted.2,5,9

It has been reported that aligned nanochannels can be pro-
vided by preformed frameworks with ordered pores, such as
porous inorganic2 and polymeric5 membranes. However, their
synthesis process is tedious, beginning with the preparation of
a porous framework as a mold, followed by immersion in
polymer solutions. Besides, in some cases of ionically insulat-
ing frameworks, the σ of bulk SSEs may significantly decrease
as the inert content is excessive. To address those bottlenecks,
a simple and straightforward synthesis method towards pro-
longed, aligned channels in SSEs is highly pursued.

In the present work, we develop a novel approach towards
the one-pot synthesis of long-range well-aligned nanochannels

in SPEs. Induced by the evaporation of ethanol solvent, pro-
longed ordered nanochannels based on Pluronic® F127 – resol
micelles are gradually self-assembled with uniform dispersion
of dicyandiamide (DCD) and LiClO4 in the nanochannels. Due
to the peculiar fabrication of aligned nanochannels containing
an optimal amount of DCD additive, the accordingly syn-
thesized SPE exhibits an outstanding σ of 1.65 × 10−4 S cm−1 at
20 °C, which is improved by 2 orders of magnitude compared
to the random-structure reference. Furthermore, we attempt to
elucidate the mechanism of fast Li-ion migration from both
composition and structure.

2 Results and discussion

Poly(propylene oxide) (PPO) blocks, and is characterized by a
molar mass of ∼12 000 g mol−1 (Fig. S1†). In a polar solvent
such as ethanol (EtOH), the hydrophilic PEO blocks tend to
dissolve in the solvent while the hydrophobic PPO blocks
perform oppositely, tending to repel the solvent molecules and
favouring their aggregation. In the case of Pluronic® F127, this
further results in the formation of spherical micellar structures
with a PPO core and a PEO corona (Fig. 2). The evaporation of
EtOH induces the ordered stacking of F127 micelles along the
evaporation front, promoting nanosized channels vertically
aligned to the surface of the substrate (i.e., stainless steel
spacer of coin cells). Moreover, non-covalent interactions
formed among resol, DCD and PEO blocks are developing
along the propagating evaporation front, therefore acting as a
supplementary driving force towards the perpendicular orien-
tation of the F127 micelles. This further promotes the for-
mation of nanochannels containing resol and DCD molecules
in interactions with PEO coronal chains from F127 micelles as
depicted in Fig. 2 and previously demonstrated in a previous
work by Xu et al.17 Because of the coordination (i) between Li+

ions and EO groups and (ii) between Li+ ions and cyano
groups of DCD, Li+ ions are distributed in the aligned nano-
channels. After adequate drying, the F127-resol aligned nano-

Fig. 1 Li-ion transfer paths for various geometrical structures in solid-
state electrolytes.

Fig. 2 Synthetic pathway towards SPEs consisting of long-range aligned nanochannels.
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channels incorporating DCD and LiClO4 are achieved, denoted
as F127-channel-aligned-DCD-LiClO4, and further used as
SPEs.

The morphology, structure, and thermal properties of F127-
channel-aligned-1/16DCD-1/20LiClO4 have been investigated.
Besides, a reference sample, denoted as F127-random-struc-
ture-1/16DCD-1/20LiClO4, has also been studied for the sake of
comparison. This reference sample has the same composition
as the channel-aligned sample but in a random arrangement.
The primary distinction between their synthesis processes lies
in the evaporation conditions (see 4.3 Sample synthesis). In
the case of the F127-channel-aligned-1/16DCD-1/20LiClO4

sample, the orientation of the channels has been controlled by
the propagating evaporation front of the solvent while for the

F127-random-structure-1/16DCD-1/20LiClO4 sample, fast evap-
oration has been employed without control over the orien-
tation. The morphology of both samples has been observed by
SEM. It should be noted that samples for SEM characterization
have been calcined under an inert atmosphere before obser-
vation. This process allows the formation of a hollow channel
structure observable by SEM, since polymeric and organic
matters have been transformed into stable carbonaceous
material. The calcined F127-channel-aligned-1/16DCD-1/
20LiClO4 sample exhibits prolonged and straight stripe-like
nanochannels with diameters of ∼10 nm. Moreover, most of
them are aligned (Fig. 3A and S2†). Intriguingly, the apical and
the lateral cross sections are observed in two detail views from
different angles, revealing the complete structure of the nano-

Fig. 3 Comparison of samples with channel-aligned and random structures. SEM images of (A) calcined F127-channel-aligned-1/16DCD-1/
20LiClO4 sample (with detail views and corresponding structure diagrams) and (B) calcined F127-random-structure-1/16DCD-1/20LiClO4 sample.
SAXS patterns (C), DSC curves (D), and WAXS patterns (E) of F127-channel-aligned-1/16DCD-1/20LiClO4 and F127-random-structure-1/16DCD-1/
20LiClO4 samples. Temperature-dependent σ (F) of F127-channel-aligned-1/16DCD-1/20LiClO4 and F127-random-structure-1/16DCD-1/20LiClO4

samples. VFT fitting plots (G) for the σ and Ea diagram (H) of F127-channel-aligned-1/16DCD-1/20LiClO4 and F127-random-structure-1/16DCD-1/
20LiClO4 samples.
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channels (Fig. 3A detail views and the corresponding structure
diagrams). Oppositely, in the calcined F127-random-structure-
1/16DCD-1/20LiClO4 sample, a randomly stacked and even
locally aggregated structure is observed, without continuous
channels (Fig. 3B). The small angle X-ray scattering (SAXS)
pattern (Fig. 3C) of the F127-channel-aligned-1/16DCD-1/
20LiClO4 sample reveals five scattering peaks with q-values of
0.44, 0.76, 1.16, 1.32 and 1.58 nm−1. The q-value ratios of
those peaks correspond precisely to 1 :
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can be indexed to the 10, 11, 21, 30 and 31 planes of a 2D hex-
agonal array.18 This SAXS signature evidences a long-range
ordering of hexagonal packed cylinders. The unit cell para-
meter is calculated to be about 16.5 nm, which is slightly
larger than the SEM result. This difference is reasonable
because the sample used for SEM is calcined, resulting in
framework shrinkage.18 In sharp contrast, the SAXS pattern of
the F127-random-structure-1/16DCD-1/20LiClO4 sample dis-
plays a broad structural peak at 0.43 nm−1, comparable to the
previous sample, with weak higher orders. This reflects a
poorly ordered nanostructure. Differential scanning calorime-
try (DSC) has been conducted to survey thermal transitions of
the investigated samples (Fig. 3D and Table 1). The F127-
random-structure-DCD-LiClO4 sample shows glass transition
temperatures (Tg) of −64.8 °C and −44.2 °C, corresponding to
PPO blocks and PEO blocks respectively. The presence of a
melting temperature (Tm) at 36.2 °C is attributed to the crystal-
lization of polymer coronal chains from the F127 micelles and
the degree of crystallization χc is calculated to be as high as
75.2%. Compared to the random structure counterpart, the Tg,
1 value of F127-channel-aligned-1/16DCD-1/20LiClO4 remains
similar, however, Tg, 2 and Tm values increase and the χc dra-
matically decreases to 2.0%. DSC results suggest that the struc-
ture of the aligned channels has a great influence on the crys-
tallization behavior of samples, which is further proved by the
wide-angle X-ray scattering (WAXS) experiments (Fig. 3E). The
WAXS pattern of the F127-random-structure-DCD-LiClO4

sample displays a series of peaks located at 10.64, 10.98, 13.89,
15.97, 16.89, 18.84, and 19.36 nm−1, corresponding to (021),
(110), (120), (112), (032), (024), and (131) of crystalline PEO
domains, respectively.19 As a comparison, there is not any

intense peak of crystalline PEO, but only a broad peak in the
WAXS pattern of the channel-aligned sample (Fig. 3E). In sum,
the PEO coronal chains in randomly stacked F127 micelles
show tendency to crystallize while, in the channel-aligned
sample, the conformation adopted by PEO coronal blocks
obviously does not favor crystallization.

The Li+-conducting performances of the F127-channel-
aligned-1/16DCD-1/20LiClO4 sample as a SPE have been sub-
sequently investigated. The electrochemical impedance spec-
troscopy (EIS) plots measured in the temperature range of 90 to
20 °C are presented in Fig. S3.† The resulting temperature-depen-
dent σ is presented in Fig. 3F. Noticeably, the F127-channel-
aligned-1/16DCD-1/20LiClO4 sample achieves a σ as high as 1.65
× 10−4 S cm−1 at 20 °C, corresponding to almost two orders of
magnitude amelioration compared to the random-structure
control sample (2.99 × 10−6 S cm−1 at 20 °C). Such excellent per-
formance at RT also outperforms most of previously reported
SSEs equipped with ionic transfer pathways (see Table S1†). The
temperature-dependent σ data have been further simulated by the
Vogel–Fulcher–Tammann (VFT) equation corresponding to seg-
mental motion of polymer chains allowing Li+ ions to transfer
between coordination sites.20–22 The fitting results and the
accordingly calculated activation energies (Ea) are displayed in
Fig. 3G and H. The Ea of the F127-channel-aligned-1/16DCD-1/
20LiClO4 (3.31 kJ mol−1) is smaller than that of the random-struc-
ture sample (3.83 kJ mol−1). Compared to the random-structure
counterpart, the channel-aligned sample exhibits increased σ and
minimal Ea, suggesting that the channel-aligned structure is pro-
moting Li-ion migration. It is hypothesized that those long-range
aligned channels can be considered as Li-ion transfer routes and
are substantially decreasing the number of crossing junctions
during transport.

In addition to the structural analysis, the influence of
different compositions on Li+-conducting performances has
been investigated (EIS plots detailed in Fig. S4† and tempera-
ture-dependent σ in Fig. 4A). Firstly, the influence of Li salt
concentration on σ has been probed by varying the Li+/EO
molar ratio of samples from 1/25 to 1/8. With the increase of
Li-ion concentration, the σ increases and then decreases, and
this trend is observed at each temperature within the studied
range. This trend is frequently observed in SPEs and is attribu-
ted to an increased amount of charge carriers as the concen-
tration of added salt is increased until it reaches a critical
threshold where the excessive formation of immobilized ion
pairs of salt results in a decreased Li-ion migration, in agree-
ment with previously reported results.15 Among the investi-
gated samples, the best performing one is F127-channel-
aligned-1/16DCD-1/20LiClO4, suggesting that 1/20 is the
optimal Li+/EO molar ratio (Fig. 4A). This sample has been
further explored by FTIR spectroscopy (Fig. 4B). Note that the
coordination between Li+ and ether leads to a red shift of the
band corresponding to the stretching vibration of C–O–C. The
C–O–C band experiences a larger red shift when the Li+/EO
molar ratio increases from 1/25 to 1/8 (except for 1/20). To
clarify, an increase in the Li+/EO ratio means a decrease in the
weight percentage of ether groups.

Table 1 Thermal properties characterized by DSC for F127-channel-
aligned-1/16DCD-1/20LiClO4 and F127-random-structure-1/16DCD-1/
20LiClO4 samples

Samples

Tg (°C)

Tm (°C) χc
aTg, 1 Tg, 2

F127-channel-aligned-1/
16DCD-1/20LiClO4

−64.7 −39.2 40.2 2.0%

F127-random-structure-1/
16DCD-1/20LiClO4

−64.8 −44.2 36.2 75.2%

a The degree of crystallization χc is calculated by χc = (ΔHm)/(ω × ΔH0),
wherein ΔHm (J g−1) represents the specific heat of fusion, obtained
from the integration of the Tm peak from the DSC curve; ω is the mass
fraction of the PEO blocks in the composite material; ΔH0 (J g

−1) is the
enthalpy of fusion of 100% crystalline PEO, namely 205 J g−1.15
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Interestingly, an opposite shift trend is only observed for
the sample with the 1/20 Li+/EO molar ratio, indicating that
the ether groups in this sample have a decreased coordination
with Li+ ions compared to the other investigated samples.

The impact of the DCD component on σ has been evaluated
by measuring samples with various DCD concentrations in
which the DCD/EO molar ratio changes from 0 to 1/4 (tempera-
ture-dependent σ in Fig. 4C and EIS plots in Fig. S5†). Fig. 4C
demonstrates that σ increases until reaching an optimal DCD/
EO molar ratio of 1/16, and then decreases. In the case of the
absence of DCD, the σ is inferior at each temperature com-
pared to DCD-containing samples. Note that there is a dra-
matic drop of σ beginning at 30 °C. This plunge may be related
to a thermal transition in the sample, caused by the crystalliza-
tion of the polymer component (see thermal properties in
Fig. S3 and Table S2†). This result sheds light on the impor-
tant role of the DCD component in dramatically decreasing
polymer crystallinity. The coordination between DCD and Li+

was analyzed by FTIR spectroscopy (Fig. 4D). In DCD-contain-
ing samples, a characteristic band of cyano groups locates at
∼2158 cm−1, which experiences a red shift when coordinating
with Li+. Among all investigated samples, the sample with the
1/16 DCD/EO molar ratio exhibits the largest red shift, indicat-
ing the highest degree of CuN⋯Li+ coordination.

As reported elsewhere, ether groups have relatively high
affinity to Li+ ions while cyano groups possessing weak
binding energy to Li+ are promising alternatives to lower the

energy barrier during transport.23 Based on the above FTIR
analysis, the F127-channel-aligned-1/16DCD-1/20LiClO4

sample shows less C–O–C⋯Li+ and more CuN⋯Li+ co-
ordinated species compared to the other investigated samples.
This further confirms that the Li+ ions in this sample are
prone to coordinate with cyano groups, suppressing the stron-
ger interaction between ether and Li+, and diminishing the
coordination/de-coordination energy, which is beneficial for
fast and smooth Li-ion migration.10 It is worth mentioning
that CuN⋯Li+ is efficiently utilized in the channel-aligned
structure, as demonstrated by the comparison between the
aligned and random structures (Fig. 3F–H). Indeed, for the
same composition, the random structure without any continu-
ous channels leads to worse σ, compared to the channel-
aligned sample. In a word, the highly efficient Li-ion transport
is realized by the collaborative contributions from the continu-
ous channel-aligned structure and the low-binding-energy
coordinating sites from the DCD component.

On the basis of the above characterization findings and
ionic conductivity performances, and drawing insights from
previously reported literature,2,9,12,13,16 the Li+ ion migration
mechanism in the F127-channel aligned-DCD-LiClO4 SPE is
understood as follows (Fig. 5). Some Li+ ions, derived from
LiClO4 salt, coordinate with ether groups of F127 copolymers
and migrate among the coordination sites assisted by segmen-
tal polymer chain motions (blue arrow in Fig. 5). Meanwhile,
other Li+ ions coordinate to cyano groups of DCD with whom

Fig. 4 Ionic conductivity and FTIR characterizations of F127-channel-aligned-DCD-LiClO4 SPEs. Temperature-dependent σ (A) and FTIR spectra (B)
of F127-channel-aligned-1/16DCD-LiClO4 SPEs with various Li+/EO molar ratios in the range of 1/25–1/8. Temperature-dependent σ (A) and FTIR
spectra (B) of F127-channel-aligned-1/16DCD-LiClO4 SPEs with various Li+/EO molar ratios in the range of 1/25–1/8. Temperature-dependent σ (C)
and FTIR spectra (D) of F127-channel-aligned-DCD-1/20LiClO4 SPEs with various DCD/EO molar ratios in the range of 0–1/4.

Communication Nanoscale

7012 | Nanoscale, 2025, 17, 7008–7015 This journal is © The Royal Society of Chemistry 2025



the binding energy is relatively low.23 More importantly, DCD
is distributed in the aligned-channels framework. Hence, DCD
attracts Li+ ions to the locations of nanochannels and allows
them to smoothly and quickly transport across the SPE (red
arrows in Fig. 5). Both of the peculiar structure and optimal
composition synergistically establish the Li-ion transfer
pathways.

3 Conclusions

The long-range aligned sample F127-channel-aligned-
DCD-LiClO4 has been fabricated by a straightforward one-pot
strategy. The construction of nanochannels is induced by the
EtOH solvent evaporation and the self-assembly of the F127-
based micelles. The accordingly synthesized samples achieve
continuous and aligned nanochannels with the reduced crys-
tallinity of polymers. When investigated as a SPE, the channel-
aligned sample exhibits the striking σ of 1.65 × 10−4 S cm−1 at
20 °C and decreased Ea of 3.31 kJ mol−1, reflecting the struc-
tural benefit for Li-ion migration. The compositional analysis
by FTIR demonstrates that the optimal sample possesses more
Li+ ions coordinated to cyano groups and less Li+ ions co-
ordinated to ether groups, in comparison to other investigated
samples. Thanks to the relatively low binding energy of cyano
to Li+, the SPE mitigates the stronger interaction between Li+

and ether, diminishing the energy of coordination/discoordi-
nation. The beneficial coordinating groups and directional
nanochannels both synergistically enable Li+ to rapidly and
smoothly transport across SPEs. Those results pave the way
towards the utilization of our SPEs with aligned channels in
SSBs prototypes.

4 Experimental section
4.1 Materials

Phenol was supplied by Acros Organics. Formaldehyde
(37 wt%) was supplied by TCI. Dicyandiamide (DCD) was sup-
plied by Thermo Scientific. Pluronic® F127 was supplied by
BASF. Ethanol (EtOH), hydrochloric acid (HCl, 37%), sodium
hydroxide (NaOH), dimethylformamide (DMF) were supplied

by VWR. Ammonium hexafluorophosphate (NH4PF6) was sup-
plied by Sigma-Aldrich. Lithium perchlorate (LiClO4, anhy-
drous, 99.5%) was supplied by Alfa Aesar. All chemicals were
used as received without any further treatment. Milli-Q water
was used.

4.2 Characterizations

Fourier transform infrared (FTIR) spectra were collected on a
Nicolet iN10 IR microscope from Thermo Fisher Scientific
using a diamond attenuated total reflection (ATR) technique.
Differential scanning calorimetry (DSC) was conducted using a
Mettler Toledo DSC1 equipped with STARe software. Samples
were placed in 40 μL sealed aluminum pans. The temperature
was swept from −80 to 100 °C at a heating rate of 10 °C min−1

under a nitrogen atmosphere. Scanning electron microscopy
(SEM) images were collected by a Zeiss Auriga FIB-SEM.
Samples for SEM measurements were scraped from the sub-
strate and calcined in a tube furnace (Nabertherm R 50/250/13
with Controller C450) under argon atmosphere, to make the
nanochannel structure hollow and detectable in the SEM.
Molar masses of polymers were measured on a Polymer
Standards Service size exclusion chromatography (SEC) system
calibrated with poly(ethylene oxide) (PEO) standards. A
NH4PF6 solution (2.5 mM in DMF) was used for elution. Small
angle X-ray scattering (SAXS) and wide-angle X-ray scattering
(WAXS) experiments were performed at BL11-NCD beamline at
ALBA (Barcelona, Spain). The sample-to-detector distance and
the X-ray wavelength were 6.68 m and 1 Å respectively. The
scattering intensities are plotted versus the norm of the scatter-
ing vector, q, defined as q = 4π/λ sin(θ/2) with θ the scattering
angle. Samples for SAXS and WAXS measurements were
scraped from their substrates.

4.3 Sample synthesis

4.3.1 Synthesis of resol. Resol, also known as phenolic
resin, with low molecular weight was prepared from phenol
and formaldehyde assisted by a base catalyst.17,24 For a typical
synthesis of resol, phenol (8.0 g) was melted in a flask at
45 °C. A NaOH aqueous solution (0.279 ml, 20 wt%) was
mixed into the melted phenol and stirred for 10 min. Then for-
maldehyde (4.805 ml, 37 wt%) was dropwise added into the

Fig. 5 Illustration of Li-ion migration in long-range aligned nanochannels of F127-channel-aligned-DCD-LiClO4 SPEs.
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above mixture. Successively, the whole mixture was heated in an
oil bath at 70 °C for 1 h. After cooling to RT, the pH value of the
mixture was adjusted to ∼7 by a HCl solution (2 M). The remain-
ing water of the mixture was further removed by rotary evapor-
ator at 40 °C. The resulting product, namely resol, was dissolved
in EtOH at the weight ratio of 20 wt%, for further use.

4.3.2 Synthesis of F127-channel-aligned-DCD-LiClO4. In a
typical process for a F127-channel-aligned-DCD-LiClO4

sample, predetermined amounts of DCD and LiClO4 were dis-
solved in EtOH (2 ml) at room temperature (RT) and mixed at
40 °C. Then a resol solution (0.5 g, 20 wt% in EtOH) was
added into the above mixture drop by drop. Besides, Pluronic®
F127 (0.1 g) was dissolved in EtOH (1 ml) at 40 °C and then
added into the above mixture. After stirring for 30 min at
40 °C, the liquid mixture was dropwise casted on stainless-
steel (SS) spacers of coin cells. After evaporating the EtOH at
RT overnight, these samples were further heated at 100 °C for
24 h in a vacuum oven. The dry membrane was finally
obtained as a F127-channel-aligned-xDCD-yLiClO4 sample,
where x refers to the molar ratio of DCD to ethylene oxide (EO)
in the sample, ranging from 0, 1/64, 1/32, 1/16, 1/8 to 1/4; y
stands for the molar ratio of Li+ to EO in the sample, ranging
from 1/25, 1/20, 1/15, 1/10 to 1/8.

4.3.3 Synthesis of F127-random-structure-DCD-LiClO4. A
mixture of DCD (0.1 mmol) and LiClO4 (0.08 mmol) was dis-
solved in EtOH (2 ml) at RT. Then a resol solution (0.615 ml,
20 wt% in EtOH) was added into the above mixture drop by drop.
Besides, Pluronic® F127 (0.1 g) was dissolved in EtOH (1 ml) at
40 °C and then added into the above mixture. After stirring of
30 min, the liquid mixture was dropwise casted on SS spacers of
coin cells. After evaporating the EtOH at RT under intensive venti-
lation, these samples were further heated at 100 °C for 24 h in a
vacuum oven. The dry membrane was finally obtained as a F127-
random-structure-1/16DCD-1/20LiClO4 sample.

4.4 Electrochemical measurements

Electrochemical impedance spectroscopy (EIS) was conducted
on a SPE assembled into a symmetric SS configuration for
measuring the ionic conductivity. EIS was measured in the fre-
quency range from 7 MHz to 100 mHz and in the temperature
range from 90 to 20 °C on a Bio-Logic VMP-300 instrument.
Temperature was controlled by a climate chamber with a ramp
rate of 0.33 °C min−1, besides a period of 30 min was applied
for each 10 °C as an equilibration time for measurement.

5 Calculation section
5.1 Ionic conductivity calculated by electrochemical
impedance spectroscopy

The σ of a SPE was determined from the resistance measured
by EIS in a cell configuration of SS symmetric electrodes from
20 °C to 90 °C using eqn (1):

σ ¼ l
RA

ð1Þ

where σ (S cm−1) is the ionic conductivity of the SPE sample, l
(cm) is the thickness of the membrane-like SPE sample, R (Ω)
is the bulk resistance measured by EIS, and A (cm2) is the
contact area between the SPE and SS.25

5.2 Activation energy fitted by the Vogel–Fulcher–Tammann
equation

Above the melting temperature Tm, the segmental movement
of polymer chains helps Li+ ions transfer among the coordi-
nation sites. The Li-ion transfer mechanism is suitable to be
simulated by the Vogel–Fulcher–Tammann (VFT) equation.
The relationship between temperature and σ is interpreted as
eqn (2):

σ ¼ AVFTT�1
2 � e�

Ea
RðT�T0Þ ð2Þ

where σ (S cm−1) is the ionic conductivity of samples, AVFT (S
cm−1 K0.5) is the VFT pre-exponential factor, T (K) is the absol-
ute temperature, Ea (J mol−1) is the activation energy, R (J
mol−1 K−1) is the gas constant, and T0 (K) is the reference
temperature, related to the glass transition temperature Tg of a
sample.20

Eqn (2) is transformed into eqn (3):

ln σT
1
2

� �
¼ Ea

RðT � T0Þ ð3Þ

By plotting ln(σT
1
2) vs. (T − T0)

−1, Ea can be related to the
slope. T0 better meet VFT simulation conditions and to
improve the fitting accuracy, the temperature-dependent σ data
from 50 °C to 90 °C are chosen to be simulated.
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